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PTT was successfully toughened by incorporation of core-shell impact 

modifier (CSIM) materials in the aid of polycarbonate (PC) as an effective 

dispersing agent. Adding small amounts of PC (~ 5 wt%) greatly improves both 

the dispersion of the rubber particles and the mechanical properties of ternary 

blends. Melt viscosity of the PTT matrix significantly affects blend performance. 

Blends prepared from high melt viscosity showed superior low temperature 

toughness. However, different types of PC (i.e., melt viscosity or molecular 

weight) plays less important role to improve blend toughness than the presence of 

the PC itself in ternary blend. Melt viscosity of the PTT can be increased by a 

means of chain extension induced by reactions between triphenyl phosphite (TPP) 
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and the PTT end groups during melt processing process. Addition of small 

amounts of TPP (i.e., 1%) leads to an increase in melt viscosity of the polyester 

matrix resulting in greater shear force that facilitate better dispersion of the CSIM 

particles.  PTT/CSIM (80/20) blends showed improved toughness performance 

when 2% of TPP are added. The desirable chain extension effects appeared to be 

subdued in ternary PTT/CSIM/PC blends. The presence of PC may result in more 

complicated reaction paths during melt processing process. The use of GMA-

grafted core-shell impact modifiers has been shown to be effective in toughening 

of PTT. The reactions between the GMA units and the PTT end groups lead to 

promoted interfacial adhesion, resulting in improved particle dispersion and 

accordingly good blend performances. Small amounts of GMA (i.e., > 0.17 wt%) 

grafted on the shell is required in order to adequately improved dispersion of the 

particles to be achieved. Larger level of grafting shows no advantages in terms of 

improved morphology and blend performance. Reactive ethylene-acrylate ester 

rubbers containing GMA functionality have been demonstrated to successfully 

toughen PTT.  PTT/non-reactive blends exhibit general features of incompatible 

polymer blends such as coarse morphology and inferior mechanical properties 

while PTT/GMA-contained rubber blends display a fine but complex 

morphology. Improved toughness performance can be significantly achieved 

when sufficient GMA content (i.e., > 3 %) is presented in the rubber phase.  
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CHAPTER 1 

Introduction 

BACKGROUND 
 

Because of its relatively high modulus and glass transition temperature 

(Tg) of around 80 °C, poly(ethylene terephthalate) or PET has the greatest 

potential among aromatic polyesters for injection molding applications, but it has 

a very slow crystallization rate and normally cannot be molded neat with 

acceptable molding cycles. On the other hand, poly(butylene terephthalate) or 

PBT has a much faster rate of crystallization which results in short molding cycle 

times but it has a rapid loss of modulus with increasing temperature because of its 

low Tg of around 40 °C. Recently, poly(trimethylene terephthalate)  or PTT has 

become commercially available. It has a modulus and Tg intermediate between 

PET and PBT and has a better chance at fitting both the processing and the 

properties requirements of certain applications . Chemical structures of these 

materials are shown in Figure 1.1. The primary chemical difference between PET, 

PTT, and PBT is in the length of the glycol chain with the series going in the 

order of 2, 3, and 4 carbon atoms in the glycol chain, respectively. PBT and PET 

have found increasing use in the last decades, both in pure form and as toughened 

blends. PTT is, however, relatively new to engineering applications compared 
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with PBT and PET. Studies on this material and especially its toughened blends 

would widen the application window of the whole aromatic polyester family. 
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Figure 1.1  Chemical structure of (a) poly(ethylene terephthalate) or PET, (b) 
poly(trimethylene terephthalate) or PTT, and (c) poly(butylenes 
terephthalate) or PBT. 

 

 



 3

TOUGHENING OF POLYESTERS 
 

Polyesters are arguably the most versatile and important class of polymers 

widely utilized in engineering applications because of their high strength and 

modulus in addition to their heat and chemical resistance . These materials often 

behave in a pseudo-ductile manner. They normally undergo shear yielding during 

fracture and have a high ratio of unnotched to notched impact strength. For 

example, unnotched specimens of poly(butylene terephthalate) (PBT) have 

excellent impact strength, but notched specimens fail in a brittle manner . The 

development of toughened polyesters has increased rapidly in recent years. The 

impact properties of these materials can be improved by the incorporation of 

elastomeric and core/shell impact modifiers . The most common type of impact 

modifiers used includes acrylate-based rubbers, styrene-butadiene rubbers (SBR) 

and related latex rubbers, acrylonitrile-butadiene-styrene (ABS) materials, 

ethylene-propylene-diene (EPDM) and ethylene-propylene (EPR) rubbers, 

ethylene-vinyl acetate (EVA) copolymers, and polycarbonate (PC) with acrylate 

rubbers. With most polymer pairs, these blends are typically immiscible and 

incompatible. They generally exhibit poor mechanical properties stemming from 

the unfavorable interaction between the molecular segments of the blend 

components. As a result, some forms of compatibilization may be required to 

enhance adhesion between the phases and to stabilize the blend morphologies, 
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which ultimately lead to improved blend performance. The compatibilizer 

commonly used is a graft or block copolymer with segments capable of a 

favorable interaction and/or chemical reaction with the blend components . It can 

be separately added to the blend or it can be formed in-situ through suitable 

reactive functionalities during melt processing. A properly chosen compatibilizer 

can result in improved mechanical properties and often with synergistic effects 

where the compatibilizer preferentially resides at the polymer-polymer interface . 

This process reduces the interfacial energy between the blend components   and 

retards dispersed phase coalescence via steric stabilization  (see Figure 1.2). 

These effects promote a stable and finer distribution of the dispersed phase within 

the matrix phase. Consequently, this process improves the interfacial adhesion 

between the blend components and reduces the possibility of interfacial failure . 

COMPATIBILIZATION STRATEGY 
 
  In principle, elastomers containing various functionalities can react with 

the polyester carboxyl or hydroxyl end groups during melt processing to promote 

interfacial adhesion and give a dispersed rubber phase of reduced size capable of 

good toughening as the result. For example, maleic anhydride-modified reactive 

rubbers have been used for in situ compatibilization of PBT/olefin-based rubber 

blends . 
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Figure 1.2  Illustration of steric stabilization against dispersed phase 
coalescence. In this case, the compatibilizer contains functionality X 
capable of reacting with the matrix end groups (polymer A), and is 
miscible with the dispersed phase (polymer B). 
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The addition of ethylene/propylene-g-maleic anhydride (EPR-g-MA) has been 

shown to improve the notched impact strength of PBT . Nitrile rubbers containing 

oxazoline functionality have also been used to improve compatibility with PBT 

resulting in improved impact strength . Various epoxy-functional polymers have 

been used to compatibilize several polymer pairs. For example, ethylene/glycidyl 

methacrylate (EGMA) copolymers have been used to toughen PBT  and PET . 

Styrene/glycidyl methacrylate (S/GMA) has been reported to compatibilize 

PBT/PS  and PET/PS blends . S/AN/GMA terpolymers have also been suggested 

as compatibilizing agents for PBT/ABS blends . Epoxy resins have been used as a 

reactive compatibilizer for the incompatible and immiscible nylon 6/ PBT . 

Attempts to compatibilize PBT/polyolefin blends have been made using random 

or graft copolymers of GMA . The literature describes the use of MMA/GMA 

copolymers to compatibilize various polymer pairs including PBT/ABS blends . 

Thus far, the epoxide-functionalized compatibilizers (e.g. by incorporation of 

GMA) seem to be the most effective choice for polyester toughening.  

SCOPE AND ORGANIZATION OF THIS DISSERTATION 
 

Many approaches have been successfully employed to toughen polyesters, 

and PTT might be expected to show similar trends as PBT. However, few studies 

on toughening this new engineering thermoplastic have been reported. The 

purpose of this study is to explore some fundamental issues of toughening PTT 
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using various dispersed phase materials and compatibilizing agents. Some of the 

key issues that can affect the toughness of these systems include the rubber type 

and content, rheological characteristics of the blend components, and processing 

conditions. The effect of these variables will be investigated in detail. 

This dissertation is divided into seven chapters. Chapter 2 provides a 

general overview of the experimental techniques and procedures used in this 

work. Chapter 3 explores the effect of polycarbonate (PC) as a physical dispersing 

agent for core-shell impact modifiers (CSIM) in PTT. Additionally, the effects of 

the PTT matrix and PC molecular weight are examined in detail. Chapter 4 

investigates the chain extension of polyesters induced by the reaction between 

triphenyl phosphite (TPP) and end groups, and its effect on mechanical properties 

of PTT/CSIM and PBT/CSIM blends. Chapter 5 illustrates a study on toughening 

of PTT using GMA grafted CSIM. Chapter 6 presents the mechanical properties 

and morphology of compatibilized PTT/ethylene-based rubber blends. Chapter 7 

summarizes the main conclusions of this study and recommendations for future 

research in this area.   
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CHAPTER 2 

Experimental 

 
 This chapter outlines the general experimental techniques and procedures 

used in this work. Specific experimental methods that are unique to particular 

studies will be described in the appropriate chapters. Particular chemicals 

involved in different studies will also be introduced in the following chapters as 

necessary. 

OVERVIEW OF MATERIALS 

Poly(trimethylene terephthalate) (PTT) 

Two grades of PTT (Corterra®) were obtained from Shell Chemical Co., 

each with different molecular weight and melt viscosity (see Table 2.1). These 

PTT materials are designated by the nature of their molecular weights; however, 

several chapters of this work use only the material with the higher molecular 

weight (Corterra CP513000) and will be designated as simply PTT.  

PTT, like the others in its polyester family, can have various ratios of 

carboxyl and hydroxyl end groups depending on the details of the synthesis. The 

relative amounts on the two chain ends can influence the extent of reactive 

compatibilization since the reactivity of these end groups towards a particular 
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functionality is different (e.g., the carboxyl/epoxide reaction occurs more readily 

than the hydroxyl/epoxide reaction ). The analysis of PTT end group 

configuration is beyond the scope of this study; however, it can be determined 

using various analytical methods including spectrometry and titration techniques . 

Table 2.1 PTT materials used in this study. 

 
Designation used 

here 

Supplier 

Designation 

Brabender 

Torquea
 

(N-m) 

Intrinsic 

Viscosityb 

(dl/g) 

Source 

L-PTT Corterra 

CP509200 

3.6 0.928 Shell 

Chemical 

H-PTT Corterra 

CP513000 

8.0 1.286 Shell 

Chemical 

 

(a) Brabender torque values were taken after 10 minutes at 240 oC, 60 rpm, using 
a 60 g charge to the mixing bowl. 

(b) Provided by supplier. 
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Core-Shell Impact Modifiers (CSIM) 

 Core-shell impact modifiers are normally made by emulsion 

polymerization. These materials have the advantage of a predetermined rubber 

particle size; however, they must be appropriately dispersed in and coupled to the 

matrix polymer in order to be effective for toughening . Figure 2.1 illustrates the 

core-shell structure of an impact modifier. Typically, the core is based on 

butadiene or n-butyl acrylate rubber and is crosslinked, while the shell consists of 

grafted polymer chains (e.g., PMMA) that physically interact with the matrix. 

 Two types of PMMA-based core-shell impact modifiers were received 

from Rohm and Hass (see Table 2.2). One contains a butadiene rubber core, and 

has a particle diameter of 0.18 µm; while the other has a core based on n-butyl 

acrylate rubber and a particle diameter of 0.30 µm. 

Polycarbonate (PC) 

Bis-phenol-a polycarbonate materials used this study are commercially 

available from Mitsubishi Engineering Plastics Corporation. Three types of the 

PC were selected based on molecular weight or melt viscosity properties (see 

Table 2.3). 
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Figure 2.1 Simplified scheme of a core-shell impact modifier. 
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  Table 2.2 Core-shell impact modifiers used in this study. 

Designation 

used here 

Supplier 

Designation 

Shell Type Rubber Core Type Core Diameter a 

(µm) 

MBS-a Paraloid EXL3607 PMMA butadiene 0.18 

MBS-b Paraloid EXL3691b PMMA butadiene 0.18 

AIM Paraloid EXL3361 PMMA n-butyl acrylate 0.3 

 

(a) Provided by supplier. 

(b) Equivalent to EXL3607 material according to the supplier. 
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Table 2.3 Polycarbonate (PC) used in this study. 

Designation 

Used here 

Suppliera 

Designation

Description Mw 

(g/mol) 

Mn 

(g/mol) 

Torque 

(N-m) b 

Relative Melt 

Viscosity 

L-PC H3000 BPA PC 

Low MW 

21,100 7,400 4.5 1.52 

M-PC S3000 BPA PC 

Medium MW 

23,700 8,500 7.7 2.57 

H-PC E2000 BPA PC 

High MW 

32,000 10,800 13.1 4.37 

 

(a) Materials obtained from Mishubishi Engineering Plastics. 

(b) Brabender torque taken after 10 minutes at 270 oC, 60 rpm, using a 60 g charge. 
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Ethylene-Acrylic Ester Copolymers  

 Three types of ethylene/alkyl acrylate copolymers were used in this study. 

Ethylene/ethyl acrylate (E/EA) copolymer was supplied by DuPont (see Figure 

2.2a). While ethylene/methyl acrylate (E/MA) and ethylene/n-butyl acrylate 

(E/nBA) copolymers were obtained from Atofina (see Figure 2.2b and 2.2c). 

Table 2.4 summarizes the materials used in this work. The type of alkyl acrylate 

and its content in the copolymer will be varied in order to observe their effects on 

blend performance.  

Three grades of ethylene/methyl acrylate/glycidyl methacrylate 

(E/MA/GMA) terpolymers (see Figure 2.3) were received from Atofina. One 

grade of ethylene/n-butyl acrylate/glycidyl methacrylate (E/nBA/GMA) was also 

obtained from DuPont (see Figure 2.4). Both E/MA/GMA and E/nBA/GMA have 

been reported to be compatible with the ethylene/alkyl acrylate copolymers, and 

can react with the PTT end groups through their epoxide functionalities. Table 2.5 

shows physical properties of these materials. 

Ethylene-Glycidyl Methacrylate Copolymers 

 Two grades of ethylene/glycidyl methacrylate (E/GMA) copolymers with 

different GMA content were obtained from Atofina and Sumitomo Chemicals 

(see Figure 2.5). Table 2.6 describes the characteristics of these materials. 
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(a) E/EA 

 

 

 

 

   (b) E/MA 

   (c) E/nBA 

Figure 2.2  Chemical structure of (a) ethylene/ethyl acrylate (E/EA), (b) 
ethylene/methyl acrylate (E/MA), and (c) ethylene/butyl acrylate 
(E/nBA) copolymers. 
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Table 2.4 Ethylene/alkyl acrylate materials used in this study. 

Designation 

Used here 

Supplier 

Designation 

Copolymer 

Type 

Acrylate Content  

(wt%) 

Melting Point 

(oC) 

Melt Flow Index 

(g/10 min.) 

Source 

EMA-a Lotryl® 

28MA07 

E/MA 28.2 65 7.40 Atofina 

EMA-b Lotryl® 

20MA08 

E/MA 20.2 80 8.35 Atofina 

EEA Elvaloy® 

AC2116 

E/EA 16 99 1.0 DuPont 

EBA Lotryl® 

30BA02 

E/nBA 29.2 78 2.37 Atofina 

 

 



 23

 

 

 

 

   

  

C=O

O

CH3

C=O

O

CH2

CH

CH2

O

(CH2-CH2)x(CH2-CH)y(CH2-CH)z

 

 

 

Figure 2.3  Chemical structure of an ethylene/methyl acrylate/glycidyl 
methacrylate (E/MA/GMA) terpolymer. 
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Figure 2.4  Chemical structure of an ethylene/n-butyl acrylate/glycidyl 
methacrylate (E/nBA/GMA) terpolymer. 
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Table 2.5 Ethylene/alkyl acrylate/glycidyl methacrylate terpolymers used in this study. 

