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Abstract 

This investigation presents research on the characteristic properties of Nylon66 and 

poly(ethylene naphthalate) (Ny66/PEN), and poly(butylene terephthalate) and 

poly(ethylene naphthalate) (PBT/PEN) blends with several weight compositions made by 

melt blending, by the use of 13C and 1H Nuclear magnetic resonance (NMR), Fourier 

transform infrared spectroscopy (FTIR), Raman spectroscopy, X-ray photoelectron 

spectroscopy (XPS), Scanning electron microscopy (SEM), Differential scanning 

calorimetry (DSC) and Dynamic mechanical thermal analysis (DMTA), X-ray diffraction 

(X-RD), tensile, impact and stress relaxation tests. 

 

Ny66/PEN blends including several additives do not improve the miscibility of the 

constituent polymers and show lower tensile strength than those of homopolymers.  

However, PBT/PEN blends reveal improved tensile strengths of the blends between the 

ROM and MROM predictions lines with more than 50 % volume fraction of PEN.  

 

On the other hand, NMR spectra show no evidence of interchange reaction in both 

Ny66/PEN and PBT/PEN blends.  SEM micrographs of fracture surfaces in PBT/PEN 

blends reveal a very small (sub-micron) domain size in contrast to large domains in 

Ny66/PEN blends, which indicates partial miscibility of PBT and PEN.  DSC and DMTA 

demonstrate partial miscibility of PBT/PEN blends by the change of Tgs of each 

component according to the weight proportions of the constituent polymers.  

 

Stress relaxation tests for the specimens of PBT/PEN blends and the homopolymers, using 

the Taguchi method of experimental design, determine that the most significant factor is 

the temperature, followed by PEN content and then the initial stress, and interaction effects 

between factors are insignificant.  To fit the relaxation curves of the PBT/PEN blends and 

the homopolymers at different temperatures, PEN contents and initial stresses, four 

different equations have been used.  The coefficients of the equation that fit best are used 

to predict the relaxation behaviour of PBT/PEN blends at a temperature between 30°C and 

60°C, and at the initial stresses of 7 MPa.   
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CHAPTER 1. Introduction  
 

 

1. Background and objective 

Combining polymers by blending or alloying has been being exploited to make new high-

performance plastics.  The price versus performance characteristics of an engineering 

polymer can thus be optimised in an economic climate in which the cost of developing a 

new polymer or copolymer is prohibitive.  Blending existing resins in an extruder may be a 

very cost-effective means of developing new engineering thermoplastics tailored to 

specific market segments.  It is therefore not surprising that the number of blend patents 

issued has increased dramatically in the 1980s as companies endeavor to protect and 

expand their existing product lines.  Before blending or alloying became widely used, the 

plastics industry developed a variety of homopolymers to provide a spectrum of useful 

properties.  In addition, chemical modification by copolymerisation has been extensively 

used to change properties and to broaden the utility of classes of polymers.  The 

philosophy of mixing materials involves combining the good properties of the individual 

materials while mitigating their respective inferior responses.  Although there are literally 

thousands of combinations that could be possible, only a few exhibit practical performance 

profiles. Predominantly, polymers are incompatible in mixtures.  The high molecular 

weights and polarity range of resins prevent the necessary intermingling of polymer 

chains, which often results in multiphase mixtures with poor adhesion between the phases.  

Nevertheless, a number of plastic alloys with competitive price and property profiles have 

been successfully introduced into the marketplace [1]. 
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Earlier Polycarbonate and Nylons have been employed [2] for the improvement of blended 

materials to combine good properties of each polymer.  

In this study relatively new polymer - poly(ethylene naphthalate) (PEN) has been chosen 

as the base polymer and Nylon66 (Ny66) and poly(butylene terephthalate) (PBT) as the 

blending components.  Because PEN has thermal, mechanical, chemical, and dielectric 

properties which are generally superior to those of PET, but has relatively higher price in 

comparison to other engineering polymers such as Nylons and PBT, the combination of 

good properties of PEN and the reasonable price of another engineering plastic is 

attractive.  Hence, the objective of this research is to develop a new polymer blend that has 

a good combination of constituent polymers and can reduce the production cost by 

increasing the volume of lower priced polymer without much loss of superior properties of 

PEN. 

 

 

2. Scope of Thesis and Outline of Chapters  

A general review of the concept of polymer blends and general descriptions of the 

experimental methods and tools are given in Chapter 2.  The literature review about 

polymer blends describes a general classification of polymers and polymer selection by 

combination technology and compatibility.  An introduction to the main materials that 

have been used for this study and blending methods such as in-situ reactive blending, 

microfibrilisation and addition of compatibilisers have also been included in the literature 

review.  The explanations about Taguchi experimental method, the testing machines and 

the experimental conditions are briefly described throughout Chapter 2. 
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Chapter 3 gives an account of the characteristics of Ny66/PEN blends with 30, 50, 70 

weight% Ny66, and one blend with 50% Ny66 and 3% compatibiliser.  The specimens 

have been prepared by extrusion and injection moulding, and investigated using 13C and 

1H nuclear magnetic resonance (NMR), Fourier transform infrared spectroscopy (FTIR), 

X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM). 

 

The following Chapter 4 includes the tensile modulus, tensile and impact strengths of melt 

blends of (a) PEN and PBT with 30, 40, 50, 60 and 70 weight % PEN, and (b) PEN and 

Ny66 with 30, 50 and 70 weight % PEN were measured. The thermal and 

thermomechanical properties have been analysed by differential scanning calorimetry and 

dynamic mechanical thermal analysis.  Scanning electron microscopy has been used for 

examination of the fracture surfaces of the blends.   

 

13C and 1H nuclear magnetic resonance (NMR) spectra for PBT/PEN have been obtained 

with a Bruker DRX-400 instrument, on solutions prepared by dissolving samples of the 

homopolymers and each blend in deuterated trifluoroacetic acid/chloroform mixtures (1:1 

by volume).  In Chapter 5 the NMR spectra have been investigated to establish whether the 

transesterification reactions have occurred during melt processing of the blends. 

 

FTIR, Raman spectroscopy, X-ray diffraction and X-ray photoelectron spectroscopy have 

also been used for analysis of PBT/PEN blend of varying proportions in Chapter 6.   

 

Stress relaxation tests for the specimens of PBT/PEN blends with 30 and 60 weight % 

PEN and the homopolymers have been carried out using an Instron testing machine with 
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an environmental chamber.  The Taguchi method of experimental design has been used to 

analyse how different levels of temperature, PEN content and initial stress affect the 

relaxation behaviour of PBT/PEN blends and homopolymers.  The results are discussed in 

Chapter 7.   

 

Summary and conclusions derived from the research, and the suggestions for further work 

are given in the final chapter. 
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CHAPTER 2. Review of Literature 

and Experimental Techniques 
 

 

1. Introduction  

For the plastics designer and processor, alloys and blends of dissimilar polymers provide 

materials that are tailored to specific application requirements with performances that 

could not be duplicated by an existing single polymer.  Benefits from alloying and 

blending include improvements in mechanical, electrical and thermal properties, ease of 

processing, and reduced cost.  Because the creation of alloys and blends relies upon the 

use of existing polymers with well-known characteristics, their development is 

considerably less costly than new-polymer synthesis.  Applications of polymer blends are 

myriad, including automotive, aerospace, electronics, medical equipments, etc.  

Furthermore, thermoplastic polymer types and a range of composites based on them 

continue to replace metals, wood and ceramics. [1] 

 

1.1. Polymer selection and property modification 

1.1.1. Polymer classifications 

Polymers can be classified into three or four families [1, 2] according to their sales 

volume, price and thermal and mechanical properties (Fig.2-1).  Commodity polymers 

exhibit relatively low thermal resistance and have relatively low price.  Engineering 

polymers, which are classified into one group, can be divided into two subgroups, 
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transitional and engineering polymers.  Engineering polymers have sufficient thermal 

resistance used at moderately elevated temperatures (to approximately 100oC) and 

typically retail at higher prices than the transitional polymers do.  Finally specialty or high 

performance polymers have the best thermal resistance of the polymer families (can be 

used in operations above 150oC), but are also the most expensive.  Typically polymers are 

blended with adjacent performance families.  This reduces the likelihood of thermal 

degradation during processing as a result of disparate melting points.   

 

Fig. 2-1. Polymer-polymer combinations that can be used to modify physical, mechanical, 

electrical, thermal, and cost properties. 

Commodity

Polyethylene
Polypropylene
PS
Polyvinylchloride

Transitional

PET (unfilled)
ABS styrene-acrylonitrile
Acrylics
SMA copolymer

Engineering

Modified PPO
Nylon
PBT/PET
Polyacetal
PC
SMA terpolymer

Performance

PAR
Polyphenylene sulfide
PSU
Polyketone

Volume

Price

Thermal resistance

 

Engineering polymers (engineering thermoplastics), which are defined again, are 

processable polymeric materials that (1) are capable of being formed to precise and stable 

dimensions, (2) exhibit continuous high performance at temperatures exceeding 100oC, 

and (3) have tensile strengths of over 40 MPa.  Competition among resin producers to 

capture markets has created an engineering thermoplastic supply of thousands of grades, 

based on about 30 different neat resin types.  The result is that there is usually more than one 

choice, available on the basis of end-product performance requirements.  Although the 

Characterisation of PEN-based Polymer Blends                                         Dylan D. Jung 



Chapter 2. Review of Literature and Experimental Techniques 7

relative size of the engineering resin market varies from country to country, these 

polymers constitute about 13% by volume and 34% by value of total plastics consumption 

[2]. 

 

1.1.2. Morphology classifications 

Morphology classifies polymers into three groups, i.e., amorphous, crystalline and 

elastomeric.  Crystalline polymers exhibit excellent chemical resistance, ease of 

processing because of their sharp melt points and low viscosity melts, and significant 

property improvement with the addition of fibrous reinforcements.  However, they also 

tend to be brittle, to have low impact strength, and to be subject to warpage upon cooling.   

Table.2- 1. Examples of crystalline, amorphous and elastomer blend components 

Crystalline 
polymers Amorphous polymers Elastomers 

Polyethylene (PE) Polycarbonate (PC) Ethylene propylene diene monomer 
(EPDM) 

Polypropylene (PP) Polyarylate (PAR) Butadiene rubbers 
Polyacetal Polysulfone (PSU) Copolyester elastomer (COPE) 

Polyamide (PA)-6 Polyether sulfone 
(PESV) Copolyamide elastomer (COPA) 

PA-6/6 Polyether imide (PEI) Styrene block copolymers (SBC) 
PBT Styrenics Thermoplastic polyurethane (TPUR) 

 Acrylics  
 

Amorphous polymers have good dimensional stability and impact properties, and some 

property maintenance near their Tgs.  Many also provide transparency or clarity.  

Amorphous polymers, though, have generally poor chemical resistance and are prone to 

high-viscosity, difficult-to-process melt streams due to their lack of a sharp melting point.  

Elastomers provide high elongation without permanent deformation, good resilience and 
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impact strength.  Because of these properties, however, elastomers lack the stiffness and 

tensile strength that are available in the more rigid polymers.  Several of the polymers that 

fit in each molecular structure class are detailed in Table.2-1. 

 

1.1.3. Amorphous - Crystalline Blends 

Because of complementary properties, the resulting polymer-polymer mixture displays 

good dimensional stability, freedom from warpage, and high impact strength, which are 

due to the inclusion of the amorphous polymer.  The crystalline polymer reduces the 

viscosity of the melt, which makes large-part fabrication possible, and provides chemical 

stability and stiffness.  The amorphous PC and crystalline polybutylene terephthalate (PBT) 

blend is representative of the PC-polyester materials used in automotive bumpers, for which 

low-temperature impact strength, stiffness, and chemical resistance to paint solvent and 

automotive fluids are critical properties.  

Polymer-polymer mixtures, such as PA-PPO and PBT-polyarylate (PAR), provide the 

combination of chemical and impact resistance and ability to fabricate the large, warp-free 

parts necessary for visible exterior automatic parts.  Further, the blends offer a mechanical- 

property profile unobtainable with single polymer morphology (for example, the 

combination of stiffness, impact strength, and energy absorption characteristics). 

 

1.1.4. Other alloys and blend combinations 

Elastomers are often combined with crystalline or amorphous polymers to provide impact 

modification.  The elastomer adds resiliency, elongation, and impact resistance to the 

mixture, while the other polymer provides strength, stiffness, and other structural 
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properties.  Elastomer-polymer blends, such as EPDM-polypropylene or elastomer-Nylon, 

frequently compete with amorphous-crystalline blends for application such as automotive 

bumper components, power tool housings, and sporting goods.   

Table.2-2. Applications of alloys and blends [1] 

Polymer-Polymer 
combination Blend type Typical application 

Polyester (a)-PC Crystalline-amorphous Automobile bumpers 
Polyamide-PolyPhenyleneOxide Crystalline-amorphous Automobile fenders 

Polyester (a)-PPO Crystalline-amorphous Auto body panels 
Polyamide (PA)-Polyarylate Crystalline-amorphous Auto body panels 

Polyester (a)-PAR Crystalline-amorphous Auto body panels 
PA-ABS Crystalline-amorphous Power tool housings 

Polyester (a)-PSU Crystalline-amorphous Electric connectors 
Polyetheretherketone-PESV Crystalline-amorphous Microcircuitry Packaging 

PPO-PS Amorphous-amorphous Business machine housings 
PC-acrylonitrile-styreneacrylate Amorphous-amorphous Exterior building components 

ABS-PC Amorphous-amorphous Auto instrument panels 
StyreneMaleicAnhydride-PC Amorphous-amorphous Auto instrument panels 

Polysulfone-ABS Amorphous-amorphous Food service trays 
PBT-PET Crystalline-crystalline Appliance housings 
PP-EPDM Crystalline-elastomer Automobile bumper covers 

PA-polyolefin Crystalline-crystalline Solvent barrier containers 
Polyacetal-elastomer Crystalline-elastomer Golf shoe soles 

PA-EPDM Crystalline-elastomer Sporting goods 
Polyester (a)-COPE Crystalline-elastomer Winch housings 

PC-TPUR Amorphous-elastomer Automobile bumpers 
(a) PBT or PET   

 

Alloys and blends that combine two structurally similar polymers, such as amorphous-

amorphous or crystalline-crystalline, are often produced because of reduced cost or subtle 

properties modification.  The combination of styrene-maleic anhydride (SMA) copolymer 

(amorphous) with PC (amorphous) provides a stronger, more heat-resistant material than 
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the SMA copolymer alone, at a lower price than PC.  Alloys of PBT and polyethylene 

terephthalate (PET), which combine two similar crystalline resins, provide enhanced gloss 

(from the PET) and relative ease of processing (from the PBT).  Because PET is somewhat 

more amorphous than PBT, the blends also display less tendency for part warpage.  Table 

2-2 identifies a variety of commercially significant alloys and blends by type and typical 

applications. 

 

1.2. Property modification  

1.2.1. Polymer-polymer combination technology 

Alloys and blends are physical mixtures of chemically distinct polymers that exhibit 

homogeneity on a macroscopic scale. In general, two-component polymer mixtures may be 

described by the following relationship. 

        P= P1C1 + P2C2 + IP1P2

  where P is the property value of the alloy or blend, P1 and P2 are the property values of 

the isolated polymer constituents, and C1 and C2 are the concentrations of the two polymer 

constituents.  The interaction coefficient, I, describes the level of synergism, or 

thermodynamic compatibility, of the components in the mixture [3, 4].  

In the mixture where I has a positive value (I > 0), the resulting polymer combination 

exhibits better property values than the weighed arithmetic average of the constituent 

polymer properties and is termed synergistic.  If I = 0, the properties of the combination 

are equal to the weighed arithmetic average of the constituent properties.  In this case, an 

additive blend results.  When I takes a negative value (I < 0), with properties below those 

predicted by the weighed arithmetic property averages of the components, a nonsynergistic 

Characterisation of PEN-based Polymer Blends                                         Dylan D. Jung 



Chapter 2. Review of Literature and Experimental Techniques 11

blend results.  The effects of various values of the interaction coefficient of polymer 

mixtures are depicted in Fig.2-2. 

Fig. 2-2. Homogeneity on a macroscopic level and a single bulk property profile exhibited by 

alloys and blends 

 

 1.2.2. Compatibility and Miscibility 

The compatibility of alloy and blend components refers to the level of homogeneity the 

polymer-polymer mixture exhibits on a microscopic scale, as well as interactions at the 

macroscopic level.  On a microscopic level, the compatibility of the alloy or blend is best 

described by the miscibility of the polymers, or the level of intermingling between 

polymer constituents. As depicted in Fig.2-3 three possible morphologies exist for 

polymer-polymer mixtures: miscible, partially miscible, and immiscible [5].   
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A miscible polymer blend exhibits strong attraction between its polymer constituents, 

generally arising from interaction between functional groups of the polymers.  The 

miscible polymer-polymer blend combination has a single phase and a single glass 

transition temperature (Tg).   

Fig. 2- 3. Miscible, partially miscible, and immiscible polymer blends on a microscopic scale 

 

Partially miscible polymer-polymer combinations may present the largest group of 

commercial alloys and blends.  The polymer constituents of the blend display some 

miscibility and may even be totally miscible if one polymer is present at low 

concentration.  However, phase separation tends to become more pronounced as the 

mixture approaches a 50/50 blend.  The partial miscibility improves adhesion at the 

interface of the two polymers, resulting in generally good physical and mechanical 

properties.  Partially miscible blends have two distinct Tgs, both of which are between the 

Tgs of the constituent polymers. 

Immiscible blends exhibit limited attraction between polymer constituents.  The 

component polymers exist as two phases, with the polymer present in a higher 

concentration forming the continuous phase.  The constituent of lower concentration forms 
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a discrete phase.  Immiscible blends of two polymers show two distinct Tgs, which are 

similar to those of the isolated polymers. 

 

1.2.3. Compatibility Agents 

Many suppliers incorporate other constituents to enhance polymer-polymer compatibility. 

This is generally accomplished by selecting an agent that has two distinct chemical 

segments, such as a block or graft polymer or polymeric plasticiser.  As shown in Fig.2-4, 

the agent can use one chemical segment to link with polymer 2, ultimately resulting in a 

covalent bond between the two phases.  A second method for making the polymers 

compatible is the chemical modification of one or both of the polymers to be blended.  

Generally this is done by a functional group on one polymer, to interact with the other 

polymer.  Maleic anhydride is a commonly used grafting agent. 

 

Fig. 2-4. Compatibility agent improves interfacial adhesion between the polymers or phases of 

partially miscible and immiscible blends  

A B

A B

Polymer 1

Polymer 1

Polymer 2

Polymer 2

Compatability agent (block or
graft polymers, or polymeric plasticiser)
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2. Materials 

2.1. PEN 

Poly(ethylene-2,6-naphthalene dicarboxylate), also known as poly(ethylenenaphthalate) 

(PEN) [6-8], was discovered in 1948 by Whinfield and Dickson and licensed to ICI.  In 

1973, Teijin Ltd. commercialised PEN under the name Q-filmTM.  PEN is a thermoplastic 

polyester that raises the performance of this polymer family to levels not attainable with 

polyethylene terephthalate (PET) as shown in Fig.2-5.  PEN is the homopolymer of 

dimethyl-2,6-naphthalene dicarboxylate (NDC) and ethylene glycol (1,2-ethandiol).  NDC 

is a dimethyl ester of 2,6-naphthalene dicarboxylic acid.  Like other high-performance 

resins, PEN demands a higher price than PET.  However, with the start-up by Amoco of 

the first world scale plant for NDC in 1998, PEN has become a more competitive premium 

resin.  The new NDC facility will have an initial capacity of 27,000 metric tons/year.   

C

O

O
C

O

O
OCH2CH2

n

C

O

OC

O

O OCH2CH2

n

PEN

PET

Fig. 2-5. Structure formulae of PEN and PET 

 

PEN has thermal, mechanical, chemical, and dielectric properties that are generally 

superior to those of PET.  Because of these improved properties, PEN is positioned as a 

high-performance extension of PET with no significant change in resin preparation 
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chemistry.  Producing PEN from NDC is analogous to producing PET from dimethyl 

terephthalate (DMT).  Existing DMT transesterification-polymerisation lines can be 

modified to manufacture PEN.  PEN homopolymers, copolymers and blends with PET are 

readily prepared using either batch or continuous polymerisation. 

High melt viscosity of PEN lends itself for use in processes requiring good melt strength.  

These types of processes include fibre spinning, and extrusion-blow moulding and film 

extrusion.  Copolymers and blends of PEN and other NDC-based resins can also be 

prepared for sheet extrusion and injection moulding.  Several resin companies have 

announced commercialisation of naphthalates.  These include Shell, Eastman and ICI in 

the U.S. as well as Teijin in Japan. 

 

2.2. PBT 

Polybutylene terephthalate (PBT) [9-11], an advanced, semicrystalline resin, is one of the 

toughest and most versatile of all engineering thermoplastics.  Strong and lightweight, this 

polyester is characterized by low moisture absorption, excellent electrical properties, broad 

chemical resistance, lubricity, durability, mechanical strength, and heat resistance.  These 

properties are stable over a broad range of temperature and humidity conditions.  The 

material is commonly supplied with glass and/or mineral fillers.  Polybutylene 

terephthalate is produced by the transesterification of dimethyl terephthalate (DMT) with 

butanediol by means of a catalysed melt polycondensation, resulting in a repetition of the 

unit as Fig.2-6.  Polybutylene terephthalate is a versatile blending material as well as a 

component of numerous commercial products.  It can be blended with 10 to 30% Nylon to 

facilitate glass reinforcement.  Moisture absorption can be reduced and processibility and 

mechanical properties boosted simultaneously when PBT is blended with 15 to 25% low-
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density polyethylene (LDPE).  The addition of graft-containing butadiene polymers, as 

well as urethanes or copolyester elastomers, reduces notch sensitivity.  An enhanced gloss 

surface also can be achieved when PBT is blended with PET.  Because of its broad range 

of performance capabilities, PBT is widely used in markets as diverse as industrial, 

building and construction, housewares, lawn and garden, automotive, military, 

telecommunications, and electrical/electronics.   

OCH3C

O

O C

O

OCH2 4OC

O

O C

O

CH3O OHCH2HO 4+

(DMT) (1,4 butandiol)

+ CH3OH

(PBT polyester) (methanol)

n

Fig. 2-6. Formation of PBT by the reaction of DMT with butanediol 

 

The chemical resistance, thermal stability, and hydrolytic stability of PBT have expanded 

automotive applications to include grilles, body panels, fenders, wheel covers, and 

components for door handles, mirrors, and windows.  Toughness, chemical resistance, 

electrical-insulating properties, and light weight make PBT ideal for material-handling 

components such as conveyor chain links, gear wheels, bearings, monorail hangers, 

dunnage, and collapsible part raeks.   
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2.3. Polyamide (PA) 

Polyamide resins (PA) [12-14] are most commonly regarded as synonymous with Nylons, 

that is, synthetic polymers that contain an amide group, -CONH-, as a recurring part of the 

chain. However, there are exceptions to this.  Although poly-alpha-amino acids, such as 

synthetic proteins, which are relatively low in molecular weight (2000 to 10000), meet this 

specification, they are not identified as Nylons.  Nylons are made from (a) diamines and 

dibasic acids, (b) ω-amino acids, or (c) lactams, as shown in Fig.2-7.  Nylons are 

commonly identified by numbers corresponding to the number of C- atoms in the 

monomers (diamine first, for case (a)). Thus, the resins are known as Nylon6/6, Nylon11, 

and Nylon6, respectively.  

COOHCH2HOOC 4+CH2

Hexamethyle diamine

4

CH2

CH2

(a)

CH2

H2N NH2n n CH2 6HN NH COCH2OC 4 n

+ (2n-1) H2O

Adipic acid poly(hexamethylene adipamide)

CH2 10(b) H2Nn COOH CH2 10HN CO n +(n-1) H2O

11-aminoundecanoic acid poly(11-aminoundecanoic acid)

CH2

CH2 NH

COn

(c)

+ H2O CH2 5HN CO n

caprolactam

poly(caprolactam)

Fig. 2-7. Constituents of Nylons: (a) Diamines and dibasic acids (b) ω-amino acid (c) lactams 

 

The molecular weights of Nylons range from 11000 to 34000.  They are usually 

semicrystalline polymers with melting points in the range of 175 to 300oC.  Nylon6/6 and 

Nylon6 are very important commercial products.  Their melting points are 269 and 228oC, 
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respectively.  Nylons are very readily modified by use of monomer mixtures leading to 

copolymers.  These are normally less crystalline, more flexible, and more soluble than the 

homopolymers.  Nylons are used in virtually every industry and market.  Transportation 

represents the largest single market for Nylons.  Applications for unreinforced materials 

include electrical connectors, wire jackets, emission canisters, and light-duty gears for 

windshield wipers and speedometers.  Flame-retardant Nylons have a major role in the 

electrical market.  Applications include plugs, connectors, coil forms, wiring devices, 

terminal blocks, and antenna-mounting devices.  Because of their excellent resistance to 

fatigue and repeated impact, Nylons are widely used in hammer handles and moving 

machine parts.  Toughened Nylons are important to the sporting goods market.  

