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PREFACE 
 
 
Polyester (aka Terylene) is a category of polymers which contain the ester functional 

group in their main chain. Although there are many forms of polyesters, the term "polyester" 
is most commonly used to refer to polyethylene terephthalate (PET). Other forms of polyester 
include the naturally-occurring cutin of plant cuticles as well as synthetic polyesters such as 
polycarbonate and polybutyrate.  

Polyester may be produced in numerous forms. For example, polyester as a thermoplastic 
may be heated and processed into different forms and shapes, e.g., fibers, sheets and three-
dimensional shapes. While combustible at high temperatures, polyester tends to shrink away 
from flames and self-extinguishes.  

This book provides leading edge research on this field from around the globe. 
Chapter 1 - Processes were developed in recent years in order to recover raw materials 

from poly(ethylene terephtalate) (PET) and polycarbonate (PC) by hydrolysis. The main 
focus was the recovery of terephthalic acid and ethylene glycol besides other products such as 
benzene, salts of terephthalic acid and oxalic acid. Processes developed for PET are also valid 
for polyesters such as poly(butylene terephthalate) (PBT) and poly(ethylene 2,6-napthalene 
dicarboxylate) (PEN). The recovery of bisphenol-A (BPA) from PC requires more 
sophisticated methods due to the low stability of BPA at high temperatures. Often phenol and 
isopropenyl phenol are obtained as degradation products of BPA. 

Chapter 2 - This chapter presents the preparation of polymer nanocomposites and the 
effects of multiwall carbon nanotube (MWCNT) on the structure and properties of 
poly(ethylene 2,6-naphthalate) (PEN) nanocomposites. The combination of a very small 
quantity of expensive MWCNT with conventional cheap thermoplastic polymers provides 
attractive possibilities for improving the physical properties of polymer composites using a 
cost-effective method, from a commercial perspective. MWCNT-reinforced PEN 
nanocomposites were prepared by a melt blending process in a twin screw extruder to create 
advanced materials for possible practical applications in numerous industrial fields. There are 
significant dependence of the crystallization behaviors and their kinetics of the 
PEN/MWCNT nanocomposites on the MWCNT content, the cooling rate, and the 
crystallization temperature. The MWCNT in the PEN nanocomposites exhibited much higher 
nucleation activity than any nanoreinforcing filler. In the PEN/MWCNT nanocomposites, the 
incorporation of the MWCNT promoted the nucleation and the growth with higher 
crystallization rate of the PEN/MWCNT nanocomposites, and simultaneously reduced the 
fold surface free energy and the works required in folding macromolecular chains in the 
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PEN/MWCNT nanocomposites. The non-terminal behavior observed in the PEN/MWCNT 
nanocomposites was related to the dominant nanotube-nanotube interactions at higher 
MWCNT content, leading to the formation of the interconnected or network-like structures of 
the MWCNT in the PEN nanocomposites. The incorporation of very small quantity of the 
MWCNT significantly improved the mechanical properties of the PEN/MWCNT 
nanocomposites. There is a significant dependence of the thermal stability and degradation 
behavior of the PEN/MWCNT nanocomposites on the MWCNT content and heating rate. The 
interconnected network-like structures of the MWCNT resulted in the physical barrier effect 
against thermal degradation both by retarding the rate of thermal degradation and by 
hindering the transport of volatile decomposed products in the PEN nanocomposites, leading 
to the improvement in the thermal stability of the PEN/MWCNT nanocomposites. This 
Chapter attempts for the first time to summarize the preparation, the non-isothermal 
crystallization kinetics, the crystallization and melting behavior, the rheological and 
mechanical properties, the thermal stability, and the thermal degradation kinetics of 
MWCNT-reinforced PEN nanocomposites. 

Chapter 3 - Cyanate Ester Resins (CER) offer a variety of excellent thermal and good 
mechanical properties, which commend them for use in high performance technology (e.g. as 
matrices for composites for high-speed electronic circuitry and transportation). The product of 
CER curing process polycyanurates (PCN) are synthesized by a catalytic high temperature 
polycyclotrimerization reaction of cyanate esters of bisphenols For the electronics market, 
attractive features of PCN are their low dielectric loss characteristics, dimensional stability at 
molten solder temperatures (220-270°C), high purity, inherent flame-retardancy (giving the 
potential to eliminate brominated flame retardants) and excellent adhesion to conductor 
metals at temperatures up to 250°C . Since the late 1970s, cyanate ester resins have been used 
with glass or aramid fibers in high-speed multilayer circuit boards and this remains their 
primary application. Several reviews collecting the numerous publications (papers and 
patents) in the field of PCN synthesis, processing, characterization, modification and 
application have appeared since 1990s. In addition, like conventional FR-4 diepoxides, 
cyanate ester laminates retain the desirable (ketone) solution processing characteristics and 
the ability to be drilled, making possible to employ them in printed circuit board manufacture. 
In the last three decades, aerospace composites have evolved into damage-tolerant primary 
and secondary structures utilizing both thermoset and thermoplastic resins. PCN 
homopolymers develop approximately twice the fracture toughness of multifunctional 
epoxies while qualifying for service temperatures of at least 150°C, intermediate between 
epoxy and bismaleimides capabilities. PCN have already flown in prototype radomes and 
high gain antennae, with possible applications in primary and secondary structures of the 
High Speed Civil Transport (HSCT) and European Fighter Aircraft. PCN are also being 
qualified for satellite truss and tube structures and cryogenic, radiation-resistant components 
in the Superconducting Supercollider. This is indeed the problem, to convince a traditionally 
conservative industry that the superior performance of PCN (which surpass the glass 
transition temperature and hydrophobicity of epoxies while matching their processability and 
are easily toughened) makes them worthy of further investigation in spite of their price, which 
is currently higher than the price of the epoxies. PCN must be traditionally cured at high 
temperatures in order to achieve complete conversion, which increases manufacturing cost, 
but reactive modification of PCN allows decreasing the high temperature of PCN post-curing. 
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The primary drawback of PCN, which hinders more extensive application of the cured 
materials, however, is low room temperature toughness.. 

Chapter 4 - Among biodegradable polymers, polyesters derived from aliphatic 
dicarboxylic acids and diols are of special importance. Polyesters of 1,3-propanediol were 
overlooked till recently, since the specific monomer was not available in the quantities and 
price that might enable production of polymers. However, in recent years more attractive 
processes have been developed for the production of 1,3-propanediol from renewable 
resources. Nowadays, research on biodegradable poly(1,3-propylene alkanedioate)s, such as 
poly(propylene succinate) (PPSu), poly(propylene adipate) (PPAd) and poly(propylene 
sebacate) (PPSe), has gained increasing interest, due to their fast biodegradation rates and 
their potential uses in biomedical or pharmaceutical applications, such as drug delivery 
systems. The odd number of methylene units in the diol segment is responsible for the lower 
melting points, lower degree of crystallinity and higher biodegradation rates of the specific 
polymers compared with their homologues based on ethylene-glycol or 1,4-butanediol. In this 
chapter synthesis and properties of the 1,3-propanediol based aliphatic polyesters and 
especially their biodegradation characteristics are reviewed. Specific attention has been paid 
to preparation of related copolymers and blends with other important polymers, since these 
techniques may offer routes for optimizing properties and producing tailor-made materials. 
Copolymerization of 1,3-propanediol with mixtures of aliphatic or even aromatic acids, leads 
to linear polyesters with improved or balanced biodegradation and mechanical properties. 
Blends with other biodegradable polymers have been studied recently. Finally, potential 
pharmaceutical applications of poly(1,3-propylene alkanedioate)s as solubilizing and 
stabilizing carriers for drugs are exemplified.  

Chapter 5 - Large institutions, such as hotels and hospitals, often use specialized 
industrial laundries for laundering sheets, towels or uniforms. The main purpose of this study 
was to determine the effect of industrial laundering procedures on the durability of cotton 
warp knitted towels with a synthetic ground structure of either nylon or polyester. The 
durability of cotton/nylon and cotton/polyester terry towelling fabric samples that were 
subjected to repeated industrial laundering procedures, was compared by measuring the 
tensile strength of fabric samples after 50 washing cycles and 50 washing/tumble-drying 
cycles. The difference between the tensile strengths of the cotton/polyester and cotton/nylon 
terry towelling samples after washing alone was not significant. The tensile strength of the 
cotton/nylon samples, however, was significantly less than that of the cotton/polyester 
samples after tumble-drying. It was concluded that industrial laundering procedures, 
especially tumble-drying, have a more detrimental effect on the durability of the nylon ground 
structure than on the polyester ground structure of warp-knitted terry towelling fabrics. 

Chapter 6 - Polyester type shape memory polymers were synthesized to improve their 
mechanical and shape memory properties and used for the preparation of sandwich type 
composite materials. Especially, poly(ethylene terephthalate) (PET) and poly(ethylene glycol) 
(PEG) copolymers with shape memory ability were prepared. After selecting the best 
composition of PET-PEG copolymer in mechanical properties, cross-linking agent such as 
glycerine, sorbitol, or maleic anhydride (MAH) was included for cross-linked copolymer, 
followed by analysis of its effect on mechanical, shape memory, and damping properties. The 
highest shape recovery was observed for copolymer with 2.5 mol% of glycerine, and the best 
damping effect indicating vibration control ability was from copolymer with 2.5 mol% of 
sorbitol. With the optimum copolymers in hand, sandwich-structured epoxy beam composites 
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fabricated from epoxy beam laminate and cross-linked PET-PEG copolymer showed that 
impact strength increased from 1.9 to 3.7 times depending on the type of copolymer, and 
damping effect also increased as much as 23 times for the best case as compared to epoxy 
laminate beam alone. PET-PEG copolymers cross-linked with glycerol and sulfoisophthalate 
(SP) were also prepared to investigate the feasibility of vibration-control of composite 
laminate by additional ionic interaction. Composition of glycerol and SP was varied in order 
to get a copolymer with the best mechanical and shape memory properties. The highest shape 
recovery was observed for the copolymer with 2.5 mol% of glycerol and 2.5 mol% of SP. The 
sandwich-type copolymer composite showed improved impact strength (3.5 times) and 
damping effect (2.6 times) as compared to epoxy laminate beam alone. The resultant 
sandwich-structured epoxy beam composite can be utilized as structural composite material 
with vibration control ability and its glass transition temperature can be controlled by 
adjustment of hard segment content and cross linking agent composition. 

Chapter 7 - Special attention to these polymers is defined by their specific feature, which 
is orientation in the melt, mostly associated with the intense development in computer 
technologies. Owing to this property such polymers are devoted to the “family” of liquid-
crystal polymers. The liquid-crystal properties are also observed for PAI with an uneven 
number of CH2-groups.It should be noted that polyalkanimide (PA-12), discussed in, also 
displays liquid-crystal properties under definite processing modes.  

Liquid-crystal aromatic copolyesters (LCP) were studied. They were derived from 
dioxydiphenyl diacetate, acetoxybenzoic, iso- and terephthalic acids (IPA and TPA, 
respectively): 100/0, 75/25, 50/50, 25/75, 0/100 

Chapter 8 - The thermal decomposition of halogenated and non-halogenated unsaturated 
polyester resins (UPR`s), fire retarded by zinc hydroxystannate (ZHS) and cross-linked with 
styrene, has been investigated by thermogravimetry (TG) and TG coupled on-line with 
Fourier transform infra red spectroscopy (TG-FTIR) or mass spectroscopy (TG-MS). 