Designation 

Used here 

Supplier 

Designation 

Terpolymer 

Type 

Alkyl Acrylate  

Content (wt%) 

GMA Content 

(wt%) 

Melt Index  

(g/10 min.) 

Source 

EMA-3%GMA Lotader 

AX8930 

E/MA/GMA 24.4 3.23 5.91 Atofina 

EMA-7%GMA Lotader 

AX8900a 

E/MA/GMA 24 7.24 8.07 Atofina 

EMA-8%GMA Lotader 

AX8900b 

E/MA/GMA 23.9 8.07 6.26 Atofina 

EMA-9%GMA Lotader 

AX8950 

E/MA/GMA 15.6 8.81 90.35 Atofina 

EBA-4%GMA Elvaloy 

PTW 

E/nBA/GMA N/A 4-5 12 Dupont 

 

Note: Lotader AX8900 from a)  and b) are the same grade but different batch of production (Atofina). 
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Figure 2.4  Chemical structure of an ethylene/glycidyl methacrylate (E/GMA) 
copolymer.  
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   Table 2.6 E/GMA copolymers used in this study 

Designation 

used here 

Supplier 

designation 

GMA content 

(wt %) 

Source 

EGMA6 Igetabond 2C 6 % Sumitomo 

EGMA8 Lotader AX8840 8 % Atofina 

EGMA12 Igetabond E 12 % Sumitomo 
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BLEND PREPARATION 
 
 Prior to each processing step, PTT and the core-shell impact modifiers 

were dried at 80 °C for at least 16 hours in a vacuum oven. All acrylate-based 

materials and other components were also dried in a convention oven for at least 

12 hours at 60 °C. Blend components are uniformly mixed before extrusion. 

Blends were then prepared by extrusion of premixed materials in either a Killion 

single-screw extruder (L/D = 30, D = 2.54 cm) with an intensive mixing screw, or 

an intermeshing co-rotating twin-screw extruder (L/D = 10, D = 3.05 cm). The 

processing conditions were normally set at 230 oC and a screw speed of 40 

revolutions per minute for the single screw-extruder, and at 230 °C with a screw 

speed of 280 revolutions per minute for the twin-screw extruder. The extrudate is 

dried at 80 °C under vacuum for at least 16 hours prior to injection molded into 

standard tensile (ASTM D638 type I) and Izod bars (ASTM D256) by an Arburg 

Allrounder injection molding machine at 240 oC. Mold temperature is set constant 

at 200 °F (90 °C).  Typical molding conditions used to prepare specimens is 

shown in Table 2.7. More details of the process conditions for a particular system 

will be described as needed in the following chapters. 
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Table 2.7 Typical injection molding conditions. 

Molding Condition Izod Impact Bars 

(ASTM D256) 

Dynatup Impact Bars 

6.38 mm in thickness 

Tensile Bars 

(ASTM D638 type I) 

Barrel temperature (oC) 

Die temperature (oC) 

240 

245 

240 

245 

240 

245 

Injection speed setting 

Injection pressure (bars)    

Holding pressure (bars) 

Screw speed (rpm) 

2 

70 

50 

220 

2 

70 

50 

220 

2 

70 

50 

220 

Injection time (sec) 

Holding time (sec) 

Cooling time (sec) 

7.5 

10 

30 

7.5 

10 

30 

7.5 

10 

30 

Take-in dosage a 9.5 – 11.5 18 - 23 11 – 12.5 

   

(a) Scale is adjusted to minimize flashing due to different thermal expansion coefficient for each blend.  
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BLEND CHARACTERIZATION 
 

Tensile properties were determined using a computerized Instron machine 

with a crosshead speed of 2 inch/min (5.08 cm/min). An extensometer strain gage 

with a one-inch gap was used to obtain modulus and yield stress values. Notched 

Izod impact measurements were made using a TMI pendulum-type impact tester 

equipped with an insulated chamber for heating and cooling specimens. 

Rheological behavior of the various polymers was determined in a 

Brabender Plasticorder using a 50 cm3 mixing head and standard rotors. The 

torque values were measured at 240 °C and 60 rpm. Thermal analysis was 

conducted using a Perkin-Elmer DSC-7 at a heating rate of 20 °C/min with 

sample weight about 10 milligrams.  

Blend morphology was examined by either a JEOL JEM 200cx or a JEOL 

2100f transmission electron microscope (TEM) at an acceleration voltage of 120 

kV. Samples were cryogenically microtomed into ultrathin (10-20 nm) sections 

using a Reichert-Jung Ultracut E microtome operated at –45 °C. All 

photomicrographs shown here correspond to sections taken from the center region 

of the far end of the Izod bar perpendicular to the flow direction. Proper staining 

technique is essential to attain sufficient contrast in TEM. Typically, the 

unsaturated rubber phase was stained with OsO4 vapor for 16 hours. The polyester 

phase was preferentially stained with RuO4 vapor for at least 20 minutes. 



 31

Effective rubber particle diameters of selected blends were characterized 

from TEM microphotographs by digital image analysis using Scion Image 

software (version 4.0.2) for Windows from Scion Corporation, which is based on 

NIH Image developed by National Institutes of Health, USA. 
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CHAPTER 3 

 

Impact modification of poly(trimethylene terephthalate) by core-

shell impact modifiers using polycarbonate as a dispersing agent 

INTRODUCTION 

One particularly attractive approach to toughen polyesters is the use of 

emulsion-made core-shell impact modifiers (CSIM). The core is typically based 

on butadiene or n-butyl acrylate rubber and is crosslinked, while the shell consists 

of grafted polymer chains that physically interact with the matrix [1]. These 

materials have the advantage of a predetermined rubber particle size; however, 

they must be appropriately dispersed in and coupled to the matrix polymer in 

order to be effective for toughening applications [2, 3] (see Figure 3.1).  The 

strategy relies on an efficient favorable thermodynamic interaction between the 

shell chains and the matrix polymer to permit good dispersion of the particles in 

the matrix during melt mixing. Hobbs et al. [4] reported that polycarbonate (PC) 

tends to wet or encapsulate small particles of poly(methyl methacrylate) (PMMA) 

through surface interaction at the interface. Blends of PC with PMMA are not 

miscible but appear to be nearly so [5-9]. This mechanism has been used to 

disperse CSIM particles with PMMA shells in a PC matrix to produce toughened 
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Figure 3.1 Schematic illustrations showing the role of polycarbonate (PC) as a 
dispersing agent for PTT/CSIMs blend.   
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blends [10, 11]. Good dispersion of impact modifier particles with a PMMA shell 

within a PC matrix leads to improved sharp notch impact properties compared to 

pure PC [12]. It is known that PC is partially miscible with poly(butylene 

terephthalate) (PBT) and the  adhesion  between  the two components is quite 

good [9, 13-16]. Some studies have suggested possible ester interchange reaction 

between PBT and PC may occur during the melt mixing process [17-21]. 

Interaction between PMMA and PBT; however, is less favorable [22]. 

Accordingly, PMMA-based impact modifiers cannot be readily dispersed in PBT. 

Since PC has greater affinity for both the PMMA shell and the PBT matrix, it 

seems reasonable that PC would be an effective additive for dispersing PMMA-

based CSIM particles in a polyester matrix for toughening purposes.  For 

example, Brady et  al. reported that PC facilitates the dispersion of impact 

modifiers with a PMMA shell in PBT [22].  This mechanism of toughening PTT 

using PMMA-based CSIM might be similar to that of PBT since PTT and PBT 

are both polyesters of similar chemical structure. 

This chapter describes the mechanical and morphological properties of 

PTT/CSIM blends. It demonstrates that PC can be used to aid the dispersion of 

core-shell rubber particles in a PTT matrix similar to what has been shown earlier 

for PBT.  Incorporating a small amount (~ 5 wt%) of PC into the blends results in 

better dispersion of the particles and consequently leads to improved low 
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temperature impact resistance. Melt viscosity (i.e. molecular weight) of both PTT 

matrix and PC also have an influence on blend properties. In general, PTT with 

high melt viscosity can generate blends with excellent low temperature toughness 

provided there is sufficient rubber and polycarbonate content. The molecular 

weight of the PC has less effect on blend properties than the molecular weight of 

the PTT matrix. The effect of CSIM type on the blend properties is also 

investigated in some detail. 

EXPERIMENTAL 

 Experimental details of polymer processing, mechanical testing, and 

microscopy are outlined in Chapter 2. Two grades of PTT materials with two 

different melt flow characteristics were used in this study; the product with low 

molecular weight is designated as L-PTT, while the higher molecular weight 

material is designated as H-PTT. Polybutadiene-based CSIM, designated as MBS, 

and poly(butyl acrylate)-based CSIM, designated as AIM, were used as impact 

tougheners. The MBS and AIM materials have an average particle diameter of 

0.18 and 0.3 µm, respectively. Three types of polycarbonate materials with low, 

medium, and high viscosity (respectively assigned as L-PC, M-PC, and H-PC) 

were selected and used in this study to assess the effect of PC melt viscosity on 

blend properties. Technical details for each material are given in Chapter 2. 
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RESULTS AND DISCUSSION 

Morphology and mechanical properties  

Binary PTT/PC blends 

 
Binary blends of PTT with polycarbonate were examined for comparison 

with the subsequent data. Table 3.1 summarizes mechanical properties of PTT/PC 

blends. Figure 3.2 shows the plot of Izod impact strength at room temperature of 

PTT/PC blends as a function of the PC/PTT ratio. There is no significant change 

in toughness for blends containing less than 90 to 95 wt% of PC. This result 

suggests that incorporating small amounts of PC does not affect the matrix 

enough to explain the toughening observed in ternary blends, which will be 

discussed in the following. 

Binary PTT/CSIM Blends 

 
 The properties of the binary blend of PTT with 20 wt% of core-shell 

impact modifier without any polycarbonate are useful for comparison with 

subsequent data for ternary blends. Table 3.2 summarizes mechanical properties 

of such blends. Izod impact results at room temperature for L-PTT/MBS and H-

PTT/MBS blend specimens with standard notches showed no significant 

improvement in toughness. Even through Izod impact values increased compared 
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to pure PTT, these blends still failed in a brittle manner. A TEM photomicrograph 

of L-PTT/MBS-1 (80/20), discussed later, reveals insight into the cause of the 

poor mechanical properties of these blends. It appears that the particles were not 

well dispersed; they formed clusters or agglomerates often with a diameter larger 

than 2 µm. The unsaturated butadiene-based rubber cores of the impact modifiers 

were stained with OsO4 solution, which resulted in the darker rubber particles 

against the lighter PTT matrix phase. 
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Table 3.1 Mechanical properties of PTT/PC Blends 

PC Content 
(wt%) 

Elastic Modulus a 

(GPa) 
Yield Strength b 

(MPa) 
Elongation at 
Break c (%) 

Izod Impact 
Strength d (J/m) 

0 2.79 61.5 5 25 

20 2.54 53.7 4 30 

30 2.47 51.6 5 N/A 

40 2.57 64.4 138 34 

50 2.61 56.3 147 39 

60 2.50  61.7 123 72 

70 2.40 57.5 126 N/A 

80 2.49 61.3 107 119 

90 2.46 67.3 112 287 

95 2.40 67.2 108 737 

100 2.28 66.6 109 822 

 
 
a.) error bar with standard deviation in the range of  + 0.1 % 
b.) error bar with standard deviation in the range of + 5 % 
c.) error bar of + 0 – 70 
d.) error bar of  +  0 – 30 % 
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Figure 3.2 Izod impact values of binary L-PTT/M-PC blends as a function of 
PTT/PC ratio. 
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Table 3.2 Mechanical properties of PTT/MBS blends 

 

PTT Type Elastic 
Modulus 

(GPa) 

Tensile Yield 
Strength 
(MPa) 

Elongation at 
Break 
(%) 

Izod Impact 
Strength a 

(J/m) 
L-PTT 1.70 40.1 3.5 250 

M-PTT 1.89 40.3 50 130 
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Ternary PTT/CSIM/PC blends 
 Preliminary effects of processing conditions (e.g., processing temperature, 

type of extruder used, and injection molding conditions) were also investigated at 

the beginning of this study. It was found that blends prepared at a melt 

temperature around 230 oC showed the most improvement in toughness. The 

twin-screw extruder yielded better mechanical toughness than the single-screw 

extruder when operated at the same processing temperature (see Figure 3.3). For 

those reasons, the blends discussed later were prepared using the twin-screw 

extruder at 230 oC. In general, ternary blends showed significant toughening at far 

lower concentrations (0 – 20 wt%) of polycarbonate in the blend. Figure 3.3 also 

illustrates the variation in Izod impact strength of L-PTT/MBS/M-PC (80-x/20/x) 

blends for specimens with standard notches as the PC concentration is increased. 

Even relatively small amounts of PC (less than 5 wt%) lead to significant 

toughening, and as the PC concentration approaches 5 wt% the blends become 

very tough, especially those prepared in the twin-screw extruder. The ductility of 

the blends dramatically increases and reaches the ‘super tough’ region (> 800 

J/m). TEM microphotographs illustrated in Figure 3.4a to 3.4d support the Izod 

impact results. Dispersion and distribution of the rubber particles are better as the 

concentration of PC is increased. Cluster size of the particles become smaller and 
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Figure 3.3 Effect of PC concentration and type of extruder used on Izod impact 
strength of L-PTT/MBS/M-PC (80-X/20/X) blends as a function of 
PC content. 
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 less dense as more PC is added to the blend. More surface area of the rubber 

phase is available for direct contact with the PTT matrix, resulting in better load 

transfer between the matrix and the rubber particles. It is clear that PC plays an 

important role in improved toughness by facilitating the breaking down of the 

particle agglomerates and spreading those particles within the PTT matrix. 

Figure 3.5 shows a plot of Izod impact strength at room temperature of 

PTT/MBS/M-PC (80-x/20/x) blends prepared using the different types of PTT at 

various PC concentrations. There is no significant difference in Izod toughness of 

the blends bars on low and high molecular weight PTT at room temperature. 

However, the high viscosity PTT matrix produces blends that can sustain their 

toughness to much lower temperatures compared to the higher melt index (i.e. 

lower in viscosity and molecular weight) matrix. This result will be discussed in 

detail later. In general, the PTT with higher melt viscosity is more effective in 

dispersing the core-shell particles which leads to superior blend properties. 

Figure 3.6 shows the effect of PTT molecular weight on elongation at 

break of the PTT/MBS/M-PC blends containing 20 wt% of CSIM at low PC 

concentrations (0-20 wt%) end. The elongation at break of the blends, which can 

be used as one of the indicators of compatibility between the blend components, 

containing PTT with higher molecular weight is much greater than that of the 

blends prepared from low molecular weight PTT. 
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Figure 3.4a TEM micrographs of L-PTT/MBS/M-PC (80/20/0) blends  

 

 

Figure 3.4b TEM micrographs of L-PTT/MBS/M-PC (75/20/5) blends  
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Figure 3.4c TEM micrographs of L-PTT/MBS/M-PC (70/20/10) blends  

 

 

Figure 3.4d TEM micrographs of L-PTT/MBS/M-PC (60/20/20) blends  
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Figure 3.5  Effects of PC concentration and PTT molecular weights on Izod 
impact strength at room temperature of PTT/MBS/M-PC (80-x/20/x) 
blends. 
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  TEM results of M-PTT/MBS/M-PC blends containing 20 wt% rubber 

particles with varied PC content are depicted in Figure 3.7a to 3.7d. As the PC 

concentration is increased, the particles tend to spread out to form smaller 

agglomerates and less packed clusters within the PTT matrix.  