Applications include ski boots, ice and roller skate supports, racket sports equipment, and 

bicycle wheels.  Nylon film is widely used for packaging meats and for cook-in bags and 

pouches. 

A key characteristic of Nylon is its resistance to oil and greases.  Other characteristics 

include outstanding resistance to solvents and bases, fatigue, repeated impact, and 

abrasion; a low coefficient of friction; high tensile strength and toughness; barrier 

properties over a wide temperature range, from -60 to 110oC.  Its limitation is high 

moisture pickup, with resulting changes in dimensional and mechanical properties; high 

mould shrinkage; and notch sensitivity, unless suitably blended for toughness.  

Processing parameters are obviously dependent on the specific Nylon and process.  

Appropriate elements in a good definition of processing parameters include temperatures 

that are high enough to achieve desired flow behaviour without thermal or hydrolytic 

degradation; cycles that are adequate to consistently produce good parts but are not longer 

than necessary; cycle structuring to proportion flow, pressure, and hold-up as required; 
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proper cooling times and temperatures.  Because Nylons exhibit good properties at 

molecular weights below those of other resins and change rapidly from a solid to a fluid 

state, superior mouldability is possible.  Molecular weight can be and is readily altered to 

meet special process needs. 

 

3. Blending methods and Modifications 

3.1. In-situ reactive blending (Reactive Injection Moulding) 

A comparatively new method of producing compatible thermoplastic blends is via reactive 

blending [15], which relies on the in situ formation of copolymers or interacting 

copolymers.  This differs from other compatibilisation routes in that the blend components 

themselves are either chosen or modified so that reaction occurs during melt blending, 

with no need for addition of a separate compatibiliser.  

This route has found commercial applications, for example in blends of polycarbonate and 

polyesters, and toughened polyamides, which are blends of polyamides with graft-

functional polyolefin elastomers.  Graft-functionalised elastomers, produced by melt 

modification, are also commercially available for toughening Nylons.  Although batch-

type melt mixers may be used for reactive blending, continuous processing equipment 

such as single- and twin-screw extruders are often preferred.  As well as the advantages of 

continuous production, these units generally have better temperature control, and can be 

designed to allow for removal of unwanted reaction products by devolatilization.   

A number of reactive mechanisms may be exploited such as  
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  1. Formation in-situ of graft or block copolymer by chemical bonding reactions between 

reactive groups on component polymers - this may also be stimulated, for example, by 

addition of a free radical initiator during blending. 

  2. Formation of block copolymer by an interchange reaction in the backbone bonds of the 

components - this is most likely in condensation polymers. 

  3. Mechanical scission and recombination of component polymers to form graft or block 

copolymers - this is generally induced by high shear levels during processing. 

  4. Promotion of reaction by catalysis. 

The area of reactive blending is one in which there is currently a great deal of development 

activity, and much proprietary knowledge.   

 

3.2. Microfibrillar-Reinforced Composite (MFC) 

Very recently, the development of a new type of composite materials based on polymer 

blends has been reported.  Since the reinforcing elements are the basic morphological 

entities of oriented polymers, the microfibrils, these new composites are called 

microfibrillar-reinforced composites (MFC) [16-19].  

These composites clearly differ, however, from traditional composite systems.  A 

characteristic feature of both continuous fibres/thermosetting and short fibres/ 

thermoplastic matrix composites, and both constituting the conventional macrocomposites 

and liquid crystalline polymer/thermoplastic matrix composites, i.e. so-called molecular 

composites, is their way of preparation by blending the matrix material and the reinforcing 

one.  Since the microfibrils are still not available as a separate component, this classical 

approach to composite preparation is inappropriate for MFC. 
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MFCs are prepared from polymer blends of immiscible partners.  A second requirement 

for the partners is a difference in their melting points Tm.  The essential stages of MFC 

preparation are as follows: (i) blending, (ii) extrusion, (iii) drawing (with good orientation 

of all components), and (iv) annealing at constant strain above Tm of the lower melting 

component and below Tm of the higher-melting one.  During the drawing step, the blend 

components are oriented and microfibrils are created (fibrillisation step).  In the 

subsequent annealing process, at which melting of the lower melting component occurs 

(isotropisation step), it must be guaranteed that the oriented microfibrillar structure of the 

higher melting components is preserved.  It is important to note here that MFCs are based 

on polymer blends but they should not be considered as "drawn blends" since the 

isotropisation step results in the formation of an isotropic matrix reinforced by microfibrils 

of the higher-melting component, i.e. one deals at the end with a typical composite 

material.   

Fig. 2-8. Schematic illustration of the formation of an MFC-structure out of different 

polycondensates A and B: (a) macroscale and  (b) microscale 

Characterisation of PEN-based Polymer Blends                                         Dylan D. Jung 



Chapter 2. Review of Literature and Experimental Techniques 22

The composite nature of MFCs is confirmed also by another observation.  Their 

mechanical parameters (Young's modulus and tensile strength) are higher by 30-50% than 

the average values of the components and comparable to those of short glass fibre-

reinforced polymer composites having the same matrix. 

When MFCs are prepared from blends of condensation polymers, such as polyesters, 

polyamides and polycarbonates, an additional advantage should be taken into account.  As 

a result of chemical reactions (additional condensation and transreactions), taking place at 

the fibril/matrix interface in the melt or the bulk solid state, a copolymer is formed.  The 

latter plays the role of a compatibiliser, i.e. one deals with an in-situ compatibilisation 

phenomenon as illustrated in Fig.2-8 [17].  The advantages offered in MFCs by the 

reinforcement of one polymer by another polymer, are (1) no addition of mineral 

components, (2) reduction of weight, (3) improved mechanical integrity, (4) easy 

processing, (5) control of the crystallisation ability of the matrix and of its solubility (via 

transreactions), and (6) complete recycling.  When taking these facts into account, it is 

important to check the potential for commercialisation of these materials. 

Bearing in mind that all preceding experiments on MFC were performed on a laboratory 

scale and hours were required for chemical interactions to take place in just one blend 

composition of 50/50% by weight (for binary blends), attempts must be made to optimise 

the processing conditions on a semi-commercial scale, by varying the blend composition 

and by catalysing the chemical interactions.  In fact, this is the objective of study on 

MFCs, along with the aim to prepare prepregs suitable for manufacturing of laminate 

structures from MFCs [17].  
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3.3. Adding compatibilisers 

It may cause some arguments for interchange reaction by long heat treatment to make the 

interphases of the blends that serve as a compatibiliser resulting in better mechanical 

properties between immiscible polymer phases owing to thermal degradation.  Through 

literature research [20-24] and experiments a short-time and low-temperature heat 

treatment may improve the mechanical strength of the blends, but long-time and high-

temperature heat treatment can cause thermal degradation and decrease in the mechanical 

strength of the systems.  Nobile and coworkers [25] using PET/LCP blends found that the 

inclusion of the LCP in PC matrix did not improve the dimensional stability of the blends 

while the LCP exhibited an elevated dimensional stability.   

Hong and coworkers [26] did in-situ compatibilisation for a PET/LCP blend via 

transesterification reactions in a twin-screw extruder having a very short residence time.  

Inclusion of a small amount of liquid crystalline polymer (LCP) enhanced the 

crystallisation rate of the poly(ethylene terephthalate) (PET) matrix.  It acted as a 

nucleating agent.  LCP lowered the blend viscosity above Tcn. (crystalline-nematic 

transition temperature), working as a processing aid.  However, the addition of 

dibutyltindilaurate (DBTDL) as a reaction catalyst was found to increase the viscosity of 

the blends, diminish the size of the dispersed phase, enhance its adhesion with the matrix, 

and lead to an enhancement of mechanical properties of two immiscible phases.  Hence 

DBTDL is helpful in producing a reactive compatibilizer by reactive extrusion at the 

interface of this polyester blend system.  The optimum catalyst amount turned out to be 

about 500 ppm when the reaction proceeds in 90/10 PET/ LCP polyester blend systems.  

Fakirov and coworkers [19] used p-toluene sulfonic acid for the system PET/PA6 blends 

in amount 0.2 0-4 wt% (referring to the amount of PA) in a semi-commercial experiments.  
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In a few minutes sufficient compatibiliser-layers were formed in the extruder.  Evstatiev 

used the same catalyst for other polyamides [19].  In PET and PC blends system titanium 

tetrabutoxide (Ti(OBu)4 (about 0.013 wt%) was used by some researchers [27]. 

 

4. Taguchi Method of Experimental Design 

The purpose of a Taguchi experimental design [28, 29] in this work is to design an 

experiment statistically and get an appropriate analysis of the result.  The Taguchi method 

has been associated with the name of Japanese engineer G. Taguchi.  Dr. Taguchi has 

added greatly to the understanding of the importance of properly designed engineering 

experiments in quality improvement and has provided a structural approach to designing 

quality into products and processes.  His experimental designs are, for the most part, not 

new, nor was he the first to use a quadratic loss function or signal-to-noise ratios.  But his use 

of experimental designs to reduce variability and make designs more robust had a major 

influence on perceptions of the role of experimental design in quality improvement. 

Statistically designed experiments constitute the heart of quality engineering.  Modern 

experimental designs make it possible to obtain an amazing amount of information about a 

process or product using a limited number of experimental runs.  There is considerable 

debate these days about the relative merits of Taguchi's experimental designs and the 

designs developed by Western statisticians.  With these designs, an experimenter can 

improve product and process performance, make product and process characteristics 

less sensitive to the factors that cannot be controlled, and reduce development, 

manufacture, and applying costs.   

There are many kinds of experimental designs such as two-level full factorial designs and 

fractional factorial design (two, three and four factors).  A full factorial experimental 
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design is used in a small number of factors, in which all tests in combination of every 

factor are carried out and the influence of each factor and interaction effects between 

factors are analysed.  A fractional factorial design is suitable for a large number of 

experiments that consist of several levels and factors to reduce the number of experiments 

and grasp major factors and hence ignore some detailed parts of experiments.  There are 

several other more advanced experimental design methods, but those methods are beyond 

our research topic.   

The experimental design considered in this research is three-factor design, which can 

be used to evaluate of three different factors, where each factors is set at two 

different levels.  The design matrix for eight trials and details are listed in Appendix 

A.  In this research three factors (PEN compositions, Temperatures and Initial stresses) 

and two-level (Level 1 and Level 2) are used for viscoelastic experiments. 

 

5. Experimental Techniques and Instruments  

5.1. Mechanical Testing facilities and Techniques 

Before materials were blended together they were routinely dried in a vacuum dry oven 

(Appendix Fig.B-1) 50 - 70oC for 48 hrs.  An Axon (model BX-18-286) single screw 

extruder (Appendix Fig.B-2) was used to carry out blending of the materials.  After drying 

the palletised mixtures under the vacuum dry oven, the samples were injection moulded 

using a BOY (model 50M) automatic injection-moulding machine (Appendix Fig.B-3), at 

280-290oC.  The samples were moulded into three types: tensile specimen (Appendix 

Fig.B-4) for ASTM D 638M (l: 200 mm, t: 4 mm, type 1), impact test specimen for ASTM 

D 256 (l: 125 mm, w: 12.7 mm, t: 3 mm) and specimens for Dynamic Mechanical Thermal 
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Analysis (l: 35mm, w: 10mm, t: 2.5mm).  Tensile strengths and moduli of the specimens 

were measured using an Instron Model 5567 tensile tester (Appendix Fig.B-5).  An Instron 

environmental chamber (Model 3119-006) was used to carry out the viscoelastic testing 

(Appendix Fig.B-6).  The environmental chamber was capable of temperature control with 

PID controller.  Impact strengths of the specimens were measured using a CEAST Impact 

Tester (RESIL 25) (Appendix Fig.B-7) with a 0.5 J hammer according to the Charpy test 

(ASTM D 256-93a, Test Method B).   

 

5.2. Differential Scanning Calorimeter 

One of the most widely used techniques to measure Tg and Tm is differential scanning-

calorimetry (DSC) [30-32].  The signal in a DSC experiment is related to the difference 

between the “thermal response” of a small (10 to 30 mg) polymer sample and reference 

cell (empty) in two separate aluminium pans.  The two are heated and cooled at the same 

rate or maintained at a constant temperature, as illustrated in Fig.2-9.  Thermocouple 

junctions just underneath each position monitor both the temperature of the sample side Ts, 

and the difference between the temperature of sample side and the temperature of 

reference, ΔT = Tr − Ts.  If the cell is empty and thermally symmetric, the temperature of 

the reference side will always be the same as the temperature of the sample side 

irrespective of heating and cooling.  The values of specific heat, Cp, may be obtained from 

the recorded heat-flow rate by calibration with a pure compound such as sapphire for 

which Cp is known precisely at different temperatures from calorimetry measurements.   

Characterisation of PEN-based Polymer Blends                                         Dylan D. Jung 



Chapter 2. Review of Literature and Experimental Techniques 27

Fig. 2-9 . Schematic representation of a typical DSC sample cell showing the sample (S) and 

reference (R) pans, as well as the heating and temperature sensing elements 

 

As illustrated in Fig.2-10, a discontinuity in Cp (i.e., ΔCp = Cp
l − Cp

g), characteristic of a 

second-order transition, is observed at the polymer Tg that is often identified as the 

temperature at the midpoint of the step change in Cp (i.e., at ΔCp /2).   

Fig. 2-10 . Typical DSC curve, using convention that endothermic peak goes down.  Δ 

indicates the differential signal of temperature between reference and sample. 
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For many amorphous polymers, Tg (K) and ΔCp (J g-1 K-1) are related by the approximate 

relationship that ΔCp × Tg = 115Jg-1(27.5cal. g-1) [31].  During heating of a semicrystalline 

polymer, additional crystallisation may occur at temperatures between Tg and Tm, as 

illustrated by the crystallisation exotherm in Fig.2-10.  At Tm, which may be defined as the 

extrapolated temperature of the initial slope of the melt endotherm, the crystallites begin to 

melt over a wide range of temperatures.  The breadth of the endotherm is much larger than 

typically observed for pure low-molecular-weight compounds as a consequence of the 

lower order of perfection of polymer crystallites.  By calibration with a low-molecular-

weight standard such as benzoic acid, the heat of fusion (ΔQ) of a semicrystalline polymer 

can be determined from measurement of the area under the melt endotherm recorded by 

DSC. 

 

5.3. Dynamic Mechanical Thermal Analyser 

Dynamic mechanical thermal analysis (DMTA) [33, 34] is becoming more and more 

commonly seen in the analytical laboratory as a tool rather than a research curiosity.  The 

same technique may be called dynamic mechanical thermal analysis (DMTA), forced 

oscillatory measurements, dynamic mechanical analysis (DMA), dynamic 

thermomechanical analysis, and even dynamic rheology.  This is a function of the 

development of early instruments by different specialties (engineering, chemistry, polymer 

physics) and for different markets.  DMTA can be simply described as applying an 

oscillating force to a sample and analysing the material’s response to that force (Fig.2-11).  

By measuring both the amplitude of the deformation at the peak of the sine wave and the 
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lag between the stress and strain sine waves, quantities such as modulus, viscosity and 

damping can be calculated.   

Fig. 2-11. Sinusoidal stress and the strain response curve, showing the phase angle lag, due to 

the viscoelastic behaviour 

 

If an oscillatory sine-wave stress is applied to a perfectly elastic solid, the deformation and 

the strain will be exactly in phase with the stress.  When the same oscillatory stress is 

applied to a viscoelastic solid, the strain lags behind the stress and is out-of-phase by an 

angle δ.  The complex dynamic modulus (E* in extension mode) must be used as in Fig.2-

12.  The modulus measured in DMTA is, however, not exactly the same as the Young's 

modulus of the classic stress-strain curve.  Young's modulus is the slope of a stress-strain 

curve in the initial linear region.  In DMTA, a complex modulus (E*), an elastic modulus 

(E'), and an imaginary (loss) modulus (E") are calculated from the material response to the 

sine wave.  These different moduli allow better characterisation of the material, because it 

allows a researcher to examine the ability of the material to return or store energy (E'), its 

Characterisation of PEN-based Polymer Blends                                         Dylan D. Jung 



Chapter 2. Review of Literature and Experimental Techniques 30

ability to lose energy (E"), and the ratio of these effects (tan delta), which is called 

damping.  One advantage of DMTA is that a modulus is obtained each time a sine wave is 

applied, allowing a sweep across a temperature or frequency range.  So if an experiment 

were to be run at 1 Hz (1 cycle/second), we would be able to record a modulus value every 

second.  This can be done while varying temperature at some rate, such as 10°C/min, so 

that the temperature change per cycle is not significant.   

Fig. 2-12. The relationship between the complex modulus and phase angle 

 

A DMTA can then record the modulus as a function of temperature over a 200°C range in 

20 minutes.  Similarly, a wide frequency or shear rate range of 0.01 to 100 Hz can be 

scanned in less than 2 hours.  In the traditional approach, we would have to run the 

experiment at each temperature or strain rate to get the same data.  For mapping modulus 

or viscosity as a function of temperature, this would require heating the sample to a 

temperature, equilibrating, performing the experiment, loading a new sample, and 

repeating at a new temperature.  To collect the same 200°C range this way would require 

several days of work.  Modern DMTA systems can operate in many modes, as illustrated 

in Fig.2-13 – 14.   
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Fig. 2-13. Rheometric (Polymer Laboratories) DMTA.  A bar sample is clamped rigidly at 

both ends and its centre vibrated sinusoidally. 

 

Fig. 2-14. Types of Sample Clamps and Measuring Modes 

 

Flexure may be measured by single and double cantilever bending and three-point 

bending.  Shear and extension modes may also be studied by simply changing the 
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clamping configuration.  Torsion requires an instrument dedicated to this mode.  Flexure is 

preferred for high-modulus materials, as measurable deformations may be achieved with 

comparatively modest forces.  It is advisable to avoid the use of very high-applied forces 

as these may cause the clamping system to deform significantly and thus introduce errors.   

Extension is clearly preferable for fibres and thin films.  To avoid buckling, these sample 

types should be kept under a constant static stress so that at no point in the deformation 

cycle does the instrument attempt to compress the sample.  If a constant dynamic stress 

experiment is being carried out, the dynamic stress will change as the modulus of the 

sample changes. The static stress must then change with the dynamic stress to avoid 

buckling.  Usually they are kept at a fixed ratio of 1.2 – 2 so that they remain in concert. 

 

5.4. Infrared Spectroscopy 

As with other types of energy absorption, molecules are excited to a higher energy state 

when they absorb infrared radiation [35-37].  The absorption of infrared radiation is, like 

other absorption processes, a quantised process.  Only selected frequencies (energies) of 

infrared radiation will be absorbed by a molecule.  The absorption of infrared radiation 

corresponds to energy changes on the order of from 2 to 10 kcal/mole.  Radiation in this 

energy range corresponds to the range encompassing the stretching and bending 

vibrational frequencies of the bonds in most covalent molecules.  In the absorption 

process, those frequencies of infrared radiation, which match the natural vibrational 

frequencies of the molecule in question, will be absorbed, and the energy absorbed will 

serve to increase the amplitude of the vibrational motions of the bonds in the molecule.  It 

should be noted, however, that not all bonds in a molecule are capable of absorbing 
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infrared energy, even if the frequency of the radiation exactly matches that of the bond 

motion.  Only those bonds that have a dipole moment are capable of absorbing infrared 

radiation.  Symmetric bonds, like those of H2, or Cl2, will not absorb infrared radiation.   

Fig. 2-15. Schematic Diagram of an Infrared Spectrophotometer 

 

A bond must present an electrical dipole, which is changing at the same frequency as the 

incoming radiation in order for energy to be transferred.  The changing electrical dipole of 

the bond can then couple with the sinusoidally changing electromagnetic field of the 

incoming radiation.  Thus, symmetric bonds which are symmetrically substituted will not 

absorb in the infrared.  Since every different type of bond has a different natural frequency 

of vibration, and since the same type of bond in two different compounds is in a slightly 

different environment, no two molecules of different structures will have exactly the same 

infrared absorption pattern or infrared spectrum.  Although some of the frequencies 
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absorbed in the two cases might be the same, in no case of two different molecules will 

their infrared spectra (the patterns of absorption) be identical.  Thus, the infrared spectrum 

can be used for molecules much as a fingerprint can be used for humans.  By comparing 

the infrared spectra of two substances thought to be identical, one can establish whether or 

not they in fact are identical.  If their infrared spectra coincide peak for peak (absorption 

for absorption), in most cases the two substances will be identical.  The components of a 

simple infrared spectrophotometer are schematically illustrated in Fig.2-15.  The 

instrument produces a beam of infrared radiation and, by means of mirrors, divides it into 

two parallel beams of equal intensity radiation.  The sample is placed in one beam, and the 

other beam is used as a reference.  The beams then pass into the monochromator, which 

consists of a rapidly rotating sector that passes the two beams alternately to a diffraction 

grating or prism.  The slowly rotating diffraction grating or prism varies the wavelength of 

radiation reaching the detector.  The detector senses the ratio in intensity between the 

reference and sample beams and records these differences on a chart recorder. 

 

5.5. Raman Spectroscopy 

As with infrared spectroscopy, Raman spectroscopy [38-43] provides the ability to study 

the interactions of the vibrational and rotational energies of atoms or groups of atoms 

within molecules.  In the simplest sense, the complete Raman spectrum is an emitted 

pattern of frequency displacements about a central excitation wavelength, usually a laser.  

The excitation energy 'diffraction' pattern is a result of molecular vibrations, which cause a 

change in the induced dipole moment, or polarisability, of the molecule.  Laser sources 

and the excitation wavelengths for Raman spectroscopy may range from the ultraviolet 

(UV) to the near infrared (NIR) and the resultant spectral pattern is interpreted similarly to 
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the infrared spectrum of the molecule.  Infrared and Raman spectroscopy are 

complementary in the structural determination of molecules as the data arise from two 

different physical effects in the molecule.  Infrared spectra reflect vibrational motions that 

produce a change in the permanent dipole moment of the molecule.  Raman spectra result 

from vibrational motions that cause a change in a source-induced molecular dipole 

moment.  Infrared spectroscopy is a measurement of a simple absorption process.  Raman 

spectroscopy is a measurement of the re-emission of the incident source energy.  The 

majority of the peaks in both spectra generally correspond to the differences between 

adjacent vibrational energy levels (Fig.2-16) but are a result of different physical 

processes.  A limitation of infrared spectroscopy is the requirement for a finite thickness of 

the sample to control the absorption intensity of the molecular vibrations.   

 

Fig. 2-16. Vibrational energy level diagram demonstrating the transition mechanisms for 

infrared absorption and emission in addition to Rayleigh and Raman scattering    
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Additionally, a majority of the infrared wavelengths are obscured by glass or quartz 

windows and cells, thus, hygroscopic infrared transmitting materials (KBr, NaCl, BaF2, 

CaF2, etc) must be used for the majority of sample handling applications.  By contrast, 

Raman has no restriction with respect to sample size, shape or thickness, and glass or 

quartz is ideal sample containment material for Raman samples.  Furthermore, infrared 

spectra exhibit extremely strong absorptions for water, making the analysis of aqueous 

solutions a challenge for infrared spectroscopy; conversely, water has very weak Raman 

bands and thus is an ideal solvent in Raman spectroscopy.  Infrared and Raman 

spectroscopy are powerful qualitative and quantitative tools but primary differences in the 

theory and the informational content of each technique provide Raman spectroscopy with 

some particular advantages in the instrumental analysis of polymers.  When a molecule is 

exposed to an incident beam of light, energy absorbed by that molecule enables a 

transition among electronic, vibrational or rotational energy levels.  Absorption of the 

source energy can occur during a direct absorption process, such as infrared or ultraviolet-

visible spectroscopies, where the energy of the source coincides with a specific energy 

level separation, or, during a light scattering process, e.g., fluorescence and Raman 

spectroscopies, where the energy required for absorption and the resulting energy level 

transition is drawn from, usually, a very intense source of high energy.  This is one of the 

primary differences between infrared and Raman spectroscopy. 