In this Chapter, thermal analysis of the decomposition process has been performed – 
hence, the flame retardancy and thermal stabilization of halogenated and non- halogenated 
polyester resins by ZHS may be explained by the formation of surface-localized spherical 
barriers which are growing according to the nucleation growth mechanism and which 
attenuate the transfer of heat from the decomposition zone to the substrate. This effect was 
found as dominating in the flame-retardancy mode of action. 
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HYDROLYSIS OF POLYESTERS AND 
POLYCARBONATES 

 
 

Toshiaki Yoshioka* and Guido Grause 
Graduate School for Environmental Studies, Tohoku University,  

Aramaki Aza Aoba 6-6-07 Aoba-ku, Sendai 980-8579, Japan 
 
 

ABSTRACT 
 

Processes were developed in recent years in order to recover raw materials from 
poly(ethylene terephtalate) (PET) and polycarbonate (PC) by hydrolysis. The main focus 
was the recovery of terephthalic acid and ethylene glycol besides other products such as 
benzene, salts of terephthalic acid and oxalic acid. Processes developed for PET are also 
valid for polyesters such as poly(butylene terephthalate) (PBT) and poly(ethylene 2,6-
napthalene dicarboxylate) (PEN). The recovery of bisphenol-A (BPA) from PC requires 
more sophisticated methods due to the low stability of BPA at high temperatures. Often 
phenol and isopropenyl phenol are obtained as degradation products of BPA. 
 
 

ABBREVIATIONS 
 
BPA Bisphenol-A 
c Concentration (c(COOH): acid groups, c(EL): ester links, c(water): water, 

cA: acid 
CHA Cyclohexylamine 
DMSO Dimethylsulfoxide 
EA Activation energy 
EG Ethylene glycol 
k reaction rate constant  
K Equilibrium constant 
                                                        

* E-mail: yoshioka@env.che.tohoku.ac.jp 
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NPA 2,6-Naphthalene dicarboxylic acid 
PBT Poly(butylene terephthalate) 
PC Polycarbonate 
PEN Poly(ethylene napthalenate) 
PET Poly(ethylene terephthalate) 
r Particle radius 
t Time 
TGA Thermogravimetric analysis 
THF Tetrahydrofurane 
TPA Terephthalic acid 
X Conversion 
ρ density 
 
 

1. INTRODUCTION 
 
Polyesters and polycarbonates are plastics produced by the polycondensation of 

dialcohols with diprotonic acids, either a dicarboxylic acid or carbonic acid in the form of its 
acid dichloride phosgene. The resulting ester links are sensitive to hydrolysis. Especially 
during processing, it is necessary to work with dry polymers. Even the presence of small 
quantities of water causes the shortage of the chain length at the processing temperature of 
more than 250°C, resulting in an unwanted change of properties. 

However, this effect can be employed after use to degrade polyesters and polycarbonates 
in order to obtain monomers or other valuable products. Today, the focus is on the reuse of 
waste materials. Land filling is limited by space and ecological concerns. In the European 
Union, land filling is even limited by law to materials with a loss by combustion of less than 
5wt% [1]. Other ways of waste treatments are necessary. Combustion and gasification are 
used for the energy recovery of mixed wastes from municipal households or agriculture. 
Materials can be separately collected or separated from other wastes by sorting. In Japan, 
several recycling laws are enforced for the construction of a “Sound Material-Cycle Society”, 
such as: 

 
• the “Law for Promotion of Sorted Collection and Recycling of Containers and 

Packaging” 
• the “Home Appliance Recycling Law” 
• the “Food Recycling Law” 
• the “Construction Material Recycling Law” and 
• the “Automobile Recycling Law”. 
 
Both physical and chemical recycling are possibilities for these materials. However, the 

physical recycling of polymers is always connected with the loss of properties (downcycling), 
due to the use of materials with different chain lengths, different additives and a different 
history. Chemical recycling (feedstock recycling) has to be developed for every single 
material according to its structure and reactivity. Processes suitable for polymers as 
polyolefins, polystyrene or poly(methyl methacrylate) are usually not appropriate for 
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polycondensates. Polymers can be easily degraded by pyrolysis resulting in monomers such 
as styrene, methyl methacrylate, ethylene or propylene. Waxes and hydrocarbon oils can also 
be obtained depending on the reaction temperature. Random scission of the polymer 
backbone releases mainly ethylene derivatives from polymerizates. Mixed plastics deliver oils 
with characteristics similar to crude oil. However, polycondensates tend to carbonize during 
the degradation. The chemical structure of the monomer is destroyed by the degradation of 
the macromolecule releasing the functional group, e.g. CO2 and CO in the case of polyesters 
[2] and polycarbonates [3] or HCN in the case of polyamides [4]. The high ratio of aromatic 
structures included in the structure of many polycondensates promotes the formation of 
carboneous residues. Solvolysis is a more efficient way for the degradation of 
polycondensates. At temperatures below pyrolysis temperature, the material is ceased by a 
nucleophilic agent. The original monomer or a monomer derivative is recovered. The absence 
of radical reactions below the pyrolysis temperatures prevents the formation of carboneous 
residue. 

The focus of this review is the degradation of polyesters and polycarbonates in the 
presence of water or hydroxide ions as a method of recycling. Different methods of 
hydrolysis using different reaction media and the products obtained from these shall be 
introduced including the modification of the primary hydrolysis products in further reaction 
steps. Moreover, it should be provided an overlook about the mechanisms and kinetics as far 
as available. 

 
 

2. POLYESTERS 
 
The polyesters considered in this review are polyesters synthesized from aromatic 

dicarbonic acids, as terephthalic acid (TPA) and 2,6-naphthalene dicarboxylic acid (NPA). 
Only these plastics are produced in large quantities and have to be treated after use. Aliphatic 
polyesters feature a low hydrolytic stability and a high biodegradability. The way of after use 
treatment differs fundamentally from those mentioned before [5]. 

The hydrolysis of polyesters in their simplest form is the inversion of their synthesis 
reaction: 

 

R
O

OH

O

OH
R' OHOH

O
R

O
O R' O  + + 2 H2O

Polycondensation

Hydrolysis
, 

 
where R is aromatic and R’ is usually an aliphatic rest. Both polycondensation and hydrolysis 
occurs mainly in the melt of the polyester. At temperatures below the melting point of the 
plastic, the bulk material is only attacked at the surface if no solvents are involved. 

The most important polyester is poly(ethylene terephthalate) (PET). It can be used in one, 
two and three dimensional applications as fibres, films and injection molded bodies (e.g. 
bottles). Especially PET-bottles are of interest in view of recycling due to the size of the 
pieces, the purity of the material and the homogeneity of the properties. There are already 
collection systems introduced in different parts of the world and mechanical recycling is 
established. However, mechanical recycling causes an erosion of mechanical and optical 
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properties due to thermal and mechanical stress during lifetime and processing. The use for 
food applications is also restricted due to hygienic concerns. Though, the demand of recycled 
PET is limited. 

The recycling of PET-fibres is more difficult. They are often blended with other synthetic 
and natural fibres, containing additives as dyes and fire retardants. They are used for various 
different applications as clothes, seats or tire cord with the needs of different chain lengths 
and properties. Recycling of such materials has to be sophisticated and expensive. 

Recycling of poly(butylene terephthalate) (PBT) faces similar problems. PBT is 
preferable used for injection molding applications due to its fast crystallization and the low 
uptake of water. It is often blended with PET, polycarbonate (PC) or polystyrene, containing 
various kinds of additives as fire retardants, dyes and fillers, as well. Any kind of recycling 
concept has to deal with this after-use disadvantages.  

Poly(ethylene 2,6-naphthalene dicarboxylate) (PEN) is considered as an alternative to 
PET for packaging applications due to its better barrier properties against gases as CO2 and 
oxygen. However, the higher price for 2,6-naphthalene dicarboxylic acid prevents the wide 
range use of this material. 

 
 

2.1. Hydrolysis of PET in Water 
 
The hydrolysis of PET resulting in terephthalic acid (TPA) and ethylene glycol (EG) in 

hot water shows some interesting properties. Firstly, the protolytic constant increases with the 
temperature and more protons are available even in the absence of acids and bases catalysing 
the reaction. Secondly, the dielectric constant of water is decreasing with increasing 
temperature making it easier to dissolve organic molecules in hot water. This is especially 
important for the dissolution of TPA which is almost insoluble at room temperature, however, 
showing a good solubility in water at elevated temperatures. TPA is gained by precipitation 
during cooling the reaction solution. EG is separated from water by distillation in industrial 
processes. 

The hydrolysis of PET in laboratory scale experiments is usually accomplished in a 
stirred batch reactor [6-9]. The reaction velocity is slow below the melting point of PET and 
increases rapidly above this temperature (Table 1) [10]. PET melts at temperatures higher 
than 235°C. However, evidence was found for a lower melting point under pressure [7]. The 
agitation maintains a good contact between the water phase and the PET above the melting 
point, which is necessary to avoid a diffusion controlled kinetic due to the migration of water 
through a TPA layer to the PET surface. However, TPA is dissolved at the water-melt 
interface and transported into the water phase by a proper agitation. 

The pressure is strictly dependent on the temperature under autogenous conditions. An 
increasing temperature accelerates the reaction velocity, but also the pressure in the reactor 
increases. A complete hydrolysis can be achieved at 250°C after 30min and at 265°C after 
10min reaction time [7]. The reduction of the temperature from 250°C to 200°C reduces the 
yield by 30% at a reaction time of two hours [11]. A complete hydrolysis can be achieved 
after six hours reaction time [12]. 
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Table 1. Rate constants of the hydrolysis of PET at different temperatures 
 

Temperature [°C] Rate constant k [mol-1min-1] 

100 3.0*10-7 

186 2.0*10-4 

250 0.244 

265 0.352 

280 0.487 
 
Due to costs and safety requirements, it is a concern of research to reduce the temperature 

necessary for the complete reaction. High temperature is also responsible for the loss of 
product. While TPA is not affected over a period of one hour at temperatures up to 350°C, a 
significant reduction of the yield of TPA can be observed at 400°C. The yield of EG is 
reduced even more due to its lower stability. The degradation of EG begins at 300°C. At 
400°C, EG is completely degraded after one hour. It is indicated that the dehydration of EG is 
catalysed by protons [6]. 

 

Table 2. Equilibrium constant 
WATEREL

COOH

cc
c

K
2

=  with the concentration of the hydrolysed 

ester links COOHc , the concentration of the remaining ester links ELc  and the water 

concentration WATERc  under equilibrium conditions 
 

Temperature [°C] K [7] K [8] K [9] 

225 - - 20.86 

235 7.09 - - 

240 - - 12.37 

250 3.99 1.43 - 

255 - - 8.74 

265 1.53 0.664 - 

270 - - 6.92 

280 - 0.384 - 
 
Next to the temperature, the water/PET ratio has the strongest effect on hydrolysis 

reactions. An initial water/PET ratio (w/w) of 5.1 [8] and 6 [7,9] was found to be necessary 
for a complete hydrolysis between 265°C and 270°C. Below this water concentration, an 
equilibrium is established (Table 2). The data for the equilibrium constant K differ strongly 
between the experimental set-ups. However, a reduction of K with increasing temperature was 
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found in all experiments indicating a shift of the equilibrium to the free acid at lower 
temperatures. 