Impact properties at low temperatures are often a practical concern for 

many engineering applications that involve outdoor usage with the change of 

climates. Figure 3.8 summarizes the impact strength properties of PTT/MBS/M-

PC blends made from L-PTT or H-PTT containing 20 wt% CSIM particles with 

various concentrations of M-PC as a function of temperature. It is clearly seen 

that the blends containing PC exhibit lower ductile-brittle transition temperatures 

(Tdb), i.e., the temperature at which the failure mode changes from ductile to 

brittle. In addition, high molecular weight PTT leads to significantly lower 

transition temperatures than low molecular weight PTT does. This observation 

could result of the fact that the higher melt viscosity of the high molecular weight 

PTT produces greater shear forces to separate the core-shell particle clusters 

resulting in finer dispersion and distribution of the particles in the matrix, or the 

higher melt viscosity of the high molecular weight PTT itself yields superior 

intrinsic effect on the blend toughness. 
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Figure 3.6  Elongation at break of PTT/MBS/M-PC (80-x/20/x) blends as a 
function of PC content and PTT type. 
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Figure 3.7a TEM micrographs of H-PTT/MBS/M-PC (80/20/0) blends.  

 

 
 

Figure 3.7b TEM micrographs of H-PTT/MBS/M-PC (75/20/5) blends.  



 51

 

Figure 3.7c TEM micrographs of H-PTT/MBS/M-PC (70/20/10) blends. 

 
 

Figure 3.7d TEM micrographs of H-PTT/MBS/M-PC (60/20/20) blends.  
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Figure 3.8 Plot of Izod impact strength as a function of temperature of 
PTT/MBS/M-PC (80-x/20/x) blends. 
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Figure 3.9 shows the ductile-brittle transition temperature of H-PTT/MBS/M-PC 

(80-x/20/x) blends as a function of the PC content from 0 wt% to 100 wt%, 

expressed on a CSIM free basis (i.e., %100*
100

x ), which can provide additional 

insight into the toughness of these blends. The ductile-brittle transition 

temperature shows steady improvement as the polycarbonate content increases 

from 0 wt% to about 5 wt% when the PC concentration is about 10 wt%, the 

ductile-brittle temperature reaches a plateau at about – 40 oC.  In general, the low 

temperature toughness of the blend is typically governed by the glass transition 

temperature of the rubber, degree of dispersion, and interfacial behavior between 

the core-shell impact modifier particle and the matrix [22-24]. 

Effect of PC molecular weight on the blend properties 

 From the results shown previously, adding polycarbonate clearly improves 

the mechanical properties of the blends since better dispersion of core-shell 

rubber particles in the PTT matrix can be achieved. This may stem from the 

wetting ability of the PMMA shell in the PC phase as well as good interaction 

between the PC and the PTT matrix. In general, several factors (e.g. viscosity of 

components, composition, interfacial interaction between phases, and processing 

conditions) are the main factors that influence morphology and mechanical 

properties of multi-component blends [25-28].   
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Figure 3.9 Effect of PC concentration, expressed in term of PC/PTT ratio (x/80 
*100%), on the ductile-brittle transition temperatures (Tdb) of H-
PTT/MBS/M-PC (80-x/20/x) blends  
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High melt viscosity PTT matrix has shown its favorable effect on the blend 

properties. It is useful to investigate the effect of the melt viscosity of 

polycarbonate as well in order to gain insight on how polycarbonate with different 

melt characteristics responds to the favorable interaction that leads to better 

dispersion and improved mechanical properties. Kayano et al. reported the effect 

of polycarbonate molecular weight on mechanical behavior of PC/core-shell 

impact modifier blends [10]. In his study, polycarbonate, however, was treated as 

the matrix having only binary interfacial interaction with the core-shell particles. 

It was shown that blends with higher molecular weight exhibited better impact 

properties. In a ternary system containing two minor phases dispersed in a 

continuous matrix, different types of phase morphologies can occur. One minor 

component may encapsulate another with a core-shell type morphology for some 

systems; whereas, in other systems two minor components may disperse 

separately in the matrix [4]. It is also possible that the two minor components can 

mix with each other without any ordered manner [28]. A study by Hemmati et al. 

[29] suggested that interfacial interaction between phases plays an important role 

in determining the type of morphology of these blend systems, while viscosity 

ratios affect only the size of the dispersed phase and have less influence on the 

type of morphology. Therefore, it is important to understand the effect of 
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polycarbonate molecular weight which may affect the phase morphology and/or 

mechanical properties of PTT/MBS/PC blends. 

 Figure 3.10 demonstrates the effect of PC molecular weight on Tdb of H-

PTT/MBS/PC blends containing 20 wt% impact modifiers and 5 wt% 

polycarbonate. Different types of polycarbonate do not significantly change the 

Izod impact properties at room temperature. However, high melt viscosity PC (H-

PC) can lower the transition temperature (Tdb) more than medium (M-PC) and 

low (L-PC) materials do, respectively. Figure 3.11 shows the plot of ductile-brittle 

transition temperatures (Tdb) of the blends containing 20 wt% rubber particles 

with different type of polycarbonate over a concentration range of 0 – 15 wt%.  

The Tdb value dramatically decreases as a small amount of PC is added (i.e. 5%). 

The curve, however, tends to decrease slower as increasing PC content (i.e. > 5%) 

and reaches a minimum value of -45 oC at the PC concentration of 15%. The trend 

is very similar to what was seen in PBT/MBS/PC (80-x/20/x) systems in which 

the Tdb decreases as PC content is increased and reaches a minimum value of -30 

oC at 15% PC [22]. This result also shows that the presence of polycarbonate 

regardless of the type (i.e. molecular weight) clearly helps reduce the ductile-

brittle transition temperature of the blends. The difference in Tdb values, however, 

is much less pronounced when compared with the blends prepared from different 

types of polycarbonate. The effect of polycarbonate type on blend morphology 
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can be investigated from the transmission electron microscopy (TEM) results of 

H-PTT/MBS/PC blends containing 20 wt% rubber particles and 5wt% PC shown 

in Figure 3.12a to 3.12c. As the PC molecular weight is increased, better particle 

dispersion and distribution can be achieved. In general, higher molecular weight 

tends to lower the transition temperature of the bend. The efficiency of 

polycarbonate to improve low temperature toughness is likely to be in order of its 

corresponding molecular weight (i.e. H-PC > M-PC > L-PC). Effect of impact 

modifier type 

 Core-shell impact modifiers consisting of an n-butyl acrylate core and 

PMMA shell (AIM) with an average particle size of 0.3 µm were used to compare 

performance in toughening of PTT. Figure 3.13 illustrates the Izod impact 

strengths of H-PTT/AIM/M-PC blends having 20 wt% AIM rubber particles (with 

5 wt% or without PC) as a function of temperature.  By adding 5 wt% of 

polycarbonate to the blend, the ductile-brittle transition temperature is improved 

by about 20 degrees when compared to that of the blend without PC. The result is 

strongly in agreement with the data presented previously that addition of 

polycarbonate leads to improved impact properties of the blends containing core-

shell impact modifiers. However, the effectiveness of the AIM materials to 

improve low temperature toughness is poor compared to the MBS particles. For 

example, the blends containing 5 wt% PC, sub-zero Tdb cannot be achieved by 
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incorporating the same amount of AIM core-shell impact modifiers (i.e. 20 wt%). 

The TEM result for the H-PTT/AIM/M-PC (75/20/5) blend is shown in Figure 

3.14, in which the dispersion of AIM particles in the PTT matrix is very good. 

Therefore, the higher Tdb value could result from the fact that the glass transition 

temperature (Tg) of the n-butyl acrylate core of the AIM (-30 oC) [3, 30] is much 

higher than that of butadiene rubber in MBS (-60 oC) [23]. 

CONCLUSIONS 

 Poly(trimethylene terephthalate) cannot be effectively toughened by 

physically incorporating core-shell impact modifier particles. The blends failed in 

brittle mode since the degree of dispersion required was not achieved; even 

through the twin screw extruder was used in blend preparation. This could be a 

result from insufficient interfacial interaction between the PTT matrix and the 

PMMA shell of the impact modifiers. A third polymer having more favorable 

interaction towards both PBT and PMMA than those two have for each other 

should reasonably solve the problem. Polycarbonate was then selected for its 

tendency to wet both PTT and PMMA which helps facilitate the spreading of 

those core-shell impact modifiers in the polyester matrix. Therefore, the PC phase 

is believed to locate preferentially between the PTT matrix and the PMMA shell 

of the core-shell impact modifiers. 
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Figure 3.10 Effect of PC molecular weight on ductile-brittle transition 
temperatures (Tdb) of H-PTT/MBS/PC (75/20/5) blends. 
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Figure 3.11 Effect of PC molecular weight on Ductile-brittle transition 
temperature (Tdb) of H-PTT/MBS/PC (80-x/20/x) blends at various 
PC concentrations. 
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Figure 3.12a TEM picture of H-PTT/MBS/L-PC (75/20/5) blend. 

 
 

 
 

Figure 3.12b TEM picture of H-PTT/MBS/M-PC (75/20/5) blend. 
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Figure 3.12c TEM picture of H-PTT/MBS/H-PC (75/20/5) blend. 
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Figure 3.13 Effect of polycarbonate on improved low temperature impact 
strengths of PTT/AIM/PC blends. 
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Figure 3.14 TEM picture of PTT/AIM/PC (75/20/5) blend. 
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It is clear that adding only small amounts of PC (~ 5 wt%) greatly improves both 

the dispersion of the rubber particles and  the mechanical properties of the ternary 

blends. The result from PTT/PC binary blends confirms that the improved 

toughness arises from better dispersion and adhesion of the particles. Addition of 

small amounts of a more ductile polycarbonate material is not responsible to 

significant improvement in mechanical properties observed in this study. Blends 

prepared from high melt viscosity PTT showed superior low temperature 

toughness since greater amount of shear force could be generated in the mixing 

device that help separate the particle agglomerates apart. Different types of 

polycarbonate (i.e. melt viscosity or molecular weight) plays less important role 

to improve blend toughness than the presence of the PC material itself in the 

system. However, higher molecular weight polycarbonate tends to yield better 

results in terms of particle dispersion and thermal degradation occurred during in 

the melt processing process. Additionally, blends consisting of butadiene-based 

core-shell impact modifiers exhibited better low temperature toughness compared 

with n-butyl acrylate-based rubber particles. In conclusion, PTT material, similar 

to PBT reported elsewhere [22], is successfully toughened by incorporating core-

shell impact modifiers with the presence polycarbonate as a dispersing agent. The 

degree of dispersion, interfacial behavior between blend components, as well as 
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the glass transition of the rubber particles seem to be crucial factors in 

determining blend toughness, especially at low temperature.  



 67

REFERENCES 
1. Paul, D.R. and C.B. Bucknell, Polymer blends: formation and 

performance. Vol. 2. 2000: Johnwiley & Sons Inc.:New York. 

2. Fowler, M.E., Paul, D. R.Cohen, L. A.Freed, W. T., Blends of imidized 
acrylic polymers with SAN copolymers and with PVC. Journal of Applied 
Polymer Science, 1989. 37(2): p. 513-25. 

3. Fowler, M.E., H. Keskkula, and D.R. Paul, Distribution of methacrylated 
butadiene-styrene (MBS) emulsion particles in immiscible 
polystyrene/SAN blends. Journal of Applied Polymer Science, 1989. 37(1): 
p. 225-32. 

4. Hobbs, S.Y., M.E.J. Dekkers, and V.H. Watkins, Effects of interfacial 
forces on polymer blend morphologies. Polymer, 1988. 29(9): p. 1598-
1602. 

5. Callaghan, T.A., Takakuwa, K., Paul, D. R., Padwa, A. R., Polycarbonate- 
SAN copolymer interaction. Polymer, 1993. 34(18): p. 3796-3808. 

6. Nishimoto, M., H. Keskkula, and D.R. Paul, Miscibility of polycarbonate 
with methyl methacrylate-based copolymers. Polymer, 1991. 32(7): p. 
1274-1283. 

7. Kim, C.K. and D.R. Paul, Miscibility of poly(methyl methacrylate) blends 
with halogen- containing polycarbonates and copolymers. Polymer, 1992. 
33(23): p. 4929-4940. 

8. Chiou, J.S., J.W. Barlow, and D.R. Paul, Miscibility of bisphenol-a 
polycarbonate with poly(methyl methacrylate). Journal of Polymer 
Science Part B-Polymer Physics, 1987. 25(7): p. 1459-1471. 

9. Marin, N. and B.D. Favis, Co-continuous morphology development in 
partially miscible PMMA/PC blends. Polymer, 2002. 43(17): p. 4723-
4731. 

10. Kayano, Y., H. Keskkula, and D.R. Paul, Effect of polycarbonate 
molecular weight and processing conditions on mechanical behaviour of 
blends with a core-shell impact modifier. Polymer, 1996. 37(20): p. 4505-
4518. 

11. Kayano, Y., H. Keskkula, and D.R. Paul, Fracture behaviour of 
polycarbonate blends with a core-shell impact modifier. Polymer, 1998. 
39(4): p. 821-834. 



 68

12. Cheng, T.W., H. Keskkula, and D.R. Paul, Property and morphology 
relationships for ternary blends of polycarbonate, brittle polymers and an 
impact modifier. Polymer, 1992. 33(8): p. 1606-19. 

13. Pompe, G., L. Haeussler, and W. Winter, Investigations of the equilibrium 
melting temperature in PBT and PC/PBT blends. Journal of Polymer 
Science, Part B: Polymer Physics, 1996. 34(2): p. 211-19. 

14. Pesetskii, S.S., B. Jurkowski, and V.N. Koval, Polycarbonate/polyalkylene 
terephthalate blends: interphase interactions and impact strength. Journal 
of Applied Polymer Science, 2002. 84(6): p. 1277-1285. 

15. Hobbs, S.Y., et al., Partial miscibility of poly(butylene 
terephthalate)/bisphenol A polycarbonate melt blends. Polymer Bulletin 
(Berlin, Germany), 1987. 17(4): p. 335-9. 

16. Hobbs, S.Y., M.E.J. Dekkers, and V.H. Watkins, The morphology and 
deformation behavior of poly(butylene terephthalate)/bisphenol a 
polycarbonate blends. Polymer Bulletin (Berlin, Germany), 1987. 17(4): 
p. 341-5. 

17. Rodriguez, J.L., J.I. Eguiazabal, and J. Nazabal, Phase behavior and 
interchange reactions in poly(butylene terephthalate)/poly(ester-
carbonate) blends. Polymer Journal (Tokyo), 1996. 28(6): p. 501-506. 

18. Hamilton, D.G. and R.R. Gallucci, The Effects of molecular-weight on 
polycarbonate polybutylene terephthalate blends. Journal of Applied 
Polymer Science, 1993. 48(12): p. 2249-2252. 

19. Cheung, M.F., et al., Studies on the role of organophosphites in polyester 
blends .2. The inhibition of ester-exchange reactions. Journal of Applied 
Polymer Science, 1990. 40(5-6): p. 977-987. 

20. Golovoy, A., et al., Control of trans-esterification in polyester blends. 
Polymer Engineering and Science, 1989. 29(18): p. 1226-1231. 

21. Golovoy, A., et al., The Influence of aging on the effectiveness of an 
organophosphite in suppressing trans-esterification in polymer blends. 
Polymer Bulletin, 1989. 21(3): p. 327-334. 

22. Brady, A.J., H. Keskkula, and D.R. Paul, Toughening of poly(butylene 
terephthalate) with core-shell impact modifiers dispersed with the aid of 
polycarbonate. Polymer, 1994. 35(17): p. 3665-3672. 