The absorption of infrared light and the interaction of that absorption with the vibrational 

modes of a molecule is the basis of an infrared spectrum.  Infrared absorptions demand 

that the molecular vibrations produce a change in the permanent dipole moment of the 

molecule as the absorption process occurs.  Transitions occur primarily between the 

ground and first excited vibrational states but overtone transitions between higher 
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vibrational energy levels can and do occur in the mid-infrared spectral range of 4000 − 400 

cm-1.  Raman spectra reflect similar transitions among the vibrational energy levels of a 

molecule, but the energy exchange occurs in a completely different manner and usually 

only reflects transitions between the ground and first excited vibrational levels.   

Scattering of a source without a direct absorption of energy is classified as either inelastic 

or elastic scattering.  Elastic scattering results in no interaction of the source radiation with 

the energy levels of a molecule; there is an excitation of the molecule with absorption of 

energy from the source, but the absorbed energy is immediately re-emitted and the 

molecule returns to its initial energy level (Fig.2-16).  The re-emitted energy is identical in 

wavelength to the incident source and the phenomenon is generally referred to as Rayleigh 

scattering.  Inelastic scattering is a direct interaction of the source radiation with the 

energy levels of a molecule.  The molecule is raised to a `virtual' level, absorption of 

energy from the source occurs and as the molecule changes energy levels during 

relaxation, light is re-emitted at a wavelength other than the incident source, the energy 

differences corresponding to the electronic, vibrational or rotational energy levels of a 

molecule.  Specifically, when inelastic scattering is a result of interaction with the 

vibrational or rotational motions of a molecule, the Raman effect occurs. 

The Raman effect relies upon the interaction of the incident beam with the vibrational 

modes of the molecules while the vibrational motion produces a change in the induced 

dipole moment of the molecule or atomic bond.  In effect, how well the vibrational motion 

`squeezes' or `stretches' the electron cloud into another shape determines the intensity of 

the Raman peak corresponding to the vibrational motion.  The term `polarisability' is 

generally meant to express the capacity of the vibrational motion to change the electron 
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cloud.  If a molecular motion is especially polarisable and greatly alters the induced dipole 

moment, the Raman peak will be very intense. 

 

5.6. Nuclear Magnetic Resonance 

Nuclear magnetic resonance (NMR) spectroscopy [44-48] is a very powerful technique for 

polymer characterisation.  It can be used to determine tacticity, branching and structural 

defects such as the occurrence of head-to-head placement of monomers in vinyl polymers, 

the sequence of comonomer units in a copolymer chain, and chemical changes such as 

oxidation states which can be detected at levels as low as one site per 500 repeat units.  

Although 13C NMR is commonly used in polymer characterisation, NMR measurements 

employing other NMR-active nuclei such as 1H, 15N, 17O and 19F having magnetic 

moments may have an advantage in the study of some polymers.  For example, 29Si NMR 

may be used in the characterisation of polysiloxanes, 19F NMR for fluoropolymers, 15N 

NMR for polyamides, and 31P NMR for polyphosphazenes.   

Table.2-3. Nuclei used in Polymer NMR 
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A complete listing of important NMR-active nuclei and their natural abundance is 

given in Table.2-3 [48].  Many atomic nuclei behave as if they were spinning.  In fact, 

any atomic nucleus, which possesses either odd mass or odd atomic number, or both, has 

a quantised spin angular momentum and a magnetic moment.  Among the more common 

nuclei which possess "spin" one may include 1H, 2H, 13C, 14N, 17O, and 19F.  Notice that 

the nuclei of the ordinary (most abundant) isotopes of carbon and oxygen 12C and 16O are 

not included among those with the spin property.  However, the nucleus of the ordinary 

hydrogen atom, the proton, does have spin.  For each of the nuclei with spin, the number 

of allowed spin states which it may adopt is quantised and is determined by its nuclear 

spin quantum number, I.  This number is a physical constant for each nucleus.  For a 

nucleus of spin quantum number I, there are 2I + 1 allowed spin states which range with 

integral differences from +I to -I.  For spin ½ nuclei the possible magnetic quantum 

numbers are +½ and -½.  When placed in a magnetic field, nuclei having spin undergo 

precession about the field direction.  The frequency of this so-called Larmor precession is 

designated as ωo in radians per second or υo in Hertz (Hz), cycles per second (ωo = 2πυo).  

The nuclei can be made to flip over, i.e. reverse the direction of the spin axis, by applying 

a second magnetic field (Fig.2-17), designated as H1, at right angles to Ho.  The Larmor 

precession frequency or resonance frequency is given by 

  ωo = γHo

where γ is the magnetogyric ratio.  The two quantities that determine the observation 

frequency for NMR signals are the magnetogyric ratio γ and the magnetic field strength 

Ho.  The sensitivity depends both on the magnetogyric ratio and on the natural abundance 

of the NMR active nuclei.  Protons have the highest sensitivity because they have the 

highest magnetogyric ratio and natural abundance (Table.2-3). 
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Fig. 2-17. The spin states of a proton both in the absence and in the presence of applied 

magnetic field 

 

The NMR spectrum is usually observed by applying a radio frequency pulse near the 

resonance frequency and observing a free induction decay (FID).  The NMR spectrum, a 

plot of intensity vs. frequency, is obtained by Fourier transformation of the observed 

signal.  The signal frequency (or chemical shift) is reported relative to some reference 

compound.  The integrated signal intensity is proportional to the number of nuclei.  This 

property is important because it allows us to use NMR as a quantitative tool.  

Solution NMR is extremely useful for polymer characterisation because the chemical 

shifts and relaxation times are sensitive to polymer microstructure.  High-resolution 

spectra are observed because the linewidths are less than the chemical shift variations due 

to the polymer chain chemical structure and microstructure.  The chemical shift resolution 

results from variations in nuclear shielding arising from variations in electron density that 

are affected by the presence of nearby electron withdrawing or donating groups.  The 

chemical shift changes can be related to through-bond inductive effects and through-space 
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interactions.  The largest effects on the chemical shifts are the chemical type, and the 

resonances from methyl, methine, methylene and aromatic groups are often well separated 

in the NMR spectrum.  Carbon NMR has been extensively used for the solution 

characterisation of polymers because it is one of the most common elements in polymers.  

Carbon has a low natural abundance (1% 13C) but most polymers are sufficiently soluble 

that it is possible to record their NMR spectrum at high concentration ([C] > 0.05 M).  The 

carbon spectra are often more highly resolved than the proton spectra because the carbon 

chemical shifts are spread over 200 ppm, rather than the 10 ppm commonly observed for 

protons. 

 

5.7. X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) [49-51] was developed in the mid-1960s by Kai 

Siegbahn and his research group at the University of Uppsala, Sweden.  The technique was 

first known by the acronym ESCA (Electron Spectroscopy for Chemical Analysis).  The 

advent of commercial manufacturing of surface analysis equipment in the early 1970s 

enabled the placement of equipment in laboratories throughout the world. 

Surface analysis by XPS is accomplished by irradiating a sample with monoenergetic soft 

x-rays and analysing the energy of the detected electrons (Fig.2-18).  Mg Kα (1253.6 eV) 

or AI Kα (1486.6 eV) X-rays are usually used.  These photons have limited penetrating 

power in a solid on the order of 2-10 micrometers.  They interact with atoms in the surface 

region, causing electrons to be emitted by the photoelectric effect.   
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Fig. 2-18. Schematic diagram of XPS spectrometer 

 

The emitted electrons have measured kinetic energies given by: 

  KE = hν − BE − φs

where hν is the energy of the photon, BE is the binding energy of the atomic orbital from 

which the electron originates, and φs is the spectrometer work function.  The binding 

energy may be regarded as the energy difference between the initial and final states after 

the photoelectron has left the atom.  Because there are a variety of possible final states of 

the ions from each type of atom, there are a corresponding variety of kinetic energies of 

the emitted electrons.  Moreover, there is a different probability or cross-section for each 

final state.  The Fermi level corresponds to zero binding energy (by definition).  Because 

each element has a unique set of binding energies, XPS can be used to identify and 

determine the concentration of the elements, in the surface.  Variations in the elemental 

binding energies (the chemical shifts) arise from differences in the chemical potential and 

polarisability of compounds.  These chemical shifts can be used to identify the chemical 
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state of the materials being analysed.  In addition to photoelectrons emitted in the 

photoelectric process, Auger electrons may be emitted because of relaxation of the excited 

ions remaining after photoemission.  This Auger electron emission occurs roughly 10-14 

seconds after the photoelectric event.  The competing emission of a fluorescent X-ray 

photon is a minor process in this energy range.  In the Auger process, an outer electron 

falls into the inner orbital vacancy, and a second electron is simultaneously emitted, 

carrying off the excess energy.  The Auger electron possesses kinetic energy equal to the 

difference between the energy of the initial ion and the doubly charged final ion, and is 

independent of the mode of the initial ionisation.  Thus, photoionisation normally leads to 

two emitted electrons − a photoelectron and an Auger electron.  The sum of the kinetic 

energies of the electrons emitted cannot exceed the energy of the ionising photons.  

Probabilities of electron interaction with matter far exceed those of the photons, so while 

the path length of the photons is of the order of micrometers, that of the electrons is of the 

order of tens of angstroms.  Thus, while ionisation occurs to a depth of a few micrometers, 

only those electrons that originate within tens of angstroms below the solid surface can 

leave the surface without energy loss.  These electrons, which leave the surface without 

energy loss, produce the peaks in the spectra and are the most useful.  The electrons that 

undergo inelastic loss processes before emerging form the background.   

The electrons leaving the sample are detected by an electron spectrometer according to 

their kinetic energy.  The analyser is usually operated as an energy window, referred to as 

the pass energy, accepting only those electrons having an energy within the range of' this 

window.  To maintain a constant energy resolution, the pass energy is fixed.  Incoming 

electrons are adjusted to the pass energy before entering the energy analyser.  Scanning for 

different energies is accomplished by applying a variable electrostatic field before the 
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analyser.  This retardation voltage may be varied from zero up to and beyond the photon 

energy.  Electrons are detected as discrete events, and the number of electrons for a given 

detection time and energy is stored and displayed. 

 

5.8. Scanning Electron Microscopy 

Microscopy [52, 53] is the study of the fine structure and morphology of objects with the 

use of a microscope.  Microscopes range from optical microscopes, which resolve details 

on the micrometer level, to transmission electron microscopes that can resolve details less 

than one nanometer across.  The size and visibility of the polymer structure to be 

characterised generally determines which instrument is to be used.  For example, the size 

and distribution of spherulites can be observed by optical techniques, but a study of their 

internal structure requires electron microscopy.  In microscopy resolution and contrast are 

key parameters.  Resolution is the minimum distance between two object features at which 

they can still be seen as two features.  The contrast of a feature is the fractional change in 

image brightness that it causes.  If two features have high contrast but are separated by less 

than the resolution, they will appear as one object, visible but not resolved.  If their 

contrast is very low, below about 0.05, they will not be visible at all.  Small features in the 

specimen, which have low contrast, may not be observable, even if they are larger than the 

resolution limit of the instrument.  Some other parameters and techniques important for 

many types of microscopy should be defined.  The depth of the field is the depth or 

thickness of the specimen that is simultaneously in focus.  The depth of field is large for 

electron microscopes and small for optical microscopes.  (The depth of focus is the depth 

of the image that is in focus at one time and is not important in microscopy.)  The field of 

view is the area of the specimen that is included in the image.  Bright field (BF) is an 
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imaging mode where the direct unscattered beam is allowed to reach the image plane.  An 

image field with no specimen in it is bright in BF.  Dark field (DF) is the opposite imaging 

mode, where only scattered radiation is allowed to form the image.  An image field with 

no specimen is dark in DF. 

 

Fig. 2-19. Schematic diagram of a Scanning Electron Microscope 

 

The principle of a scanning electron microscope (Fig.2-19) is as follows.  A small electron 

probe is formed by an electron gun and a set of three or more electromagnetic lenses.  The 

electron gun consists of a heated tungsten filament, an anode attracting the emitted 

electrons and a focusing electrode (gun bias).  The important parameter of the gun is its 

brightness, which is given by the total number of electrons coming from a unit area of the 

source into a unit solid angle.  In order to increase the brightness, it is possible to increase 
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the emission current by replacing tungsten with lanthanum hexaborite.  Alternatively, the 

area of the source can be reduced with a pointed filament or the emission angle can be 

reduced by field emission.  The last source is the best for resolution, as a very a small 

probe of less than a nanometer with a very high current can be formed.  Unfortunately 

ultra-high vacuum is required for this source and the cost is very high. 

The probe size is reduced by demagnification of the filament image using two 

electromagnetic lenses and then focusing onto the specimen surface by using a final (or 

objective) lens.  The probe is scanned on the specimen surface by two sets of scanning 

coils controlled by the same scan generator as the cathode ray tube used to observe the 

image.  The signal is detected by a low noise scintillator-photomultiplier-amplifier system 

and modulates the display signal.  Each point of the scanned raster on the sample thus has 

a corresponding point on the display screen.  Once the probe is focused and corrected for 

astigmatism, the magnification can be changed by changing the size of the scanned area 

without refocusing. 

 

5.9. X-ray Diffraction 

A vast amount of information on polymer morphology and molecular dimensions can be 

obtained by scattering of other energy sources, particularly x-rays, electrons, and neutrons.  

Of the three, x-ray diffraction [54-57] is most important.  It is possible with x-ray 

techniques to determine the spatial arrangements of all the atoms in such complex 

biopolymers as proteins.   

X-rays are generated in cathode-ray tubes when high-energy electrons impinge on metal 

targets.  When x-rays are focused on a polymer sample (in pellet or cylinder form), two 

types of scattering occur.  If a sample is crystalline, the x-rays are scattered coherently; 
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that is, there is no change in wavelength or phase between the incident and scattered rays.  

Coherent scattering is commonly referred to as x-ray diffraction.  If the sample has a 

nonhomogeneous (semicrystalline) morphology, the scattering is incoherent: there is a 

change in both wavelength and phase.  Incoherent scattering (also called Compton 

scattering) is referred to as diffuse diffraction or simply as scattering.  Coherent scattering 

is determined by wide-angle measurements and incoherent scattering by small-angle 

measurements, as shown in Fig.2-20. (The acronyms WAXS and SAXS are used to denote 

wide-angle and small-angle x-ray scattering, respectively.)  The wide-angle diffraction 

pattern consists of a series of concentric cones arising from scattering by the crystal 

planes; it is recorded as concentric rings on the x-ray plate superimposed on a diffuse 

background of incoherent scatter.  A representative ring pattern is shown in Fig.2-20.   

Fig. 2-20. Wide-angle and small-angle x-ray diffraction techniques 
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As the degree of crystallinity increases, the rings become more sharply defined, and as the 

crystallites are oriented (as by drawing), the circles give way to a pattern of arcs and spots 

more nearly resembling diffraction patterns of low-molecular-weight crystalline 

compounds.  Small-angle scatter patterns are very diffuse.  For single crystal studies, the 

crystal is rotated at an angle perpendicular to the incident beam so that diffraction patterns 

at all possible angles are recorded.  Considerable insight into polymer morphology and 

structure may be gained from visual examination and mathematical interpretation of the 

pattern and intensity of scattered radiation, including degree of crystallinity, dimensions of 

crystalline domains, bond distances and angles, and type of conformation in the crystalline 

regions. 
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CHAPTER 3. Characterisation of  

Ny66/PEN Blends  
 

 

1. Introduction 

Recent work has been reported on a number of different blends with poly(ethylene 

naphthalate) (PEN) as one component, including PEN/poly(ethylene terephthalate) (PET) 

[1], PEN/polycarbonate (PC) [2], PEN/liquid crystal polymers (LCP) [3], PEN/ poly(ether 

imide) [4] and PEN/Nylon-6 (Ny6) [5].  The purpose of the present investigation is to 

extend this work to the PEN/Nylon-66 (Ny66) system.   

Ny66 has low heat resistance (relatively low glass transition temperature, compared to that 

of PEN), but reasonable mechanical strength and price, whereas PEN has much greater 

heat resistance (high glass transition temperature) and toughness, but a higher price.  Since 

blends combine the properties of the component homopolymers, blending PEN with Ny66 

can in principle enhance the engineering properties of Ny66 and lower the price of the 

blends, and our primary objective is to investigate that possibility, initially through a study 

of chemical interactions between the homopolymers.   

The compatibility of the component homopolymers is an important consideration.  

Compatibility is enhanced by miscibility of the two (or more, as the case may be) phases, 

and by the addition of block and graft copolymers or of functional/reactive polymers, and 

in situ graft copolymerization (reactive blending) [6].  In addition, interchange reactions 

occurring in the interphase region can create chemical bonds between the phases.  

Interchange reactions between amide functional groups of Ny6 or Ny66 and ester 
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functional groups of several polyesters such as PET [7-9], PC [10-17] and poly butylene 

terephthalate (PBT) [18] are well known.  More vigorous interchange reaction is observed 

in blends with a high proportion of Ny6 in Ny6/PC blends because of the more abundant 

amino end groups in Ny6 compared with Ny66 [19].  In addition, higher proportions of 

Nylon in Ny6 or Ny66/PC blends promote interchange reaction because the more abundant 

mobile end-amide groups in Nylon attack carbonate groups in PC vigorously, which 

results in more interchange reaction in blends with 70 - 90 wt% of Nylon.   

It has been suggested [18] that inner-inner and outer-inner interchange reaction 

mechanisms occur in PET/PC and PBT/PC during melt processing.  End-group-activated 

or catalyst-activated interchange may occur in such systems below 300oC, whereas both 

thermally activated interchange (i.e., without catalysts) and thermal decomposition occur 

above 300oC.   

In the present work we report evidence from Fourier transform infrared (FTIR) 

spectroscopy for an apparent new bond formed by interchange reaction in Ny66/PEN, and 

1H and 13C Nuclear magnetic resonance (NMR) data that do not support the hypothesis of 

new bond formation.  In addition, additional characterisation of the blends by scanning 

electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) is reported. 

 

 

2. Experimental 

2.1. Material 

Polymers used in this study were poly(ethylene naphthalate) (PEN) supplied by Toyobo 

Co. Ltd and Ny66 (Grilon EMS T300) from EMS - CHEMIE.  In addition, ElvaloyRPTW 
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(from Du Pont), an ethylene copolymer containing epoxy functionality, was used as a 

possible compatibiliser.   

 

2.2. Experimental Details 

Pure Ny66, PEN and Ny66/PEN mixtures in the proportions (wt%), 70/30, 50/50 and 

30/70, and Ny66/PEN (50/50)+ElvaloyRPTW (3% of weight of blend) were dried at 70oC 

for 48 hrs in vacuo. Mixtures were extruded with an Axon (model BX-18-286) single 

screw extruder at 270-280oC with 70 rpm and injection moulded using a BOY (model 

50M) automatic injection moulding machine, at 280-290oC.   

NMR spectroscopy was carried out using a Bruker DRX-400 (Appendix Fig.B-8) to obtain 

13C and 1H spectra, in two series of experiments as follows.   

Series A: About 50 mg of each melt-blended sample was dissolved in CHCl3 (5 ml)/TFA 

(5 ml), plus trifluoro acetic anhydride (TFAA) (1 ml).  A 50 mg sample of pure Ny66 was 

dissolved in CHCl3 (10 ml)/TFAA (2 ml) without TFA.  TFAA was used to 

trifluoroacetylate Ny66 because pure Ny66 was not completely dissolved by CHCl3/TFA 

solvent [10].  The solutions were ultrasonicated for 30 minutes then vacuum distilled, and 

the residues were dissolved in deuterated trifluoroacetic acid (0.4 ml)/CDCl3 (0.4 ml, with 

0.03 wt% tetramethylsilane).  Pure PEN was dissolved in deuterated trifluoroacetic acid 

(0.4 ml)/CDCl3 (0.4 ml).   

Series B: Samples of about 40 mg, including pure Ny66, were dissolved (only partially in 

the case of pure Ny66) in CDCl3 (0.4 ml)/deuterated trifluoroacetic acid (0.4 ml) mixtures. 

The number of scans for 13C spectra was increased from 300 to about 10000 in this series 

of experiments, to improve the S/N (signal/noise) ratio. 
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X-ray photoelectron spectroscopy was carried out with a Kratos XSAM800 (Appendix 

Fig.B-9) using Mg Kα (1253.6 eV).  The analytical chamber pressure was about 10-9 Torr.  

For examination by scanning electron microscopy (using a Philips XL 30S(FGG) 

(Appendix Fig.B-10)), specimens were cooled in liquid nitrogen then fractured by impact.  

One fracture surface was gold coated, and the other surface was etched with 

trifluoroethanol in an ultrasonic bath for 15 minutes, to dissolve Ny66, before gold 

coating.   

FTIR - photoacoustic spectroscopy (PAS) was carried out using a BIO-RAD FTS-60 

(Appendix Fig.B-11) on small pieces of injection moulded samples, with the photoacoustic 

cell purged with nitrogen.  Spectra were normalized relative to the band at 770 cm-1 from 

the =C-H out of plane vibration of pure PEN, and the pure PEN spectrum was subtracted 

from each normalised spectrum.  The PEN-subtracted spectra were normalized again 

relative to the band at 1652 cm-1 (the C=O stretch band) of pure Ny66 and the pure Ny66 

spectrum was subtracted from each of the PEN-subtracted spectra.  The reverse order was 

applied to the Ny66/PEN (50/50 wt%)/Glycidylmethacrylate (GMA) (3 wt%) spectrum. 

 

 

3. Results and Discussion 

3.1. NMR spectroscopy 

Fig.3-1 shows the first series of 13C NMR spectra of Ny66, PEN and Ny66/PEN blends. 

The assignment of the signals (Table 3-1) agrees with reported work [10,20] on partial 

acetylation of Ny66.  For pure Ny66 two groups of signals, at 42.45, 33.67 and 27.83 ppm 

from normal Ny66, and 45.37, 38.24 and 28.89 ppm from trifluoroacetylated Ny66 are 

present because TFAA was used to react with and thereby solubilise Ny66 component.  

Characterisation of PEN-based Polymer Blends                                         Dylan D. Jung 



Chapter 3. Characterisation of NY66/PEN Blends 58

The signals at 37.8, 24.5 and 23.5 ppm are believed to be due to additives in the 

(commercial grade) Ny66.  In the blend spectra signals arising from acetylated Ny66 were 

not observed because the much smaller proportion of TFAA used in the solvent mixture, 

and the presence of 25-75% PEN in the blends, led to an insignificant extent of 

trifluoroacetylation.  The signal at 178.85 ppm, which is from the carbonyl group in Ny66, 

was weak and broad in the spectra of the blends, because the PEN component in the blends 

altered the environment of Ny66 and influenced the rate of conformational rotation around 

the amide group.   

Fig. 3-1. 13C NMR spectra of Ny66/PEN (wt%/wt%) blends, from the first series of 

experiments: (a), (0/100); (b) (50/50+GMA (3 wt%)); (c), (30/70); (d), (50/50); 

(e), (70/30); (f), (100/0). 
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Table.3-1. Assignment of 13C NMR spectra. 

Ny66 Chemical shift/ppm PEN Chemical shift/ppm
f 178.85 6 169.46 
e' 45.37 5 135.44 
e 42.45 4 131.98 
b' 38.24 3 130.63 
b 33.67 1 128.85 
d' 28.89 2 126.18 
d 27.83 7 64.38 
a 26.07   
c 24.02   
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1H spectra are shown in Fig.3-2, and the assignments are summarised in Table 3-2.  As in 

the 13C spectrum of pure Ny66 there are two sets of signals, at 3.50 and 2.69 ppm from 

Ny66, and 3.78 and 2.93 ppm from trifluoroacetylated Ny66.  From the signal integration, 
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the ratio of (e' + b') protons to (e + b) protons is 2.85, implying that about 74% of Ny66 

homopolymer reacted with TFAA during dissolution. 

 

Fig. 3-2. 1H NMR spectra of Ny66, PEN and Ny66/PEN (wt%/wt%) blends, from the first 

series of experiments: (a) (0/100), (b) (50/50+GMA (3 wt%)), (c) (30/70), (d) 

(50/50), (e) (70/30), (f) (100/0). 