The variation of the pressure at a constant temperature shows some effects on the reaction 
behavior. While the yield slightly increases with the pressure, the reaction velocity shows a 
more sophisticated behavior. At 150°C, the reaction rate is accelerated by increasing pressure, 
while at 200°C the influence is negligible. At 250°C, the reaction rate is even decreasing [11]. 

Divalent metal salts known as effective transesterfication catalysts have little effect on 
the hydrolysis of PET. The addition of zinc acetate increases the hydrolysis rate to a 
maximum of about 20% [13]. 

Other methods were employed for the hydrolysis of PET, as well. PET is hydrolysed 
completely at a pressure of 2MPa indicating a temperature of 210°C in two hours by using 
microwave (MW) radiation. The MW radiation heated the water without directly affecting the 
PET. The employed power of the MW radiation shows no effect on the hydrolysis rate. The 
shortage of the heat-up time is negligible compared to the reaction time. In contrast to 
reactions in a stirred batch reactor, a maximum yield for TPA was found with an initial 
water/PET charge ratio of 10. Higher charge ratios cause a reduction of the yield [14]. 

The reaction mechanism is the same as for monomeric esters [15]: 
 

R
O

O R'
R

OH

O R'
R

OH

O R'
 

R
OH

OH2

O R

R
OH

OH2

O R' R
OH

OH
R

OH

OH
 

R
O

OH

+ H+

+

+

H2O

+

+

+

+
-HOR -H+

 
 
It can be seen that the pathway consists only of balance reactions and the mechanism 

proceeds in random scission mode due to the late appearance of free EG in the solution 
[8,14]. This is in agreement with the idea of the inversion of the PET synthesis where PET is 
obtained only at a high conversion. Water and EG are removed constantly to force the 
equilibrium to high molecular weights. Equilibria are formed during the hydrolysis between 
the different PET oligomeric species dependent on the water concentration. Transesterfication 
reactions between the oligomers most likely happen in the melt. Detailed studies to the 
distribution statistic are not available up today. Investigations on the hydrolysis of solid PET 
at 205°C show the reduction of the chain length of residual PET with the reaction time [12]. 
The finding of unchanged chain lengths of residual PET contradicts the random scission 
mechanism and the results mentioned earlier [9]. 

According to the mechanism, the hydrolysis of PET is described best by a second-order 
model. Besides the forward reaction and the backward reaction, the autocatalytic effect of the 
produced TPA must be considered, as well [7]. 

The Resulting Reaction Velocity Law 
 

K
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COOHdc )()()()()( 2

5

2
1

−=  Eq. 1 

 

Sirang Co.



Hydrolysis of Polyesters and Polycarbonates 7

with the concentrations of the acid groups c(COOH), the ester links c(EL), water c(water) and 
the equilibrium constant K leads after integration to 
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S0 is S at the time 0=t . 
When k is calculated using concentrations instead of the mass of PET, k shows an 

independency from the initial water/PET charge ratio (Table 3). The results show clearly the 
dependence of the rate constant from the volume due to the fact that both the ester link 
concentration and the water concentration have to be recognized. In contrast, rate constants 
related to the mass are not universal valid. They can just be used for the special conditions 
they were obtained. Nevertheless, values for k can vary from sample to sample due to its 
properties and from experimental set-up to set-up, as well. 

The activation energy ranges from 56kJ/mol [8] to 123kJ/mol [7] for the hydrolysis of 
molten PET. Both values were obtained in a similar temperature range. However, the initial 
water/PET charge ratio was 10 and 6, respectively. Migration effects are strongly affected by 
the viscosity of the mixture and the viscosity is strongly affected by the temperature, as well, 
indicating that a reduced viscosity at high water/PET rates reduces also the activation energy. 
Higher resistance for the material transport is also expected for solid PET and high activation 
energies are found. At 200°C, the activation energy shows a distinct dependence on the 
pressure. It drops from 9.1MJ/mol at 1.4MPa to about 6MJ/mol at 3.4MPa and remains nearly 
constant up to 5.5MPa [11]. It can be seen that pressure is able to overcome partly the 
resistance. Probably, a better contact between water and PET is achieved by pressing water 
between the PET chains. The formation of hydrogen bonds between the water and the ester 
groups can be seen as the first step of hydrolysis. 
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Table 3. Rate constant for the hydrolysis of PET with  
initial water/PET charge ratios between 2 and 10 

 

Temperature [°C] 235 250 265 

Rate constant [10-5(l/mol)3/2s-1] 3 7 18 
 
2.2. Acidic Hydrolysis of PET 

 
It was shown that the hydrolysis of molten PET takes place in a satisfactory time scale, 

however, the hydrolysis velocity is reduced drastically below the melting point of PET. The 
hydrolysis is, however, accelerated in the presence of concentrated strong mineral acids even 
at moderate temperatures and atmospheric pressure. 

The hydrolysis of solid PET in the presence of acids is a heterogeneous reaction 
catalyzed by protons. Sulfuric acid, nitric acid and hydrochloric acid were employed to obtain 
TPA, EG and other products. The reaction is affected by the diffusion of reagents and 
products, the heat transfer inside the PET related to the low heat conductivity and the 
crystallinity of the PET, as well. 

Early works on the hydrolysis of PET in hydrochloric acid show the influence of different 
crystallinities and HCl concentrations on the reaction [16]. The hydrolysis rate increases with 
the HCl concentration due to the catalytic effect of the protons. However, oriented crystalline 
fibres show a higher resistance against hydrolysis than unoriented crystalline fibres and 
amorphous fibres, as well. It is assumed that HCl is mainly absorbed in the amorphous areas 
and hydrolysis is restricted to the amorphous PET and the surface of crystallites. The particle 
size shows no effect on the hydrolysis. 

The results show the accelerating effect of hydrochloric acid on the hydrolysis. However, 
it was not thought as a recycling process. Therefore, just small parts of the PET were 
hydrolysed and transport processes were negligible. These processes have to be considered 
when nitric acid is used and a complete recovery of TPA and EG shall be established [17,18]. 
The hydrolysis in nitric acid is limited to the surface of the PET particle due to the larger 
molecule size and the smaller diffusion coefficient of HNO3. The solubility of TPA in nitric 
acid is low and TPA is deposited on the surface of the PET particle making a further attack of 
the surface difficult (Figure 1). The hydrolysis rate decreases with the time and a complete 
hydrolysis is not achieved. The reaction is accelerated by an increase in temperature and acid 
concentration. However, a maximum yield of 91% for TPA at 100°C in 13M nitric acid is just 
obtained after 24h reaction time. 

EG is mainly degraded to oxalic acid and CO2: 
 

OH
3

10NO
3
8COOHHOOCHNO

3
8OHCHHOCH 2322 ++−⎯→⎯+  

 

O4H2NO6COHNO
3
2COOH3HOOC 223 ++⎯→⎯+−  
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Figure 1. SEM photographs of the PET surface covered with TPA after a) 2h, b) 8h and c) 12h 
hydrolysis with nitric acid and after the removal of TPA after d) 2h, e) 8h and f) 12h reaction time. 

Yields of 30% to 40% of oxalic acid are obtained in 13M nitric acid at 100°C. The 
conversion of EG to oxalic acid might be acceptable due to the higher price of oxalic acid 
even if yield is lost by the oxidation to CO2. 

The hydrolysis of PET in nitric acid is improved by the addition of dimethylsulfoxide 
(DMSO) to the reaction slurry [19]. DMSO is one of few solvents with good properties for 
the dissolution of TPA. DMSO improves the contact between the nitric acid and the PET 
surface. The reaction time is reduced to acceptable 160min. The conversion of EG to oxalic 
acid can be avoided by the addition of NaSO4 as a salting-out agent. EG is separated from 

Sirang Co.



Toshiaki Yoshioka and Guido Grause 10

nitric acid by the reduced stabilization of the EG in the aqueous solution caused by the 
hydration of the NaSO4 during its dissolution. 

The incomplete hydrolysis of PET with nitric acid leaves a material with cation exchange 
properties [20]. After hydrolyzing PET for 30min in 10mol/l HNO3 under reflux, a material is 
obtained containing about 0.5mmol/g of carboxylic groups able to adsorb Cd2+-ions and 
cationic organic molecules, as well. Figure 2 shows the surface of PET after the hydrolysis 
with NaOH and HNO3. The surface is covered with cracks and pores providing a large 
surface where the acidic sites after the hydrolysis are located. On the other hand, NaOH 
leaves a much smoother surface with just a small number of acidic sites.  

 

 

Figure 2. SEM photographs of PET a) without hydrolysis, after hydrolysis under reflux for 30min in b) 
10mol/l NaOH and c) 10mol/l HNO3 (reprinted from [20], with permission from Wiley). 

Sirang Co.



Hydrolysis of Polyesters and Polycarbonates 11

It is assumed that the reaction of PET in nitric acid is a reaction occurring just at the 
surface of the PET particles [18]. Nitric acid does not swell the particles and caves and pores 
are not formed, though the attack of deeper particle layers is excluded. Further, the solution of 
PET is negligible due to the long time particles resist in the solution. In order to deal with the 
deposition of TPA on the particle surface a modified shrinking core model for PET powder 
was developed (Figure 3). 

 

 

Figure 3. Modified shrinking core model of the hydrolysis of PET in nitric acid. The PET particle is 
covered by TPA during the process. The complete hydrolysis of the particle is inhibited. 

The reaction is no longer dependent on the PET concentration, but on the surface area of 
the PET particles, which is decreasing with the time due to the hydrolysis reaction. An 
additional reduction of the surface area accessible to the acid is observed by the TPA 
deposition. The resulting reaction velocity law is expressed by the change of the conversion 
X: 

 

0

3
5

)1(3)1(

0
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rdt
Xd

−=
−

−
ρ

 Eq. 6 

 
with the density of PET ρ, the initial PET particle radius r0, the rate constant k and the initial 
acid concentration 

0Ac . After integration 

 

tkX '1)1( 3
2

=−− −
 Eq. 7 

 
is obtained with k’ as the new reaction rate constant including all relevant constants. 

However, the kinetics is dependent on the particle shape and size and for other PET 
particles other solutions have to be found, as for larger particles where a proportional 
relationship between the effective surface area Seff and the radius of the unreacted core rc 
leads to a closer approximation [21]: 

unreacted core 

HNO3HNO3

TPA

ash layer 

unreacted core ash layer
passivation by
TPA deposits
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with b as the stoichiometric factor of PET and r as the particle radius at the time t. 

After integration 
 

tkX '')1ln( 3
1

=− −
 Eq. 9 

 
is achieved (Figure 4).  
 

 

 

Figure 4. Comparison of different models for the hydrolysis of PET in nitric acid (reprinted from [21], 
with permission from Wiley). 
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Both methods described above are independent from the particle size in the end of the 
calculation. The first one describes the hydrolysis of small PET particles, while the second 
one describes the hydrolysis of pellets. The second one is stronger affected by the passivation 
from the deposition of TPA on the surface of the larger particles. Therefore the reaction rate 
is reduced. 