23. Lu, M., H. Keskkula, and D.R. Paul, Reactive coupling of core shell 
impact modifiers to polyamide matrices using styrene maleic-anhydride 
copolymers. Polymer, 1993. 34(9): p. 1874-1885. 



 69

24. Lu, M., H. Keskkula, and D.R. Paul, Thermodynamics of solubilization of 
functional copolymers in the grafted shell of core-shell impact modifiers 
.2. Experimental. Polymer, 1996. 37(1): p. 125-135. 

25. Kojima, T., Y. Kikuchi, and T. Inoue, Morphology-properties relationship 
of a ternary polymer alloy. Polymer Engineering and Science, 1992. 
32(24): p. 1863-1869. 

26. Gupta, A.K. and K.R. Srinivasan, Melt rheology and morphology of 
PP/SEBS/PC ternary blend. Journal of Applied Polymer Science, 1993. 
47(1): p. 167-184. 

27. Gupta, A.K., et al., Studies on binary and ternary blends of polypropylene 
with abs and ldpe-.iImpact andtTensilepProperties. Journal of Applied 
Polymer Science, 1990. 39(3): p. 515-530. 

28. Luzinov, I., et al., Composition effect on the core-shell morphology and 
mechanical properties of ternary polystyrene/styrene butadiene rubber 
polyethylene blends. Polymer, 1999. 40(10): p. 2511-2520. 

29. Hemmati, M., H. Nazokdast, and H.S. Panahi, Study on morphology of 
ternary polymer blends. I. Effects of melt viscosity and interfacial 
interaction. Journal of Applied Polymer Science, 2001. 82(5): p. 1129-
1137. 

30. Fowler, M.E., H. Keskkula, and D.R. Paul, Synergistic toughening in 
rubber-modified blends. Polymer, 1987. 28(10): p. 1703-11. 

 

 



 70

CHAPTER 4 

Chain extension in polyesters induced by the reaction between 

triphenyl phosphite (TPP) and polyester end groups: The effects 

on mechanical properties of polyester/CSIM blends 

INTRODUCTION 

Many studies on rubber toughened blends have reported greater 

improvements in mechanical properties when a high molecular weight matrix is 

used to prepare the blends [1-9]. Higher molecular weight plastics typically tend 

to have greater rheological effects on morphology development during the melt 

mixing process because of the greater shear forces that allow breaking up of the 

rubber into smaller particle size dispersed more evenly in the matrix, mostly 

resulting in improved mechanical properties in the solid state. In addition, the 

intrinsic toughen ability of a polymer may increase with molecular weight [2, 8, 

10]. The PTT/CSIM systems discussed in Chapter 3 seem to follow the first 

argument since higher PTT molecular weight results in better dispersion and, 

thus, improved low temperature toughness. The problem encountered for 

PTT/CSIM blends is that the commercial source of PTT can only supply two 

molecular weight grades. This precludes exploring this important variable on 

blend performance of PTT/CSIM systems in a straightforward manner. However, 
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molecular weight can be increased by the means of chemical reactions during 

processing. The literature describes the use of triphenyl phosphate (TPP) to 

increase the viscosity of polyesters such as PET and PBT [11-14]. Aharoni et al 

[11] reported that the molecular weight of PET increases with time in the 

presence of TPP during melt processing. Jacques et al [12-14], in agreement with 

Aharoni, also observed the molecular weight evolution of PET/PBT blends 

corresponding to an increase in torque and viscosity by the reactions induced by 

TPP addition during melt mixing. The chain extension, resulting from the 

chemical reaction between TPP and polyester end groups, is believed to take 

place in two steps [11]. In the first step (see Figure 4.1a), TPP rapidly reacts with 

the hydroxyl end groups by displacing one phenoxy group from the TPP, resulting 

in an alkyldiphenyl phosphite (intermediate specie) and phenol as a by-product. In 

the second step (see Figure 4.1b), a slow reaction takes place between the 

carboxylic end groups and alkyldiphenyl phosphite resulting in formation of an 

ester bond between carboxyl and alkyl groups, and diphenylphosphite (DPP) as a 

stable by-product. 

This approach to increase PTT molecular weight will be examined. From 

the material availability point of view, PBT materials with three different 

molecular weights obtained from DuPont will be used as the model polyester  
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Figure 4.1a  Schematic illustration of the first step of the reaction path – A fast 
reaction between the hydroxyl chain end and TPP resulting in 
formation of an intermediate alkyldiphenyl phosphite species and 
phenol. 

 

 

 

Figure 4.1b  Schematic illustration of the second step of the reaction path - A 
slow reaction between alkyldiphenyl phosphite resulting in 
formation of an ester bond between carboxyl and alkyl groups, and 
diphenylphosphite (DPP) as a stable reaction by-product. 
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instead of PTT since they can provide a broader processing window and, 

therefore, wider interpretation of the results. The results from PBT studies should 

be valid and have direct implication on PTT systems because both materials share 

a similar chemical structure. However, this assumption would not be true if the 

proportions of carboxyl and hydroxyl chain ends of PTT and PBT used, which 

depend on the details of the synthesis, are not within range or not close to each 

other. The reactive content of the two end groups can greatly influence the extent 

of reactivity compatibilization due to the complexity of the chemical reaction 

course with TPP and their reactivity towards particular functional groups (i.e., the 

carboxyl/epoxide reaction occurs far more rapidly than does the hydroxyl/epoxide 

reaction).  

This chapter investigates the chain extension of PBT and PTT induced by 

the reaction between triphenyl phosphite (TPP) and the polyester end groups, and 

its effect on mechanical properties of PBT/CSIM and PTT/CSIM blends. It 

demonstrates that chain extension of a polyester matrix is feasible through the 

course of chemical reactions between TPP and its end groups. The improved 

mechanical properties of polyester/CSIM blends with the addition of TPP will 

also be discussed.  



 74

EXPERIMENTAL 

General experimental details for polymer processing, mechanical testing, 

and microscopy are outlined in Chapter 2. 

Materials used 

Triphenyl phosphite (TPP), 97% purity, was received from Aldrich 

Chemical Co. Three grades of PBT (Crastin®) materials with three different melt 

flow characteristics were selected for this study; L-PBT, M-PBT, and H-PBT are 

used to designate the product with low, medium, and high molecular weight 

respectively (see Table 4.1). High melt viscosity PTT (designated H-PTT) was 

also used for comparison. Polybutadiene-based CSIM, designated as MBS, having 

an average particle size of 0.18 µm was used as the dispersed rubber phase.  

Blend preparation 

All blends were prepared by the simultaneous extrusion of all components 

in a twin-screw extruder (D = 2.54 cm) at 230 oC with a rotating speed of 280 

rpm. However, in a multi-mixing process, polyester pellets were first well coated 

with triphenyl phosphite (TPP) liquid in a mixing jar. The mixture was then 

extruded in a single screw extruder at 240 oC using a screw speed of 40 rpm. The 

extrudate was then dried at 80 oC in a vacuum oven for at least 36 hours to 

eliminate moisture and other volatile compounds before being mixed with CSIM 

and processed again in the twin-screw extruder.  
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                  Table 4.1 PBT materials used in this study. 

Designation 
used here 

Supplier 
Designation 

Molecular 
Characteristics 
Mn          Mw 

(g/mole)   (g/mole) 

Source 

L-PBT Crastin® 6131 15,000 40,000 DuPont 

M-PBT Crastin® 6130 20,000 60,000 DuPont 

H-PBT Crastin® 6129 25,000 65,000 DuPont 
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Torque measurement study 

Torque studies as a function of time were performed in a Brabender 

Plasticorder with a mixing head having a capacity of 50 cc. PBT was thoroughly 

coated with TPP liquid in a closed container. The mixture was then loaded into 

the mixing chamber of the Brabender operated at 240 oC with a rotor speed of 60 

rpm. Torque values were read out directly from the torque measurement device 

attached to the Brabender as the mixing time evolved.  

RESULTS AND DISCUSSION 

PBT/MBS blends 

During polymer processing in the Brabender, torque values recorded 

throughout the experiment are representative of the melt viscosity of the system. 

A typical plot of torque values of PBT as a function of mixing time during melt 

processing with various triphenyl phosphite (TPP) amounts is presented in Figure 

4.2. By comparison with pure PBT behavior, a significant increase in torque was 

observed. Some differences were observed depending on TPP concentration.  In 

general, the torque increases as the amount of the TPP increases. As larger 

quantities of the TPP are added, the torque increases more rapidly. The rise in 

melt viscosity results from chain extension reactions between the phosphite 

compound and the polyester end groups taking place in the system.  
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Figure 4.2  Brabender torque values of PBT with addition of different TPP 
concentrations (0%, 0.5%, 1%, 2%, and 5%). The measurement was 
taken at 240 oC, 60 rpm, and a 60 gram charge. 
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Figure 4.3 Plot of Brabender torque at 10th minute for M-PBT as a function of 
TPP content. 
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With a large phosphite excess (5%) the torque rises to the maximum as the mixing 

time is increased. When high torque values are reached, instabilities and large 

oscillation are also observed suggesting the possibility of branching and/or 

crosslinking. However, it was noticed that torque tends to reach a plateau at 

longer processing time (i.e., after 10 minutes). This torque is more appropriate for 

representing the melt viscosity of the system under such processing conditions. 

Figure 4.3 shows the torque values of M-PBT after 10 minutes of mixing time as 

a function of the TPP addition. The rapid increase in the torque is observed when 

small amounts of TPP (i.e., 0.5%) are added. The torque tends to remain 

unchanged as intermediate amounts of TPP (i.e., 1%, 2%, 3%) are introduced, and 

rises again with a large phosphite excess (i.e., 5%). From the results presented 

above, high melt viscosity of PBT can be successfully induced by adding 

triphenyl phosphite during melt processing.  

Table 4.2 summarizes the mechanical properties of PBT/CSIM (20 wt% 

MBS) blends with different PBT melt viscosity and various TPP amounts. Figure 

4.4 shows the effect of triphenyl phosphite on Izod impact strength of M-

PBT/MBS (80/20) blends as a function of temperature. Both the Izod impact 

strength and ductile-brittle transition temperature (Tdb) are affected by the 

presence of TPP. At a TPP concentration of about 1%, Izod impact strength at 

room temperature is at a maximum (see Figure 4.5) for M-PBT/MBS (80/20)  
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Table 4.2 Mechanical properties of PBT/CSIM blends. 

Composition Tensile 
Modulus 

(GPa) 
 

Tensile 
Strength 
(MPa) 

Elongation at 
break 
(%) 

Izod Impact 
Strength 

(J/m) 

Tdb 
 

(oC) 

L-PBT 2.44 49.7 175 50 N/A 

M-PBT 2.32 51.2 390 50 N/A 

H-PBT 2.22 50.6 300 50 N/A 

L-PBT/MBS = 80/20 1.86 39.8 85 128 50 

M-PBT/MBS = 80/20 1.82 38.8 140 641 12 

H-PBT/MBS = 80/20 1.84 38.9 160 717 -2.5 

L-PBT/MBS = 80/20 + 2% TPP 1.72 35.3 225 542 -10 

M-PBT/MBS = 80/20 + 2% TPP 1.76 36.9 205 640 -12.5

H-PBT/MBS = 80/20 + 2% TPP 1.55 37.5 250 766 -23 

M-PBT/MBS = 80/20 + 0.5% TPP 1.79 38.0 220 571 5 

M-PBT/MBS = 80/20 + 1% TPP 1.75 39.0 260 709 -17 

M-PBT/MBS = 80/20 + 5% TPP 1.80 37.5 35 98 45 
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blends. Tdb reaches a minimum for M-PBT/MBS (80/20) blends (see Figure 4.6). 

Low temperature toughness of the blends can be improved by addition of TPP to 

the system. Figure 4.6 shows a plot of Tdb for PBT/MBS (80/20) blends as a 

function of TPP content. The minimum peak of Tdb of M-PBT/MBS (80/20) 

blends is obtained at a TPP concentration of about 1%. The effect of initial PBT 

molecular weight on Izod impact strength and Tdb are also observed for blends 

containing 20 wt% CSIM particles at fixed 0% and 2% TPP concentrations (MBS 

free basis). Higher molecular weight PBT leads to superior room and low 

temperature blend toughness even though the blend has no TPP present. However, 

addition of 2% TPP results in improved Izod impact strength and significant 

reduction of the ductile-brittle transition temperature. The blend prepared from L-

PBT with 2% TPP exhibited even better low temperature toughness when 

compared with the blend prepared from H-PBT with no TPP addition. Figure 4.7 

shows elongation at break values of M-PBT/MBS (80/20) as a function of TPP 

content. The elongation at break increases as the TPP is increased. The curve, 

however, reaches a maximum at 1% TPP concentration and continuously 

decreases there afterwards. An increase in elongation at break is typically one of 

the indications of compatibilized rubber toughened blend systems. The Tdb and 

elongation at break results may suggest the optimum amount of 1% TPP to be 

used to achieve the maximum blend performance. 
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Figure 4.4  Illustration of the Izod impact strength of the M-PBT/MBS (80/20) 
blends with addition of various amounts of triphenyl phosphate 
(TPP) as a function of temperature. The TPP concentration is 
expressed in a CSIM free basis. 
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Figure 4.5  Izod Impact Strength at room temperature of PBT/MBS (80/20) 
blends as a function of TPP content. The TPP concentration is CSIM 
free basis. 
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Figure 4.6  Effect of TPP content on the ductile-brittle transition temperature 
(Tdb) of PBT/MBS (80/20) blends. The TPP concentration is 
expressed in a CSIM free basis. 
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Figure 4.7  Elongation at break values of M-PBT/MBS (80/20) blends as a 
function of TPP content. The TPP concentration is expressed in a 
CSIM free basis. 
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The TEM results of M-PBT/MBS (80/20) blends with various amounts of TPP 

(0%, 0.5%, 1%, and 2%) are shown in Figure 4.8a-d.  As the TPP content is 

increased, better dispersion of the CSIM particles is achieved; the cluster size gets 

smaller and the particles disperse more evenly throughout the PBT matrix. 

Unfortunately, the TEM micrograph of the blend with 5% TPP could not be 

obtained because the material is sticky and liquid saturated-like in nature that 

made it impossible to microtome the sample. In general, the TPP addition 

produces a similar effect on improved CSIM particle dispersion as an increase in 

the molecular weight of PBT does. Figure 4.9a-c illustrates TEM results for 

PBT/MBS (80/20) blends prepared from different PBT molecular weight. Blends 

with high molecular weight PBT shows better improvement in the particle 

dispersion. The degree of dispersion is greater as the molecular weight of the PBT 

matrix is increased (H-PBT > M-PBT > L-PBT). In general, improved properties 

can be achieved up to a certain level of TPP amount added to the system. With a 

large phosphite excess (5%); however, the blend shows inferior performance 

compared to the blends without TPP. This may stem from the effect of 

undesirable volatile by-products produced in the complex reactions during the 

melt mixing process. Addition of more than the critical concentration of TPP 

results in instability of the polyester matrix and consequently yields poor blend 

performance.  
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(a) TEM micrograph of M-PBT/MBS (80/20) blend 

 

 
(b) TEM micrograph of M-PBT/MBS (80/20) blend with 0.5% TTP 
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(c) TEM micrograph of M-PBT/MBS (80/20) blend with 1% TPP 

 

 
(d) TEM micrograph of M-PBT/MBS (80/20) blend with 2% TPP 

Figure 4.8 TEM micrographs of PBT/MBS (80/20) blends with various TPP 
content. 
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(a) L-PBT/MBS (80/20) 

 
 

 
(b) M-PBT/MBS (80/20) 
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(c) H-PBT/MBS (80/20) 
 
 

Figure 4.9  TEM micrographs of PBT/MBS (80/20) blends prepared from 
different PBT molecular weight. 
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PTT/MBS blends 

The results above shows that addition of TPP can produce greater 

rheological effects that help facilitate dispersion of the CSIM particles within the 

PBT matrix. This strategy should also be applicable for the PTT systems as well 

since the two materials have similar end group configurations that control the 

chain extension reactions. Table 4.3 summarizes the mechanical properties of 

PTT/MBS/M-PC (80-x/20/x) blends with different PTT melt viscosity and 

various TPP and PC amounts. Figures 4.10 and 4.11 illustrate the effects of TPP 

presence on the toughness performance of L-PTT/MBS (80/20) and H-PTT/MBS 

blends, respectively. In general, blends containing more TPP content exhibit 

improved low temperature toughness and give higher maximum Izod impact 

strength. When compared the effect of the molecular weight of the PTT matrix, 

the H-PTT results in better toughness performance than does the L-PTT.  The 

TEM results of L-PTT/MBS (80/20) and H-PTT/MBS (80/20) blends containing 

different TPP concentrations are shown Figure 4.12a-c and Figure 4.13a-c. Better 

dispersion of the CSIM particles in the PTT matrix is achieved with increasing 

TPP concentration. Use of a PTT with a higher molecular weight affects the Izod 

impact behavior of PTT/MBS blends in similar ways as adding more TPP but on a 

greater scale.  
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 Table 4.3 Mechanical properties of PTT/MBS blends. 