It should be noted that Table 3-2 includes a proton signal at 12.40 ppm that was observed 

in the second, but not the first series of NMR experiments: the signal is attributed to 

protonation of the Ny66 carbonyl group by TFA [21].  In the first series of experiments, 

the presence of TFAA in the solvent used to dissolve the blends suppressed protonation of 

the C=O group in Ny66. 
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Table.3-2. Assignment of 1H NMR spectra. 

Ny66 Chemical shift/ppm Area (arbitrary units) PEN Chemical shift/ppm 
f 12.401    
e' 3.784 1.46 1H 8.746 
e 3.504 0.50 2H 8.185 
b' 2.931 1.45 3H 8.081 
b 2.694 0.52 4H 4.955 
d 1.788 4.02(d+a)   
a 1.647    
c 1.392 2.09   
g 1.300    

 

f : signal from the protonated oxygen found in the second series of NMR experiments.  

g : this signal is most likely from an aliphatic additive in the commercial grade Ny66. 

 

O

cO

O

c c
H

H

H
c

H
c
H

H

H
c

H

c
O

c

H

cO

O c
O

O
H

c
H

H

H
c

H

c
O

N

H
H

H
c
H

H

H
c

H
c
H

H

H
c

H
c
H

H

H
c

H
N

1. PEN Hydrogen 1

1
2

3

4

1H
2H

3H

4 4

4

2. Ny66 Hydrogen 1

a b c

dea b

c

d

e

F 3 3F

Oc
c

Nc
H

H

H
c

H
c
H

H

H
c

H
c
H

H

H
c

H
Nc

H
c
H

H

H
c

H
c
H

H

H
cc

O

0.25

0.75

a

a

b

b

c c

d d e

e

b'

'b e'

'e
O

f H

 

 

 

Characterisation of PEN-based Polymer Blends                                         Dylan D. Jung 



Chapter 3. Characterisation of NY66/PEN Blends 62

The proposed reaction of pure Ny66 with TFAA is 
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This result was confirmed by the second NMR experiment.  In the 20-50 ppm region of the 

13C spectrum in Fig.3-3, only the signals corresponding to unmodified Ny66 homopolymer 

appear, when TFAA is not a component of the solvent used to dissolve Ny66. 

2030405060708090100110120130140150160170180
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cadbef

7CDCl3TFATFA 23145
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Fig. 3-3. 13C NMR spectra of Ny66/PEN (wt%/wt%) blends, from the second series of 

experiments: (a), (0/100); (b) (50/50+GMA (3 wt%)); (c), (30/70); (d), (50/50); 

(e), (70/30); (f), (100/0), (g) CDCl3 + TFA solvent. 
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Fig. 3-4. Magnified spectra of TFA from the second series of experiments. 

 

However, expansion of the spectrum (Fig.3-4) shows that between 120 and 110 ppm in 

pure Ny66 there are two quartets of carbon signals assigned to the CF3 group.  The more 

intense quartet (A) is attributed to TFA, and the less intense (A) set to TFA- anions formed 

as a result of protonation of the Ny66 C=O group by TFA, as per reaction 2.  In addition, 

around 163 ppm the two quartets of carbon signals arise from the C=O group of TFA (B) 

and TFA- anions (B).  The spectrum of Ny66 treated with TFAA (Fig.3-1 (f)) also shows 

two sets of quartets.  The more intense signals in the 110-120 ppm region are attributed to 

the -CF3 group of TFA; the weaker signals are from -CF3 associated with 

trifluoroacetylated Ny66.  Similarly, the two quartets in the vicinity of 163 ppm can be 

ascribed to the C=O group from TFA and the C=O group of the trifluoroacetyl group in 

trifluoroacetylated Ny66. 
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The proton spectrum in Fig.3-5 shows the OH+ signal at 12.4 ppm.  In the blends the 

signals due to TFA- anions are weaker, and they are absent from the PEN spectrum. 
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Fig. 3-5. 1H NMR spectra of Ny66, PEN and Ny66/PEN (wt%/wt%) blends, from the 

second series of experiments: (a) (0/100), (b) (50/50+GMA (3 wt%)), (c) 

(30/70), (d) (50/50), (e) (70/30), (f) (100/0), (g) CDCl3 + TFA solvent. 
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It is interesting to note that Ny66/PEN blend samples were soluble in a mixture of 5 ml 

TFA + 1 ml of TFAA, but were not dissolved by a mixture of 5 ml TFA + 5 ml of TFAA.  

The reason for the low solubility in the latter solvent mixture is most likely the reduced 

polarity of the solvent with equal volumes of TFA and TFAA.   

By analogy with the interchange reaction mechanisms that have been proposed to occur in 

inner-inner and outer-inner groups [18], the corresponding reactions for Ny66+PEN blends 

can be represented as follows. 
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Both reactions, if they occur, will produce an amide group that is obviously different from 

the amide group in Ny66.  If the reactions took place to a significant extent during melt 

processing, we would expect to see a new C=O signal in the 170-180 ppm region of Fig.3-

3.  The fact that no additional signal was detected suggests that the interchange reactions 

represented above take place to an extent that is too small to be detectable by NMR.  

However, as noted below there is some evidence from FTIR spectra to suggest that the 

interchange reactions occur to some extent.   

 

3.2. FTIR, XPS and SEM Analyses 

FTIR-PAS spectra of blends, after normalization and subtraction of PEN and Ny66 

spectra, are shown in Fig.3-6. 

Fig. 3-6. FTIR spectra of Ny66 and PEN, and subtraction spectra of Ny66/PEN 

(wt%/wt%) blends: (a) PEN, (b) Ny66/PEN (30/70); (c) Ny66/PEN (50/50); (d) 

Ny66/PEN (50/50) GMA (3 wt%); (e) Ny66/PEN (70/30); (f) Ny66. 
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After subtraction the C-N band from Ny66 (1277cm-1) moves to higher frequencies: a new 

band at 1324 - 1329 cm-1, assigned to C-N, appears in all of the blend spectra.  It seems 

reasonable to attribute the new band to amide produced by interchange reaction.  The band 

at 2338 cm-1 in the spectrum of Ny66/PEN (70/30) is most likely due to carbon dioxide 

that may have been produced by partial decomposition occurring during melt blending or 

injection moulding.   
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Fig. 3-7. XPS survey spectra of Ny66/PEN blends. (a) PEN, (b) Ny66/PEN (30/70); (c) 

Ny66/PEN (50/50); (d) Ny66/PEN (50/50) GMA (3 wt%); (e) Ny66/PEN (70/30); 

(f) Ny66. Note that the scans have been displaced on the vertical axis for clarity. 

 

XPS survey spectra typified by Fig.3-7 show that the atomic concentrations of the blends 

(Fig.3-8) were in accordance with the blended proportions of homopolymers. The blend 

containing the glycidyl methacrylate-based compatibiliser shows a corresponding decrease 

in the atomic proportion of carbon and increase in oxygen content. 
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Fig. 3-8. Atomic concentrations in Ny66, PEN and Ny66/PEN blends.  Unshaded symbol 

refers to the blend with 3% compatibiliser. 

Fig. 3-9. Sub-band analysis of the C 1s scans for Ny66. 
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Curve fitting of the narrow scans (a typical scan is shown in Fig.3-9) enabled assignment 

of sub-peaks to pure Ny66, where the ratio of area of C1, C2, C3 and C4 is 3: 1: 1: 1 from 

the atomic concentrations found by curve fitting the C1s peak of Ny66 (Table 3-3).  This 

matches the numbers of C1, C2, C3 and C4 (6, 2, 2 and 2) in Ny66, and agrees with the 

atomic composition of carbon in the assigned positions [22].   

Table.3-3. Binding energies, full widths at half maximum (FWHM) and atomic 

concentration (%) from narrow scans of pure Ny66 and PEN. (GL Mixing 

ratio: Gaussian-Lorentzian) 

C1s O1s N1s 
 

1 2 3 4 1 2 1 
BE (eV) 284.98 285.54 285.94 288.02 531.57 399.89

FWHM (eV) 1.36 1.37 1.48 1.58 1.93 1.78 
Atomic 

Concentration (%) 50.8 17.94 17.33 13.93 100 100 

Sensitivity Factor 0.25 0.25 0.25 0.25 0.66 0.42 

Ny66 

Mixing ratio (GL) 70 70 70 70 100 

 

100 
BE (eV) 285 286.76 289.13 532.78 531.12 

FWHM (eV) 1.24 1.46 1.32 1.56 1.39 
Atomic 

Concentration (%) 71.94 14.33 13.73 55.12 44.88 

Sensitivity Factor 0.25 0.25 0.25 0.66 0.66 

PEN 

Mixing ratio (GL) 80 80 80 

 

80 80 

 

 

Sub-band analyses of carbon and oxygen narrow scans for pure PEN, based on the 

literature [22,23], are shown in Fig.3-10 and Fig.3-11.  Here again the numbers of C1, C2 

and C3 in PEN correspond to 10, 2 and 2 and the area ratio is roughly 5: 1: 1.  There are 

shifts in binding energies for the blends (Appendix C), but it is difficult to show 

unequivocally from the XPS scans that the shifts are the result of interchange reactions that 

have taken place during blending and injection moulding.   
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Fig. 3-10. Sub-band analysis of the C 1s scans for PEN. 

 

 

Fig. 3-11. Sub-band analysis of the O 1s scans for PEN. 
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SEM images of the etched surfaces were used to identify the dispersed and matrix phases.  

PEN was found to be insoluble in TFE.  Fig.3-12 for Ny66/PEN (70/30) shows the surface 

that was etched to remove Ny66, leaving dispersed globules of PEN.  It is difficult to 

identify the matrix and dispersed phases in Fig.3-13 for Ny66/PEN (50/50), suggesting 

that the 50/50 wt% blend composition is close to the phase inversion point.  The cavities in 

the etched surface shown in Fig.3-14 for Ny66/PEN (30/70) confirm that the matrix in this 

blend is PEN. 

 

Fig. 3-12. SEM image of the fracture surface of Ny66/PEN (70/30) etched with 

trifluoroethanol. 
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Fig. 3-13. SEM image of the fracture surface of Ny66/PEN (50/50) etched with 

trifluoroethanol. 

Fig. 3-14. SEM image of the fracture surface of Ny66/PEN (30/70) etched with 

trifluoroethanol. 
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4. Conclusions 

From NMR spectra there is no evidence to indicate that interchange reaction between 

Ny66 and PEN occurs, whereas FTIR spectra seem to show that there is some reaction 

taking place between ester groups from PEN and NH2 or NH groups of Ny66 during melt 

processing.  The extent to which such reactions take place is very limited under the melt 

processing conditions that were used.  While more extensive heat treatment may enhance 

interchange reactions, it seems unlikely that the extent of thermally induced reaction would 

be sufficient to produce significant miscibility between the homopolymer phases.  
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CHAPTER 4. Mechanical and Thermal  

Properties of PBT, Ny66/PEN Blends 
 

 

1. Introduction 

Poly(ethylene naphthalate) (PEN) is chemically similar to poly(ethylene terephthalate) 

(PET) but more temperature resistant [1-5].  It is semicrystalline and colourless, either 

crystal clear or slightly hazy.  Compared to PET, PEN has better long-term electrical 

properties [6, 7].  Their tensile strengths are similar, but the modulus of PEN films is 

higher.  PEN also has better UV resistance and barrier properties, and is more resistant to 

hydrolysis in alkaline or very hot aqueous conditions [8-12].  It is, however, more 

expensive than PET and has a shorter flex life. 

Poly(butylene terephthalate) (PBT) is a semicrystalline (typically 40 – 60 % crystallinity), 

high molecular weight polymer that has an excellent balance of properties and processing 

characteristics [13-15].  Because the material crystallises rapidly, mould cycles are short 

and moulding temperatures can be lower than those for many engineering plastics.  This 

thermoplastic polyester has very good dimensional stability.  It also exhibits high heat 

resistance, chemical resistance and good electrical properties.  In general, PBT exhibits 

higher tensile, flexural and dielectric strengths and a number of processing advantages 

such as low melt viscosity and fast cycle time.  PBT has excellent resistance to a broad 

range of chemicals at room temperature. 

In a recent work we have analysed several chemical properties and investigated the 

miscibility of the Ny66/PEN blend system [16].  The present work has investigated the 
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PBT/PEN blend system and found the enhancement of mechanical properties of PBT/PEN 

blends in contrast to Ny66/PEN blends, which exhibit embrittlement relative to the 

constituent homopolymers.  An interesting feature of this behaviour is that neither 

Ny66/PEN nor PBT/PEN blends show a new chemical bond coming from interchange 

reaction between the two constituent homopolymers under the melt processing conditions 

that we have used [16, 17].  However, the domain size (0.1 – 0.3μm) in PBT/PEN blends. 

is at least an order of magnitude smaller than that (1 - 2μm) for Ny66/PEN blends.  

Previous research [2, 18-21] for PBT/PEN blends has reported partial miscibility of 

PBT/PEN blends using differential scanning calorimetry (DSC), tensile testing and solid-

state nuclear magnetic resonance (SS-NMR).  Using additional experimental techniques 

(dynamic mechanical thermal analysis (DMTA), impact strength measurement, and 

scanning electron microscopy (SEM)), we have reconfirmed that PBT/PEN blends are 

partially miscible, with very small domain size (0.1 – 0.3μm). 

 

 

2. Experimental 

2.1. Material 

Polymers used in this study were PEN from Teijin Ltd (PN-550), Nylon66 (Grilon EMS 

T300) from EMS - Chemie, and PBT (Arnite T06-202) supplied by DSM Engineering 

Plastics.  In addition, ElvaloyRPTW (Du Pont), an ethylene copolymer containing epoxy 

functionality (including 1.4 wt % GMA: glycidyl metharylate), was used as a possible 

compatibiliser for Ny66/PEN blends.   
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2.2. Mechanical measurement 

Ny66, PEN and Ny66/PEN mixtures in the proportions (wt/wt), 70/30, 50/50 and 30/70, 

and Ny66/PEN (50/50)+ElvaloyRPTW (3% of blend weight) were dried at 70oC for 48 hrs 

under vacuum.  Mixtures were extruded with an Axon (model BX-18-286) single screw 

extruder and injection moulded using a BOY (model 50M) automatic injection-moulding 

machine at 280-290oC.  PBT/PEN blends with 30, 40, 50, 60 and 70 wt % PEN were 

prepared using the same procedure, except that because of the lower melting point of PBT 

the temperature used for injection moulding for PBT/PEN was 250-280oC.  Tensile 

specimens were injection moulded in accordance with ASTM D 638M (l: 200 mm, t: 4 

mm, type 1).   

Tensile strengths were measured using an Instron Model 5567 tensile tester. An 

extensometer was used to determine percentage extension (up to 10 % for elastic region) at 

room temperature with 5 mm min-1 crosshead speed.  Tensile modulus was calculated as 

the average gradient of the stress vs. strain curves at 1 % initial elongation for nine 

replicated specimens of each homopolymer and blend.   

Impact test specimens were injection moulded in accordance with ASTM D 256 (l: 125 

mm, w: 12.7 mm, t: 3 mm).  Absorbed energy was measured using a CEAST Impact 

Tester (RESIL 25) with a 0.5 J hammer according to the Charpy test (ASTM D 256-93a, 

Test Method B).  The impact strength was normalised as the absorbed energy divided by 

the thickness of the specimen.  The recorded result was the average for ten replicate 

specimens of each homopolymer and blend. 
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2.3. Rheological measurement 

Dynamic mechanical thermal analysis in 3-point bending mode was carried out using a 

Rheometric Scientific Mark IV (Appendix Fig.B-12), on specimens (l: 35mm, w: 10mm, t: 

2.5mm) that were cut from the original moulded samples.  The specimens were heated 

from -10 to 140oC at 1°C min-1, using 0.3 N force at a frequency of 1 Hz.   

Differential scanning calorimetry was conducted using a Rheometric Scientific DSP 

(Appendix Fig.B-13), on approximately 20 mg samples encapsulated in aluminium sample 

pans and heated and cooled in a nitrogen atmosphere.  The samples were cooled to -50oC 

and maintained at that temperature for 5 minutes to attain thermal equilibrium, then heated 

at 10oC min-1 to 300oC.  The glass transition temperatures (Tg), melting temperatures (Tm) 

and enthalpies of fusion (ΔHm) of the homopolymers and blends, as well as the 

crystallisation temperatures (Tc) and enthalpies of crystallisation (ΔHc) were determined.   

 

2.4. Morphological measurement 

A Philips XL 30S(FGG) scanning electron microscope was used for examination of 

fractured surfaces.  For PBT/PEN blends, the fracture surfaces of impact test specimens 

were examined, and for Ny66/PEN blends, specimens were fractured by impact at liquid 

nitrogen temperature [16].  All fracture surfaces were gold coated before SEM 

examination.  In the case of PBT/PEN blends, we were unable to find solvents that would 

readily dissolve the PBT-rich and PEN-rich phases separately; therefore selective leaching 

experiments were not carried out prior to SEM examination. 
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3. Results and Discussion 

3.1. Thermal analysis 

Fig. 4-1 shows tanδ vs temperature curves for PEN, PBT and the PBT/PEN blends.  The 

presence of two maxima in tanδ of the blends shows that the blends contain two discrete 

phases.  The temperature corresponding to the well-defined maximum in tanδ in the 

vicinity of 120-130°C is taken as the glass transition temperature of PEN or a PEN-rich 

phase, and the temperature of the less well-defined maximum in tanδ at about 60°C is 

associated with the glass transition of PBT or a PBT-rich phase.  

 

Temperature (oC)

-20 0 20 40 60 80 100 120 140 160

ta
n 
δ

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

PEN 
PEN70PBT30 
PEN60PBT40 
PEN50PBT50 
PEN40PBT60 
PEN30PBT70 
PBT 

Fig. 4-1. Temperature dependence of tanδ for PBT, PEN and PBT/PEN blends 

Characterisation of PEN-based Polymer Blends                                         Dylan D. Jung 



Chapter 4. Mechanical and Thermal Properties of NY66, PBT/PEN Blends 80

The composition variation of the glass transition temperatures so determined (see Table 4-

1) provides a clear evidence for partial miscibility of the two phases: Tg for the PEN-rich 

phase decreases with increasing proportion of PBT, and Tg for the PBT-rich phase 

increases as the PEN content of the blends increases. 

Table.4-1. Glass transition temperatures of PBT/PEN blends measured using DMTA 

Wt % PEN 0 30 40 50 60 70 100 

Tg/oC (PBT) 59.2 65.5 65.2 65.7 70 76.3  

Tg/oC (PEN)  117.3 117.4 119.2 123.1 123.2 132.6
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Fig. 4-2. The temperature dependence of the tensile storage modulus (E') for PBT, PEN 

and PBT/PEN blends 

In Fig. 4-1 the β transition, the highest temperature glassy-state relaxation at around 90 oC 

and the γ transition, bending and stretching of the segment at around 21 oC were to be 
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revealed in pure PEN curve because the previous articles [22-24] reported that the β 

process extends approximately from –30 to + 100 oC – hence it is very broad and is visibly 

overlapping with the α or glass transition process.  The inflection points in modulus 

around 60 oC at PBT region and around 130 oC at PEN region in homopolymers indicate 

the Tgs of PBT and PEN components of the PBT/PEN blends in Fig. 4-2 plotting the 

temperature vs. E' (storage modulus) curves, and the inflection points of curves approach 

each other according to the variation of weight proportions the PBT/PEN blends.  The 

Fig. 4-3. Differential scanning calorimeter scans for PBT, PEN and PBT/P

broad hump in Fig. 4-2 (PEN) reflects the γ transition of PEN in Fig. 4-1. 

EN blends.  The 

 

ig. 4-3 shows differential scanning calorimeter (DSC) scans of PEN, PBT and the 

PBT/PEN blends.  The glass transitions of the pure homopolymers are well defined and, as 
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expected, are smaller than the values obtained from DMTA.  For the blends, the glass 

transitions are less well defined, and the values of Tg for the two phases are more 

uncertain.  Notwithstanding the uncertainties in Tg, the glass transition temperatures 

measured using DSC (see Table 4-2) are more composition invariant than the values 

determined by DMTA.   

Table.4-2. Transition temperatures and enthalpies for PBT/PEN blends from DSC 

wt % PEN Component Tg/oC Tc/oC ΔHc/J g-1(a) Tm/oC ΔHm/J g-1 (a) 
PBT 48.5   227.1 33.9 0 
PEN      
PBT 54.3   226.3 26.5 30 
PEN 115.1 170.8 15 263.2 7.6 
PBT 54  226.3 21.9 .3   40 

169.6 18 264.1 11.4 PEN 115.2 
PBT 53.9   224.9 17.2 50 

171.8 18 264.0 13.1 PEN 115.7 
PBT 53.5   224.5 14.3 60 

172.8 19.5 PEN 116.0 265.2 16.0 
PBT 55.3   223.7 8.9 70 

171.7 19.5 PEN 116.0 265.2 18.5 
PBT      100 

208.6 26.2 PEN 116.1 269.1 21.7 

(a) Per unit mass of the component specified 

 

on temperatures determined using DSC and 

MTA is shown in Fig. 4-4.  It is apparent that the trend in the composition dependence of 

A graphical comparison of the glass transiti

D

Tg for each phase is method-independent for blends with up to about 50% PEN; in those 

blends a PBT-rich phase should form the matrix, and a PEN-rich phase is the dispersed 

phase.  For blends with more than 50% PEN, in which a PBT-rich phase should be 
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dispersed in a PEN-rich matrix, Tgs determined by DSC and DMTA diverge increasingly 

with increasing PEN content. 
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140

Fig. 4-4. Composition dependence of the Tgs (glass transition temperatures) of PBT and

PEN components in the PBT/PEN blends determined using DSC and DMTA 

 

DMTA, all 

ifference implies that for small PEN domains the frequency dependence of Tg from 

In addition, for blends with up to 50% PEN Tgs for the PEN-rich phase, determined by 

are only a few degrees larger than the values measured using DSC.  The sm

d

DMTA is small and the associated structural relaxation has small activation energy.  For 

pure PEN, by contrast, the more typical value of ΔTg (= Tg (DMTA)-Tg (DSC)) indicates 

activation energy of the order that is commonly found for homopolymers.  It is interesting 

to note that in PEN-rich blends ΔTg for the PBT-rich dispersed phase becomes larger as the 
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proportion of PBT diminishes: in those domains the activation energy for the structural 

relaxation is relatively large in the 70 wt% PEN blend. 

The crystallization temperature (Tc) and enthalpy of crystallization (ΔHc) of PEN, and the 

glass transition temperatures (Tg), melting temperature (Tm) and heat of fusion (ΔHm) of 

each component in the blends, determined using DSC, are listed in Table 4-2.  The 

Fig. 4-5. Crystallisation temperatures for the Ny66 and PEN phases of Ny66/PEN blends 

In contrast to the PBT/PEN system, for Ny66/PEN blends the crystallisation temperatures 

of the two phases (Fig. 4-5) show very different behaviour, assuming that as for the pure 

homopolymers the Ny66 phase crystallises at a higher temperature than the PEN phase.   

crystallisation temperature of PEN is dramatically reduced by addition of 30% PBT, but is 

essentially unchanged by further incorporation of PBT.  It is interesting to note in passing, 

that the processing window (Tm – Tc) is almost constant and about 50% larger for the 

blends than for PEN homopolymer. 
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(a) PEN-rich phase of PBT/PEN blends  

(b) PBT-rich phase of PBT/PEN blends 

Fig. 4-6. Melting temperatures for  (a) the PEN-rich phase of PBT/PEN blends and (b) the 

PBT-rich phase of PBT/PEN blends. 
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The behaviour of the PEN phase is complex, in that incorpor

phase in PEN allows the PEN to crystallise at a higher temperature than in pure PEN. 

Furthermore, when PEN is the dispersed phase the crystallisation te

greater than for pure PEN.It is interesting to note that the melting tem

(or PEN-rich) and PBT (or PBT-rich) phases are shown as a function of blend com

in Fig. 4-6 (a) and (b).  It is apparent that the melting temperatur

phase, when that phase is dispersed.  Moreover, there appears 

in Tm in the vicinity of the phase inversion point around 50 wt % of PEN.  