According to the stronger passivation of larger particles, a rise of the activation energy 
can be expected due to the limited mass transfer. In fact, the activation energy of the 
hydrolysis of small particles of about 100µm is with 101kJ/mol [18] smaller than for pellets 
with a diameter of 3.5mm (135kJ/mol) [21]. Vice versa, the removal of the TPA deposit from 
the surface of the PET particles reduces the activation energy to 88kJ/mol [19]. 

Compared with other acids is the hydrolysis of PET in sulfuric acid a fast reaction. PET 
is already dissolved in concentrated sulfuric acid at room temperature in short times. TPA is 
precipitated by diluting the acid with water. 

The reaction time is reduced when the sulfuric acid concentration rises from 3M and 9M 
[22,23]. It is necessary to use a temperature of 150°C with 9M and 190°C with 3M sulfuric 
acid to achieve a complete hydrolysis in one hour. 

The reaction products are soluble in sulfuric acid and immediately transported into the 
solution. In the difference to nitric acid, there is no disposal of TPA on the particle surface 
inhibiting the material transport. Instead of that, sulfuric acid penetrates the amorphous areas 
of the PET leading to the fission of the chains [24]. The chain fragments are able to rearrange 
forming new crystalline areas. In concentrated sulfuric acid at 30°C, less ordered areas are 
formed in the first 60min of the reaction. After 60min, higher orientated areas are observed 
due to the dissolution and precipitation of material. At the end of the process, the crystalline 
areas left from the hydrolysis are also dissolved. 

The attack of the sulfuric acid on the amorphous areas of the PET leaves cracks and pores 
reaching deep into the material [23] (Figure 5). The hydrolysis rate is slow for the first five 
hours at 150°C with 3M sulfuric acid and accelerates after that due to the increasing surface 
area by the formation of pores. The long inhibition time might be related to the hindered 
dissolution of the chain fragments inside the pores. The kinetics can be explained by a 
modified shrinking core model which acknowledges the growing surface area during the 
hydrolysis (Figure 6). The reduction of the surface area with increasing conversion X is 
regarded by )1( X−  and the growth of the surface area related to the formation of pores is 

regarded by )1( aX−  with a constant factor a representing the linear growth of the surface 
area of the residual PET (figure 7). It follows the rate law: 
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is obtained. 
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a) 

f) e) d) 

c) b) 

10µm 10µm 10µm 

10µm 10µm 10µm  

Figure 5. SEM photographs of the hydrolysis of PET with 3M sulfuric acid at 150°C. a) before the 
reaction, b) after 5h (conversion X=6.6%), c) after 6h (X=12%), d) after 7h (X=27%), e) after 8h 
(X=46%), f) after 9h (X=67%). 

The velocity law and the agreements made in the modified shrinking core model show 
good results for the determination of the hydrolysis rate constant. The activation energy was 
found to be 89kJ/mol. 

EG is dehydrated under the conditions described above. The slurry changes its color from 
colorless to brown indicating the carbonization of EG. 

The acidic hydrolysis of PET is able to reduce the temperature and the pressure during 
the reaction. Accurate chosen process conditions may be able to avoid pressurized systems at 
all. Sulfuric acid and nitric acid are able to satisfy the claim of a complete hydrolysis of PET. 
Nitric acid requires long reaction times due to the deposit of TPA on the PET surface. The 
recovery of EG requires special arrangements in order to avoid losses of product by oxidation 
or dehydration. The precipitation of TPA from sulfuric acid requires the dilution with water 
and an additional recycling step for the acid. 

 

H2SO4 

u n r e a c t e d 
  c o r e  

H2SO4 

crack formation 

TPA dissolution 

 

Figure 6. Modified shrinking core model for the hydrolysis of PET in sulfuric acid. The acid permeates 
the amorphous areas of the particle. The TPA is dissolved after the hydrolysis of the PET. 
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Figure 7. Dependence of the specific surface area on the conversion of PET in H2SO4 measured by 
BET. 

 
2.3. Alkaline Hydrolysis of PET 

 
Various methods for the alkaline hydrolysis (saponification) of PET were investigated in 

recent years. Both sodium hydroxide and potassium hydroxide were used in different solvent 
systems, as water, EG or other kinds of alcohols. The mechanism of the saponification is 
slightly different from the acid and neutral hydrolysis and the sodium or potassium salt of 
TPA is always obtained as the first product: 
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TPA is recovered from the solution by precipitation after the acidification with 

hydrochloric acid or sulfuric acid. An economic reasonable process is only possible if there is 
also a market for the residual salts (NaCl, Na2SO4, etc.) which can be gained in reagent 
quality. 

Most experiments are carried out to obtain TPA from waste bottle PET or virgin material. 
However, the separation of different fibers is also possible by the alkaline hydrolysis of PET 
fibers. Rayon and cotton fibers remain unaffected and TPA is recovered as well [25]. 
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Figure 8. Alkaline hydrolysis in the presence of methyltrioctylammonium bromide as a phase transfer 
catalyst: a) without catalyst, b) after the addition of the catalyst, c) hydrolysis reaction. 

The use of temperatures higher than the boiling point of the alkaline solution (about 
100°C) requires the employment of autoclaves. However, the temperature can be reduced 
below the melting point of PET and less pressure is required. An almost complete hydrolysis 
of PET flakes can be achieved in 1h at 200°C [26] compared to 6h in pure water [12]. The 
reaction time increases clearly when the temperature is reduced.  

In order to avoid autoclaves, the reaction can be carried out at temperatures below the 
boiling point of water [27]. The reaction time is extended to several hours in order to obtain 
high yields of TPA. NaOH (70g/l) is able to hydrolyse PET in 2.5h at 99°C with a conversion 
of 85%. Another limitation of the reaction is given by the NaOH concentration which shows a 
maximum for the PET conversion. It is assumed that the increasing viscosity of the NaOH 
solution limits the removal of the products from the surface of the PET particle. 

The reaction time is also reduced by catalysts [28]. Phase transfer catalysts are common 
agents used for the hydrolysis of esters. Catalysts such as methyltrioctylammonium bromide 
act as a transportation medium for the hydroxide anion. The hydrophobic character of the 
aliphatic groups of the phase transfer catalyst reduces the solvation of the catalyst in the water 
phase. However, the hydrophobic surface of the PET particle is easily penetrated by the 
catalyst increasing the hydroxide concentration at the PET surface (Figure 8). The reaction 
temperature is reduced from 200°C [26] to 95°C [28] for a TPA yield of 98% and 84%, 
respectively, after 1h. However, be aware that the particle size without catalyst was 20 times 
smaller than with catalyst. 

Similar results are achieved when aqueous KOH solutions are used [29]. However, a 
direct comparison of the results is difficult due to the different reaction conditions used in the 
experiments. 

The reaction rate is strongly influenced by the choice of the solvent. The hydroxide ion is 
solvated and stabilized in aqueous media. Hence, the charge is more dislocated during the 
transition state of the saponification the reaction rate is increased by solvents with a lower 
polarity which lowers the solvation of the hydroxide ion. Solvents with a low polarity solvate 
also the hydrophobic PET chains causing swelling of the material and improve the access of 
the hydroxide ion. Methanol, ethanol and EG fulfill the requirements of a lower polarity than 
water and the ability to dissolve NaOH and KOH. Furthermore, the boiling point of EG 
(198°C) is high enough to avoid any kind of pressurized techniques. Aprotic solvents should 
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also have a strong effect on the reaction rate due to their ability to solvate the transition state 
stronger than the charged hydroxide ion [30]. 

The solvent effects described above are confirmed by the replacement of water by EG 
[31-33]. A complete hydrolysis of PET can be achieved in 1min at 185°C with NaOH. Even 
if pressurized reactors are avoided, the higher viscosity of EG solutions requires a strong 
agitation in order to overcome migration effects and the deposition of TPA on the PET 
surface. It is observed that an unsatisfactory agitation causes a drop in the reaction rate, 
however, the activation energy remains constant, assuming the formation of an equilibrium 
between the deposition of new formed Na-TPA and its dissolution which does not interfere 
with the hydrolysis reaction. It is also observed that higher alkaline concentrations reduce the 
reaction rate due to the increasing viscosity. This effect is overcome by using a solvent with a 
lower viscosity. The hydrolysis with 9M KOH in 2-methoxy ethanol (methyl cellosolve) after 
2.5h results in a TPA yield of 82% [26]. 

The reaction is strongly accelerated by using the primary alcohols methanol and ethanol 
while the reaction rate is slower in the secondary alcohol isopropanol [34,35]. Methanol and 
ethanol deliver already at moderate temperatures between 50°C and 60°C high yields of 
Na-TPA and K-TPA. The addition of an aprotic solvent such as dioxane, THF or dimethoxy 
ethane accelerates the reaction strongly. A complete hydrolysis is achieved in less than 1h.  

The expected effect of aprotic solvents on the reaction rate for the hydrolysis of PET is 
also observed for the addition of DMSO to EG (20/80). The reaction is 12 times faster than in 
pure EG. The same effect is visible with THF and dimethoxyethane [32,33]. The alkaline 
hydrolysis in the aprotic solvent 1,3-dimethyl-2-imidazolidinone carried out at 150°C leads to 
the a complete reaction in 1h [34]. However, the high boiling point makes the separation of 
EG from the solvent difficult. 

The history of the material has also a high impact on the reaction rate. A high water 
content of the material reduces the reaction time. Thermopressing at 260°C of water saturated 
PET leads to a primarily hydrolysis and shortening of the chain length. The subsequent 
hydrolysis in nonaqueous solution of NaOH in glycol at 170°C reduced the reaction time to 
one quarter [31]. 

The quality of the TPA recovered after acidification of the basic solution is reported to be 
very similar to that of reagent TPA [27]. However, the appearance of about 2% isophthalic 
acid in the product was reported. Nevertheless, it is possible to obtain new PET from the 
polycondensation with EG [26,28]. 

The kinetic models for alkaline hydrolysis are very similar to those for the acidic 
hydrolysis. The shrinking core model is used as base due to the physical insolubility of PET 
in alkaline solutions. According to the findings, the model is modified dependent on the shape 
of the particles, the particle size and the experimental setup. 

Flakes are only hydrolysed at the surface while deeper areas remain intact. DSC and 
viscosity investigations show no significant difference between the original and the residual 
flakes. The molar mass of the residual PET drops slightly due to the formation of oligomers 
on the PET surface [29]. However, it was found that in the beginning of the hydrolysis of 
small particles of 300µm or less the acid value of the obtained product (mainly TPA) is far 
below the theoretically expected value, assuming that small particles decay during the 
alkaline hydrolysis releasing fragments and oligomers into the solution before finally TPA is 
obtained [27] (Figure 9). 
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Figure 9. Fragmentation of PET during the alkaline hydrolysis of small particles (reprinted from [27], 
with permission from Wiley). 

EG supports the fragmentation of the PET particles. Pores and cavities are formed during 
short reaction times accelerating the reaction and causing the break down of the structure [31] 
(Figure 10). However, high agitation speed is required to overcome the transport limitations 
caused by the viscosity of the solution.  