Composition Tensile 
Modulus 

(GPa) 
 

Tensile 
Strength 
(MPa) 

Elongation at 
break 
(%) 

Izod Impact 
Strength 

(J/m) 

Tdb 
 

(oC) 

L-PTT 2.76 67.6 5 48 N/A 

L-PTT/MBS = 80/20 1.70 40.1 3.5 88 75 

L-PTT/MBS =80/20 + 1% TPP 1.70 40.6 15 92 65 

L-PTT/MBS = 80/20 + 2% TPP 1.72 41.2 35 104 50 

L-PTT/MBS/M-PC = 75/20/5  1.71 37.4 16 252 25 

L-PTT/MBS/M-PC = 75/20/5 + 1% TPP 1.70 37.3 30 175 80 

L-PTT/MBS/M-PC = 75/20/5 + 2% TPP 1.74 38.5 225 644 -20 

H-PTT 2.80 68.0 5 50 N/A 

H-PTT/MBS = 80/20 1.89 40.3 50 211 25 

H-PTT/MBS =80/20 + 1% TPP 1.80 40.5 150 350 15 

H-PBT/MBS = 80/20 + 2% TPP 1.84 41.2 175 459 12.5 

H-PTT/MBS/M-PC = 75/20/5  1.72 34.1 300 796 -25 

H-PTT/MBS/M-PC = 75/20/5 + 1% TPP 1.74 35.2 185 200 30 

H-PTT/MBS/M-PC = 75/20/5 + 2% TPP 1.79 40.7 227 566 5 
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Figure 4.10 Effect of TPP content on Izod impact strength of L-PTT/MBS 
(80/20) blends. TPP concentration is expressed in a MBS free basis. 
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Figure 4.11 Effect of TPP content on Izod impact strength of H-PTT/MBS 
(80/20) blends. TPP concentration is expressed in a MBS free basis. 
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(a) L-PTT/MBS (80/20) containing 0% TPP. 
 

 
 

(b) L-PTT/MBS (80/20) containing 1% TPP. 
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(c) L-PTT/MBS (80/20) containing 2% TPP. 

 

Figure 4.12 TEM micrographs of L-PTT/MBS (80/20) blend containing various 
amounts of TPP. 
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 (a) H-PTT/MBS (80/20) containing 0% TPP. 

 

 
  
  (b) H-PTT/MBS (80/20) containing 1% TPP. 
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(d) H-PTT/MBS (80/20) containing 0% TPP. 
 
 

Figure 4.13  TEM micrographs of H-PTT/MBS (80/20) blend containing various 
amounts of 2% TPP. 
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In the PTT/MBS system, the peak performance as a function of TPP 

concentration cannot be concluded, unlike the PBT/MBS system where the peak 

performance occurs at 1% TPP content. Even though the impact resistance was 

improved when adding TPP up to 2%, the blend still failed to give sub-zero 

ductile-brittle transition temperature as seen in PBT/MBS system. This may result 

from the difference in intrinsic properties between the two matrices, and end 

group configurations of the polyesters directly involved in reaction paths with the 

TPP. However, these parameters are beyond the scope of this study. 

PTT/MBS/PC blends 

An attempt was made to improve the low temperature toughness of 

PTT/MBS blends by the means of molecular weight increases induced by the 

addition of triphenyl phosphite. As discussed in Chapter 3, MBS was successfully 

dispersed in a PTT matrix by the aid of polycarbonate (PC) resulting in excellent 

low temperature toughness. The result shown in the previous section also suggests 

a positive influence of TPP presence on improved toughness behaviors of 

PTT/MBS blends. It is reasonable to explore whether addition of TPP should 

further improve the performance of PTT/MBS/PC blends, especially low 

temperature toughness. Therefore, TPP was introduced in a ternary system of 

PTT/MBS/PC to see its effect on such blend performances. Figure 4.14 shows the 

Izod impact properties of L-PTT/MBS/M-PC (75/20/5) blends containing various  
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Figure 4.14 Effect of TPP content on Izod impact strength of L-PTT/MBS/M-PC 
(75/20/5) blends. TPP concentration is expressed in a MBS free 
basis. 
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  (a) L-PTT/MBS/M-PC (75/20/5) containing 0% TPP. 
 
 

 
 

(b) L-PTT/MBS/M-PC (75/20/5) containing 1% TPP 
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(d) L-PTT/MBS/M-PC (75/20/5) containing 2% TPP 
 
 
 

Figure 4.15  TEM micrographs of L-PTT/MBS/M-PC (75/20/5) blend containing 
various amounts of TPP. 
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TPP concentrations as a function of temperature. Room temperature Izod impact 

values generally increase with increasing TPP concentration. The highest room 

temperature Izod impact strength and lowest Tdb were observed when the blends 

contained 2% TPP. However, it was seen that the toughness performance is at a 

minimum when 1% of TPP is added. The TEM micrographs for L-PTT/MBS/M-

PC (75/20/5) blends with various TPP concentrations illustrated in Figure 4.15 

show that the dispersion of CSIM particles for the blend with 0% TPP is better 

than that of the blend with 2% TPP and 1% TPP, respectively (i.e., 0% > 2% > 

1%).  Similar adverse effects are also seen in ternary blends with the H-PTT 

matrix. In the H-PTT/MBS/M-PC (75/20/5) blends with TPP present, there is no 

improvement in either room or low temperature toughness. Indeed, the trend is 

opposite to what was seen in the binary polyester/MBS systems.  Figure 4.16 

shows the effect of TPP concentration on Izod impact strength of H-

PTT/MBS/M-PC (75/20/5 blends. The Izod impact strength at room temperature 

and the Tdb value decrease as the amount of TPP is increased. The blend 

containing 2% TPP showed the lowest room temperature Izod values and the 

highest transition temperature. The TEM results for the H-PTT/MBS/M-PC 

blends with 0%, 1%, and 2% TPP is shown in Figure 4.17. The degree of CSIM 

particle dispersion decreases with increasing TPP concentration (i.e. 0% > 1% > 

2%).  
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Figure 4.16 Effect of TPP content on Izod impact strength of H-PTT/MBS/M-PC 
(75/20/5) blends. TPP concentration is expressed in a MBS free 
basis. 
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(a) H-PTT/MBS/M-PC (75/20/5) containing 0% TPP 

 

 
 

(b) H-PTT/MBS/M-PC (75/20/5) containing 1% TPP 
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(e) H-PTT/MBS/M-PC (75/20/5) containing 2% TPP 

 
 

Figure 4.17 TEM micrograph of H-PTT/MBS/M-PC (75/20/5) blend containing 
various amounts of TPP. 
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In general, the high melt viscosity induced by reaction paths between L-PTT and 

TPP should result in better dispersion of rubber particles and, therefore, better 

toughness properties. However, it is possible that the presence of polycarbonate in 

a ternary blend may interfere with the PTT chain extension reactions resulting in 

undesirable effects. 

CONCLUSIONS 

Poly(butylene terephthalate) was used as a model material for polyesters 

to study the effect of chain extension, induced by reactions between triphenyl 

phosphite (TPP) and polyester end groups, on polyester/core-shell material 

blends. In general, addition of small amounts of TPP (0-2%) leads to an increase 

in melt viscosity of the matrix resulting in greater shear forces that facilitate better 

dispersion of the CSIM particles. The results of this effect, in terms of better 

particle dispersion, are equivalent to those obtained from the systems with 

different matrix molecular weight (i.e., addition of TPP yields better dispersion in 

a similar manner to what is seen polyester matrix inherently has a high molecular 

weight polyester matrix). However, as the TPP content is increased, it appears to 

have an optimum point (e.g., at 1% TPP) where the desirable effects resulting 

from the corresponding complex reactions reach a maximum value. At high 

excess of TPP concentration (e.g., 5%), the reactions occur very fast and produce 
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adverse effects such as branching or crosslinking so that the polyester material 

becomes inhomogeneous that can no longer preserve its good characteristics.  

When small amounts of TPP (2%) are added to the PTT/CSIM blends, 

lower ductile-brittle transition temperatures can also be observed as seen in the 

PBT systems.  In ternary polyester/CSIM/PC blends, improved mechanical 

properties can often be achieved when prepared from high molecular weight 

polyester matrices (as discussed in Chapter 3). The attempt to increase PTT 

molecular weight by the introduction of the phosphite compound to the ternary 

systems has failed to improve the blend performance of H-PTT/MBS/PC blends. 

The presence of polycarbonate in the system seems to result in more complicated 

reaction paths that prevent the effect of desirable PTT chain extension to occur. 

The blend properties become worse when TPP is added, which is opposite to the 

effects seen in the corresponding binary blends. However, the reaction 

complications due to PC involved seems to have less effect for L-PTT/MBS/PC 

blends, in which the blend performance reaches a maximum at 2% TPP 

concentration. In this case, it is believed that chemically induced high melt 

viscosity of the PTT matrix results in improved blend toughness performances.   
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CHAPTER 5 

Toughening of PTT with GMA-grafted Core/Shell Impact 

modifiers 

INTRODUCTION 

Successful toughening of polycarbonate [1, 2], polyesters [3, 4], 

polyamides [5-8], and PVC  [9-12] with core-shell impact modifiers have been 

reported by several authors. The use of core-shell impact modifiers offers the 

advantage on independent control of particle size, predetermined by 

polymerization details. However, the particles must be appropriately dispersed 

and coupled to the matrix polymer in order to be effective for toughening 

applications. There are many ways to achieve uniform dispersion and good 

interfacial adhesion. The first approach relies on an efficient favorable 

thermodynamic interaction between the shell chains and the matrix polymer to 

permit good dispersion of the particles in the matrix during melt mixing. For 

example, polycarbonate (PC) has been demonstrated to effectively facilitate 

dispersion of CSIM particles with a PMMA shell in PTT as discussed in an earlier 

chapter and in PBT as reported by Brady et al. [3] to produce corresponding 

toughened blends. This may stem from the greater affinity of PC for both the 

PMMA shell and the polyester matrix [13]. The second approach involves 
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formation of bonds via chemical reaction(s). The adhesion between the shell and 

the matrix polymer can be improved by the incorporation of compatibilizer that is 

miscible with the shell chains and has functional group capable of reacting with 

matrix to provide coupling [6, 7, 14-17], or the use of functionalized shell 

polymer containing reactive group capable of reacting with the matrix polymer 

[8]. For example, Lu et al. [6] reported that supertough nylon 6/CSIM blends can 

be successfully made by adding certain styrene-maleic anhydride (SMA) 

copolymers that are miscible with PMMA and when the MA moiety can react 

with the polyamide during melt processing.  

This chapter explores the use of epoxide functionalized core/shell impact 

modifiers to toughen PTT. The concept for this study is depicted in Figure 5.1. A 

convenient way to prepare GMA-grafted butadiene based (MBS-GMA) core/shell 

particles by reactive extrusion will be presented and discussed. The effect of 

GMA concentration on blend morphology and mechanical properties will be 

investigated. In addition, the effectiveness of these functionalized core/shell 

particles, compared to the unmodified CSIM particles incorporating with PC, on 

toughening will be evaluated in terms of the degree particle dispersion and blend 

performance.  
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Figure 5.1 Schematic illustration of toughening strategy of PTT using GMA-
functionalized core/shell impact modifiers. At first, GMA is melt 
grafted to PMMA chains of the shell by the aid of peroxide, resulting 
in epoxide functionalized core/shell particles. Secondly, the reactive 
particles are capable of reacting with the PTT end groups, resulting 
in improved interfacial adhesion between the two components. 
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EXPERIMENTAL 

Materials 

A core/shell impact modifier (Paraloid EXL3691) obtained from Rohm & 

Haas was used. The MBS particle has a butadiene rubber core with Tg of - 60 oC 

[18], an average particle diameter of 0.18 µm [3], and a PMMA shell ratio of 20 

wt% [16]. A high molecular weight PTT (Corterra™ CP513000) having an 

intrinsic viscosity of 1.30 dl cc-1 was obtained from Shell Chemical. Glycidyl 

methacrylate (GMA) with 99.8% purity was purchased from Aldrich and was 

used as received. Dicumyl peroxide (DCP) was obtained from Fluka to be used as 

a radical initiator. 

GMA-grafted MBS preparation 

 The MBS was dried at 80 oC in a vacuum oven for at least 16 hours prior 

to melt processing. The core/shell particles are thoroughly mixed with varied 

amounts of GMA and a fixed DCP amount of 0.1 wt% before melt mixing in a 

Killion single screw extruder (L/D = 30, 2.54 cm screw diameter) at 270 oC and a 

screw speed of 30 rev min-1. The extrudates were quenched in cooled water to 

immediately stop ongoing grafting reaction, cut into pellets, and dried in vacuum 

oven at 100 oC for 24 hours to eliminate moisture and other volatile components.  
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Synthesis of standard PMMA-co-GMA samples 

 Methyl methacrylate and glicidyl methacrylate were copolymerized by 

radical polymerization with an addition of small amounts of ethyl acrylate (i.e., 

0.5%) to minimize unzipping effects. AIBN with a fixed amount of 3.5g/100g 

monomers was used as a radical initiator. The reaction was taken place at 60 oC 

and underwent to a completion. Copolymers, after dried in a vacuum oven at 100 

oC for 24 hours, were dissolved by acetone at 60 oC. The hot solutions were 

casted into thin films for FTIR tests.  

Shell characterization 

 GMA-grafted MBS was dispensed in acetone at a temperature of 60 oC. 

The hot suspension was then fractionated to extract PMMA shell consisting of 

GMA units grafted onto the chains. Thin film was casted from the soluble part 

and tested in FTIR experiment on a Thermo Mattson FTIR instrument to estimate 

GMA content in the PMMA shell. The procedure is based on an assumption that 

most of the GMA are grafted onto the free PMMA, having more chain mobility 

under the melt processing condition that allow the grafting reaction to occur more 

easier. FTIR results were compared to those of standard PMMA-co-GMA 

samples to determine the extent of grafting reaction. 
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Blend preparation and mechanical testing 

PTT/GMA-modified MBS blends were prepared in a twin screw extruder 

(L/D = 10, 3.05 cm screw diameter) at 230 oC and a screw speed of 280 rev min-1. 

The pelletized extrudates were completely dried in a vacuum oven before 

injection molding in an Arburg Allrounder injection molding machine. Tensile 

testing was carried out using an Instron machine at a crosshead speed of 5.08 cm 

min-1. An extensometer strain gauge with a 5.08 cm gap was used to obtain the 

modulus and yield strain values. Notched Izod impact tests were performed on a 

pendulum type impact tester equipped with chamber capable to generate 

cooling/heating effects. Details are discussed in Chapter 2. 