 

3.2. Mechanical analysis 

ation of Ny66 as a dispersed 

 

mperature is still 

peratures of the PEN 

position 

es are smaller, for each 

to be a discontinuous change 

The forgoing results show that PBT/PEN blends may be treated as composite materials 

ine whether the tensile 

xtures (ROM) or the 

 weight fractions using the density of 

r bars shown represent ±1 σ 

eld strain of PEN is 

erienced by PBT 

atrix cannot be 

ion of practical interest where the MROM line, 

which connects the tensile strength of PEN with σ'PBT, lies above the dotted line indicating 

 

with a partial miscibility.  Therefore, it would be interesting to exam

strength of PBT/PEN blend can be approximated by rule of mi

modified rule of mixtures (MROM) [25, 26]. 

In Fig. 4-7 ROM and MROM predictions of the tensile strengths of PBT/PEN blends are 

depicted; the volume fractions were obtained from

each polymer (PBT: 1300, PEN: 1360 Kg m-3).  All erro

(standard deviation) of the data.  In Fig. 4-7 (a), if the smallest yi

extended to stress- strain line of PBT and then the largest stress ever exp

would be σ'PBT rather than σPBT.  In essence the full stress capacity of m

utilised.  Fig. 4-7 (b) indicates the reg

the same tensile strength of PBT alone. 
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The tensile strengths of the PBT/PEN blends lie between the ROM and MROM line

particularly for blends with more than 50 % volume fraction of PEN th

are close or greater than the ROM predictions.  The tensil

blends are shown in Fig. 4-8, where the ROM or MROM is not applicab

scibility that was discussed previously [16].  It is clear from

abiliser did not improve the miscibility of the Ny66/PEN (50/50 wt %) blend. 

s, and 

e tensile strengths 

e strengths of the Ny66/PEN 

le because of lack 

of mi  Fig. 4-8 that GMA 

comp

Fig. 4-8 atibiliser 
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and without GMA is shown in Fig. 4-10: in this case the tensile modulus increases almost 

linearly with PBT content, and the compatibiliser has no effect.   

Fig. 4-9. Tensile modulus of PBT, PEN and PBT/PEN blends 

Fig. 4-10. Tensile modulus of Nylon66, PEN and Nylon66/PEN blends 
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The impact strength of PBT/PEN blends is plotted in Fig. 4-11, and again shows highly 

non-linear variation with PBT content of the blends; the trend is very similar to that of the 

ight fractions by 

reases as 

 (b) and (c)), 

plain the peculiar 

f fine domains in 

tensile strength (Fig. 4-7 (b)).  In the composition region where PEN is the disperse phase 

the toughness of the blends is reduced by up to about 30%, whereas dispersion of PBT in 

PEN enhances toughness. 
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Fig. 4-11. Impact strength of PBT, PEN and PBT/PEN blends 

 

3.3. Morphological analysis 

SEM pictures of the fracture surface of PBT/PEN blends with different we

impact test are shown in Fig. 4-12 (a), (b), (c), (d) and (e).  The domain size dec

the proportion of PEN increases from 30 to 50 wt % of PEN (Fig. 4-12 (a),

which is consistent with increasing miscibility.  This fact could ex

behaviour of the impact strength of PBT/PEN blends; the increase o

wt %  PEN

m
pa

ct
 S

tre
ng

th
(J

/m
)

I

0 20 40 60 80 100

Characterisation of PEN-based Polymer Blends                                         Dylan D. Jung 



Chapter 4. Mechanical and Thermal Properties of NY66, PBT/PEN Blends 91

accordance with high proportions of PEN gives better adhesions of two interphases and 

consequently high impact strengths of PBT/PEN blends at higher proportions of PEN, 

even in the contradiction with lower impact strengths of PBT/PEN blends at higher content 

of PBT that has a higher impact strength than PEN does. 

(a) PBT/PEN (wt / wt %) (70/30) 

(b) PBT/PEN (wt / wt %) (60/40)                                                               Fig. 4-12 continued 
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(c) PBT/PEN (wt / wt %) (50/50)  

 

2 continued 

 

(d) PBT/PEN (wt / wt %) (40/60)                                                               Fig. 4-1
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(e) PBT/PEN (wt / wt %) (30/70) 

ig. 4-12. SEM image of the fracture surfaces of the PBT/PEN (wt / wt %) blends from 

impact test: (a) (70/30), (b) (60/40), (c) (50/50), (d) (40/60) and (e) (30/70) 

 

 

At proportions of PEN larger than 50 wt%, where PEN forms the matrix (Fig. 4-12 (d) and 

(e)), the morphology is distinctly different: the domain size (0.1 – 0.3μm) is smaller and 

there are more adhesions between the dispersed and matrix phases, which is consistent 

with the effect of addition of PBT on strength and toughness.   

For comparison micrographs of fracture surfaces (produced by cryoscopic fracture) of 

Ny66/PEN blends are shown in Fig. 4-13 (a), (b) and (c).  The domain size (1 – 3μm) in 

the phase boundaries are sharp, indicating very low 

iscibility of the homopolymers.   

 

F

these blends is much larger and 

m
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N (wt / wt %) (70/30) 

 

) Ny66/PEN (wt / wt %) (50/50)                                                              Fig. 4-13 continued 

 

(a) Ny66/PE

(b
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(c) Ny66/PEN (wt / wt %) (30/70) 

ture surfaces of Ny66/PEN (wt / wt %) blends by 

cryogenic method: (a) (70/30), (b) (50/50) and (c) (30/70) 
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Fig. 4-13. SEM image of the frac

 

4. Conclusions 

Under the melt processing conditions that have been used, the PBT/PEN and Ny66/PEN 

blend systems have the common feature that there is no direct evidence of chem

ractions, i.e. the formation of covalent bonds, between the constituent hom

(see Chap.5).  In neither case are the blends fully miscible, but whereas N

ost completely immiscible with PEN, PBT shows partial miscibility that is r

uch smaller domain size. 

The microdispersed PBT phase in blends with up to 40 wt% PBT seem

reinforcing element and toughener, by increasing the impact strength of PEN to som
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extent while not significantly reducing the tensile strength.  At the sam

crystallisation temperature is reduced by nearly 40°C, which should m

processable at a much lower temperature than for pure PEN, although that aspect of the 

properties has yet to be confirmed by melt viscosity measurem

provement of the mechanical properties of PBT/PEN blends with addition of up to 50 

wt % PBT to PEN gives much benefit economically without a significant loss of other 

properties because of low cost of PBT. 

It is generally agreed that transesterification reaction gives improved m

chemical reaction is a necessary condition for miscibility.  However, in th

e time the 

ake the blends 

ents.  In addition, the 

im

iscibility, i.e., 

e absence of 

 in the interphase regions of the blends with dispersed 

PBT, we attribute the improved mechanical properties of the PBT/PEN blends to physical 

interactions occurring over the interfacial areas that are orders of magnitude larger, per 

unit mass of blend, than those in the corresponding Ny66/PEN blends, which have poor 

mechanical properties. 

In some respects the difference in properties of the two blend systems is contrary to 

expectations.  Ny66 and PBT have similar, relatively low glass transition temperatures, but 

Ny66 chains have abundant hydrogen bond donor (-NH) groups that might be expected to 

form hydrogen bonds to acceptor groups (-C=O and -O-) in PEN chains, which should 

promote miscibility of Ny66 and PEN.  The lack of apparent miscibility implies that 

polyamide-polyamide interactions are much stronger than polyamide-polyester 

teractions.   

In the PBT/PEN system (as in PET/PEN blends, which are miscible in some proportions) 

teractions such as hydrogen bonding.  However, the similar structures (both PEN and 

chemical bonding interactions [27]

in

the properties cannot be ascribed to chemical bonding interactions or to specific 

in
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PBT have ester groups, aliphatic chains and aromatic rings) may give some affinities to the 

PBT/PEN system. 
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CHAPTER 5. NMR Analysis  

of PBT/PEN Blends 
 

 

1. Introduction 

Because of the attractive properties of PEN [1], there have been many recent reports on 

blends with PEN as one of the components, including poly(ethylene terephthalate) 

(PET)/PEN [2-11], PET/poly-4hydroxybenzoate (PHB)/PEN [12-14], polyetherimide 

(PEI)/PEN [15, 16], PBT/PEN [17-21]and Ny66 (Nylon66)/PEN [22] systems.   

One of the important aspects of polymer blends is the miscibility or compatibility of the 

homopolymers in the blend systems.  The miscibility and transesterification of PET/PEN 

and PBT/PEN blends have been investigated using solid-state 13C CP (Cross polarization)/ 

MAS (Magic angle spinning) NMR spectroscopy [5, 6, 8-11, 18-20].  The procedure used 

was to remove the cross polarization of the protonated carbon atoms in PEN with the 

carbons in other polymer using deuterated PEN, and find the peaks arising from the cross 

polarization of the carbon atoms in PEN with the hydrogen atoms of the other polymer 

through delay decoupling and no decoupling 13C CP/MAS NMR. 

Recently we have made Ny66/PEN [22] and PBT/PEN [17] by extrusion and injection 

moulding, with the objective of improving properties of the component homopolymers.  

We found that while Ny66/PEN blends did not show better properties than the original 

homopolymers, PBT/PEN blends reveal improved tensile strength compared to those of 

the PBT and improved impact strength compared to those of the PEN, despite the fact that 

thermal analysis showed that in both systems two-phase blends were formed.  The 
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PBT/PEN system, however, exhibited partial miscibility, whereas Ny66/PEN mixtures 

showed virtually total immiscibility, and scanning electron microscopy revealed a domain 

size in PBT/PEN blends about 100 times smaller than in Ny66/PEN blends.  The tensile 

strength of PBT/PEN blends was improved compared to that of pure PBT (PBT: 54.7 

MPa, PBT/PEN (30/70 wt%): 65.4 MPa). 

The objective of the present investigation is to establish whether chemical interaction 

between the component homopolymers, through transesterification (ester interchange) 

reaction, for example, can account for the different behaviour of the two blend systems.  

An alternative hypothesis is that that the greatly reduced domain size may provide 

sufficient interaction energy between the two phases, which leads to enhancement of 

mechanical properties because of the expanded interfacial area in PBT/PEN blends, 

relative to the Ny66/PEN blend system. 

Our previous study of Ny66/PEN blends using NMR spectroscopy showed no chemical 

shift changes or new signals, and hence no new chemical bonds formed by blending Ny66 

and PEN.  In the present work we have focused on changes in chemical shifts and new 

signals of PBT/PEN blends that could arise from possible interchange reactions during 

melt processing.  

 

2. Experimental 

Polymers used in this study were PEN purchased from Teijin.Ltd and PBT (Arnite T06-

202) supplied kindly by DSM Engineering Plastics.  Pure PBT, pure PEN and PBT/PEN 

blends with 30, 40, 50, 60 and 70 weight % PEN were dried at 70oC for 48 hrs in vacuum.  

Mixtures were extruded with an Axon (model BX-18-286) single screw extruder and 

injection moulded using a BOY (model 50M) automatic injection-moulding machine at 
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250-280oC.  Samples of about 40 mg were dissolved in deuterated trifluoroacetic acid 

(TFA) (0.4 ml)/CDCl3 (0.4 ml, with 0.03 wt% tetramethylsilane) mixtures.  13C and 1H 

NMR spectra were obtained using a Bruker DRX-400 instrument; about 10000 scans were 

accumulated for13C spectra to improve the signal/noise ratio. 

 

3. Results and Discussion 

3.1. 1H NMR spectra 

Fig.5-1 shows the whole 1H NMR spectra of PBT, PEN and PBT/PEN blends, including 

the spectrum of deuterated TFA/CDCl3 solvent.   

01234567891011

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

TFA
CDCL3

1 2 3 4

a b c

TMS

Fig. 5-1. 1H NMR spectra of PBT, PEN and PBT/PEN (wt%/wt%) blends: (a) (0/100), (b) 

(30/70), (c) (40/60), (d) (50/50), (e) (60/40), (f) (70/30), (g) (100/0), (h) CDCl3 + 

TFA solvent. 
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The assignment of signals for the homopolymers is given in Table 5-1.  In the shielded 

upfield region methylene units of both PEN and PBT appear.  The deshielded downfield 

region shows aromatic ring hydrogens from naphthalene in PEN and benzene in PBT at 8-

9 ppm.  The signals at 7.3 and approximately 11.5 ppm are from chloroform and 

trifluoroacetic acid present as impurities in the deuterated solvents.  The chemical shift of 

the trifluoroacetic acid signal varies with blend composition. 

Table.5-1. Assignment of 1H NMR spectra of the homopolymers 

PBT Chemical shift/ppm PEN Chemical shift/ppm
a 8.192 H1 8.746 
b 4.576 H3 8.185 
c 2.101 H2 8.081 
  H4 4.955 
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Expanded scale spectra in the aromatic ring proton region are shown in Fig.5-2A; the 

spectra show small variations less than 0.02 ppm with blend composition, in the chemical 

shifts of the aromatic ring protons. 
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A. Aromatic ring hydrogens 
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B. TMS reference hydrogens 

Fig. 5-2. Expanded scale 1H NMR spectra of PBT, PEN and PBT/PEN (wt%/wt%) blends: 

(a) (0/100), (b) (30/70), (c) (40/60), (d) (50/50), (e) (60/40), (f) (70/30), (g) (100/0) 
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The expanded scale spectra in the TMS reference region (Fig.5-2B) confirm that the 

variation in chemical shift with blend composition shown by the aromatic ring protons is 

much larger than the variation in the chemical shift of the reference signal, and is not an 

experimental artifact.  Another fact is that the intensity of the signals at 8.18 and 8.08 from 

PEN is growing according to weight proportions. 

The possibility that the variation in the chemical shift of the aromatic ring protons is due to 

ester interchange between PBT and PEN must be considered.  A possible reaction, 

producing block or random copolymers of PET and poly (butylene naphthalate) (PBN) is 

shown in Fig.5-3. 
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+
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O
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O
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O
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Fig. 5-3. Possible ester-interchange reaction mechanism between PBT and PEN 
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If this reaction had occurred to a significant extent during melt processing, the NMR 

spectra of the blends should show new signals attributable to PET or PBN.  It has been 

reported that for PET/PEN blends a signal associated with PET/PEN copolymer by 

transesterification was obtained at 4.91 ppm after melting at 327 oC in a DSC pan [2].  In 

addition, the NET (Naphthalate/Ethylene/Terephthalate) triad peaks at 4.85 ppm have been 

found after 10 minutes melt-pressing [5, 6].  Signals from benzene at 8.159 ppm and from 

methylene 4.804 ppm should be found in our case of copolymer PET, however the signal 

at 4.804 ppm is not present in the spectra of our blends, which indicates that 

transesterification has not occurred to a significant extent.   

It seems, therefore, that the property enhancement that we have observed for PBT/PEN 

blends cannot be attributed to the formation of chemical bonds, via transesterification, 

which could be the source of mechanical strength of new blended materials [23], at the 

interface between the two phases.  A similar conclusion was reached by Guo in relation to 

PET/PEN and PBT/PEN blends, from 13C CP/MAS solid-state NMR experiments.  Use of 

a variety of dipolar decoupling techniques indicated molecular level mixing for these 

blends at any composition of PBT and PEN at 2-4 nm scale.  In relation to the solution 

NMR spectra, it seems likely that the small variation in chemical shift with blend 

composition is the result of molecular scale mixing of the homopolymers, occurring to a 

sufficient extent to produce partial miscibility and consequential enhancement of 

mechanical properties. 

 

3.2. Estimation of molar ratios from 1H NMR spectra 

Fig.5-4 demonstrates a typical integration of the area of hydrogen peaks for the PBT/PEN 

blend (50/50).  Looking at the number of hydrogens in PBT, the signals in a, b and c all 
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indicate four hydrogens.  In PEN the aliphatic part has 4 hydrogens and aromatic 

naphthalene (H1, H2 and H3) has 2 hydrogens correspondingly.    

Fig. 5-4. Typical integration of area of hydrogen signals of PBT/PEN blend (50/50) 

00112233445566778899101011111212

 1.0 

 4.3 

 2.0 

 2.3  2.3 

1

2+3+a

4
b c

Table.5- 2. Integration of area of hydrogen signals of PBT/PEN blends 

Peaks Area (arbitrary unit) 
PBT/PEN 

(wt%/wt%) 1 
(PEN) 

2 + 3(PEN) + 
a(PBT) T) 

Molar Ratio: 
4/(4+b) 

4 
(PEN) 

b 
(PBT) 

c 
(PB

0/100 1.0 2.0 2.0    
30/70 1.0 3.0 2.1 1.0 1.0 0.68 
40/60 1.0 3.7 2.1 1.6 1.6 0.57 
50/50 1.0 4.3 2.0 2.3 2.3 0.47 
60/40 1.0 5.5 1.9 3.5 3.5 0.35 
70/30 1.0 8.9 2.3 6.6 6.6 0.26 
100/0  1.0  1.0 1.0  

All areas of distinc ks were integrated d are n in e 2 excep  benzene and 

naphthalene peaks, which are added together because of the difficulty of separate 

t pea an give Tabl t
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integration.  Comparing the number of hydrogens, the signals at 4.576 ppm (b) in PBT and 

4.955 ppm (H4) in PEN both correspond to four hydrogens.  This makes it much easier to 

compare the molar ratio of each blend.  By dividing the area of H4 in PEN by the total area 

of H4 in PEN and b in PBT, the molar ratios of the components in the blends are obtained 

(Table 2), and are in accordance with the weight ratio and support the spectral 

assignments. 

 

3.3. 13C NMR spectra 

ig.5-5 displays the entire 13C NMR spectra of PBT, PEN, PBT/PEN (wt%/wt%) blends 

t. 

Fig. 5-5. 13C NMR spectra of PBT, PEN and PBT/PEN (wt%/wt%) blends: (a) (0/100), (b) 

(30/70), (c) (40/60), (d) (50/50), (e) (60/40), (f) (70/30), (g) (100/0), (h) CDCl3 + 

TFA solvent 

F

and deuterated TFA/CDCl3 solven
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The assignment of C NMR spectra of the homopolymers was given in Table 5-3, which 

agrees with previous work [24]. 

Table.5-3. Assignment of 13C NMR spectra of the homopolymers 

PBT Chemical shift/ppm PEN Chemical shift/ppm

13

a 169.04 C6 169.46 
b 134.06 C5 135.44 
c 130.32 C4 131.98 
d 66.88 C1 130.63 
e 25.28 C3 128.85 
  C2 126.18 
  C7 64.38 
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T n o agnified in 

Fig 6, and it  that the s no dis variation of the chemical shifts of the 

ring carbons with blend compo n excep y of PEN relative to PBT according to 

weight proportions.  Again, if transesterification of PBT and PEN were to occur according 

to the reaction mechanism in F -3, a new from copolymer PET should appear at 

round 63.8 ppm [5] from two methylene carbons.  The absence of such a signal provides 

he spectral region correspo ding t  signals from aromatic ring carbons is m

.5-  is clear re i cernible 

sitio t intensit

ig.5  signal 

a

Characterisation of PEN-based Polymer Blends                                         Dylan D. Jung 



Chapter 5. NMR Analysis of PEN/PBT Blends 109

additional confirmation that transesterification did not take place to a significant extent 

during melt processing of the blends. 

126127128129130131132133134135

5 4 3 1 2

b c

(a)

(b)

(c)

(d)

(f)

Fig. 5-6. Expanded scale C NMR spectra of the aromatic ring carbons of PBT of 

 

 

4. Conclusions 

The absence of new signals in 1H and 13C spectra, that would be expected to result from 

transesterification reactions in the PBT/PEN blend system, provides convincing evidence 

that such reactions do not occur in these blends under the melt processing conditions that 

we used.  In the light of published work on solid-state NMR studies of these and related 

blend systems, and our observations of partial miscibility with a very small domain size, 

(e)

(g)

 

13

PBT/PEN (wt%/wt%) blends: (a) (0/100), (b) (30/70), (c) (40/60), (d) (50/50), (e) (60/40), 

(f) (70/30), (g) (100/0) 
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together with substantial enhancement of the mechanical properties of PBT by blending 

with PEN, we conclude that the improvement in mechanical properties arises from 

molecular scale mixing of the homopolymers and strong but non-covalent bonding 

interactions over the very large interfacial area between the PBT-rich and PEN-rich 

phases. 
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CHAPTER 6. Spectroscopic 

Analysis of PBT/PEN Blends 
 

 

1. Introduction 

Various experimental tools are utilised today for qualitative and quantitative analyses of 

polymers, such as Raman, infrared, NMR, magnetic measurements and the diffraction 

methods (electron, x-ray and neutron).  Since each technique has its advantages and 

disadvantages, the combination of different methods will give much more information on 

the materials researched.  Consequently, four different analytical techniques are combined 

here, namely FT-IR (Fourier transform infrared spectroscopy), Raman spectroscopy, X-

RD (X-ray diffraction) and XPS (X-ray photoelectron spectroscopy) to analyse the 

characteristics of PBT/PEN blends, especially focused on the possible new chemical bonds 

arising from the interchange reactions between the two homopolymers. 

The vibrational transitions can be observed in either IR or Raman spectra [1-6].  In IR 

spectra, the absorption of infrared light by the sample can be measured as a function of 

frequency.  The molecule absorbs ΔE = hν from the IR source at each vibrational 

transition.  The origin of Raman spectra is markedly different from that of IR spectra.  In 

Raman spectroscopy, the sample is irradiated by intense laser beams in the UV-visible 

region, and the scattered light is usually observed in the direction perpendicular to the 

incident beam.  To determine whether the vibration is active in the IR and Raman spectra, 

selection rules must be applied to each normal vibration.  Since the origins of IR and 

Raman spectra are markedly different, their selection rules are also distinctively different. 
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According to quantum mechanics, a vibration is IR-active if the dipole moment is changed 

during the vibration and is Raman-active if the polarisability is changed during the 

vibration.  Some vibrations are inherently weak in IR and strong in Raman spectra. 

Examples are the stretching vibrations of the C≡C, C=C, P=S, S−S and C−S bonds. In 

general, vibrations are strong in Raman if the bond is covalent, and strong in IR if the bond 

is ionic (O−H, N−H).  Bending vibrations are generally weaker than stretching vibrations 

in Raman spectra.  However, in most cases the IR and Raman data are complementary, and 

it is helpful, even necessary, to have both for complete structural elucidation. 

X-ray diffraction [7-9] is a widely used technique of polymer characterisation that can 

provide information concerning both the crystalline and amorphous states.  WAXS (Wide-

angle X-ray scattering) is used for the determination of fractional crystallinity as well as 

crystalline dimensions.  In certain ways polymers that crystallise are distinctly different in 

their characteristics to equivalent low molecular weight materials. Two of the most 

revealing experimental aspects of these differences concern the types of patterns observed 

in X-ray (and electron) diffraction experiments and the range of temperatures over which 

polymer materials melt.   

X-ray photoelectron spectrometers [10-12] became commercially available in 1969 and 

XPS was first used to study polymers shortly thereafter.  Twenty years later, XPS is the 

most widely used analytical technique for studying polymer surfaces and over 100 papers 

on this subject are published annually.  Surface analysis by XPS involves irradiating a 

solid in vacuo with monoenergetic soft x-rays and analysing the emitted electrons by 

energy.  The spectrum is obtained as a plot of the number of detected electrons per 

energy interval versus their kinetic energy.  Each element has a unique spectrum.  The 

spectrum from a mixture of elements is approximately the sum of the peaks of the 
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individual constituents.  Because the mean free path of electrons in solids is very small, 

the detected electrons originate from only the top few atomic layers, making XPS a 

unique surface-sensitive technique for chemical analysis.  Quantitative data can be 

obtained from peak heights or peak areas, and identification of chemical states often can 

be made from exact measurement of peak positions and separations, as well as from 

certain spectral features.  

 

 

2. Experimental 

2.1. Material 

Polymers used in this study were PEN from Teijin Ltd (PN-550) and PBT (Arnite T06-

202) supplied by DSM Engineering Plastics.  PEN, PBT and PBT/PEN mixtures in the 

proportions (wt/wt), 70/30, 60/40, 50/50, 40/60 and 30/70 were prepared by the same 

procedures used for the previous experiments [13]. 

 

2.2. Experimental Details 

FTIR−photoacoustic spectroscopy (PAS) was carried out using a BIO-RAD FTS-60 

instrument on small pieces of chopped injection-moulded samples, with the photoacoustic 

cell purged with nitrogen.  Spectra were obtained in the stacked view mode of all the pure 

and blends together. 