 

 

Figure 10. SEM of PET sheets after the hydrolysis with NaOH in EG at 170°C after (A) 1min (30% 
conversion), (B) 2min (50%) and (C) 4min (70%). The magnification for (A) and (C) is 500 and for (B) 
100 (reprinted from [31], with permission from ACS). 
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Table 4. Comparison of activation energies EA under different conditions during the 
alkaline hydrolysis of PET 

 

Reactant Solvent EA [kJ/mol] 

NaOH [25] Water 99 

KOH [35] Water 29 

KOH [28] Water 69 

NaOH [27] Water/Methyltrioctylammoniumbromide 83 

NaOH [30] Ethylene glycol 173 

KOH [32] Ethylene glycol, CHA, THF, DMSO 24 

KOH [34] Methanol 24 

 
Researchers used also the diffusion coefficients of the products [35] and the molar 

distribution coefficient of the hydroxide [36] for the modification of the shrinking core model. 
Some researchers [29,36] assume a chain-end scission mechanism for this reaction due to 

the first order kinetic regarding the hydroxide concentration. It is assumed that 
random-scission only occurs when both ester linkages of one TPA unit are undergo 
hydrolysis at the same time. However, chain-end ester linkages are a minority of less than 2% 
in a PET material with a molar mass of Mn=20,000g/mol and the chemical difference between 
chain-end and inner-chain ester-linkages is negligible. If the chain-end scission is the main 
path way of the reaction, the alkaline hydrolysis would be much slower than the hydrolysis in 
neutral water where the random scission mechanism is suggested. Furthermore, the GPC and 
HPLC analysis of oligomers after the hydrolysis of PET fabrics in methanolic NaOH shows 
the formation especially of oligomers with a molar mass of about 2400g/mol, while larger 
fragments of the hydrolysis are not observed [37]. The length of these oligomers is 
comparable with the length of crystallized units, while the surrounding amorphous area is 
hydrolysed. This is more likely expected for a random-scission mechanism than for a 
chain-end scission mechanism. 

The activation energy depends also in the case of the alkaline hydrolysis strongly on the 
reaction conditions. It ranges from 24kJ/mol for the hydrolysis of PET powder in aqueous 
KOH to 173kJ/mol for the hydrolysis with NaOH in EG (Table 4). Values below 30kJ/mol 
seem to be very low indicating that the reaction rate is controlled by physical processes. The 
values indicate lower activation energies for the hydrolysis with KOH compared with NaOH 
as it is also visible in the more rapid hydrolysis of PET is KOH solutions. Also the use of 
catalysts shows a reduction on the activation energy. However, the wide range of activation 
energies indicates the strong influence of effects which are not related to the fundamental 
hydrolysis reaction. It is essential to identify and eliminate these effects in order to obtain 
reliable values. 
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2.4. Other Processes 
 
Besides solvolysis, processes are employed working at high temperatures and using 

steam as water source in order to reduce the pressure necessary for the reaction. Such 
processes are performed in fluidized beds, rotary kiln reactors or by reactive extrusion. 

TGA shows in the absence of steam the occurrence of pyrolysis and the formation of 
16wt% of carboneous residue [38]. In the presence of steam the degradation starts at a lower 
temperature and the formed residue is reduced to 1wt%. Hydrolysis and pyrolysis are 
competitive reactions with activation energies of 160kJ/mol and 200kJ/mol, as well. The 
lower activation energy enables the hydrolysis to repress the pyrolysis. In this way, TPA is 
recovered from PET quantitatively at 450°C in steam atmosphere by using a fixed bed 
reactor. The IR-spectra show no significant differences between the recovered TPA and 
reagent TPA. 

The hydrolysis of PET in a fluidized bed at 450°C with steam as fluidizing gas and quartz 
sand as bed material shows similar results [39]. In fluidized bed reactors, a material of fine 
particles is fluidized by a gas stream from the bottom of the reactor. The behavior of a 
fluidized bed is comparable with a liquid and shows excellent properties for heat and mass 
transport. Products are removed immediately from the hot reactor zone by the fluidizing gas. 
Typical residence times ranges from seconds to 1min. 

In this way, TPA is produced in high yields (72%) and some low mass oligomers are 
obtained as by products (yield: 24%) indicating an incomplete hydrolysis due to the short 
residence time. However, EG is mainly degraded in the presence of water and CO2 is formed. 
The applicable temperature ranges from 410°C to 470°C. At lower temperatures, TPA 
deposits are formed in the reactor and product gas lines due to the sublimation point of TPA 
at 402°C. At higher temperatures, the product color changes from white to yellow indicating 
the start of pyrolysis reactions. TPA is easily separated from water and by products during 
condensation by its high sublimation point. However, an appropriate filter system has to be 
established for the removal of TPA in order to avoid blocking problems. 

Blocked pipes and corrosion are problems waste treatment facilities have to deal with 
during processing of PET containing waste due to the formation of TPA and benzoic acid. 
The addition of FeOOH as a catalyst to PET during the hydrolysis with steam at 500°C 
reduces the quantities of TPA and benzoic acid significantly [40]. As a result mainly 
acetophenone, benzene and CO2 are produced. During the treatment of FeOOH with steam at 
the processed temperature a highly porous Fe2O3 is obtained while commercial Fe2O3 shows 
no activity. 

A concept was found to degrade corrosive and sublime products from the pyrolysis of 
PET and PBT containing wastes and convert them into fuels [41]. In a first step, the waste 
(PE/PET 15/2) is pyrolysed and hydrolysed in a circulated-spheres reactor in the presence of 
steam at 500°C (Figure 11). The reactor is filled with glass beads acting as heat transfer 
medium and increasing the surface area of the molten plastic. The beads are lifted by a 
stirring system in order to distribute the plastic and to increase to hold-up time. The gaseous 
products enter a tank reactor where the degradation is completed. Sublime products from 
polyesters are degraded over FeOOH in a fixed bed reactor at the same temperature. Mainly 
waxes are obtained after the last degradation step. The product oil is converted into low 
boiling hydrocarbons (C6-C12) over Rey-Ni-catalyst at 400°C.  
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Figure 11. Treatment of PET and PBT containing waste in a circulated-spheres reactor (reprinted from 
[41], with permission from Elsevier). 

The hydrolysis in the presence of Ca(OH)2 leads to the decarboxylation of TPA and the 
formation of benzene [42]. A benzene yield of 88% is obtained at 700°C with a benzene 
purity of 79% in the oil (Figure 12). By products are mainly biphenyl and other aromatics. EG 
is completely degraded to carbon oxides. Similar results are obtained from the hydrolysis of 
PET in the presence of CaO and steam assuming that CaO and Ca(OH)2 undergo in the first 
step the same reaction forming Ca-TPA which is decarboxylized leaving benzene and CO2 
and restoring CaO. It is necessary to mention that Ca(OH)2 is dehydrated at 550°C. However, 
if the reaction is performed at lower temperatures, similar results with longer reaction times 
are obtained. 
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Figure 12. GC of the product oil from the hydrolysis of PET in the presence of Ca(OH)2. 

The local separation of the PET hydrolysis from the decarboxylation by a two chamber 
reactor with two different heating zones at temperatures below 500°C helps to avoid the 
formation of by products. In the first chamber, the PET is hydrolysed in the absence of any 
catalyst using a slow heating rate from 300°C to 500°C. The resulting TPA is decarboxylized 
in the presence of CaO at 500°C. Benzene is obtained with a yield of 74% and a purity of 
97% (unpublished results). The realization of a rotary kiln pilot plant using these results is in 
progress. 

The addition of Fe2O3 and TiO2 to the Ca(OH)2/PET system has little effect. However, 
NiO is an effective catalyst for the production of synthesis gas from PET [43]. Especially 
bottle PET is an excellent source for the gasification due to its purity, the lack of catalyst 
poisoning substances and the amount of waste available. 

The hydrolytic degradation of PET in a twin extruder using steam under high pressure 
enables the reduction of the viscosity of the material due to the reduction of the chain length 
[44]. However, a complete hydrolysis is not obtained and oligomers with an average molar 
mass of Mn=325g/mol are found. Best results are obtained at 300°C, high pressure 
(4800kN/m2) and a low water/PET ratio (wt/wt: 1/2) resulting in a low residence time of the 
melt. Decomposition of TPA occurs at higher temperatures. The activation energy is given 
with 75kJ/mol. 
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2.5. Hydrolysis of PEN and PBT 
 
The hydrolysis properties of PEN and PBT are very similar to those of PET. Both PBT 

and PEN undergo the same reactions as PET. However, PBT and PEN show a higher 
hydrolysis resistance than PET below their melting areas due to the lower water uptake 
caused by the stronger hydrophobic character of these plastics. 

Experiments on fibres have shown that PBT is less affected by aqueous and alcoholic 
NaOH solutions than PET [45]. While PET loses about one third of its weight during 5min of 
hydrolysis with 40wt% aqueous NaOH solution at 97°C, PBT loses just about 3wt%. Both 
PET and PBT are stronger affected by methanolic and ethanolic NaOH solutions, however, 
the resistance of PBT against the alkaline attack is still stronger than that of PET. 

Similar results are observed during the hydrolysis of PEN and PET films in saturated 
steam between 120°C and 160°C [46]. PEN shows a stronger resistance against hydrolysis 
than PET. The reaction rate is about 2-5 times smaller for PEN than for PET. The effect of the 
lower diffusion rate of water in PEN is negligible since the diffusion rate is 4-6 orders of 
magnitude larger than the reaction rate. 

All three polyesters, PET, PBT and PEN are quantitatively hydrolysed in neutral water 
above their melting point. All effects described before for PET are found for PBT [47] and 
PEN [6], as well. Differences in the hydrolysis behavior are related to the difference in the 
melting point. PBT has the lowest melting point (about 220°C) of the common polyesters and 
it shows the fastest hydrolysis. Under the same conditions, a complete hydrolysis of PBT is 
achieved at 245°C after 10min, while for PET (mp~245°C) a temperature of 270°C is 
necessary [9] even if the equilibrium is more advantageous for the hydrolysis of PET. 

Still higher temperatures are observed in the case of PEN due to the melting point at 
about 270°C. PEN conversions of more than 90% are achieved at temperatures of more than 
300°C. However, degradation of EG occurs at these temperatures as mentioned earlier. 

The decarboxylation of PBT and PEN occurs in the same way as for PET in the presence 
of Ca(OH)2 in a fixed bed reactor [48]. Best results are obtained at 700°C with a 
Ca(OH)2/polyester repeating unit ratio of 5:1 with a benzene yield of 67% from PBT and a 
naphthalene yield of 80% from PEN, as well. 1,4-Butanediol undergoes secondary reactions 
and the subsequent dehydration leads to the formation of tetrahydrofuran and butadiene 
(Figure 13). 

 
 

2.6. Industrial Applications 
 
Most processes used in laboratory scale experiments are batch processes. Industrial 

plants, however, have to be developed as continuous working facilities in order to reduce 
costs and time for processing. Several types of reactors are used as hydrolysators and also 
combined methods were developed for the hydrolysis of polyesters. All described processes 
are valid for PET, PBT and PEN, as well. 
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Figure 13. Scheme of the hydrolysis of PBT in the presence of Ca(OH)2. 

Water and PET are heated separately and then mixed and introduced into a tube reactor in 
a process developed by Asahi Chem. Ind. Turbulent conditions provide a good heat and 
material transfer necessary for the heterogeneous slurry. At 300°C, the reaction takes less 
than 4min and is fast enough to obtain high yields of TPA and EG, as well, since the heat 
transfer inside the low heat conductive PET melt is minimized [49].  