RESULTS AND DISCUSSION 

Determination of grated GMA content 

In order to investigate the extent of grafting reaction of GMA onto PMMA 

chains, FTIR spectra of samples with known GMA content were collected. Table 

5.1 summarizes the results from this FTIR study. Figure 5.2 shows typical FTIR 

spectra of standard PMMA-co-GMA copolymers prepared by radical 

polymerization with different GMA compositions. The characteristic absorbance 

of the epoxide functional group is found at around 915 cm-1. The peak at around 

750 cm-1 is considered to be the CH2 rocking vibration, and is used as internal 

reference in the GMA composition analysis.  



 117

Table 5.1 FTIR analysis of standard PMMA-co-GMA samples and PMMA-g-
GMA samples extracted from the shell of CSIM particles 

Sample Code Sample Type 1 1915 750cm cm
A A− − GMA content 

(wt%) 

S0 PMMA-co-GMA 0 0 

S1 PMMA-co-GMA 0.203 0.697 

S2 PMMA-co-GMA 0.258 1.358 

S0 PMMA-co-GMA 0.345 3.501 

E0 PMMA-g-GMA 0 0 

E1 PMMA-g-GMA 0.193 0.615 

E2 PMMA-g-GMA 0.218 0.839 

E3 PMMA-g-GMA 0.362 4.097 

E4 PMMA-g-GMA 0.419 6.744 

 
 

Sample Code CSIM materials Adjusted GMA 

Content (wt%) 

E0 MBS-0%GMA 0 

E1 MBS-0.12%GMA 0.123 

E2 MBS-0.17%GMA 0.168 

E3 MBS-0.82%GMA 0.819 

E4 MBS-1.35%GMA 1.349 
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When the peak area of absorption at 915 cm-1 is divided by the peak area of 

absorption at 750 cm-1, the normalized epoxide concentration can be obtained. 

The peak area ratios ( 1 1915 750cm cm
A A− − ) were plotted against the GMA content of 

the copolymers to obtain a calibration curve. This peak ratio increases as more 

GMA presence. As depicted in Figure 5.3, it is clearly seen that GMA 

concentration increases with increasing 1 1915 750cm cm
A A− −  value. Figure 5.4 shows 

the FTIR spectra of GMA-grafted PMMA shell samples. The peak area ratios 

( 1 1915 750cm cm
A A− − ) were determined, and were used to calculate the GMA contents 

from the equation obtained from curve fitting of the standard samples. The 

calculated results are the GMA concentrations in the PMMA shell. By knowing 

the core/shell weight ratio, the actual GMA content in CSIM particles can be 

obtained, based on an assumption that most PMMA chains with grafted GMA 

units are soluble. The effectiveness of the grafting technique was also investigated 

in Figure 5.5. The initial GMA amounts before grafting is plotted against the 

grafted GMA content in CSIM particles. From the graph, higher initial GMA 

amount results in higher grafted GMA concentration. The extent of the grafting 

reaction is very high with approximately 72 % of the initial GMA units grafted 

onto the impact modifier particles. It is reasonable to expect some of the 
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unreacted GMA and volatile products from the reaction entrapped in the modified 

CSIM that cannot be effectively removed in drying process. 
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Figure 5.2 FTIR spectra of standard PMMA-co-GMA samples containing 
various GMA compositions. 
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Figure 5.3 Calibration curve of GMA content versus the area ratio of the FTIR 
peaks at a wave number of 915 cm-1 (epoxide unit) and at a wave 
number of 750 cm-1 (main chain -CH2- vibration). 
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Figure 5.4 FTIR spectra of soluble PMMA-g-GMA extracted from the shell of 
the core/shell particles.  
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Figure 5.5 A plot of the grafted GMA content of the PMMA shell versus the 
initial GMA concentration introducing in melt processing. 
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PTT/GMA-modified CSIM (80/20) blends 

 Table 5.2 summarized the mechanical properties of PTT/GMA-modified 

CSIM (80/20) blends. Figure 5.6 shows Izod impact strength of PTT/MBS-g-

GMA (80/20) blends as a function of GMA content present in the dispersed 

phase. The Izod impact strength significantly increases as the GMA concentration 

reaches a critical value between 0.12 – 0.17 wt%. The blend becomes very tough 

at high GMA contents with Izod impact strength values greater than 650 J/m. The 

curve, however, reaches a maximum at 0.82 wt% of GMA, and slightly declines 

afterwards. The presence of GMA in the particles also affects the low temperature 

toughness of such blends. As illustrated in Figure 5.7, the ductile-brittle transition 

temperature (Tdb) of the blends rapidly decreases as the GMA amount increases. 

However, there is no sub-zero ductile-brittle transition temperature observed over 

the range of GMA concentrations. The lowest Tdb occurs at the GMA 

concentration of 0.82 wt% with a value of around 0 oC. In general, toughness 

performance of the PTT can be significantly improved by several fold by 

incorporation of core/shell impact modifiers with adequate GMA concentration 

(i.e., > 0.17 wt%). Figure 6.8 shows tensile strength and modulus of PTT/GMA-

modified CSIM (80/20) blends. Typically, both tensile strength and modulus 

decrease slightly when GMA is present in such blends. 
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 Table 5.2 Mechanical properties of PTT/MBS-g-GMA (80/20) blends 

Dispersed 

Phase 

Tensile 

Modulus a 

(GPa) 

Yield 

Strength b 

(MPa) 

Elongation 

At break c 

(%) 

Izod 

Impact d  

(J/m) 

Tdb 

 

(oC) 

MBS-0%GMA 1.65 40.0 20 138 80 

MBS-0.12%GMA 1.66 40.7 21 134 72.5 

MBS-0.17%GMA 1.54 35.1 135 671 20 

MBS-0.82%GMA 1.53 34.8 140 713 0 

MBS-1.35%GMA 1.58 38.1 61 661 10 

 

 a error margins of + 0.7-2.8%  

 b error margins of + 0.9-2% 

 c error margins of + 4-12% 

 d error margins of + 7-15% 
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Figure 5.6 Illustration of Izod impact strength of the PTT/GMA-modified 
CSIM (80/20) blends at room temperature as a function of GMA 
content of the 20 wt% core/shell impact modifiers (CSIM). 
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Figure 5.7 Illustration of ductile-brittle transition temperature (Tdb) of the 
PTT/GMA-modified CSIM (80/20) blends at room temperature as a 
function of GMA content of the 20 wt% core/shell impact modifiers 
(CSIM). 
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Figure 5.8 Plots of tensile strength and modulus of the PTT/GMA-modified 
CSIM (80/20) blends at room temperature as a function of GMA 
content of the 20 wt% core/shell impact modifiers (CSIM). 
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Elongation at break values clearly show the compatibilization effect of the 

toughened PTT/reactive CSIM blends, as shown in Figure 5.9. A significant jump 

in elongation performance was observed when a relatively small amount of GMA 

is presented in the dispersed phase (i.e., ~ 0.17 wt%). The curve, however, seems 

to decline at high GMA concentration (i.e., ~ 1.35 wt%).  

TEM results are examined to get a better understanding of the structure-

property relationships for PTT/reactive CSIM blends. Figure 5.10a-e illustrates a 

series of TEM micrographs for PTT/GMA-modified CSIM (80/20) blends.  In the 

absence of GMA, the modifier particles are agglomerated or poorly dispersed in 

the PTT matrix. Particle dispersion is greatly improved in blends containing 

reactive modifiers, resulting in improved blend performance as discussed above. 

The particles are more uniformly dispersed, and the coalescence of the modifier 

becomes less as the GMA concentration increases. This may be a result of 

chemical reaction(s) between the GMA functional groups in the dispersed phase 

and the PTT end groups, leading to enhanced interfacial adhesion that ultimately 

aids the dispersion of the particles in PTT. At high GMA content (i.e., 1.35 wt%), 

poor dispersion was observed as the particles appear to collapse to form 

agglomerates. It is important to mention that the extent of reactions is greater as  
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Figure 5.9 A Plot of elongation at break of the PTT/GMA-modified CSIM 
(80/20) blends at room temperature as a function of GMA content of 
the 20 wt% core/shell impact modifiers (CSIM). 
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   a) MBS-g-0%GMA  
 

 
    

b) MBS-g-0.12%GMA 
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   c) MBS-g-0.17%GMA 
 

 
 
   d) MBS-g-0.82%GMA 
 
 



 132

 
 
 
 
 

 
    

e) MBS-g-1.35%GMA  
 

Figure 5.10a-e TEM micrographs of PTT/MBS-g-GMA (80/20) blends 
with various grafted GMA concentrations: a) MBS-g-
0%GMA, b) MBS-g-0.12%GMA, c) MBS-0.17%GMA, d) 
MBS-0.82%GMA, and e) MBS-g-1.35%GMA. 



 133

the GMA amount increases. To some point, the results of competing undesired 

crosslinking may cause inferior effects on blend morphology and, therefore, poor 

mechanical properties. The arguments seem to logically explain the relationship 

between the morphology and blend performances. 

CONCLUSIONS 

In conclusion, the toughening strategy has found to be effective in which 

drastically improved dispersion of impact modifier particles with a GMA-

modified shell in PTT matrix accordingly leads to very tough blends of the 

components. It is due to promoted interfacial adhesion resulting from reactions 

between the GMA units and the PTT end groups. The presented results suggest 

that appropriate amounts of GMA grafted to the particles are required to obtain 

adequate dispersion without undesirable effects.  
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CHAPTER 6 

Toughening of PTT using glycidyl methacrylate (GMA) 

functionalized ethylene-acrylate ester rubber 

INTRODUCTION 

Polyesters such as PET, PTT, or PBT are commodity semicrystalline 

polymers with excellent properties in term of their tensile strength, chemical 

resistance, and electrical insulation and therefore have been widely used in the 

textile, automobile, and electronic industries. Recently PTT has become 

commercially available from Shell Chemical Co. Like PET and PBT, PTT is 

notch sensitive, i.e., the material has high unnotched Izod impact strength but 

notched specimens fail in a brittle manner. Many approaches have been 

successfully employed to toughen PET and PBT, and PTT might be expected to 

show similar trends as those materials. In principle, elastomers containing various 

functionalities can react with polyester carboxyl or hydroxyl end groups during 

melt processing to promote interfacial adhesion and give controlled or reduced 

dispersed rubber phase as the result.  Particularly, copolymers containing glycidyl 

methacrylate (GMA) units have been attractive for in-situ compatibilization of 

polyester blends because of the relatively fast reaction between the epoxy units 

and the carboxyl and possibly the hydroxyl polyester end groups (see Figure 6.1). 
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Figure 6.1 Schematic illustrations of chemical reactions between epoxide group and carboxyl or hydroxyl 
functionalities. Both OH and COOH groups can act as nucleophiles that react with epoxides via 
nucleophilic substitution. Typically, 1) carboxyl groups attacks the less substituted carbon while 2) 
hydroxyl groups should attack the more substituted carbon. 
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For example, ethyl acrylate/methyl methacrylate/glycidyl methacrylate 

(EA/MMA/GMA) terpolymers have been used as compatibilizing agents for 

PBT/ABS blends [1-5]. Styrene/acrylonitrile/ glycidyl methacrylate (S/AN/GMA) 

terpolymers have been reported to compatibilize PBT/ABS [6] and SAN/LCP [7] 

systems. Styrene/glycidyl methacrylate (S/GMA) copolymers have been 

suggested as reactive compatibilizers for PBT/PS [8] and PET/PS [9] blends. 

Attempts to compatibilize polyester/polyolefin blends have been made using 

random or graft copolymers of GMA [10-16]. Ethylene/glycidyl (E/GMA) 

copolymers have also been reported to compatibilize PET/PC [17], PBT/PC [18], 

PBT/PP blends. Most of the studies described above focused on either PET or 

PBT. Up to the present knowledge, few polymer blend systems based on PTT 

have been studied particularly with regard to toughening using functionalized 

rubber, e.g., to improve the notched-sensitivity of the impact resistance.  

This chapter investigates the use of ethylene-based rubbers such as 

ethylene/alkyl acrylate (i.e., E/EA, E/MA, and E/n-BA) copolymers and 

ethylene/alkyl acrylate/glycidyl methacrylate (i.e., E/MA/GMA and E/n-

BA/GMA) terpolymers as a dispersed rubber phase to toughen the PTT matrix. 

The effect of GMA contained in ethylene-acrylate ester rubbers as the reactive 

compatibilizers for such blends will be examined.  Some of the key variables such 
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as ester type and GMA content will be studied to observe their effects on blend 

performance. 

EXPERIMENTAL 

Materials Used 

The high molecular weight grade of PTT (Corterra™ CP513000) from 

Shell was used in this study. Ethylene/ethyl acrylate (E/EA) copolymer 

(Elvaloy™ AC2116) was obtained from DuPont. Ethylene-methyl acrylate 

(E/MA) (Lotryl™ 28MA07, 20MA08) and ethylene-butyl acrylate (E/nBA) 

(Lotryl™ 30BA02) copolymers were obtained from Atofina. Three grades of 

ethylene/methyl acrylate/glycidyl methacrylate (E/MA/GMA) terpolymers (i.e., 

Lotader AX8930, AX8900, AX8950) with different GMA content were also 

received from Atofina. In addition, ethylene/n-butyl acrylate/glycidyl 

methacrylate (E/nBA/GMA) terpoymer (Elvaloy™ PTW) was also obtained from 

DuPont. The selections of ethylene/acrylic ester materials described above are 

considered based on melt viscosity ranges of the rubber as well as type and 

content of the acrylic ester component(s). Due to limitations of commercially 

available materials, various levels of the GMA concentration of the rubber phase 

(20 wt%) were achieved by changing type and/or ratio between the non-reactive 

and GMA-contained rubbers. Technical details for each material are given in 

Chapter 2. 
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Blend preparation 

Prior to each processing step, PTT was dried at 80 °C for at least 16 hours 

in a vacuum oven. All acrylate-based materials were also dried in a conventional 

oven for at least 12 hours at 65 °C. Blend components are uniformly mixed before 

extrusion. All blends were prepared by the simultaneous extrusion of all 

components in a twin screw extruder (L/D = 10, D = 3.05 cm) at 230 oC and a 

rotating speed of 280 rpm. The extrudate was dried at 80 °C under vacuum for at 

least 16 hours and then injection molded into standard tensile (ASTM D638 type 

I) and Izod bars (ASTM D256) by an Arburg Allrounder (model 305-210-700) 

injection molding machine at 240 oC. Mold temperature was set constant at 200 

°F (90 °C). Details for polymer processing are described in Chapter 2. 

Brabender torque measurements 

Rheological behavior was studied in a Brabender Plasticorder using a 50 

cm3 mixing head and standard rotors. The torque values were recorded as a 

function of mixing time at operating conditions of 240 °C and 60 rpm. 

Mechanical properties 

Tensile properties were determined using a computerized Instron (type 

1137) machine. An extensometer strain gage with a 5.08 cm gap was used to 

obtain modulus and yield stress values. Modulus and tensile strength tests were 

performed at a crosshead speed of 5.08 cm/min (2 inch/min) while elongation 
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measurements were taken at a crosshead speed of 0.508 cm/min (0.2 inch/min). 

Notched Izod impact values were obtained using a TMI pendulum-type impact 

tester equipped with an insulated chamber for heating and cooling specimens.  