A Renishaw (Model 1000) Raman spectrometer (Appendix Fig.B-14) was utilised for 

Raman spectroscopic analysis using a 488 nm blue laser, which compasses 4000 − 100 

cm−1.  Samples were cut into small size block before analysis. 
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A Bruker (Model AXS D8 ADVANCE) X-ray diffractometer (Appendix Fig.B-15) was 

used to measure the intensity (counts) against the diffraction angle (2θ) in the range 5° − 

40°.  Two types of samples were used for XRD analysis: (a) unannealed sample  (b) 

sample annealed at 200 °C for 19 hrs.  The X-ray source used was Cu Kα with the 

wavelength 15.4051 nm. 

X-ray photoelectron spectroscopy was carried out with a Kratos XSAM800 instrument 

using Mg Kα (1253.6 eV) X-ray source.  The samples were hacksawn before being put into 

the environmental chamber, outgassed for three days, and then transferred to the analytical 

chamber whose pressure was below 1×10−9 Torr for XPS analysis.  Wide, narrow and 

valence scans for samples were obtained with 65, 20 and 20 eV pass energies.  

 

 

3. Results and Discussion 

3.1. FT-IR spectroscopy 

Fig.6-1 shows that the labelled major functional groups in the frequency regions are 

present in the pure PEN, PBT and five different PBT/PEN blends (Appendix D – 

respective spectrum) according to weight proportions.  Around 3060 cm−1 small peaks 

from an aromatic C−H stretch vibration and around 2960 cm−1 large peaks from an 

aliphatic C−H stretch vibration are shown.  Both small and large peaks are present in PEN, 

but small peaks are hardly to be seen in PBT.  This means that the peaks from long 

aliphatic parts are more dominant than those from the aromatic parts in PBT and the peaks 

from the two aromatic rings (naphthalene) are shown in PEN because of the shorter carbon 

chains of PEN compared to the long carbon chains of PBT.  In PBT/PEN blend around 
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3000 cm−1 the peaks from the aliphatic part increase and those from the aromatic parts 

decrease according to the increase of PBT proportions.  The other major peaks are shown: 

C=O around 1730 cm−1, aromatic C=C around 1600 cm−1, C−O around 1290 cm−1 and 

aromatic out of plane bending vibration (OOP-CH) around 730 cm−1.  Unlabelled peaks 

are from methylene groups (CH2) around 1450 cm−1 and from ester groups of phthalate 

and naphthalate around 1200 − 1050 cm−1.  The additional fine peaks usually come from 

C−C stretch vibration that is not interpretatively useful owing to the large number of peaks 

and from the presence of weak overtone, combination and difference bands [14]. 
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Fig.6-1. FTIR spectra of PBT/PEN (wt% / wt%) blends:  (a) 0/100, (b) 30/70, (c) 40/60, 

(d) 50/50, (e) 60/40, (f) 70/30 and (g) 100/0. 

Fig.6-2, which shows expanded scale peaks of Fig. 6-1 in the range 2000 − 500 cm−1, 

reveals the frequency shifts of several functional groups according to the weight 
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proportions of the components of the blends.  The peaks of carbonyl groups (C=O around 

1730 cm−1) from the ester in PEN and PBT are shifting from 1734.5 cm−1 to 1728.3 cm−1 

in accordance with the decrease of weight proportions of PEN.  Two aromatic C=C peaks, 

the one from the naphthalene ring of PEN at 1603.5 cm−1 and the other from the benzene 

ring of PBT at 1577.3 cm−1, are shifting and the sizes of peaks are decreasing as the weight 

proportion of each component decreases.  The peaks of C−O from the ester in PEN and 

PBT are also changing from 1295.4 cm−1 to 1290.1 cm−1, which shows the general trend of 

weight proportions of the constituent polymers.   
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Fig.6-2. Expanded FTIR spectra of PBT/PEN (wt% / wt%) blends:  (a) 0/100, (b) 30/70, 

(c) 40/60, (d) 50/50, (e) 60/40, (f) 70/30 and (g) 100/0. 

The frequency shift and change in intensity of the peaks are in accordance with the change 

of weight proportions of each component for two aromatic out of plane bending vibration 
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peaks arising from naphthalene (around 770 cm−1) and benzene (around 730 cm−1).  These 

changes of frequency and intensity of major peaks, and the absence of new bands arising 

from a chemical reaction, indicate that there is no significant interchange reaction between 

PEN and PBT under the used blending conditions (a short residence period during 

extrusion and injection moulding). 

 

3.2. Raman spectroscopy 

Fig.6-3 shows the Raman spectra of PBT/PEN blends (Appendix E – respective spectrum) 

over the whole frequency range.  Some of vibrations for PBT/PEN blends are more 

Raman-active, others are more IR-active and some are active in both Raman and IR.   
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Fig.6-3. Raman spectra of PBT/PEN (wt% / wt%) blends:  (a) 0/100, (b) 30/70, (c) 40/60, 

(d) 50/50, (e) 60/40, (f) 70/30 and (g) 100/0. 
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Around 3060 cm−1 small peaks from an aromatic C−H stretch vibration and around 2960 

cm−1 large peaks from an aliphatic C−H stretch vibration in IR, appear as medium peaks in 

Raman.  The peak for C=O around 1720 cm−1 is distinct in Raman as in IR.  Two aromatic 

C=C peaks around 1640 − 1610 cm−1 in Raman are conspicuous as in IR.  However, the 

C=C stretch vibration Raman peak from aromatic ring is strong for PEN around 1479 cm−1 

but very weak in PBT around 1457 cm−1.  One distinguished peak in Raman is from the di-

substituted naphthalene ring of PEN around 1390 cm−1, which is absent in PBT [15]. 
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Fig.6-4. Expanded Raman spectra of PBT/PEN (wt% / wt%) blends:  (a) 0/100, (b) 30/70, 

(c) 40/60, (d) 50/50, (e) 60/40, (f) 70/30 and (g) 100/0. 

Expanded scale Raman spectra of PBT/PEN blends are shown in Fig.6-4.  The peaks of 

C=O at 1721 cm−1 from PEN and at 1715 cm−1 from PBT are superimposed and the 

Raman shift varies according to the proportions of the homopolymers.  Two aromatic C=C 

peaks, the one from the naphthalene ring of PEN at 1635 cm−1 and the other from the 
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benzene ring of PBT at 1613 cm−1 are also shifted and the intensities of the peaks are 

changed in accordance with the weight proportions of the blend components.  The C=C 

stretch vibration peak from aromatic ring around 1479 cm−1 and the di-substituted 

naphthalene ring vibration of PEN around 1390 cm−1 follows the same trend.  However, 

there are no new bands in the observed Raman spectra of the blends.  The implication is 

that there is no significant interchange reaction between PEN and PBT under the melt 

blending and injection moulding conditions used. 

 

3.3. X-ray diffraction (X-RD) 

Wide-angle X-ray scattering (WAXS) diffraction scans for unannealed and annealed 

blends are shown in Fig.6-5 and 6-6 respectively.  
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Fig.6-5. WAXS of unannealed PBT/PEN (wt% / wt%) blends:  (a) 0/100, (b) 30/70, (c) 

40/60, (d) 50/50, (e) 60/40, (f) 70/30 and (g) 100/0. 
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Fig.6-5 for the unannealed samples shows a broad diffuse signal for amorphous PEN, 

which is due to rapid quenching after injection moulding.  However, PBT shows partial 

crystallisation under the same moulding conditions, which means that PBT crystallises 

more rapidly than PEN.  This result agrees with the previous DSC scan [13], in which PEN 

shows higher crystallisation peak around 210 oC than PBT after cooling at -50 oC for 5 

minutes and heating at 10 oC min-1 to 300 oC for the injection-moulded samples.  The 

blended samples of Fig.6-5 (b) − (f) appear non-crystalline except for the reflections at 

angles of 9.4°, and 28.7° that are from PBT.  This means that PBT crystallises more 

rapidly than PEN and has a greater influence on the ability of the bends to crystallise. 
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Fig.6-6. WAXS of annealed PBT/PEN (wt% / wt%) blends at 200 °C for 19 hrs in an 

oven:  (a) 0/100, (b) 30/70, (c) 40/60, (d) 50/50, (e) 60/40, (f) 70/30 and (g) 100/0. 

Fig.6-6 shows the remarkably different diffraction patterns of the samples after annealing.  

PEN has strong reflections at the diffraction angles of 15.5° (α-phase: 010), 23.4° (α-
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phase: 100) and 27.1° (α-phase: -110), and PBT at 9.4°, 16.2°, 17.3°, 20.8°, 23.4°, 25.4° 

and 28.7° [16-19].  Even though the reflections of PEN and PBT overlap at two major 

peaks (around 16° and 23°) all major peaks show the decrease and increase of the 

crystalline part from PEN and PBT according to the weight proportions of the components.  

One notable point is that PEN under our moulding condition was amorphous and became 

α-PEN after annealing, in accordance with previous report [16].  The WAXS result also 

shows that the reflections from the components of the blends behave like simple addition 

of two components, which indicates that there was no significant crystal structure change 

arising from possible chemical reactions between the two homopolymers. 

 

3.4. X-ray photoelectron spectroscopy (XPS) 

The XPS survey spectra of the PBT/PEN blends in Fig.6-7 show that the O 1s and C 1s 

peaks are around 533 and 285 eV (binding energy).  Because the atomic concentrations of 

Oxygen and Carbon (around 70:30 % in both PEN and PBT) are very close it is not useful 

to draw a graph of atomic concentrations against weight proportions of one component of 

the blends as in the previous paper [20].  Auger spectra of C KVV and O KVV are shown 

in the survey spectra (Fig.6-7) at around 990 and 740 eV (Binding energy).  Curve fitting 

of the C1s band in Fig.6-8 enables assignment of sub-peaks of pure PBT, where the ratio 

of the atomic concentrations of C1, C2, C3 and C4 is roughly 3: 1: 1: 1 (Table 6-1), which 

matches the numbers of C1, C2, C3 and C4 (6, 2, 2 and 2) in the repeating unit of PBT. 

Sub-band analysis of the oxygen band for pure PBT is shown in Fig.6-9.  Here again the 

numbers of O1 and O2 in the repeating unit of PBT correspond to 2 and 2 and the area ratio 

is roughly 1: 1.   
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Fig.6-7. XPS survey spectra of PBT/PEN (wt% / wt%) blends:  (a) 0/100, (b) 30/70, (c) 

40/60, (d) 50/50, (e) 60/40, (f) 70/30 and (g) 100/0. 

 

Fig.6-8. Sub-band analysis of the C1s scans for PBT 

Characterisation of PEN-based Polymer Blends                                         Dylan D. Jung 



Chapter 6. Spectroscopic analysis of PBT/PEN Blends 124

The XPS analysis of PEN is omitted since it is as reported previously [20].  The detailed 

m (FWHM) and atomic 

ted in Table 6-1. (All 

assignm

At the binding energy of 0 eV there is Fermi level, which is the highest occupied 

molecular orbital from which electrons can escape free without any required energy, and 

the valence band shows the spectrum the vicinity of the Fermi level.  Fig.6-10 shows 

valence spectra of PBT/PEN blends, which are more sensitive to molecular structure than 

the core lines since the core lines only indirectly reflect changes in the valence electron 

distribution.  The peaks O 2s span 28 − 34 eV for pure PEN, PBT and PBT/PEN blends.  

The shapes of the valence spectra reveal changes according to weight proportions and are 

characteristic of each material.   

XPS data including binding energies, full widths at half maximu

concentration (%) from narrow scans of pure PBT and PEN are lis

ents are based on the literature [10, 11, 20].)   

Fig.6-9. Sub-band analysis of the O1s scans for PBT. 
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Table.6-1. Binding energies, full widths at half maximum (FWHM) and atomic 

concentration (%) from narrow scans of pure PBT and PEN. (GL Mixing ratio: 

Gaussian-Lorentzian) 

C1s O1s 
 1 2 3 4 1 2 

BE (eV) 285.00 284.49 286.04 288.79 531.00 532.46
FWHM (eV) 1.45 1.11 1.63 1.50 1.68 1.64 

Atomic Concentration (%) 50.30 18.02 17.26 14.42 50.5 49.4 
Sensitivity Factor 0.25 0.25 0.25 0.25 0.66 0.66 

PBT 
 

Mixing ratio (GL) 80 80 80 80 80 80 
BE (eV) 285.00 286.76 289.13   532.78 531.12

FWHM (eV) 1.24 1.46 1.32   1.56 1.39 
Atomic Concentration (%) 71.94 14.33 13.73   55.12 44.88 

Sensitivity Factor 0.25 0.25 0.25   0.66 0.66 

PEN 
 

Mixing ratio (GL) 80 80 80   80 80 
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Fig.6-10. Valence spectra of PBT/PEN (wt % / wt %) blends:  (a) 0/100, (b) 30/70, (c) 

40/60, (d) 50/50, (e) 60/40, (f) 70/30 and (g) 100/0. 
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4. Conclu

FT-IR spect t majo ctional group bands such as aromatic H 

around 3060 cm− c C−H a 9 , roun 173  

C o  v n  1 −1 an arom t  

bending vibr m−1, from which the structures of pure PEN and PBT can 

be deduced without difficulty, but new bands arising from interchange reactions were not 

found.   

In the Raman spectra C−H, C=O and aromatic C=C peaks are as distinct as in IR.  

However, C=C stretch vibration peak from aromatic ring around 1479 cm−1, and the band 

corresponding to di-substituted naphthalene ring of PEN around 1390 cm−1 appear only in 

Raman spectra.  The Raman spectra of the blends are consistent with the structures of the 

PEN and PBT, and there is no evidence of new bands resulting from interchange reactions.   

The wide-angle X-ray scattering (WAXS) for unannealed and annealed samples showed 

that in the unannealed samples PEN was amorphous and PBT partially crystalline, 

indicating that under the moulding conditions of quick quenching after injection PBT 

crystallises more rapidly than PEN.   

However, the samples after annealing show much greater crystallinity, and formation of 

the α-PE tions attributable to PBT and 

EN, which is again consistent with absence of chemical reactions, in this case solid-state 

omopolymers. 

The curve fitting of the narrow scans of C1s of PBT XPS spectrum shows the assignment 

of sub-peaks of pure PBT, where the ratio of the atomic concentrations of C1, C2, C3 and 

4 1 2 3 4
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=C ar und 1600 cm−1, C−O stretch ibratio around 290 cm d atic ou of plane
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reactions, between the h

C  is roughly 3: 1: 1: 1, which matches the numbers of C , C , C  and C  (6, 2, 2 and 2) in 
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the repeating unit of PBT.  Sub-band analysis of oxygen narrow scans for pure PBT 

showed that the numbers of O1 and O2 in the repeating unit of PBT correspond to 2 and 2 

and the area ratio is roughly 1: 1.  There are shifts in binding energies for the PBT/PEN 

e about 40°C below the melting temperature of PBT 

blends, but it is difficult to show unequivocally from the XPS scans that the shifts are the 

result of interchange reactions that have taken place during blending and injection 

moulding because there is an obvious change according to change of weight proportions of 

homopolymers. 

The data from the four spectroscopic techniques we employed are consistent with the 

PBT/PEN blends produced by melt blending and injection moulding being composed of 

PEN and PBT homopolymers.  While the homopolymers may be partially miscible, there 

is no evidence for ester interchange reactions having taken place during melt processing.  

In addition, annealing at a temperatur

allows partial crystallisation of the homopolymers to occur, but gives rise only to 

reflections that are attributable to PBT and PEN.   
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CHAPTER 7. Viscoelastic  

Properties of PBT/PEN Blends 
 

 

1. Introduction 

The behaviour of a viscoelastic material lies between that of an elastic solid and that of a 

viscous fluid.  When a constant stress is applied to a viscoelastic material, the resulting 

strain increases with time at a decreasing rate and this is known as creep.  In the case of a 

viscoelastic material undergoing a constant strain, the resulting stress decreases with time 

and this is known as relaxation [1].  These phenomena could predict long-term effect to the 

viscoelastic materials.  A lot of work has been carried out on the stress relaxation of the 

polymeric materials with the changes of time at different temperatures [2-8].  Different 

annealing times above the glass transition temperature and various relaxation times were 

applied for the relaxation behaviour of an amorphous poly(ethylene naphthalate) (PEN) by 

Cerrada et al [2].  In this work we used different levels of temperature, PEN content and 

initial stress to investigate the stress relaxation behaviour of PBT/PEN blends and, PEN 

and poly(butylene terephalate) (PBT) homopolymers, in addition to the other 

characteristics of PBT/PEN and Nylon 66/PEN blends we have done previously [9-11]. 

Taguchi method of experimental design is usually utilised to investigate the influence of 

factors on variability of a given response [12, 13].  However, in this work Taguchi method 

has been used purely to examine the effects and interaction effects of a number of factors 

on a given response.  A two-level full factorial experimental design method was used 

because three factors and interaction effects can be placed within 8 trials, whereas 
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fractional designs could be more suitable for a large number of factors and trials to get a 

quicker result for main effects without interaction effects. 

Four different equations [14] based on Maxwell model were simulated for the 

experimental data of stress relaxation curves of PBT/PEN blends and homopolymers and a 

prediction within a certain range of conditions was tried after acquiring some coefficients 

for the equations.  

 

 

2. Experimental 

2.1. Material 

Polymers used in this study were PEN purchased from Teijin.Ltd (PN-550) and PBT 

(Arnite T06-202) supplied by DSM Engineering Plastics.  Pure PBT, pure PEN and 

PBT/PEN blends with 30, 60 and 70 weight % PEN were dried at 70oC for 48 hrs in 

vacuum.  Mixtures were extruded with an Axon (Model BX-18-286) single screw extruder 

and injection moulded using a BOY (Model 50M) automatic injection-moulding machine 

at 250-280oC.  Tensile specimens were manufactured in accordance with ASTM standard 

D 638M (l: 200 mm, t: 4 mm, type1).   

 

2.2. Experimental Details 

An Instron testing machine (Model 5567) fitted with an Instron environmental chamber 

(Model 3119-006) was used to carry out the viscoelastic testing.  The environmental 

chamber was capable of temperature control with PID controller.  After the environmental 

chamber was equilibrated to the desired temperatures (30 and 60 oC), the specimen was 
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gripped between two sets of jaws 130 mm apart and then was allowed to equilibrate to the 

conditions within the chamber for a period of 30 – 40 minutes.  Once equilibrated, tensile 

stress was applied to the specimen by moving the upper grip at a constant rate (5 mm min-1 

crosshead speed).  When the desired initial stress had been reached, movement of the grip 

was halted and the decrease in stress with time (relaxation) was recorded for a period of 50 

minutes. 

The Taguchi method of experimental design was used to analyse how different levels of 

temperature, PEN content and initial stress affect the relaxation behaviour of PBT/PEN 

blends and homopolymers.  The Taguchi method requires a quantifiable outcome to 

determine the effect of changes in different parameters.  The quantifiable outcome that was 

selected was the stress after a period of 50 minutes as a percentage of initial stress.  Two 

separate eight-run, two level experiments each based on three factors were used to analyse 

the relaxation behaviour of PBT/PEN blends and homopolymers.  These were full factorial 

experimental designs, as every possible combination of the three factors at each of the two 

levels was trialed.   

The three factors used in Experiment 1 were temperatures of 30 and 60°C, initial stresses 

of 7 and 17 MPa, and PEN contents in PBT/PEN blends of 30 and 60 wt% as shown in 

Table 7-1.  The three factors in Experiment 2 were the same as in Experiment 1 except for 

pure PBT and PEN of two homopolymers as shown in Table 7-2.  The reason why the 

same temperatures and initial stress were used in the first and second experiment was to 

compare the percentage stresses according to PEN content after completing each set of 

experiment.  The initial stress level of 17 MPa was determined as approximately 25% of 

the maximum tensile stress of PEN.  Rather than using the 25% of the maximum tensile 

stress of PBT (i.e. 14 MPa), 7 MPa was used considering that close initial stress would not 

differentiate the stress relaxation behaviour of the specimens.  All level 1 of the factors in 
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Tables 7-1 and 7-2 were placed in accordance with the expected lower final stress 

relaxation percentage between two levels of each factor, i.e. the low content of PEN, the 

high temperature and the high initial stress were predicted to result in the lower relaxation 

percentage (i.e. faster relaxation rate).  The trials, listed in Table 7-1 and 7-2, were 

conducted in a random order to help prevent any unexpected factors, which change with 

time distorting the analysis and resulting in misleading conclusions [12]. 

 

 

 

 

 

Table.7-1. The different conditions in 

Experiment 1 as assigned by Taguchi 

method for analysing the relaxation 

behaviour of PBT/PEN blends 

Table.7-2. The different conditions in 

Experiment 2 as assigned by Taguchi method 

for analysing the relaxation behaviour of 

PBT/PEN homopolymers  

 
A: PEN  
(wt %) 

B:Temperature 
(

C:Stress   
(MPa) 

B:Temperature 
(

C:Stress   
(MPa) A: Polymer oC)  oC) Standard Standard 

Order Order 

30 60 60 30 17 7  PBT PEN 60 30 17 7 Trial Trial 
Number Number 

 L1 L2 L1 L2 L1 L2 L1 L2 L1 L2 L1 L2 

          1       1 

          2       2 

          3       3 

          4       4 

          5       5 

          6       6 

          7       7 

          8       8 

* L1 and L2 represent level 1 and 2. 
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3. Results and Discussion 

3.1. Taguchi method of experimental design 

All of the stress relaxation curves obtained for the trials outlined in Table 7-1 and 7-2 are 

shown in Fig.7-1 and Fig.7-2.  As expected, the trends of the relaxation behaviour of 

PBT/PEN blends are very similar to those of homopolymers in that an increase in 

temperature results in an increase in the amount and rate of stress relaxation.   
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Fig.7-1. Stress relaxation curves of PBT/PEN blends at different temperatures and initial 

stress (NB37 means PEN 30 wt% and PBT 70 wt% of PBT/PEN blends, and NB64 

means PEN 60 wt% and PBT 30 wt% of PBT/PEN blends.  The order of a curve 

matches with that of the legend.):  (a) at 7 MPa  (b) at 17 MPa   (NOTE: Since σ(t) 

is divided by constant initial strain (εo), E(t) vs time graphs will only change the 

positions in the vertical direction and shapes will be the same.) 

 

In addition, the relaxation response at a given stress is in accordance with weight content 

of PEN, in which high proportion of PEN results in slow stress relaxation.  According to 

the previous tensile test, the tensile strength at yield among different kinds of specimens 
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PEN (67.9 MPa) has the highest value (PBT: 54.7 MPa).  This agrees well with the trend 

found in the each relaxation curve.  The relaxation rate at 17 MPa is faster than at 7 MPa, 

while the effect in the trend at different initial stresses is small in comparison with other 

factors.   
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Fig.7-2. Stress relaxation curves of homopolymers at different temperatures and initial 

stress (The order of a curve matches with that of the legend.): (a) at 7 MPa  (b) at 

17 MPa.  (NOTE: Initial Strains (ε o) of PBT and PEN (7 MPa, 30o C) are 0.46 and 

0.39 %.  Initial Strains (εo) of PBT and PEN (17 MPa, 30oC) are 1.22 and 1.15 %.).   

 

Maxwell Model [15] could explain the stress relaxation curve of the tested polymers.  The 

mechanical response of viscoelastic bodies such as polymers are poorly represented by 

either the spring model which is responsible for elastic property or the dashpot model 

which is responsible for viscous property.  A better approximation would result from a 

series of combination of the spring and dashpot elements.  Assume that a polymer behaves 

as a linear combination of perfectly elastic behaviour in accordance with Hooke's law and 

perfectly viscous behaviour in accordance with Newton's law.  In a stress relaxation 
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experiment, if an instant stress is applied to a specimen and it reaches some strain, the 

stress changes to maintain a constant strain.  The instantaneous strain will be realised only 

in the spring element and the dashpot will gradually relax so that the stress decreases as a 

function of time.  The derived equation from Maxwell model can be plotted as an 

exponential graph with relaxation stress vs time. 