Celanese chose another way to perform a continuous process. PET is fed by an extruder 
from the top into the hydrolyzer. The PET melt is heated by steam introduced from below. 
The steam provides also agitation for the slurry. The condensed steam forms a water phase at 
the top of the hydrolyzer containing the products TPA and EG. The products are removed by 
withdrawing the water phase from the reactor. At 248°C and 4.2MPa, a residence time of 2h 
is achieved for a complete hydrolysis [50]. 
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The reaction is accelerated by manganese, zinc and calcium acetate [51] or tin and lead 
compounds [52]. However, catalysts have to be removed carefully from the obtained 
products, since they are able to interfere also during the PET polycondensation. Even if the 
catalysts remain quantitatively in the mother liquid, especially heavy metal salts cause 
concerns in the relation with daily life applications. 

Another possibility is the use of a two step process. In the first step, PET is hydrolysed 
for 30min at 220°C to 280°C in a twin extruder. The partly hydrolysed slurry is cooled and 
the precipitated solid is separated from the mother liquid. The solid is dissolved in an 
ammonia solution after that, and the hydrolysis is finished at 180°C to 230°C after 30min 
reaction. TPA is precipitated by adding sulfuric acid [53]. 

The most processes described above are also under consideration as industrial relevant 
processes. Both methods, using acidic [54,55] and basic hydrolysis with the subsequent 
neutralization with an adequate mineral acid were developed, as well. The basic hydrolysis is 
performed with alcoholic KOH [56] and NaOH [57,58] solutions in the presence of aprotic 
solvents or in aqueous NaOH including the oxidation of contaminants with air obtaining an 
insoluble inorganic residue [59]. The hydrolysis of PET in 7wt% ammonia solution results in 
a diammonium terephthalate yield of 80% after 30min reaction at 190°C [60]. 

The technical realization of fluidised bed plants [61] and the hydrolysis using extruders 
[62] are also considered. 

 
 

3. POLYCARBONATE 
 
The term polycarbonate (PC) is mainly used for bisphenol-A-PC (Figure 14) as the 

diester of carbonic acid and bisphenol-A (BPA) as the diol component. It is the most 
important PC used for applications which require high transparency (CDs, DVDs, headlight 
covers, windows for planes and vehicles) and impact strength (casings for computers and 
other electric devices). 

The ester structure makes PC sensitive to hydrolysis (Figure 15) and processes as 
described above for polyesters should be practicable for PC, too. However, some 
disadvantages have to be considered. Firstly, the low thermal stability of BPA, which 
degrades under formation of phenol and isopropenyl phenol in hot water at temperatures 
higher than 200°C [63-65], makes it necessary to remove the product quickly from the hot 
reactor. This might be the reason that there is no work available dealing with the hydrolysis of 
PC in autoclaves at high temperatures due to the fast degradation of BPA under reaction 
conditions. The second reason might be that real waste PC contains usually high amounts of 
additives (dyes, fire retardants, etc.) and fillers and it is also frequently blended with other 
plastics such as PBT or polystyrene. 

 
O

O O  
 

Figure 14. Bisphenol-A-Polycarbonate. 
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Table 5. Product yields of the hydrolysis of PC in the presence of MgO and CaO at 
different temperatures 

 
The yields are related to the reactions: 
PC → BPA 
PC → Phenol + Isopropenyl phenol 
 

 MgO CaO 

Temperature [°C] 300 500 300 500 

Bisphenol-A [%] 78 16 49 21 

Phenol [%] 0 57 9 41 

Isopropenyl phenol [%] 2 49 7 27 

 
TGA shows the start of the hydrolysis in steam atmosphere at about 300°C and the end at 

500°C leaving just low amounts of residue [41]. The reaction is accelerated by MgO and CaO 
and BPA is obtained in high yields at 300°C when the products are removed quickly from the 
hot reactor zone (unpublished results). At 500°C, BPA is mainly destroyed and phenol and 
isopropenyl phenol are produced as degradation products [66]. The reaction mechanism given 
in Figure 16 offers different path ways for the formation of phenol resulting in high phenol 
yields at 500°C. 2-(4-Hydroxy phenol)-2-propanol which is observed during the fission of 
BPA in hot water [63] is not found as product due to the equilibrium located on the left side 
of the formula. However, traces of acetone are found in the GC-MS spectra at least indicating 
the possibility of the formation of (HPP). Table 5 shows the product yields from the 
hydrolysis of PC in the presence of CaO and MgO achieved in a fixed bed reactor as 
described elsewhere [42]. 

Similar to PET, the hydrolysis of PC occurs also after a random scission mechanism. The 
choice of the end-group has an important impact on the degradation behavior. Phenol capped 
PC shows an extraordinary stability of the terminal phenol groups at the beginning of the 
degradation in saturated steam at 125°C [67]. After a delay time the hydrolysis of the end 
groups accelerates and overtakes even the hydrolysis rate of the BPA-ester links indicating a 
more sophisticated kinetics. 

 
 

4. CONCLUSION 
 
In recent years, the interest in the recycling of polyesters and polycarbonates has 

increased noticeably. New regulations let to the necessity to reduce the amount of waste and 
to recover raw materials from plastics. In this view, the hydrolysis of polyesters and PC 
shows promising results. PET is hydrolysed under different conditions in the range from 
several minutes to several hours. TPA and EG are recovered in high yields close to 100%. 
Neutral hydrolysis requires high temperatures and pressures for the recovery of TPA. 
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Extreme conditions are avoided using acids or alkaline solutions. However, the recovery of 
TPA requires additional steps. All processes developed for PET are also valid for PBT and 
PEN, as well. 

O O

O

R R
R OH OH R+ 2 H2O + CO2 +

 

Figure 15. Hydrolysis of PC. 
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Figure 16. Reaction mechanism of the degradation of BPA after the hydrolysis of PC in the presence of 
MgO and CaO. 

On the other hand, the determination of kinetic and thermodynamic data faces serious 
problems. Data for the activation energy for PET vary in a wide range depending on the 
experimental conditions. The causes for this behavior are not clear in detail. More 
investigations are required to come to more universal data. 

Principally, the hydrolysis of PC proceeds after the same rules than PET. However, the 
low stability of BPA at high temperatures and the use of additives in PC require more 
sophisticated processes than for polyesters. Just a few methods have been developed for the 
recovery of monomers from PC until now. 
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ABSTRACT 
 

This chapter presents the preparation of polymer nanocomposites and the effects of 
multiwall carbon nanotube (MWCNT) on the structure and properties of poly(ethylene 
2,6-naphthalate) (PEN) nanocomposites. The combination of a very small quantity of 
expensive MWCNT with conventional cheap thermoplastic polymers provides attractive 
possibilities for improving the physical properties of polymer composites using a cost-
effective method, from a commercial perspective. MWCNT-reinforced PEN 
nanocomposites were prepared by a melt blending process in a twin screw extruder to 
create advanced materials for possible practical applications in numerous industrial 
fields. There are significant dependence of the crystallization behaviors and their kinetics 
of the PEN/MWCNT nanocomposites on the MWCNT content, the cooling rate, and the 
crystallization temperature. The MWCNT in the PEN nanocomposites exhibited much 
higher nucleation activity than any nanoreinforcing filler. In the PEN/MWCNT 
nanocomposites, the incorporation of the MWCNT promoted the nucleation and the 
growth with higher crystallization rate of the PEN/MWCNT nanocomposites, and 
simultaneously reduced the fold surface free energy and the works required in folding 
macromolecular chains in the PEN/MWCNT nanocomposites. The non-terminal behavior 
observed in the PEN/MWCNT nanocomposites was related to the dominant nanotube-
nanotube interactions at higher MWCNT content, leading to the formation of the 
interconnected or network-like structures of the MWCNT in the PEN nanocomposites. 
The incorporation of very small quantity of the MWCNT significantly improved the 
mechanical properties of the PEN/MWCNT nanocomposites. There is a significant 
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dependence of the thermal stability and degradation behavior of the PEN/MWCNT 
nanocomposites on the MWCNT content and heating rate. The interconnected network-
like structures of the MWCNT resulted in the physical barrier effect against thermal 
degradation both by retarding the rate of thermal degradation and by hindering the 
transport of volatile decomposed products in the PEN nanocomposites, leading to the 
improvement in the thermal stability of the PEN/MWCNT nanocomposites. This Chapter 
attempts for the first time to summarize the preparation, the non-isothermal 
crystallization kinetics, the crystallization and melting behavior, the rheological and 
mechanical properties, the thermal stability, and the thermal degradation kinetics of 
MWCNT-reinforced PEN nanocomposites. 
 
 

1. INTRODUCTION 
 

1.1. Multiwall Carbon Nanotube (MWCNT) 
 
Carbon nanotubes (CNTs) have attracted a great deal of interest, both as advanced 

materials for next generation and in a broad range of potential scientific and industrial 
applications since they were discover by Iijima [1]. Moreover, this discovery has created a 
high level of activity in materials research for a practical realization of the extraordinary 
properties of the CNT, with their almost infinite number of possibilities for new materials. 
The CNT was first synthesized as a by-product in arc-discharge method in the synthesis of 
fullerenes and are currently being prepared by various methods, including arc-discharge [2-4], 
laser ablation [5-7], high-pressure CO conversion (HiPCO) [8, 9], chemical vapor deposition 
(CVD) [10-14], electrolysis [15], solar energy [16] methods. 

The CNT that consists of concentric cylinders of graphite layers are a new form of 
carbon, and they can be classified into three types: single-walled carbon nanotubes (SWNT), 
double-walled carbon nanotubes (DWNT), and multi-walled carbon nanotubes (MWNT). The 
SWNT consist of a single layer of carbon atoms through the thickness of the cylindrical wall 
with diameters of 1.0-1.4 nm, two such concentric cylinders forms the DWNT, and the 
MWNT consist of several layers of coaxial carbon tubes, the diameters of which range from 
10 to 50 nm with the length of more than 10 μm [17-19]. The comparison of the diameters of 
various carbon materials are shown in Figure 1. The graphite nature of the nanotube lattice 
results in a fiber with high strength, stiffness, and conductivity, and higher aspect ratio 
represented by very small diameter and long length makes it possible for the CNT to be 
promising nanoreinforcing fillers in advanced polymer nanocomposite [20]. Both theoretical 
and experimental approaches investigating the mechanical properties of the CNT suggest that 
the elastic modulus of the CNT may exceed 1.0 TPa with a tensile strength in the range of 10-
50 GPa [21-24]. 
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Figure 1. Comparison of the diameters of various carbon materials. 

 
In general, the MWNT have inferior mechanical performance compared with the SWNT. 

However, the MWNT have a cost advantage, in that they can be produced in much larger 
quantities at lower cost compared with the SWNT. In addition, the MWNT are usually 
individual, longer than the SWNT, and more rigid because of their larger cross section. Due 
to their high aspect ratio and excellent axial strength, the MWNT are regarded as prospective 
reinforcements in high performance polymer nanocomposites. For these reasons, extensive 
research and development have been directed towards the potential applications of the CNT 
as novel materials for use in a broad range of industry. The fundamental research progressed 
to date on applications of the CNT suggests that the CNT can be utilized as a promising 
nanoreinforcing filler in new kinds of polymer nanocomposites. They are on the scale of 
nanometers and exhibit remarkable physical characteristics, such as high aspect ratio and high 
mechanical properties [25]. However, because of their high cost and limited availability, only 
a few applications in industrial fields have been realized to date. 