Morphology 

Blend morphology was examined by a JEOL 2010F transmission electron 

microscope (TEM) at an acceleration voltage of 120 kV. Samples were 

cryogenically cut into ultra thin (15 - 20 nm) sections using a Reichert-Jung 

Ultracut E microtome operated at - 45 °C. The microtome sections were 

preferentially stained with RuO4 vapor for at least 90 minutes to obtain sufficient 

contrast in TEM. Particle analysis of selected blends to determine effective 

particle diameters were characterized from digital TEM images by using Scion 

Image software (version 4.03) from Scion Corporation. A minimum of 200 

particles was analyzed to calculate the number-average diameter (dn) and weight-

average diameter (dw) from Equation 6.1 and Equation 6.2, respectively: 
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Particle size distribution (PSD) was calculated from Equation 6.3: 
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RESULTS AND DISCUSSION 

Compatibilization reactions 

The possibility of chemical reactions taking place during melt processing 

of blends of PTT with GMA-containing rubber was studied by Brabender torque 

measurement. The reactions should lead to either grafted or crosslinked products 

causing torque to increase. Figure 6.2 shows the torque behavior of neat PTT, 

EMA-7%GMA, and their corresponding 80/20 blend. The torque of both PTT and 

EMA-7%GMA decreases as the mixing time increases. However, the torque of 

the 80/20 blends generally increases with mixing time. The torque curve rises 

rapidly at the beginning of mixing (i.e., at about 5 min) and tends to reach a 

maximum at longer mixing time. The torque evolution provides evidence that 

reaction(s) between the two components indeed take place in the melt state, 

leading to the formation of grafted or crosslinked products. The desired PTT-

(EMA-7%GMA) graft copolymers are probably a result of reactions between the 

epoxide group and/or the PTT carboxylic and hydroxyl end groups in which 

involves epoxide ring opening suggested by several studies [19-24]. 
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Figure 6.2 Brabender torque values as a function of mixing time for PTT, 
EMA-7%GMA, and PTT/EMA-7%GMA (80/20) blends. The 
measurement was taken at 230 oC at 60 rpm and a 60 grams charge. 
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Considering the chemical structures of the PTT and GMA-containing 

rubber, it is proposed that five possible reactions can occur simultaneously. Figure 

6.3 illustrates the reaction schemes assumed to take place in melt processing of 

PTT/GMA functionalized ethylene-acrylate ester blends. Reactions 1 and 2 are 

the interfacial reactions between the epoxide groups of the rubber and the PTT 

carboxylic and hydroxyl end groups, respectively. These reactions have been 

reported in many studies on PBT or PET systems [24-28]. The extent of reactions 

depends on the concentrations of reactive species. Since the PTT end-group 

configuration is fixed in this study, the amount of epoxide groups of the rubber 

will mainly influence the formation of such PTT-(Ethylene-acrylate) graft 

copolymers at the interface. Reactions 3 and 4 involve the reactions between the 

interfacial graft copolymers and the epoxide groups of the rubber, taking place in 

the rubber phase itself. This kind of reactions may lead to complex morphology of 

the rubber phase (i.e., non-spherical or distorted rubber particles, particle-in-

particle type morphology). Because of the PTT di-functionality (the carboxylic or 

hydroxyl end groups), it is also possible that PTT chains may act as a crosslinking 

agent between the epoxide contained rubber chains, as suggested in Reaction 5. 

The evidence from TEM results supporting these proposed reactions will be 

discussed later. 
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Figure 6.3 Schematic illustration of possible chemical reactions that can occur in PTT/ GMA-functionalized 
ethylene-acrylate ester rubber blends. 
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Morphology 

Figure 6.4a-s shows TEM micrographs of all blends prepared in this study. 

Figure 6.4a-d presents TEM micrographs of binary PTT/non-reactive rubber 

(80/20) blends of PTT/EEA, PTT/EMA, PTT/EMA-b, and PTT/EnBA, 

respectively. The ethylene-alkyl acrylate copolymers contain no GMA group with 

epoxide functionality, but have different type and compositions of the acrylate 

ester as well as the melt viscosity. As shown by the TEM pictures, all blends have 

large spherical rubber particles with an average size approximately in the vicinity 

of 1 micron. Some particles are separated from its boundary to the PTT matrix, 

suggesting poor interfacial adhesion between the phases. The type of the rubber 

appears to have insignificant effects on the morphology of such blends. For binary 

PTT/GMA-contained rubber (80/20) blends (i.e., PTT/EMA-3%GMA), the blend 

morphology, regardless the type of rubber, is more complex than for the non-

reactive systems. The shape of the particles becomes irregular and distorted from 

a perfect sphere. As the GMA concentration of the rubber increases, the average 

particle size generally decreases; while, the degree of particle distortion increases. 

In ternary PTT/reactive rubber/ reactive rubber blends (i.e., PTT/EMA-

3%GMA/EMA-7%GMA), the shape irregularity and morphology complexity 

seem to be more pronounced.  
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a) PTT/EEA (80/20) -- 0% GMA 
 

 
 

b) PTT/EMA (80/20) -- 0% GMA 
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c) PTT/EMA2 (80/20) -- 0% GMA 
 

 
 

d) PTT/EnBA (80/20) -- 0% GMA 
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e) PTT/EMA/EMA-3%GMA (80/10/10) – 1.62% GMA 
 

 
 

f) PTT/EMA-3%GMA (80/20) – 3.23% GMA 
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g) PTT/EMA/EMA-7%GMA (80/10/10) – 3.62% GMA 
 

 
 

h) PTT/EnBA-4%GMA – 4% GMA 
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i) PTT/EMA/EMA-8%GMA (80/20) – 4.04% GMA 
 

 
 

l) PTT/EMA-3%GMA/EMA-7%GMA (80/15/5) – 4.23% GMA 
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m) PTT/EMA/EMA-9%GMA (80/10/10) – 4.41% GMA 
 
 

 
 

n) PTT/EMA-3%GMA/EMA-7%GMA (80/10/10) – 5.24% GMA 
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o) PTT/EMA-3%GMA/EMA-9%GMA (80/10/10) – 6.02% GMA 
 
 

 
 

p) PTT/EMA-3%GMA/EMA-7%GMA (80/5/15) – 6.24% GMA 
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q) PTT/EMA-7%GMA (80/20) – 7.24% GMA 
 

 
 

r) PTT/EMA-8%GMA (80/20) – 8.07% GMA 
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s) PTT/EMA-9%GMA (80/20) – 8.87% GMA 

 

Figure 6.4a-s TEM pictures for PTT/ethylene-acrylate ester (80/20) blends with 
various type and GMA content of the rubber phase. 
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Not only does the rubber particle shape become non-spherical and/or elongated, 

the morphology of those dispersed particles is very complex as well. In many 

cases, particles with rough boundaries and/or a particle-in-particle type 

morphology are observed. However, lower degree of particle shape irregularity 

and morphology complexity in ternary PTT/non-reactive rubber/reactive rubber 

blends (i.e., PTT/EMA/EMA-7%GMA). When compared to the blends containing 

certain amounts of GMA in the rubber phase, the particles of a PTT/non-reactive 

rubber/reactive rubber blend appear to be nearly round and more uniformly 

dispersed in the PTT matrix. These complex morphological features suggest that 

competing chemical reactions may take place simultaneously in addition to the 

interfacial reactions between the PTT end groups and the epoxide group of the 

rubber. The reactions must occur in the rubber phase itself so that the results of 

the reactions have such direct implications on shape irregularity and/or changes in 

morphology of the rubber phase. The proposed reaction 3 and reaction 4, 

discussed previously in Figure 6.3, can be used to explain the described 

phenomena quite well.  

For a better understanding of the structure-properties relationships of such 

blends, TEM results were analyzed to determine the average size of the rubber 

particle dispersed in the PTT matrix.  Table 6.1 summarizes the results of this 

particle analysis.  
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 Table 6.1 Particle analysis of PTT/(alkyl acrylate/ethylene-alkyl acylate-glycidyl methacrylate) 
blends containing 20 wt% rubber phase at various compositions. 

 
Rubber Phase 

 
(20 wt%) 

GMA 
Content 
(wt%) 

dn 
 

(µm) 

dw 
 

(µm) 

dw/dn 

EEA (20) 0 0.670 0.854 1.27 
EMA (20) 0 0.661 0.882 1.33 
EMA-b (20) 0 0.747 0.936 1.25 
EnBA (20) 0 0.709 0.888 1.25 
EMA/EMA-3%GMA (10/10) 1.62 0.496 0.610 1.23 
EMA-3%GMA (20) 3.23 0.329 0.347 1.05 
EMA/EMA-7%GMA (10/10) 3.62 0.214 0.238 1.11 
EnBA-4%GMA (20) 4 0.240 0.277 1.16 
EMA/EMA-8%GMA (10/10) 4.04 0.183 0.202 1.10 
EMA-3%GMA/EMA-7%GMA (15/5) 4.23 0.225 0.272 1.21 
EMA/EMA-9%GMA (10/10) 4.41 0.219 0.281 1.28 
EMA-3%GMA/EMA-7%GMA (10/10) 5.24 0.233 0.256 1.10 
EMA-3%GMA/EMA-9%GMA (10/10) 6.02 0.242 0.268 1.11 
EMA-3%GMA/EMA-7%GMA (5/15) 6.24 0.220 0.256 1.16 
EMA-7%GMA (20) 7.24 0.200 0.239 1.20 
EMA-8%GMA (20) 8.07 0.211 0.227 1.08 
EMA-9%GMA (20) 8.87 0.256 0.383 1.50 
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Figure 6.5 demonstrates the weight-average diameter (dw) of the rubber 

particle as a function of GMA content in dispersed phase.  As seen, the average 

particle size decreases rapidly with increasing GMA concentration up to about 3 

% by weight. However, the dw does not change significantly at higher GMA 

content (i.e., > 3%). The curve seems to reach a minimum with the dw value of 

0.25 µm at the GMA concentration near about 5 – 6%, and is likely to rise again 

at a high GMA concentration of about 9 %. At first, the particle size decreases 

because of the reactions between the epoxide functional groups and the PTT end 

groups. As discussed previously, the reactions lead to the formation of 

PTT/ethylene-acrylate graft copolymers, preferentially located at the interface. 

The graft copolymers reduce the interfacial tension between the phases, resulting 

in the smaller particle size. The increase in GMA concentration results in higher 

extent of the interfacial reactions, accordingly result in higher melt viscosity that 

eventually limit the mobility of the polymer chains. At some point, there will be 

no further increase in the retardation of coalescence or decrease in interfacial 

tension that causes the change in particle size. In addition, the excess of epoxide 

functionality may also increase the extent of competing crosslinked reactions, 

leading to a rapid rise in high melt viscosity under such the processing conditions. 

At some level, the extent of the reactions is probably large enough to have 

significant inferior effects on particle size reduction.  
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Figure 6.5 Weight-average particle size (dw) for PTT/(alkyl acrylate/ethylene-
alkyl acrylate-glycidyl methacrylate) (80/20) blends as a function of 
GMA content in the rubber phase. 
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Figure 6.6 Plot of weight-average particle size (dw) versus number-average 
particle size (dn) for PTT/(alkyl acrylate/ethylene-alkyl acrylate-
glycidyl methacrylate) (80/20) blends. 
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This may be a reason that the dw curve rises again at high GMA concentrations 

(i.e., > 9%).  It is possible that these crosslinked products may lead to morphology 

complexity for the blends with high GMA amounts in the rubber phase.  To 

observe particle size distribution of the blends, the weight-average diameter (dw) 

was plotted against the number-average diameter (dn) as shown in Figure 6.6. The 

ratio between dw and dn typically indicates the particle size distribution (PSD) of 

such blends. From the graph, a straight line with a slope (dw/dn) of 1.35 is 

observed. In general, all blends exhibit relatively good size distribution (i.e., a 

number closer to unity indicates a more uniform in size of the rubber particles).  

Mechanical properties 

 Table 6.2 summarizes the mechanical properties of PTT/ethylene-acrylate 

ester (80/20) blends. Figure 6.7 shows the observed Izod impact strength as a 

function of GMA content in the rubber phase. The ratio between reactive/non-

reactive ethylene-acrylate ester was varied to achieve different GMA 

concentrations from the range of 0 – 9 % of a fixed total 20 wt% amounts of the 

rubber phase. From the graph, the Izod impact strength value increases as the 

GMA content increases and reaches a maximum at GMA concentration of about 7 

%. The curve, however, tends to decline at GMA amounts greater than 7%. The 

result shows significant improvement in room temperature toughness for the  
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Table 6.2 Mechanical properties of PTT/(alkyl acrylate/ethylene-alkyl acrylate-glycidyl methacrylate) blends 
containing 20 wt% rubber phase at various compositions. 

 
Rubber Phase Compositions 

 
(20 wt%) 

GMA 
Content 
(wt%) 

Yield 
Strength 
(MPa) 

Tensile 
Modulus 

(GPa) 

Elongation 
At Break 

(%) 

Izod  
Impact  
(J/m) 

Tdb  
 

(oC) 
EEA (20) 0 40.5 1.69 22 55 > 80 
EMA (20) 0 37.6 1.69 18 61 > 80 
EMA-b (20) 0 39.6 1.75 23 69 > 80 
EnBA (20) 0 39.5 1.68 19 57 > 80 
EMA/EMA-3%GMA (10/10) 1.62 37.3 1.65 23 132 33 
EMA-3%GMA (20) 3.23 36.5 1.52 121 715 6 
EMA/EMA-7%GMA (10/10) 3.62 37.1 1.62 111 568 5 
EnBA-4%GMA (20) 4 37.5 1.51 31 182 25 
EMA/EMA-8%GMA (10/10) 4.04 38.6 1.60 40 487 5 
EMA-3%GMA/EMA-7%GMA (15/5) 4.23 37.7 1.58 44 727 0 
EMA/EMA-9%GMA (10/10) 4.41 36.9 1.60 17 102 40 
EMA-3%GMA/EMA-7%GMA (10/10) 5.24 38.0 1.59 39 656 -1.7 
EMA-3%GMA/EMA-9%GMA (10/10) 6.02 37.3 1.52 45 548 15 
EMA-3%GMA/EMA-7%GMA (5/15) 6.24 39.8 1.68 68 738 -6 
EMA-7%GMA (20) 7.24 37.4 1.51 139 685 -5 
EMA-8%GMA (20) 8.07 35.7 1.41 151 749 -7 
EMA-9%GMA (20) 8.87 37.8 1.49 34 231 25 
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Figure 6.7 Izod impact strength for PTT/(alkyl acrylate/ethylene-alkyl acrylate-
glycidyl methacrylate) (80/20) blends as a function of GMA content 
in the rubber phase. The measurements were taken at room 
temperature (25 oC). 
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blends consisting of GMA-contained rubber compared to the corresponding 

uncompatibilized blends in which the rubber phase have no GMA functionality.  

Under Izod impact testing conditions, mechanical failure of such blends is likely 

to switch from a brittle to ductile manner as more GMA units presented in the 

rubber. When GMA content reaches the critical value of approximately 3 wt%, 

the blends become very tough with Izod impact strength more than 400 - 800 J/m. 