Table.7-3. Response Table for Experiment 1(PBT/PEN Blends) 

(wt %) Temperature   
(o (MPa) AB AC BC A: PEN     B: C: Stress   

C) 
Random Standard Percentage 

30 60       60 30 17 7 

Order 

N  

Order 

N  

of  Initial 

50 min (%) 
L1 L2 L1 L1 L2 L1 L2 L1 L2 L1 L2 

Trial Trial Stress at 
umber umber

 L2 

4 1 63.64 63.6 63.6 63.6  63  .6  6  3.6  63.6

1 2 65.38 65.4 65.4 
 

 65.4
 

65.4 65.4  65.4

8 3 73.13 73.1 73.1 73.1  73.1  73.1 73.1
 

5 4 73.73 73.7 

 

 
73.7  73.7 73.7 73.773.7 

6 5 65.26 65.3 65  .3 65.3  65.3 6  5.3
  

65.3
 

3 6 66.87 66.9 66.9 
 

 66.9 66.9  6  66.96.9

2 7 74.58 74.6 74.6 74.6  74.6 74.6  74.6
 

7 8 76.05 

 

  
76.1 76.1  76.1 76.1  76.1  76.1

Total 275.9 261.1 282.0 279.0 27 7 278.7558.63 282.8 297.5 276.6 279.7 278.9 9. 280.0

Nu er of Va s 4 4 4 mb lue 8 4 4 4 4 4 4 4 4 4 

A  verage 69.83 69.0 70.7 65.3 74.4 69.2 70.5 69.7 69.9 69.7 69.9 70.0 69.7

Effect  1.7 9.1 1.4 0.2 0.2 -0.3 

 

The response tables for Experiments 1 and 2 are shown in Table 7-3 and 7-4 respectively.  

The layout for these response tables was obtained from Lochner and Matar [12].  The 

response values used in these tables are the stress after a period of 50 minutes as a 

percentage of the initial stress.  These tables are used as a means for calculating the effects 

of each factor and also the interaction effects between the various factors.  The main 

effects are calculated in the columns labelled A, B, and C, while the interaction effects are 

calculated in the columns labelled AB, AC, and BC. All these effects are calculated by 
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subtracting the Level 1 average from the Level 2 average.  For example, the effect for 

temperature (factor B) in Table 7-3 is (74.4 %) – (65.3 %) = 9.1 %.  It should be noted that 

some of the values shown in Tables 7-3 and 7-4 have been rounded to three significant 

figures and therefore do not give exactly the same answers when recalculated. 

Table.7-4. Response Table for Experiment 2 (PBT and PEN Homopolymers) 

(oC) (MPa) BC A: Polymer B: Temperature C: Stress   AB AC 

PBT PEN 60 30 17 7       

R
Order 

N  

Order 

N  

of Initial 

50 min (%) L1 L2 L1 L  L1 L2 L1 L2 L1 L2 

andom Standard Percentage 

Trial Trial Stress at 
umber umber L2 1 L2

4 1 63.00 63.0 63.0 63.0  63  .0  6  3.0  63.0

1 2 64.20 64.2 64.2 
 

 64.2
 

64.2 64.2  64.2

8 3 72.42 72.4 72.4 72.4  72.4  72.4 72.4
 

5 4 72.76 72.8 

 

 
72.8  72.8 72.8 72.872.8 

6 5 67.65 67.7 67 7 . 67.7  67.7 6  7.7
  

67.7
 

3 6 68.56 68.6 68.6 
 

 68.6 68.6  6  68.68.6

2 7 77.34 77.3 77.3 77.3   77.3 77.3  77.3
 

7 8 78.61 

 

 
78.6 78.6  78.6  78.6  78.6  78.6

Total 272.4 263.4 301.1 284.1 281.4 282.6 282.0564.54 292.2 280.4 283.2 282.0 282.5

Number of V es 4 4 alu 8 4 4 4 4 4 4 4 4 4 4 

A  verage 70.57 68.1 73.0 65.9 75.3 70.1 71.0 70.3 70.8 70.5 70.6 70.6 70.5

Effect  4.9 9.4 0.2 0.9 0.4 -0.1 

 

A graphical representation of the estimated main and interaction effects for Experiments 1 

and 2 are illustrated in Fig.7-3 and Fig.7-4 respectively.  The averages at the bottom of the 

columns in Tables 7-3 and 7-4 labelled “Percentage of Initial Stress at 50 min” are the 

values for which the x-axis intercepts the y-axis in Fig.7-3 and Fig.7-4 respectively.  In 

Fig.7-3, A  represents the “Level 1” PEN content (30 wt %) and A1 2 represents the “Level 

2” PEN content (60 wt %), while in Fig.7-4 A  represents pure PBT and A1 2 represents pure 

PEN.  The values used for these points are the averages of the corresponding columns as 

calculated in the response tables.  Similarly, B  and B  represent Level 1 and 2 1 2
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temperatures respectively, while C  and C1 2 represent Level 1 and 2 initial stress conditions 

respectively for both Fig.7-3 and Fig.7-4. 

 

Fig.7-3. Estimated main and interaction effects (as indicated) of the three factors in 

 

he results shown in Fig.7-3 and Fig.7-4 suggest that for both experiments high 

Experiment 1: “A” represents PEN content, “B” represents temperature and “C” 

represents initial stress.  The subscripts “1” and “2” represents Level 1 and Level 2 

respectively. 

T

temperature leads to the greatest amount of stress relaxation.  It appears that the factor with 

most influence on the relaxation behaviour in Experiment 1 is B (temperature), while the 

remaining factors are less effective and interaction effects have little influence in 

comparison (Fig.7-3).  Similarly, in Experiment 2, it appears that factors B and A have the 

most influence on stress relaxation (Fig.7-4).  The less influence of A (PEN content) in 
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Experiment 1 is because the properties of blends are between those of PBT and PEN, 

which results in the stress relaxation rates between two extremes [9, 10].  
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Fig.7-4. Estimated main and interaction effects (as indicated) of the three factors in 

Experiment 2: “A” represents homopolymers, “B” represents temperature and “C” 

represents initial stress.  The subscripts “1” and “2” represents Level 1 and Level 2 

respectively. 

 

Interactions between factors can be described as when the effect of one factor is influenced 

by the level of another factor.  The interaction effects plotted in Fig.7-3 and Fig.7-4 merely 

indicate which interactions between factors are of most significance.  In order to observe 

what the actual interactions are, they need to be plotted on individual graphs.  Interaction 

effects for A and B, A and C, and B and C for Experiments 1 and 2 are shown in Fig.7-5 

and Fig.7-6 respectively.  An example of how the points for the graph in Fig.7-5 (a) 

representing the AB interaction for Experiment 1 were calculated is shown in Table 7-5.  
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The average values in the last column of this table are the end points for the two lines in 

Fig.7-5 (a).  All of the interaction effects plotted in Fig.7-5 and Fig.7-6 are calculated in a 

similar manner. 

Table.7-5. Example of how the AB interaction for Experiment 1 is calculated. 

Factors 
Standard Percentage of

AverageOrder  Initial Stress A: PEN B:Temperature
Trial No. at 50 min (%)o Composition(%) ( C) 

1,2 30[A ] 60[B ] 63.6, 65.4 64.5 1 B1

3,4 30[A ] 60[B ] 73.1, 73.7 73.4 1 B2

5,6 60[A ] 30[B ] 65.3, 66.9 66.1 2 B1

7,8 60[A ] 30[B ] 74.6, 76.1 75.3 2 B2

 

The nearly parallel lines in Fig.7-5 (a), (b) and (c) indicate that there is no strong 

interaction between any of the factors in Experiment 1.  The short bars plotted for the 

interaction effects in Fig.7-3 also reflected this.   
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Fig.7-5. Interaction effects for Experiment 1 where “A” represents PEN content, “B” 

represents temperature and “C” represents initial stress. 
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However, it is of interest to note that Fig.7-5 (a) indicates that at the low and high PEN 

content level (A  and A1 2), some change in response (stress relaxation) occurs due to 

change of temperatures (a big gap between B1 and B2) with little change according to the 

other factors.  Similarly, Fig.7-6 (Experiment 2) also shows some effects due to change of 

temperatures (B) and little effect on the response due to a change in homopolymers and 

initial stress.  Therefore temperature appears to be most influential on the relaxation 

behaviour of both blends and homopolymers with little interactions among the factors. 
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Fig.7-6. Interaction effects for Experiment 2 where “A” represents homopolymers, “B” 

represents temperature and “C” represents initial stress. 

 

3.2. Fitting Functions to the Relaxation Curve.   

Four different equations were used to fit the relaxation curves of the PBT/PEN blends and 

the homopolymers at different temperatures and PEN contents, and the experimental data 

were used to predict stress terms (σ) as stresses changed with time.  Matlab™ was utilised 

to determine the coefficients of these functions, and the m-files (Appendix F) used to find 

these coefficients are given by J. H. van Houts [14].  Equations 3 and 4 were found to fit 

the form of the relaxation curves best, of these functions as follows:  
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at
oeσσ(t) =        (1) 

A)(σAeσ(t) o
at −+=      (2) 

bt
o

at A)e(σAeσ(t) −+=      (3) 

B))(A(σBeAeσ(t) o
btat +−++=     (4) 

where t is the time in seconds, σo is the stress at the beginning of the relaxation test, and A, 

B, a and b are coefficients which were determined using Matlab™ to obtain a function 

which would best fit the experimental data.  Note that even though the same letters were 

used to represent the coefficients in the different equations, their numerical values were 

different for each equation. 
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Fig.7-7. Four different equations that have been used to fit the relaxation curve of 

PBT/PEN blends (40 /60 wt %) at 60°C and 7 MPa 
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An example of Equations 1 to 4 fitted to the stress relaxation curve of the PBT/PEN blend 

(40 /60 wt %) in an environment at 60°C and 7 MPa is shown in Fig.7-7.  The coefficients 

for these equations are given in Table 7-6.  From Fig.7-7 it is clear that Equation 1 

provides the worst fit to the experimental data.  Equation 1 is in fact the equation 

describing load relaxation for the Maxwell model, which consists of a spring and dashpot 

in series.  This model would probably be more accurate after combination of several 

additional elements in series and parallel [15].  However, it requires rigorous analytical 

and experimental evaluation to obtain the most accurate fitting and is beyond the scope of 

present work. 

Table.7-6. Coefficients for the equations fit to the experimental relaxation data of the 

PBT/PEN blend (40 /60 wt %) at 60°C and 7 MPa shown in Fig.7-7. 

Coefficients 
Equations 

A a B b 

σ(t)=σeat  -1.721826E-04   
atσ(t)=Ae +(σ-A) 31.03516218 -2.775810E-03   

atσ(t)=Ae +(σ-A)ebt 21.65010285 -9.931030E-03  -5.565946E-05
atσ(t)=Ae +Bebt+(σ-(A+B)) 15.91444192 -2.733373E-02 18.87034575 -7.860157E-04

 

The coefficients for Equations 3 and 4 should be to some extent related to the temperature 

and PEN content of the PBT/PEN blends during testing.  The coefficients for 4 Equations 

were resolved for all of the experimental data from the stress relaxation tests carried out 

with an initial stress of 7 and 17 MPa including the data of PBT/PEN blends and 

homopolymers (Appendix F).  However, the coefficients for Equation 4 are only plotted 

along with the PEN content and temperature at 7 MPa in Fig.7-8, and the figure for 

Equation 3 is omitted here for simplicity.  Linear regressions were done to the data points 
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of constant temperature to help identify any trends.  When the Equation 4 was fitted to the 

relaxation data of Experiments 1 and 2 a linear relationship with temperature and PEN 

content was observed for the “A” coefficient.   

(a) (b)
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Fig.7-8. The (a) “A” coefficient, (b) “B” coefficient, (c) “a” coefficient, and (d) “b” 

coefficient for Equation 4 versus PEN content at two different temperatures of 

initial stress 7 MPa  
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Fig.7-8 (a) shows that an increase in temperature results in an increase in the “A” 

coefficient of Equation 4, whereas an increase in PEN content results in a decrease in the 

“A” coefficient of Equation 4.  Fig.7-8 (b) shows that the “B” coefficient is increasing with 

increasing PEN content at 60°C, whereas it is decreasing with increasing PEN content at 

30°C.  There is reasonable evidence to suggest that the “B” coefficient increases with 

increasing temperature.  The “a” and “b” coefficients in Fig.7-8 (c) and (d) show the 

similar trend with “B” coefficient in the point that “a” and “b” coefficients are increasing 

with increasing PEN content at 60°C, whereas they are decreasing with increasing PEN 

content at 30°C.  However, no clear trend with temperature is shown at the “a” and “b” 

coefficients in Fig.7-8 (c) and (d).  Despite this, the value for an “a” and “b” coefficient at 

a given temperature and PEN content could be predicted as being within a certain range. 

Fig.7-9. The predicted stress relaxation curve of PBT/PEN blends (50 weight % PEN 
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Using Fig.7-8, the coefficients for Equation 4 could be estimated with a reasonable amount 

Table.7-7. The coefficients used for simulation of the stress relaxation curves of PBT/PEN 

of certainty to provide an estimate of the relaxation behaviour of PBT/PEN blends at any 

temperature from 30°C to 60°C and any PEN content.  For coefficients, such as “a” and 

“b” for Equation 4 (Fig.7-8 (c) and (d)) the average of the range where the coefficient is 

likely to be would be sufficient.  Coefficients “A” and “B” for Equation 4 (Fig.7-8 (a) and 

(b)) were interpolated from those determined experimentally for the relaxation behaviour 

of PBT/PEN blends and homopolymers, at temperature of 30°C and 60°C, and at initial 

stress 7 MPa.  In Fig.7-9 two stress relaxation curves of PBT/PEN blends at temperature of 

30°C and 60°C and 50 weight % PEN content of initial stress 7 MPa were simulated for 

Equation 4 by use of the coefficients “A” and “B” interpolated from the experimental data 

in Fig.7-8 (a) and (b), and the average values of coefficients “a” and “b” in Fig.7-8 (c) and 

(d) as shown in Table 7-7.  The coefficients of other blends and homopolymers are 

attached at Appendix G. 

blends (50 weight % PEN content) at temperature of 30°C and 60°C of initial stress 

7 MPa 

Temperature 
Coefficients 

6 o0 C 30 Co  
A 16.839 13.662 
B 18.434 12.266 
a -0.0301 -0.02564
b -0.0008 -0.00074
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4. Conclusions 

The response table and a graphical representation of main and interaction effects for the 

PBT/PEN blends showed that the most significant factor is temperature.  Increase of 

temperature accelerates the rate of stress relaxation.  Same trend was applied to the PBT 

and PEN homopolymers for the factor of temperature.  However, less distinct effect in the 

factor of PEN weight content was observed for PBT/PEN blends in comparison of the 

homopolymers because the mixed properties of blends affect the percentage of an initial 

stress of PBT/PEN blends to lie between those of two homopolymers.  The initial stress 

was the least affective factor for both the blends and homopolymers, and interaction 

effects among the factors were negligible.  For the curve fitting of stress relaxation data, 

Equation 4 among four equations was the best.  Fig.7-8 drawn with the temperature and 

PEN content showed a linear relationship for the “A” coefficient.  The “B” coefficient is 

increasing with increasing temperature, but no clear trend with temperature is shown in the 

“a” and “b” coefficients.  Coefficients “A” and “B” interpolated from the experimental 

data in Fig.7-8 (a) and (b), and the average values of coefficients “a” and “b” from Fig.7-8 

(c) and (d) were utilised for Equation 4 to simulate a stress relaxation curve of PBT/PEN 

blends at temperature of 30°C and 60°C and 50 weight % PEN content. 
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CHAPTER 8. Conclusions and  

Further Work 
 

 

1. Conclusions  

At the beginning, the objective was to concentrate on the improvement of mechanical 

properties such as tensile strengths and moduli of NY66/PEN blends, but the results of 

NY66/PEN blends without additives were not good.  ElvaloyRPTW (Du Pont), an ethylene 

copolymer containing epoxy functionality (glycidyl methacrylate: GMA), which provides 

excellent adhesion to polyester, was blended in Ny66/PEN blends.  Styrene-Ethylene-

Butylene-Styrene block copolymer (SEBS: Shell-N7314/KRATON G1652) and Maleated 

SEBS block copolymer (SEBS-GMA: Shell- N731N/KRATON FG1901) were also added 

as potential compatibilisers.  However, none of the compatibilisers improved the 

mechanical properties of NY66/PEN blends.  NMR, FTIR, XPS and SEM have been 

carried out for analysis of an interchange reaction between Ny66 and PEN.  The 

conclusive evidence for interchange reaction in NY66/PEN blends has not been found 

even though a new band at 1324 - 1329 cm-1 is assigned to C-N occurred in FTIR.   

 

Because of the low tensile strength of NY66/PEN blends, in the second part of this 

research Ny66 has been substituted by PBT.  Liquid crystal polymer, PET/PHB 

(polyhydroxybenzoate) (Vectra A950: Polyplastics) has been blended as a compatabiliser 

to the PBT/PEN blends together with catalysts such as dibutyltinoxide (DBTO) and p-

toluene sulfonic acid.  The tensile strengths of PBT/PEN blends without additives have 
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shown improvement even though all additives in PBT/PEN blends have behaved like 

impurities and lowered the mechanical strengths of PBT/PEN blends.   

 

DSC and DMTA have demonstrated a partial miscibility of PBT/PEN blends by the 

change of Tgs of each component according to the weight proportions of constituent 

polymers.  The comparable SEM micrographs have shown a much smaller domain size 

and a partial miscibility of PBT/PEN blends in contrast with a much bigger domain size 

and a virtual immiscibility of NY66/PEN blends.  Evidence of new bands resulting from 

interchange reactions has not been found, even though FTIR and Raman spectra can 

elucidate the structures of the PBT and PEN clearly.  WAXS for unannealed and annealed 

samples have shown that in the unannealed samples PEN is amorphous while PBT is 

partially crystalline, indicating that PBT crystallises more rapidly than PEN under the 

moulding conditions of quick quenching after injection.  Annealing improves greatly the 

crystallinity of the constituent polymers and PBT/PEN blends and forms the α-PEN phase.  

The diffraction pattern shows only reflections attributable to PBT and PEN, which is again 

consistent with the absence of chemical reactions.  XPS spectra show the assignment of 

sub-peaks of pure Ny66, PBT and PEN. 

 

Stress relaxation tests for the specimens of PBT/PEN blends and the homopolymers using 

the Taguchi method of experimental design show that the most significant factor is 

temperature, followed by PEN content and then initial stress.  The interaction effects 

between factors are insignificant.  To fit the relaxation curves of the PBT/PEN blends and 

the homopolymers at different temperatures, PEN contents and initial stresses, four 

equations used in previous work have been employed.  The coefficients of Equation 4 that 
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fitted best are used to predict the relaxation behaviour of PBT/PEN blends of 50 wt% PEN 

at a temperature between 30°C and 60°C, and at initial stresses of 7 MPa.   

 

Generally, PBT/PEN blends reveal improved mechanical properties and partial miscibility, 

and up to 50 weight % PBT do not reduce significantly the tensile strengths of PBT/PEN 

blends which lie between the values predicted by the rule of mixtures (ROM) and the 

modified rule of mixtures (MROM).  Because of price difference (PBT: US $ 3-4 / kg, 

PEN: US $ 8-10 / kg roughly in 2001) it is beneficial to blend PEN with PBT without 

losing any significant properties of PEN.  In contrast, blending of Ny66 and PEN results in 

reduction of tensile strengths for all blend compositions. 

 

 

2. Achievements and Recommendations for Further Work 

One important point is the interchange reaction, which may occur between the constituent 

polymers and serves as a reinforcing agent on a microscopic scale.  Hence, the focus has 

been on finding the interchange reaction that would create a new chemical bond 

(esterification reaction in PBT/PEN blends and carbonyl-amide exchange reaction in 

Ny66/PEN blends).  However, substantial evidence cannot be found for a significant 

interchange reaction in either Ny66/PEN or PBT/PEN blends under the blending 

conditions that have been used in this research (a short residence period during extrusion 

and injection moulding).  On the other hand, PBT/PEN blends have shown improved 

mechanical properties and partial miscibility without a significant interchange reaction, 

which means that a chemical reaction is not a necessary condition for improvement of 

mechanical properties of polymer blends.  In PBT/PEN blends the reduced domain sizes in 
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morphology serve as a reinforcing agent for mechanical enhancement.  Because in this 

research blending and moulding have been carried out for relatively short time (within a 

few minutes) more research below is recommended in the following areas: 

1. Different heat treatment time-based blending and extrusion (5,10, 30 and 60 min) 

2. Spectroscopic analyses (NMR, FTIR, Raman and XRD) of different heat treatment 

time-based samples for analysis of interchange reaction 

3. NMR analysis for annealed PBT/PEN blends for analysis of interchange reaction. 

4. GPC analysis of the molecular distributions of homopolymers and blends for 

analysis of the interchange reactions (less than 5 %) between homopolymers  

5. Blending the homopolymers with small amounts of their block copolymers, 

prepared with transesterification catalysts 

6. Investigation of crack growth in terms of process of yielding 

 

3. Publications 

Several papers and conference proceedings have been published or submitted for 

publications as listed below: 

1. "Characteristics of Ny66/PEN blends" 23rd Australasian Polymer Symposium", 

Geelong, Victoria, Australia, 28 Nov – 2 Dec 1999. 

2. "Some aspects of the properties of Nylon66/poly(ethylene naphthalate) blends", 

published in "Journal of Applied Polymer Science", Vol 82, 2001, p.1504-1514   

3. "NMR analysis of PBT/PEN blends" presented at "POLYCHAR 10", Denton, 

Texas, USA, January 2002   

4. "NMR analysis of PBT/PEN blends", accepted for publication in "Material 

Research Innovations" in pressing, 2002   
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5. "Viscoelastic properties of PBT/PEN blends" Proceedings of "The 3rd Asian-

Australasian Conference on Composite Materials", Auckland, New Zealand, July 

2002, p.557-569 

6. "Mechanical and thermal properties of PBT/PEN and Ny66/PEN blends" "Journal 

of Material Science", Vol 38, 2003, p.2597-2606. 

7. "Viscoelastic properties of PBT/PEN blends" submitted to "Journal of Material 

Science" in 2003   
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Appendix A: Two level Three-factor Design 
 

1. Design Matrix 

The experimental design considered in this research is three-factor design where each 

factors is set at two different levels.  All possible combinations of levels are included, so 

there are 2×2×2 = 23 = 8 trials in the experiment.  The two levels used for a factor may 

represent two selected values of a continuous factor (temperature, pressure, time, 

thickness, etc.) or two different discrete possibilities (machine A or B, operator A or B, 

new method or old method, two or three coats of finish, etc).  Although these controllable 

factors can be continuous or discrete, the process characteristic which is a function of these 

factors and which will be observed during experiment (called the response) should be a 

continuous variable.   

The eight trials, which comprise the design, are listed in Table.A-1.  This design will be 

studied rather closely since many important characteristics of gold experimental designs 

can be illustrated with it. 

Table.A-1. Design matrix for a three-factor, eight-run experiment 
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According to Table.A-1 the first trial would be run with all factors at their low levels.  In 

the second trial, factors A and B would be set at their low levels and factor C at its high 

level, etc.  The designation of low and high is arbitrary.  

The experimental design described in Table.A-1 has the property of being orthogonal.  

Orthogonality allows estimation of the average effects of factors without fear that the 

results are being distorted by effects of other factors.  To determine orthogonality, first 

replace the 1s and 2s in the design matrix by -1s and 1s, respectively. (This is, incidentally, 

the notation preferred by many Western statisticians.)  Then, multiply together the 

corresponding row values from each of two columns.  Finally, add up these products. If the 

sum is equal to zero, the columns are orthogonal and the effects represented by these 

columns are also said to be orthogonal. 

It will be verified that columns A and B of the design matrix in Table A-2 are orthogonal.  

If we replace 1 by -1 and 2 by 1, Table.A-1 becomes Table.A-2. 

Table.A-2. Design matrix for a three-factor, eight-run experiment using alternate (-1,1) 
notation 

 

If the corresponding row values for factors A and B are multiplied together and the 

products added, the sum is: 

Sum = (-1) (-1)+(-1) (-1)+(-1) (1)+(-1) (1) +(1) (-1)+(1) (-1)+(1) (1)+(1) (1) 
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        = 1+1−1−1−1−1+1+1 

        = 0 

The effect of a factor on a response variable is the change in the response when the factor 

goes from its low level to its high level.  With the design in Table A-2, we can estimate the 

effect of each factor by finding the average value for the response variable at the high level 

of the factor, and also at the low level of the factor, and then taking the arithmetic 

difference between these two average values.  Since the columns for the factors in the 

design are orthogonal, the estimate of the effect of any factor on the response will not be 

distorted by the effects of other factors. 

In order to estimate the effect of factor A on the average value of the response variable, 

firstly the four observed responses at level 1 of factor A are added together.  Then, to 

obtain the average response at low level of factor A the sum is divided by 4.  This average 

is denoted by Α 1.  In a similar manner the average response at the high level of A, and 

denote it by Α 2 are obtained.  Then, the effect of A on the average response is equal to the 

average response at the high level of A minus the average response at the low level of A.  