 
 

1.2. CNT/Polymer Nanocomposites 
 
One of major changes for high performance polymer nanocomposites is to optimize the 

processing of CNT-reinforced polymer nanocomposites with low costs. Four processing 
techniques are in common use to fabricate the CNT/polymer nanocomposites: direct mixing, 
solution method, in situ polymerization, and melt compounding [26-35]. Among these 
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processing techniques, melt compounding has been accepted as the simplest and the most 
effective method from an industrial perspective, because this process makes it possible to 
fabricate high-performance polymer nanocomposites at low process cost, and facilitates 
commercial scale-up. 

Up to now, much research on the CNT/polymer nanocomposites have been carried out 
based on the possible applications of the CNT as advanced polymer nanocomposites, and 
most of them have focused on the preparation, the morphology, and the thermal, rheological, 
and mechanical properties of their nanocomposites [26-45]. The major research field of the 
CNT-based polymer composites performed by various research groups and the experimental 
results of various CNT/polymer nanocomposites are presented in Tables 1 and 2, respectively. 

As the mechanical properties of polymer nanocomposites are influenced by their 
morphology and crystallization behavior [46, 47] and the incorporation of the CNT plays a 
significant role in that, it is very instructive to characterize the crystallization and melting 
behavior of the CNT/polymer nanocomposites, which should be required both for optimizing 
the processing conditions. The crystallization behavior of polymer nanocomposites and their 
crystallization kinetics as a function of processing conditions are of great importance in 
polymer processing, particularly for the analysis and design of processing operations. 
Therefore, the crystallization behavior and structural development of CNT-reinforced 
polymer nanocomposites should be analyzed to realize the full potential of the CNT for 
application in thermoplastic matrix-based polymer nanocomposites. 

From a commercial perspective, it is very important to understand the non-isothermal 
crystallization behavior of polymer nanocomposites, particularly if processing techniques for 
the fabrication of engineering plastics under non-isothermal conditions are being considered. 
The processing of polymer nanocomposites involves complex deformation behaviors, which 
may affect the nucleation and crystallization behavior of polymer nanocomposites. Thus, it is 
also important to characterize the nucleation and crystallization behavior of polymer 
nanocomposites to optimize the process conditions. Despite extensive studies on the 
crystallization and melting behavior of the CNT/polymer nanocomposites [48-51], a 
generalized understanding of their behavior induced by the CNT has not been fully achieved 
yet. Furthermore, few reports regarding the effect of the CNT on the nucleation, the non-
isothermal crystallization kinetics, and the crystallization and melting behavior of 
conventional polyester resins can be rarely found in the literature to date. 

The rheological behavior of polymer nanocomposites as a function of processing 
conditions is of great importance in polymer processing, particularly for the analysis and 
design of processing operations, as well as understanding structure-property relationships of 
polymer nanocomposites. In this regard, the rheological properties of CNT-reinforced 
polymer nanocomposites should be characterized both to realize the full potential of the CNT 
for application in the thermoplastic matrix-based polymer nanocomposites and to optimize 
the processing conditions for achieving high performance polymer nanocomposites. 
However, the rheological behavior of CNT-reinforced conventional polyester nanocomposites 
has rarely been investigated to date, and few reports can be found in the literature regarding 
the effect of the CNT on the rheological properties of polyester-based nanocomposites. 
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Table 1. Major study on CNT-based polymer composites performed by various research 
groups [36] 

 

Groups Research fields 

S. Kumar 
(GIT) 
 
E. Barrea 
(Rice Univ.) 
 
J. Fisher and K. 
Winey 
(Univ. Penn) 
 
O. Zhou (UNC) 
 
M.Shaffe and A. 
Windle 
(Univ. Cambridge) 
 
Rud Ruoff 
(Northwestern Univ.) 
 
P. Ajayan 
(Rensselaer Polytech) 
 
C. Park 
(ICASE/NASA) 
 
 
Frank Ko 
(Drexel Univ.) 
 
T. Chou 
(Univ. Delaware) 
 
D. Wagner 
(Weizmann Institute) 

- CNT/polymer fiber spinning 
- Holds the champion mechanical property data 
 
- CNT/polymer extrusion 
- Mechanical properties, high CNT concentration 
 
- SWNT/polymer 
- Goof physical background 
 
- Physical biased work for filed emission display 
 
- CNT/polymer 
- Incomplete dispersion of CNT 
 
- CNT, CNT/polymer 
- Micro and nano scale mechanical testing 
 
- Long SWNT bundles 
- Microscopic study 
 
- SWNT/polymer dispersion and fiber spinning 
- Electrospinning, alignment, multifunctional applications 
- Synthesis, microscopy, modeling, processing 
 
- CNT/polymer, electrospinning 
- graphite nanoplate/polymer (spider silk) 
 
- Aligned MWNT/polymer composites 
- Engineering based works for structural materials 
 
- CNT/polymer interfacial characterization 
- Raman spectroscopy 

 
As thermal stability of polymer nanocomposites is one of the most important factors for 

their processing and applications, it is very instructive to characterize the thermal degradation 
behavior that is affected their final properties such as the upper-limit use temperature and 
dimensional stability, for developing polymer nanocomposites with better balance in 
processing and performance. Thermogravimetric analysis (TGA) is in common use both to 
characterize thermal degradation behavior and to estimate the kinetic parameters of thermal 
degradation processes, due to its simplicity and useful information about thermal degradation 
[52, 53].  
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Table 2. The research results of various CNT/polymer nanocomposites 
 

Materials Results Ref. 

SWNT/PEO 
 
 
MWNT/PS 
 
 
 
 
SWNT/PP 
 
 
CNT/PP 
 
 
MWNT/PS 
 
CNF/PP 
 
 
 
SWNT/epoxy 
 
 
CNT/polymer 
 
 
MWNT/PS 
 
 
SWNT/PMMA 
 
 
SWNT/epoxy 
 

- 40% increase in storage modulus (4wt% SWNT) 
- Decrease in the Tm of PEO 
 
- Relationships between processing conditions 
and mechanical and electrical properties 

- Lower strains at yield stress than neat PS films 
- Double tensile modulus at 2.5 vol.% CNT 
 
- No noticeable mechanical reinforcement 
- Dependence of crystallization on SWNT 
 
- 50% and 100% increase in the modulus and 
strength at 5 wt% CNT, respectively 

 
- 49% increase in the storage modulus at 5 wt% MWNT 
 
- Working temp. increased by 100 oC 
- 350% increase in the tensile modulus 
- Increase in the degree of crystallinity 
 
- Loading behavior in tension and compression 
- CNT slipping within the bundles 
 
- Role of an ionic surfactant 
- Increase in the Tg and modulus 
 
- 42% and 25% increase in the elastic modulus 
and break stress at 1 wt% CNT, respectively. 

 
- Increase in the modulus and strength with draw ratio 
- Higher electrical conductivity 
 
- Higher compressive strength than any other fiber 
(about 0.5 GPa) 

78 
 
 

79 
 
 
 
 

80 
 
 

81 
 
 

82 
 

83 
 
 
 

84 
 
 

85 
 
 

86 
 
 

68 
 
 

87 
 

 
Thus, the understanding of the thermal stability and thermal degradation kinetics of 

polymer nanocomposites makes it possible to develop and extend their applications in a broad 
range of industry. However, fundamental studies on the thermal stability and thermal 
degradation kinetics of polymer nanocomposites have been rarely investigated to date, and 
only a few reports may be found in the literature regarding the roughly thermal degradation 
behavior of CNT/polymer nanocomposites [54-56]. Furthermore, the thermal stability, 
thermal degradation, and thermal degradation kinetics of CNT-reinforced aromatic polyester 
nanocomposites have been rarely investigated to date. 
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In this present paper, we prepared aromatic polyester nanocomposites based on a very 
small quantity of the CNT and the poly(ethylene 2,6-naphthalate) (PEN) by direct melt 
compounding in a twin-screw extruder to create high performance composite materials with 
low process cost for possible practical applications in various industrial fields. Furthermore, 
the combination of a very small quantity of relatively expensive CNT with conventional 
cheap polyester resins provides attractive possibilities for improving the physical properties 
of polymer nanocomposites from a commercial perspective. To the best of our knowledge, 
attempts to disperse the CNT in the PEN matrix and to fabricate the PEN/MWCNT 
nanocomposites by simple melt blending have not been previously investigated, and the study 
on the characterization of the PEN/CNT nanocomposites have not yet been reported in the 
literature. Thus, we expect that this study will help in preliminary evaluation and 
understanding of the characterization of the PEN/CNT nanocomposites. It is the objective of 
this study both to determine the possibilities for the fabrication of high performance polyester 
nanocomposites and to attempt to overcome the limitation of conventional polyester 
composites. 

 
 

2. PROCESSING OF CNT/POLYMER NANOCOMPOSITES 
 

2.1. General Features 
 
We prepared the CNT-reinfroced PEN nanocomposites using a direct melt blending 

process in a twin-screw extruder to create advanced materials for possible practical 
applications in various industrial fields. There are significant dependence of the 
crystallization behaviors and their kinetics of the PEN/CNT nanocomposites on the CNT 
content, the cooling rate, and the crystallization temperatures. The incorporation of a very 
small quantity of the CNT into the PEN matrix accelerated the mechanism of nucleation and 
crystal growth of the PEN/CNT nanocomposites. Combined Avrami and Ozawa analysis was 
found to be effective in describing the non-isothermal crystallization of the PEN/CNT 
nanocomposites. The introduced CNT in the PEN/CNT nanocomposites exhibited much 
higher nucleation activity than any nanoreinforcing filler. The storage modulus (G′) and loss 
modulus (G″) of the PEN/CNT nanocomposites increased with increasing frequency and this 
enhancing was more significant at low frequency-region. The terminal zone slopes of G′ and 
G″ for the PEN/CNT nanocomposites decreased increasing CNT content, and the non-
terminal behavior of those was related to the dominant nanotube-nanotube interactions at 
higher CNT content, leading to the formation of the interconnected or network-like structures 
of the CNT in the PEN/CNT nanocomposites. In the PEN/CNT nanocomposite system, the 
incorporation of the CNT promoted the nucleation and the growth with higher crystallization 
rate of the polymer nanocomposites, and simultaneously reduced the fold surface free energy 
and the work required in folding polymer chains in the polymer nanocomposites, which was 
confirmed by the isothermal crystallization analysis. There is a significant dependence of the 
thermal stability and degradation behavior of the PEN/CNT nanocomposites on the CNT 
content. The variations of the activation energy for thermal degradation revealed that a small 
quantity of the MWCNT significantly enhanced the thermal stability of the PEN/CNT 
nanocomposites in terms of physical barrier effect induced by the CNT. The interconnected 
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network-like structures of the CNT resulted in physical barrier effect against thermal 
degradation by hindering the transport of volatile decomposed products in the PEN/CNT 
nanocomposites as well as by retarding the rate of thermal degradation, leading to the 
enhancement of the thermal stability of the PEN/CNT nanocomposites. The incorporation of 
very small quantity of the CNT significantly improved the mechanical properties of the 
PEN/CNT nanocomposites due to the nanoreinforcing effect of the CNT. 