The effective of GMA-contained rubber on toughening the PTT was also 

investigated. In general, the Izod impact value of the blends with a single rubber 

compound (i.e., 20 wt% EMA-3%GMA) is higher than that of the blends with 

two rubber components having essentially the same GMA concentration (i.e., 10 

wt% EMA/10 wt% EMA-7%GMA).  Combinations of any two GMA-contained 

rubbers typically results in good room temperature toughness of the blend 

regardless of their difference in the GMA amounts or melt viscosities, suggesting 

high degree of miscibility between the rubber phase components. However, 

inferior toughness performance was observed when non-reactive/reactive rubber 

mixture with large difference in melt viscosity (i.e., EMA/EMA-9%GMA) was 

used to dilute the GMA concentration. Large viscosity ratio between the rubbers 

may cause partial immiscibility to the extent that have profound effect on blend 

morphology and therefore resulting in poor blend performance. The results from 

particle analysis also support this argument where blends with mismatched rubber  
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Figure 6.8 Tensile properties of PTT/(alkyl acrylate/ethylene-alkyl acrylate-
glycidyl methacrylate) (80/20) blends as a function of GMA content 
in the rubber phase. 
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Figure 6.9 Elongation at break values for PTT/(alkyl acrylate/ethylene-alkyl 
acrylate-glycidyl methacrylate) (80/20) blends as a function of GMA 
content in the rubber phase. 
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pairs show bigger values of particle size distribution. Figure 6.8 shows the tensile 

properties of PTT/ethylene-acrylate ester (80/20) blends as a function of the GMA 

content of the rubber. Both tensile strength and modulus slightly decrease with 

increasing of the rubber GMA concentration. The depletion is approximately 10 

% over the range of GMA amounts from 0 – 9%.  Compatibilization of blends 

containing GMA functionality in the rubber phase is also observed in elongation 

tests. Figure 6.9 shows elongation at break values for the PTT/ethylene-acrylate 

ester (80/20) blends as a function of the rubber GMA content. The elongation at 

break values generally increase with increasing GMA content. Blends consisting 

of a single GMA-containing rubber (i.e., EMA-3%GMA, EMA-7%GMA, EMA-

8%GMA) exhibit excellent elongation property. The elongation at break for these 

blends was observed at the values of more than 100 %, indicating well 

compatibilized blends were obtained.  

The effectiveness of the GMA-containing ethylene/acrylate ester rubber 

for improved toughness performance of the PTT blends both at room and at low 

temperature were also investigated. From Izod impact data as a function of 

temperature, a ductile-brittle transition temperature (Tdb), where blend switches its 

failure mode from a brittle to ductile manner or vice versa, was determined for 

each blend. In this study, the Izod impact strength and particularly the ductile-

brittle transition temperature probably depends on a more direct factor of the 
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blend such as the average particle size rather than the GMA content of the rubber 

phase. For a given processing conditions, the particle size of the dispersed phase 

can be changed by varying the GMA contents in the blend that would give the 

optimum value resulting in the lowest ductile-brittle temperature, as discussed 

previously. The effect of rubber particle size on the room temperature toughness 

is examined particularly in Figure 6.10. Clearly seen from this figure, the Izod 

impact values at room temperature increase as the weight-average particle size 

(dw) decreases. A performance jump in the room temperature toughness, where 

the blend switches its failure from a brittle to ductile manner, is observed when 

the dw apparently reaches the critical value of 0.35 µm. Blends with average 

particle size less than 0.35 µm are generally very tough (i.e., Izod impact value 

greater than 400 J/m). Some of those blends are even in the super-tough region 

with Izod impact strength around 800 J/m). Figure 6.11 shows ductile-brittle 

transition temperature (Tdb) for PTT/(EMA/EMA-GMA) (80/20) blends as a 

function of GMA content in the rubber phase. The Tdb linearly decreases as the  

average particle size (dw) becomes smaller. In general, blends having small 

average particle size (dw < 0.35 µm) are likely to exhibit good low temperature 

toughness. Indeed, sub-zero values of Tdb are observed at dw less than 0.25 mm. 
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Figure 6.10 Izod impact strength for PTT/(EMA/EMA-GMA) (80/20) blends as 
a function of GMA content in the rubber phase. 
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Figure 6.11 Ductile-brittle transition temperature (Tdb) for PTT/(EMA/EMA-
GMA) (80/20) blends as a function of GMA content in the rubber 
phase. 
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CONCLUSIONS 

 Reactive ethylene-acrylate ester rubbers containing GMA functionality 

have been demonstrates to successfully toughen PTT.  PTT/non-reactive blends 

exhibit general features of incompatible polymer blends such as coarse 

morphology and inferior mechanical properties. The interface between the blend 

components appeared smooth and well defined indicating no trace of interfacial 

reaction between PTT and rubber chains. PTT/GMA-contained rubber blends 

display a fine but complex morphology. The dispersed phase particles are not 

spherical, and the interface becomes rough. It is proposed that two types of 

competitive reactions, namely compatibilization reactions and crosslinking of the 

rubber phase, take place simultaneously. The compatibilization reactions involve 

the reactions between the rubber epoxide functions and both the PTT carboxylic 

and hydroxyl end groups. The crosslinking mainly takes place in the rubber phase 

through the reactions between the epoxide groups and hydroxyl species present on 

the rubber chains as a result of Compatibilization reactions.  

Improved toughness performance can be significantly achieved when 

enough GMA content (i.e., > 3 %) is presented in the rubber phase. In addition, a 

single GMA-contained rubber typically results in better blend performance than 

any combinations of the two reactive/non-reactive or reactive/reactive rubbers. 

The blend toughness significantly improves when the weight-average particle size 
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is smaller than the critical value of 0.35 µm. However, the blends must have very 

small particle size (dw < 0.25 µm) to achieve excellent sub-zero toughness 

performance.  
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CHAPTER 7 

Conclusions and Recommendations 

Detailed conclusions regarding each study have been provided at the end 

of each chapter. In this chapter, summary conclusions are drawn and 

recommendations for future study are given.  

CONCLUSIONS 

The propose of this study was to explore approaches to toughen blends 

containing poly(trimethylene terephthalate), or PTT. The material is a relatively 

new commercial product compared to the well-known PET or PBT in the 

aromatic polyester family. To the present, very limited information has been 

reported on PTT blends, especially toughened PTT blends. Successful toughening 

of the material may meet requirements of some engineering applications. Many 

strategies were investigated in this study to obtain toughened PTT blends. 

PTT was successfully toughened by incorporation of core-shell impact 

modifier (CSIM) materials with the aid of polycarbonate (PC) as an effective 

dispersing agent. Results showed that binary PTT/CSIM (80/20) blends exhibit 

poor mechanical properties. Adding small amounts of PC (~ 5 wt%) greatly 

improves both the dispersion of the rubber particles and the mechanical properties 

of ternary blends. For example, PTT/CSIM/PC (75/20/5) blend becomes very 

tough at room temperature with Izod impact strength over 800 J/m, and has a 



 179

ductile-brittle transition temperature (Tdb) in the sub-zero degree Centrigrade 

region. As the PC concentration increases, the blend sustains its good toughness at 

much lower temperature. It is clear that melt viscosity of the PTT matrix 

significantly affects morphology and subsequent blend performance. Blends 

prepared from high melt viscosity showed superior low temperature toughness 

since greater amount of shear force could be generated during mixing that helps 

separate the particle agglomerates apart. On the other hand, different types of PC 

(i.e., melt viscosity or molecular weight) play a less important role to improve 

blend toughness than the presence of the PC itself in a ternary blend. However, 

higher molecular weight PC tends to yield better results in terms of particle 

dispersion and thermal degradation during the melt processing process.  

Attempts were made to increase melt viscosity of the PTT by the means of 

chain extension induced by reactions between triphenyl phosphite (TPP) and the 

PTT end groups. The method was first implemented on poly(butylene 

terephthalate), PBT, as a model polyester because of its broader availability and 

variety of molecular weight grader. The procedure was then adopted on PTT 

system on the assumption that the PTT and PBT possess similar chemical 

properties. In general, addition of small amounts of TPP leads to an increase in 

melt viscosity of the polyester matrix resulting in greater shear forces that 

facilitate better dispersion of the CSIM particles.  The results of this effect, in 
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terms of better particle dispersion are equivalent to those obtained from the 

systems with different matrix molecular weight. In the other words, addition of 

TPP yields better dispersion in a similar manner to what is seen when the 

polyester inherently has a high molecular weight. As the TPP content is increased, 

it appears to have and optimum point (e.g., at 1 %) where the desirable effects 

resulting from the corresponding complex reactions reach a maximum value. At 

high excesses of TPP concentration (e.g., > 5%), the reactions occur very fast and 

produce adverse effects such as branching or crosslinking so that the polyester 

material becomes inhomogeneous that can no longer preserve its good 

characteristics.  The procedure was then adopted on PTT system on the 

assumption that the PTT and PBT possess similar chemical properties. In general, 

polyester/CSIM (80/20) blends showed improved performance when small 

amounts of TPP (< 2%) are added. However, the desirable chain extension effects 

appeared to be subdued in ternary polyester/CSIM/PC blends since the presence 

of PC may result in more complicated reaction paths during melt processing 

process. 

The PTT/CSIM/PC system is a practical example to demonstrate that core-

shell impact modifiers can be effectively dispersed in the PTT matrix by a purely 

physical way.  The strategy relied on addition of a third polymer that has greater 

affinity for both the shell and the matrix than these have for each other. The 
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alternative approach involves use of chemical reactions. The use of GMA-grafted 

core-shell impact modifiers has been shown to be effective in toughening of PTT. 

The reactions between the GMA units and the PTT end groups lead to improved 

interfacial adhesion, resulting in improved particle dispersion and accordingly 

good blend performances. The results suggest that only small amounts of GMA 

(i.e., > 0.17 wt%) grafted on the shell is required in order to adequately improve 

dispersion of the particles. Higher levels of grafting show no advantages in terms 

of improved morphology and blend performance. In fact, high GMA content in 

the CSIM particles might cause adverse effects resulting from undesirable 

crosslinking reactions. 

Reactive ethylene-acrylate ester rubbers containing GMA functionality 

have been demonstrated to successfully toughen PTT.  PTT/non-reactive blends 

exhibit general features of incompatible polymer blends such as coarse 

morphology and inferior mechanical properties while PTT/GMA-contained 

rubber blends display a fine but complex morphology. It is believed that two types 

of competitive reactions, namely compatibilization reactions and crosslinking of 

the rubber phase, take place simultaneously. The compatibilization reactions 

involve the reactions between the rubber epoxide functions and both the PTT 

carboxylic and hydroxyl end groups. The crosslinking mainly take place in the 

rubber phase through the reactions between the epoxide groups and hydroxyl 
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species present on the rubber chains as a result of compatibilization reactions. 

Improved toughness performance can be significantly achieved when enough 

GMA content (i.e., > 3 %) is presented in the rubber phase. In addition, a single 

GMA-contained rubber typically results in better blend performance than any 

combinations of the two reactive/non-reactive or reactive/reactive rubbers. The 

blend toughness significantly improves when the weight-average particle size is 

smaller than the critical value of 0.35 µm. However, the blends must have very 

small particle size (dw < 0.25 µm) to achieve excellent sub-zero toughness 

performance. 

RECOMMENDATIONS 

Toughening of PTT using CSIM with reactive compatibilizer(s) 

It was showed that butadiene-based core-shell impact modifiers were 

effective in toughening PTT materials when a sufficient degree of particle 

dispersion was achieved. Incorporation of polycarbonate to physically facilitate 

the particle dispersion was demonstrated to be useful. This first approach takes 

advantage of enhanced physical interaction between the PC and PMMA shell, and 

PC and PTT phases. Secondly, promoted interaction between the phases could 

also be achieved by means of chemical reaction. The shell of CSIM can be 

modified by grafting or copolymerizing reactive functional groups (e.g., GMA) 
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capable of reacting with the matrix [1, 2]. A given example is the use of GMA-

grated impact modifiers, prepared by a means of reactive extrusion in melt 

processing process, to toughen PTT. Results for PTT/MBS-g-GMA blends 

showed good particle dispersion and accordingly improved toughness 

performances, as discussed earlier.  Another approach would be the use of an 

appropriately chosen compatibilizer that is compatible with the particle shell and 

capable of reacting with the matrix, or vice versa. For example, methyl 

methacrylate/ethyl acrylate/glycidyl methacrylate  (MMA/EA/GMA) terpolymers 

have been demonstrated its capability of reacting with the polyester end groups 

[3-5] and its compatibility (i.e., partial miscibility) with PMMA [6], which mainly 

composes of the shell of CSIM particles. It would be interesting to investigate 

these alternate routes to obtain improved particle dispersion and better interfacial 

adhesion between the particles and the matrix. Consequently, improved low 

temperature toughness of PTT could be accomplished by combination of the two 

effects. It would be useful to compare the effectiveness of the three approaches on 

final blend performances to answer whether of which method is the most practical 

way to be used for a particular system. 

Chain extension reactions chemistry and their effects on blend performance 

It was demonstrated that triphenyl phosphite (TPP) can be incorporated 

under melt processing conditions to induce high viscosity PBT and PTT resulting 
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from chemical reactions between TPP and the polyester end groups (as discussed 

in Chapter 4). Results for polyester/CSIM (80/20) blends showed that better 

dispersion can be achieved in those systems having high melt viscosity matrices, 

induced from the chain extension reactions.  It was shown that this approach to 

increase melt viscosity of the polyester is somewhat more effective for PBT than 

for PTT systems. Further detailed study could be pursued to determine or gain a 

better understanding on some of the important variables involved in reaction 

mechanisms. For example, end groups analysis should answer the basic difference 

between the two materials in terms of the carboxyl and hydroxyl group 

concentrations that readily involve in chain extension reaction paths. It would also 

be useful to study the effect of reactions on crystallite formation/deformation of 

these polyesters.  In ternary PTT/CSIM/PC systems containing TPP, the role of 

PC involving in the chain extension reactions is not well understood. Some of the 

results suggest that PC presence may take part in the reaction pathway, resulting 

in undesirable effects that cause improvement in mechanical properties of such 

blends to be subdued at some degree. Study of these reactions will provide better 

understanding on their consequential effects, and insights on manipulating the 

controlling variables (i.e., processing order) to maximize the desirable effects. 
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Fracture behavior study 

Fracture analysis by instrumented impact testing (Dynatup) has been 

demonstrated to be an effective method for detailed characterization of different 

ductile blend systems [7, 8]. Compared to simple Izod impact testing, this method 

can provide further additional insight into toughening mechanisms (e.g., the size 

of whitened zone, crack propagation lengths, etc.). It would be to useful to 

investigate fracture behavior of the blends discussed in this study. Correlations 

between common variables controlling fracture behavior of these blends may 

exist. 

Toughening of PTT by various dispersed phases using reactive blending 

approaches 

Various types of dispersed phase can be potentially used to toughen PTT. 

Listed here are some of examples.  

ABS blends 

Acrylonitrile/butadiene/styrene (ABS) terpolymers have been shown to be 

effective in toughening PBT under some conditions. Blends of PBT and ABS 

materials, having excellent low temperature toughness, could be obtained under 

certain processing conditions and use of appropriate reactive compatibilizers (e.g., 

MMA/EA/GMA [3], S/GMA [4]).  Reactive blending of PTT systems under 

similar conditions would result in successful toughening applications. 
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Ethylene-based rubber blends 

Poly(ethylene-octene) , or PEO, coupled with poly(ethylene-co-GMA), or 

EGMA, has been reported to improve toughness performance of PBT blends  

prepared in melt processing process in which EGMA acts as reactive 

compatibilizer for these blends [9, 10]. Attempts were made to use the 

combinations of these materials on PTT systems with 20 wt% of the dispersed 

phase. A preliminary study showed promising results in terms of improved 

mechanical properties. However, those blends still failed in a brittle manner at 

room temperature. A more aggressive approach involving complicated reactions 

between the blend components was investigated. Combinations between maleic 

anhydride modified PEO (i.e., PEO-g-MA) and EGMA were used instead of those 

with non-reactive PEO and EGMA. At some ratios, PTT blends become very 

tough and fail in a ductile manner at room temperature in Izod tests. Some of the 

observed key variables that affect the blend performances include the rubber 

compositions (such as maleic anhydride or GMA levels) as well as the ratio of the 

components in dispersed phase. A study of these systems to get a better 

understanding of chemistry involved and its effects on morphological structure-

property relationship that may exist in such blends is recommended. 
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