That is, if yi is the value of the response variable on the ith trial as listed in Table A-2, then 

the estimated effect of factor A is: 

Effect of A = (average at "2" value of A) − (average at "1" value of A)  

                   = Α 1 − Α 2  

                   =(y5 + y6 + y7 + y8)/4 − (y1 + y2 + y3 + y4)/4 

The effects of factors B and C on the response variable can be similarly estimated:  

Effect of B = (average at "2" value of B) − (average at "I" value of B)  

Effect of C = (average at "2" value of C) − (average at "1" value of C) 

Table A-3 is an illustration of a response table, which is used to calculate estimated effects.   
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Table.A-3. Response table for a three-factor experiment 

 

In the first column the order in which the trials are to be run should be listed.  The second 

column gives the trial number as listed in the design matrix in Table.A-1.  The third 

column represents the observed response values.  The remaining columns show which 

response values should be used when calculating the various averages. For example, in the 

fourth column we see that yl, y2, y3, and y4 should be used when calculating Α 1. 

 

 

Characterisation of PEN-based Polymer Blends                                         Dylan D. Jung 



Appendix A: Two level Three-factor Design 159

2. Graphical display of factor effects 

The effects of factors used in an experiment can be presented on a graph using the 

following procedure: 

1. Identify the largest and smallest average responses. (The average responses are found in 

the "AVERAGE" row of the response table.) 

2. Draw a vertical scale to include all of these average values. 

3. Draw a horizontal line at the grand average value (last number in column 3 of the 

response table). 

4. For each factor, plot the average response value at the high level and also at the low 

level. Plot one point directly over the other. One point will be above the grand average 

line and the other will be below. Also, they will be equidistant from the grand average 

line. 

5. Label the points and connect each pair of points by a vertical line. 

Fig.A-1. Graphical presentation of factor effects  
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The graphical technique and the factor effects for the illustrative example are plotted in 

Fig. A-1.  Note that the larger the vertical line, the larger the change in response when 

going from level 1 to level 2 of a factor.  
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Appendix B: Pictures of Experimental Apparatuses 
 

Fig.B-1. Vacuum dry oven  

 

Fig.B-2. Axon single screw extruder  
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Fig.B-3. BOY injection moulding machine  
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Fig.B-4. A. (a) Tensile, (b) DMTA, and (c) impact specimens.  

B. Schematic diagram of tensile bar (dumb-bell type)  
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Fig.B-5. Instron machine: Model 5567  

 

 

Fig.B-6. Environmental Chamber  
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Fig.B-7. Impact Tester: CEAST RESIL 25  

 

 

Fig.B-8. NMR: Bruker DRX-400  
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Fig.B-9. XPS: Kratos XSAM 800  

 

 

Fig.B-10. SEM: Philips XL 30S(FGG)  
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Fig.B-11. FTIR: BIO-RAD FTS-60  

 

 

Fig.B-12. DMTA: Rheometric Scientific Mark IV  
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Fig.B-13. DSC: Rheometric Scientific DSP  

 

 

Fig.B-14. Raman spectrometer: Reinshaw Model 1000  
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Fig.B-15. X-ray diffractometer: Bruker Model AXS D8 ADVANCE  
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Appendix C: XPS sub-band analysis for Ny66/PEN 
 

Table.C-1. Binding energies, full widths at half maximum (FWHM) and atomic 

concentration (%) from narrow scans of Ny66/PEN blends  

C1s O1s Ny66 / PEN  
(wt % / wt%) 1 2 3 4 1 2 3 

BE (eV) 285.00 284.42 286.78 288.79 531.19 531.79 533.23
FWHM (eV) 1.29 1.00 1.69 1.73 1.42 1.67 1.81 

Atomic 
Concentration (%) 47.62 13.97 25.28 13.13 30.83 39.97 29.19 

Sensitivity Factor 0.25 0.25 0.25 0.25 0.66 0.66 0.66 

70/30 
 

Mixing ratio (GL) 80 80 80 80 80 80 80 
BE (eV) 284.83 285.52 286.34 288.58 531.58 532.13 533.56

FWHM (eV) 1.20 1.23 1.75 1.59 1.35 1.65 1.66 
Atomic 

Concentration (%) 57.60 15.26 12.78 14.35 33.52 33.04 33.45 

Sensitivity Factor 0.25 0.25 0.25 0.25 0.66 0.66 0.66 

50/50 
 

Mixing ratio (GL) 80 80 80 80 80 80 80 
BE (eV) 284.87 285.48 286.67 288.96 531.89 533.85 533.09

FWHM (eV) 1.18 1.17 1.67 1.34 1.51 1.37 1.54 
Atomic 

Concentration (%) 50.31 22.57 15.73 11.39 48.37 29.44 22.19 

Sensitivity Factor 0.25 0.25 0.25 0.25 0.66 0.66 0.66 

30/70 
 

Mixing ratio (GL) 80 80 80 80 80 80 80 
BE (eV) 284.53 285.16 286.40 288.42 531.45 532.49 533.58

FWHM (eV) 0.99 1.32 2.20 1.64 1.59 1.61 1.49 
Atomic 

Concentration (%) 25.51 57.57 10.43 6.48 48.28 25.65 26.07 

Sensitivity Factor 0.25 0.25 0.25 0.25 0.66 0.66 0.66 

50/50 
+ 

GMA
(3%) 

Mixing ratio (GL) 80 80 80 80 80 80 80 
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Fig.C-1. Sub-band analysis of the C 1s scans for Ny66/PEN (70 wt % / 30 wt %) 

 

Fig.C-2. Sub-band analysis of the O 1s scans for Ny66/PEN (70 wt % / 30 wt %) 
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Fig.C-3. Sub-band analysis of the C 1s scans for Ny66/PEN (50 wt % / 50 wt %) 

 

Fig.C-4. Sub-band analysis of the O 1s scans for Ny66/PEN (50 wt % / 50 wt %) 
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Fig.C-5. Sub-band analysis of the C 1s scans for Ny66/PEN (30 wt % / 70 wt %) 

 

Fig.C-6. Sub-band analysis of the O 1s scans for Ny66/PEN (30 wt % / 70 wt %) 
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Fig.C-7. Sub-band analysis of the C 1s scans for Ny66/PEN (50 wt % / 50 wt %) + GMA 

 

Fig.C-8.  Sub-band analysis of the O 1s scans for Ny66/PEN (50 wt % / 50 wt %) + GMA 
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Appendix D: Respective FT-IR spectrum  

                       of PBT/PEN blends 

Fig.D-1. FT-IR spectrum of PEN 

Fig.D-2. FT-IR spectrum of PBT/PEN (30 wt% / 70 wt%) blend 

Characterisation of PEN-based Polymer Blends                                         Dylan D. Jung 



Appendix D: Respective FT-IR spectrum of PBT/PEN blends 176

 

Fig.D-3. FT-IR spectrum of PBT/PEN (40 wt% / 60 wt%) blend  

 

Fig.D-4. FT-IR spectrum of PBT/PEN (50 wt% / 50 wt%) blend  
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Fig.D-5. FT-IR spectrum of PBT/PEN (60 wt% /40 wt%) blend  

 

Fig.D-6. FT-IR spectrum of PBT/PEN (70 wt% / 30 wt%) blend 
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Fig.D-7. FT-IR spectrum of PBT  
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Appendix E: Respective Raman spectrum                       

of PBT/PEN blends 

Fig.E-1. Raman spectrum of PEN 

Fig.E-2. Raman spectrum of PBT/PEN (30 wt% /70 wt%) blend 
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Fig.E-3. Raman spectrum of PBT/PEN (40 wt% /60 wt%) blend  

 

Fig.E-4. Raman spectrum of PBT/PEN (50 wt% /50 wt%) blend  
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Fig.E-5. Raman spectrum of PBT/PEN (60 wt% /40 wt%) blend  

 

Fig.E-6. Raman spectrum of PBT/PEN (70 wt% /30 wt%) blend 
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Fig.E-7. Raman spectrum of PBT  
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Appendix F: Matlab™ M-file used to determine            

the Functions fitted to the Relaxation curves 
 

Matlab was utilised to calculate the coefficients to fit a number of different functions to 

experimental data.  Examples of two functions and accompanying m-files are given below. 

Minor corrections have been done for codes from J. H. van Houts' ph-D thesis for the 

analysis of relaxation behaviour of PBT/PEN blends.  

bt
o

at A)e(σAeσ(t) −+=  

dexpmin.m  

function [coeffout] = Dexpmin(iter) 
% 
%   form:[coeffout] = Dexpmin(iter) 
%   
%   this m-file that calls fmins 
%  the experimental data must be stored in the file  
%  which will be loaded 
step=1; 
initguess=[25 -0.005 -0.00004]; 
initload=100; 
datain=load ('nb37-307.txt'); 
datain=datain'; 
[coeffout,options] = fmins('dexpm',initguess,... 
   [0,1.e-8,1.e-8,0,0,0,0,0,0,0,0,0,0,iter],[],datain,step,initload); 
xplot=0:step:(step*(length(datain)-1));  
curveout=coeffout(1)*exp(coeffout(2)*xplot)... 
   +(initload-coeffout(1))*exp(coeffout(3)*xplot); 
figure(3); 
plot(xplot,curveout,xplot,datain,'-');  
 
return 
 

dexpm.m

%function to be minimized 
function yout=dexpm(coeffin,datain,step,initload) 
xin=0:step:(step*(length(datain)-1)); 
theoin=coeffin(1)*exp(coeffin(2)*xin)... 
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   +(initload-coeffin(1))*exp(coeffin(3)*xin); 
yout=sum((theoin - datain).^2); 
 
return 
 

 

B))(A(σBeAeσ(t) o
btat +−++=  

dexpmin.m

function [coeffout] = Dexpmin(iter) 
% 
%   form:[coeffout] = Dexpmin(iter) 
%   
%   this m-file that calls fmins 
%  the experimental data must be stored in a file called data.dat 
%  which will be loaded 
step=1; 
initguess=[20 20 -0.01 -0.0005]; 
initload=100; 
datain=load ('nb37-307.txt'); 
datain=datain'; 
[coeffout,options] = fmins('dexpm',initguess,... 
   [0,1.e-8,1.e-8,0,0,0,0,0,0,0,0,0,0,iter],[],datain,step,initload); 
xplot=0:step:(step*(length(datain)-1)); 
curveout=coeffout(1)*exp(coeffout(3)*xplot)... 
   +coeffout(2)*exp(coeffout(4)*xplot)+(initload-(coeffout(1)+coeffout(2))); 
figure(2); 
plot(xplot,curveout,xplot,datain,'-');  
 
return 
 

dexpm.m

%function to be minimized 
function yout=dexpm(coeffin,datain,step,initload) 
xin=0:step:(step*(length(datain)-1)); 
theoin=coeffin(1)*exp(coeffin(3)*xin)... 
   +coeffin(2)*exp(coeffin(4)*xin)+(initload-(coeffin(1)+coeffin(2))); 
yout=sum((theoin - datain).^2); 
 
return 
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Appendix G: Coefficients for Equations fit to the      

Stress Relaxation data of PBT/PEN blends 
 

 

Table.G-1. Coefficients for the equations fit to the experimental relaxation data of the 

PBT at 30°C and 7 MPa 

Coefficients 
Equations 

A a B b 
σ(t)=σeat  -1.303824E-04   

σ(t)=Aeat+(σ-A) 25.40517984 -3.369972E-03   

σ(t)=Aeat+(σ-A)ebt 18.28882754 -1.397016E-02  -3.993916E-05 

σ(t)=Aeat+Bebt+(σ-(A+B)) 14.81442933 -3.211438E-02 14.42371163 -6.518951E-04 
 

Table.G-2. Coefficients for the equations fit to the experimental relaxation data of the 

PBT at 30°C and 17 MPa 

Coefficients 
Equations 

A a B b 
σ(t)=σeat  -1.330015E-04   

σ(t)=Aeat+(σ-A) 25.94303054 -2.972781E-03   

σ(t)=Aeat+(σ-A)ebt 18.91241672 -8.988681E-03  -3.876149E-05 

σ(t)=Aeat+Bebt+(σ-(A+B)) 13.98427948 -2.316434E-02 14.90467740 -7.852620E-04 
 

Table.G-3. Coefficients for the equations fit to the experimental relaxation data of the 

PBT at 60°C and 7 MPa 

Coefficients 
Equations 

A a B b 
σ(t)=σeat  -2.012019E-04   

σ(t)=Aeat+(σ-A) 33.33795005 -3.621247E-03   

σ(t)=Aeat+(σ-A)ebt 24.93516219 -1.054041E-02  -5.641423E-05 

σ(t)=Aeat+Bebt+(σ-(A+B)) 18.50968717 -2.613004E-02 18.10429034 -9.406412E-04 
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Table.G-4. Coefficients for the equations fit to the experimental relaxation data of the 

PBT at 60°C and 17 MPa 

Coefficients 
Equations 

A a B b 
σ(t)=σeat  -1.978113E-04   

σ(t)=Aeat+(σ-A) 34.96755088 -3.220645E-03   

σ(t)=Aeat+(σ-A)ebt 26.39909717 -8.293042E-03  -5.395616E-05 

σ(t)=Aeat+Bebt+(σ-(A+B)) 19.22401815 -1.956506E-02 18.98910696 -8.886165E-04 
 

 

Table.G-5. Coefficients for the equations fit to the experimental relaxation data of the 

PBT/PEN blend (30 /70 wt %) at 30°C and 7 MPa 

Coefficients 
Equations 

A a B b 
σ(t)=σeat  -1.131054E-04   

σ(t)=Aeat+(σ-A) 22.50882124 -3.431165E-03   

σ(t)=Aeat+(σ-A)ebt 17.50458853 -1.121377E-02  -3.855935E-05 

σ(t)=Aeat+Bebt+(σ-(A+B)) 13.62773844 -2.699513E-02 14.42438705 -6.865757E-04 
 

 

Table.G-6. Coefficients for the equations fit to the experimental relaxation data of the 

PBT/PEN blend (30 /70 wt %) at 30°C and 17 MPa 

Coefficients 
Equations 

A a B b 
σ(t)=σeat  -1.284703E-04   

σ(t)=Aeat+(σ-A) 25.31867240 -2.769213E-03   

σ(t)=Aeat+(σ-A)ebt 18.17153999 -8.599234E-03  -3.848582E-05 

σ(t)=Aeat+Bebt+(σ-(A+B)) 12.93930372 -2.600693E-02 15.12464504 -8.126375E-04 
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Table.G-7. Coefficients for the equations fit to the experimental relaxation data of the 

PBT/PEN blend (30 /70 wt %) at 60°C and 7 MPa 

Coefficients 
Equations 

A a B b 
σ(t)=σeat  -1.913653E-04   

σ(t)=Aeat+(σ-A) 32.02445513 -3.791879E-03   

σ(t)=Aeat+(σ-A)ebt 24.06116601 -1.112370E-02  -5.316171E-05 

σ(t)=Aeat+Bebt+(σ-(A+B)) 18.42345051 -2.520835E-02 17.00878458 -8.897771E-04 
 

 

Table.G-8. Coefficients for the equations fit to the experimental relaxation data of the 

PBT/PEN blend (30 /70 wt %) at 60°C and 17 MPa 

Coefficients 
Equations 

A a B b 
σ(t)=σeat  -1.931801E-04   

σ(t)=Aeat+(σ-A) 34.32302159 -3.290227E-03   

σ(t)=Aeat+(σ-A)ebt 25.96167849 -8.564717E-03  -5.246049E-05 

σ(t)=Aeat+Bebt+(σ-(A+B)) 19.13565442 -1.964497E-02 18.43860925 -8.771749E-04 
 

 

Table.G-9. Coefficients for the equations fit to the experimental relaxation data of the 

PBT/PEN blend (60 /40 wt %) at 30°C and 7 MPa 

Coefficients 
Equations 

A a B b 
σ(t)=σeat  -1.131054E-04   

σ(t)=Aeat+(σ-A) 22.50882124 -3.431165E-03   

σ(t)=Aeat+(σ-A)ebt 16.79735307 -1.042034E-02  -3.127077E-05 

σ(t)=Aeat+Bebt+(σ-(A+B)) 13.22307914 -2.174038E-02 12.10819555 -7.280605E-04 
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Table.G-10. Coefficients for the equations fit to the experimental relaxation data of the 

PBT/PEN blend (60 /40 wt %) at 30°C and 17 MPa 

Coefficients 
Equations 

A a B b 
σ(t)=σeat  -1.200646E-04   

σ(t)=Aeat+(σ-A) 23.89362436 -2.828316E-03   

σ(t)=Aeat+(σ-A)ebt 16.93205379 -9.904828E-03  -3.714248E-05 

σ(t)=Aeat+Bebt+(σ-(A+B)) 13.01164934 -2.260551E-02 14.16619506 -6.900666E-04 
 

 

Table.G-11. Coefficients for the equations fit to the experimental relaxation data of the 

PBT/PEN blend (60 /40 wt %) at 60°C and 17 MPa 

Coefficients 
Equations 

A a B b 
σ(t)=σeat  -1.790100E-04   

σ(t)=Aeat+(σ-A) 32.63593429 -2.881200E-03   

σ(t)=Aeat+(σ-A)ebt 23.44393670 -8.819395E-03  -5.485568E-05 

σ(t)=Aeat+Bebt+(σ-(A+B)) 18.34348320 -1.686268E-02 18.76981141 -6.795286E-04 
 

 

Table.G-12. Coefficients for the equations fit to the experimental relaxation data of the 

PEN at 30°C and 7 MPa 

Coefficients 
Equations 

A a B b 
σ(t)=σeat  -1.002931E-04   

σ(t)=Aeat+(σ-A) 19.98298548 -5.049126E-03   

σ(t)=Aeat+(σ-A)ebt 16.44100535 -1.113561E-02  -2.100405E-05 

σ(t)=Aeat+Bebt+(σ-(A+B)) 13.13586806 -2.171165E-02 8.70879831 -9.130123E-04 
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Table.G-13. Coefficients for the equations fit to the experimental relaxation data of the 

PEN at 30°C and 17 MPa 

Coefficients 
Equations 

A a B b 
σ(t)=σeat  -1.072958E-04   

σ(t)=Aeat+(σ-A) 21.52621438 -4.157635E-03   

σ(t)=Aeat+(σ-A)ebt 17.52952476 -8.760141E-03  -2.225195E-05 

σ(t)=Aeat+Bebt+(σ-(A+B)) 11.98428321 -2.745700E-02 10.81061072 -1.211050E-03 
 

 

Table.G-14. Coefficients for the equations fit to the experimental relaxation data of the 

PEN at 60°C and 7 MPa 

Coefficients 
Equations 

A a B b 
σ(t)=σeat  -1.524860E-04   

σ(t)=Aeat+(σ-A) 29.41464008 -2.391657E-03   

σ(t)=Aeat+(σ-A)ebt 19.00485338 -1.413282E-02  -5.660258E-05 

σ(t)=Aeat+Bebt+(σ-(A+B)) 14.90340993 -4.172642E-02 19.55673122 -6.030147E-04 
 

 

Table.G-15. Coefficients for the equations fit to the experimental relaxation data of the 

PEN at 60°C and 7 MPa 

Coefficients 
Equations 

A a B b 
σ(t)=σeat  -1.593677E-04   

σ(t)=Aeat+(σ-A) 30.80867300 -2.052739E-03   

σ(t)=Aeat+(σ-A)ebt 19.79820931 -7.935566E-03  -5.844240E-05 

σ(t)=Aeat+Bebt+(σ-(A+B)) 13.71790863 -2.597629E-02 21.14824621 -7.019636E-04 
 

Characterisation of PEN-based Polymer Blends                                         Dylan D. Jung 


	Title2002.pdf
	Characterisation of 
	Poly (ethylene naphthalate)
	-based polymer blends
	Department of Mechanical Engineering
	October 2002
	A Thesis submitted in Partial Fulfilment of the Requirements 
	For


	Abstract 2002.pdf
	Abstract
	Acknowledgements

	Content 2002.pdf
	Table of Contents
	 List of Figures
	List of Tables

	chapter1.pdf
	CHAPTER 1. Introduction 
	1. Background and objective
	2. Scope of Thesis and Outline of Chapters 
	References



	chapter2.pdf
	CHAPTER 2. Review of Literature
	and Experimental Techniques
	1. Introduction 
	1.1. Polymer selection and property modification
	1.1.1. Polymer classifications
	1.1.2. Morphology classifications
	1.1.3. Amorphous - Crystalline Blends
	1.1.4. Other alloys and blend combinations

	1.2. Property modification 
	1.2.1. Polymer-polymer combination technology
	 1.2.2. Compatibility and Miscibility
	1.2.3. Compatibility Agents


	2. Materials
	2.1. PEN
	2.2. PBT
	2.3. Polyamide (PA)

	3. Blending methods and Modifications
	3.1. In-situ reactive blending (Reactive Injection Moulding)
	3.2. Microfibrillar-Reinforced Composite (MFC)
	3.3. Adding compatibilisers

	4. Taguchi Method of Experimental Design
	5. Experimental Techniques and Instruments 
	5.1. Mechanical Testing facilities and Techniques
	5.2. Differential Scanning Calorimeter
	5.3. Dynamic Mechanical Thermal Analyser
	5.4. Infrared Spectroscopy
	5.5. Raman Spectroscopy
	5.6. Nuclear Magnetic Resonance
	5.7. X-ray Photoelectron Spectroscopy
	5.8. Scanning Electron Microscopy
	5.9. X-ray Diffraction
	References



	chapter3.pdf
	CHAPTER 3. Characterisation of 
	Ny66/PEN Blends 
	1. Introduction
	2. Experimental
	2.1. Material
	2.2. Experimental Details

	3. Results and Discussion
	3.1. NMR spectroscopy
	3.2. FTIR, XPS and SEM Analyses

	4. Conclusions
	References



	chapter4.pdf
	CHAPTER 4. Mechanical and Thermal 
	Properties of PBT, Ny66/PEN Blends
	1. Introduction
	2. Experimental
	2.1. Material
	2.2. Mechanical measurement
	2.3. Rheological measurement
	2.4. Morphological measurement

	3. Results and Discussion
	3.1. Thermal analysis
	3.2. Mechanical analysis
	3.3. Morphological analysis

	4. Conclusions
	References



	chapter5.pdf
	CHAPTER 5. NMR Analysis 
	of PBT/PEN Blends
	1. Introduction
	2. Experimental
	3. Results and Discussion
	3.1. 1H NMR spectra
	3.2. Estimation of molar ratios from 1H NMR spectra
	3.3. 13C NMR spectra

	4. Conclusions
	References



	chapter6.pdf
	CHAPTER 6. Spectroscopic
	Analysis of PBT/PEN Blends
	1. Introduction
	2. Experimental
	2.1. Material
	2.2. Experimental Details

	3. Results and Discussion
	3.1. FT-IR spectroscopy
	3.2. Raman spectroscopy
	3.3. X-ray diffraction (X-RD)
	3.4. X-ray photoelectron spectroscopy (XPS)

	4. Conclusions
	References



	chapter7.pdf
	CHAPTER 7. Viscoelastic 
	Properties of PBT/PEN Blends
	1. Introduction
	2. Experimental
	2.1. Material
	2.2. Experimental Details

	3. Results and Discussion
	3.1. Taguchi method of experimental design
	3.2. Fitting Functions to the Relaxation Curve.  

	4. Conclusions
	References



	chapter8.pdf
	CHAPTER 8. Conclusions and 
	Further Work
	1. Conclusions 
	2. Achievements and Recommendations for Further Work
	3. Publications


	AppedixA.pdf
	Appendix A: Two level Three-factor Design

	AppedixB.pdf
	Appendix B: Pictures of Experimental Apparatuses

	AppedixC.pdf
	Appendix C: XPS sub-band analysis for Ny66/PEN

	AppedixD.pdf
	Appendix D: Respective FT-IR spectrum 
	                       of PBT/PEN blends

	AppedixE.pdf
	Appendix E: Respective Raman spectrum                       of PBT/PEN blends

	AppedixF.pdf
	Appendix F: Matlab( M-file used to determine            the Functions fitted to the Relaxation curves

	AppedixG.pdf
	Appendix G: Coefficients for Equations fit to the      Stress Relaxation data of PBT/PEN blends

	digitalconsent Dylan Jung 2002.pdf
	Author of thesis  
	Fill in your name here
	(Please tick the box which applies.)

	coversheetresearchspace.pdf
	Copyright Statement
	General copyright and disclaimer