 
 

2.2. CNT-Reinforced PEN Nanocomposites 
 
The thermoplastic polymer used was PEN with an intrinsic viscosity of 0.97 dL/g, 

supplied by Hyosung Corp., Korea. The nanotubes used were multi-walled CNT (degree of 
purity > 95%) synthesized by a thermal chemical vapor deposition process, purchased from 
Iljin Nanotech Co., Korea.  According to the supplier, their length and diameter were in the 
range of 10-50 μm and 10-30 nm, respectively, indicating that their aspect ratio reached 1000. 

All materials were dried at 120 °C in vacuo for at least 24 h before use, to minimize the 
effects of moisture. The PEN/CNT nanocomposites were prepared by a melt blending process 
in a Haake rheometer (Haake Technik GmbH, Germany) equipped with a twin-screw (non-
intermeshing co-rotating type). The temperature of the heating zone, from the hopper to the 
die was set to 280, 290, 295, and 285 oC, and the screw speed was fixed at 20 rpm. For the 
fabrication of PEN/CNT nanocomposites, PEN was melt blended with the addition of various 
CNT content, specified as 0.1, 0.5, 1.0, and 2.0 wt% in the polymer matrix, respectively. 

The thermal behavior of PEN/CNT nanocomposites was measured with a TA Instrument 
2010 DSC over a temperature range of 30 to 295 oC at a scan rate of 10 oC⋅min-1. The samples 
were heated to 295 oC at a heating rate of 10 oC⋅min-1, held at 295 oC for 8 min to eliminate 
any previous thermal history, and then cooled to room temperature at a cooling rate of 10 
oC⋅min-1. Non-isothermal crystallization kinetics was investigated by cooling samples from 
295 to 30 oC at constant cooling rates of 2.5, 5, 10, 15, and 20 oC⋅min-1. The isothermal 
crystallization measurements for PEN/CNT nanocomposites were performed with a Perkin-
Elmer DSC7 over the temperature range of 30~295 oC at a scan rate of 10 oC⋅min-1. The 
samples of approximately 8.5 mg placed inside an aluminum sample holder were melted to 
295 oC for 8 min to eliminate any previous thermal history in the materials. Then, they rapidly 
cooled to the desired crystallization temperatures, and maintained at that temperatures for the 
period to complete crystallization process of the materials. After the isothermal crystallization 
finished, the samples were heated to 295 oC at heating rate of 10 oC⋅min-1. Dynamic 
mechanical analysis of the PEN/CNT nanocomposites was performed with a TA Instrument 
Q-800 dynamic mechanical thermal analyzer (DMTA) using a tensile mode at a fixed 
frequency of 1 Hz, over a temperature range of 30 to 250 oC at a heating rate of 5 oC⋅min-1. 
The morphology of pristine CNT and the PEN/CNT nanocomposites was observed using a 
JEOL JSM-6340F scanning electron microscope (SEM), and detailed morphological 
observations were performed using a JEOL 2000FX transmission electron microscope 
(TEM). The rheological properties of PEN/CNT nanocomposites were measured at 285, 295, 
and 305 oC, covering the temperature processing windows of the polymer nanocomposites, 
with an ARES (Advanced Rheometric Expansion System) rheometer (Rheometric Scientific, 
Inc.). The dynamic shear measurements were performed in oscillation mode and parallel-plate 
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geometry using the plate diameter of 25 mm and the plate gap setting of approximately 1 mm, 
by applying a time-dependent strain, γ(t) = γ0 sin(ωt) and measuring resultant shear stress, γ(t) 
= γ0 [G′sin(ωt) + G″cos(ωt)], where G′ and G″ are storage and loss moduli, respectively. The 
frequency ranges were varied between 0.05 and 450 rad/s, and the strain amplitude was 
applied to be within the linear viscoelastic ranges. The mechanical properties of PEN/CNT 
nanocomposites were measured at room temperature using an Instron 4465 testing machine, 
according to the procedures in the ASTM D 638 standard. The gauge length and the 
crosshead speed were set to 20 mm and 10 mm⋅min-1, respectively. The films of testing 
samples were prepared in a hydrolytic press at 295 oC. Thermogravimetric analysis of 
PEN/CNT nanocomposites was performed with a TA Instrument SDF-2960 TGA over a 
temperature range of 30 to 800 oC at a heating rate of 10 oC⋅min-1. Dynamic TGA 
measurements were conducted on the PEN/CNT nanocomposites at different heating rates of 
5, 10, and 20 oC⋅min-1 under nitrogen and air. WAXD measurements for the crystallized 
PEN/CNT nanocomposites were performed using a Rigaku Denki X-ray diffractometer with 
Ni-filltered CuKα X-rays (λ = 0.1542 nm). The diffracting intensities were recorded at steps 
of 2θ = 0.05° over the range of 5° < 2θ < 35°. 

 
 
3. UNIQUE NUCLEATION OF CNT AND PEN NANOCOMPOSITES 

DURING NON-ISOTHERMAL CRYSTALLIZATION 
 

3.1. Morphology 
 
Representative SEM and TEM images of pristine CNT are shown in Figure 2. The CNT 

exhibits highly curved and random coiled features in the PEN/CNT nanocomposites, which 
may be attributed to hydrogen bonding and van der Waals attractions between the individual 
nanotubes [57, 58]. The diameters of the CNT were approximately 10-30 nm, with a length of 
several micrometers, implying a high aspect ratio for the CNT. The morphologies of the 
PEN/CNT nanocomposites are shown in Figure 3. From the SEM image of the fractured 
PEN/CNT nanocomposite, it can be seen that the CNT form entangled structures in the PEN 
matrix. In addition, the TEM image shows that the CNT were randomly dispersed in the PEN 
matrix, with some entanglements or bundles of the CNT, indicating highly aggregated CNT 
and weak interactions with the PEN matrix. On a larger scale, however, the CNT were 
uniformly dispersed in the PEN matrix, despite some aggregated CNT structures. 

 
 

3.2. Thermal Behavior 
 
The thermal stability of polymer nanocomposites plays a critical role in determining their 

processing and industrial application, because it affects the final properties of polymer 
nanocomposites such as the upper-limit working temperature and dimensional stability for 
targeted applications. The TGA thermograms of the PEN/CNT nanocomposites with the CNT 
content are shown in Figure 4. The incorporation of the CNT into the PEN matrix increased 
the thermal decomposition temperatures and residual yields of the PEN/CNT nanocomposites 
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and this enhancing effect was more significant at higher CNT content, implying that the 
thermal decomposition was retarded by incorporating CNT into the PEN matrix with higher 
residual yield. 

 

  
(a)                                (b) 

Figure 2. (a) SEM and (b) TEM images of pristine CNT 

 

   
 

(a)                                (b) 

Figure 3. (a) SEM and (b) TEM images of the PEN/CNT 2.0 nanocomposites. 
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Figure 4. TGA thermograms of the PEN/CNT nanocomposites with the CNT content. 

 
(a) 

Figure 5. DSC (a) heating and (b) cooling curves of the PEN/CNT nanocomposites as a function of 
CNT content. 
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(b) 

Figure 5. (Continued) 
The presence of the CNT could stabilize the PEN matrix, resulting in the enhancement of 

the thermal stability of the PEN/CNT nanocomposites. In the PEN/CNT nanocomposites, the 
introduced CNT can effectively act as physical barriers to prevent the transport of volatile 
decomposed products in the PEN/CNT nanocomposites [59, 60]. Therefore, the incorporation 
of a very small quantity of CNT significantly improved the thermal stability of the PEN/CNT 
nanocomposites. 

DSC heating and cooling traces for the PEN/CNT nanocomposites as a function of CNT 
content at a scan rate of 10 oC⋅min-1 are shown in Figure 5. The incorporation of the CNT had 
little effect on the glass transition and melting temperatures of the PEN/CNT nanocomposites. 
The incorporation of CNT into the PEN matrix increased the crystallization temperature of 
the PEN/CNT nanocomposites, with this increment being greatest with lower CNT content. 
This result confirms that the incorporation of a very small quantity of the CNT enhances the 
nucleation of PEN crystallization. The CNT promote the formation of heterogeneous nuclei, 
with lower energy consumption required to reach critical stability for crystal growth [61], 
resulting in them functioning as effective nucleating agents in the PEN matrix. The 
crystallization peak temperatures of the PEN/CNT nanocomposites at various cooling rates 
are shown in Figure 6.  

As the cooling rate increases, the crystallization peak temperature range becomes broader 
and shifts to lower temperatures for pure PEN and the PEN/CNT 0.1 nanocomposites. When 
the specimens were cooled quickly, more supercooling was required to initiate crystallization, 
because the motion of the PEN molecules could not follow the cooling rate [62, 63]. 
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(a) PEN 

 
(b) PEN/CNT 0.1 

Figure 6. Non-isothermal crystallization curves of (a) PEN and (b) the PEN/CNT 0.1 nanocomposites at 
various cooling rates. 

With increasing the cooling rate, the crystallization peak temperature corresponding to the 
maximum crystallization rate shifted to lower temperature, indicating that the lower the 
cooling rate, the earlier crystallization occurs. In addition, at a given cooling rate, the peak 
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temperature of the PEN/CNT nanocomposites were higher than that of pure PEN, and the 
overall crystallization time decreased with the introduction of the CNT. In general, 
homogeneous nucleation started spontaneously below the melting temperature and required 
longer times, whereas heterogeneous nuclei formed as soon as the specimens reached the 
crystallization temperature [64-66]. Thus, the crystallization of the PEN/CNT 
nanocomposites proceeds through heterogeneous nucleation by the CNT. DSC results for the 
PEN/CNT nanocomposites as a function of CNT content are shown in Table 3. The increase 
in the crystallization temperature of the PEN/CNT nanocomposites with increasing CNT 
content, together with the fact that the PEN/CNT nanocomposites have a lower degree of 
supercooling (ΔT = Tm – Tc) for crystallization with increasing CNT content, suggests that the 
CNT can effectively act as strong nucleating agents in the PEN/CNT nanocomposites. As 
shown in Table 3, the degree of crystallinity of the PEN/CNT nanocomposites increased with 
the introduction of the CNT, which may be explained by the supercooling temperature. The 
CNT acts as a strong nucleating agent in the PEN matrix under the non-isothermal 
crystallization process, and the crystallization temperature shifts to higher temperature, 
implying that the supercooling of the PEN/CNT nanocomposites at a given cooling rate 
decreased by the presence of the CNT. When a polymer crystallized with less supercooling, it 
crystallized more perfectly than with more supercooling [64, 66], and thus, the degree of 
crystallinity of the PEN/CNT nanocomposites increased with the CNT content at a given 
cooling rate. 

 
Table 3. DSC results for PEN/CNT nanocomposites with the CNT content 

 
Tc a  Tm  Materials 

 
 

Tg 
(oC) 
 

Peak 
(oC) 

ΔHc 
(J/g) 

Peak 
(oC) 

ΔHm 
(J/g) 

Tc b 
(oC) 
 

ΔT c 
(oC) 
 

Xc 
d 

(%) 
 

PEN 

PEN/CNT 0.1 

PEN/CNT 0.5 

PEN/CNT 1.0 

PEN/CNT 2.0 

119.9 

118.1 

118.8 

118.4 

118.0 

199.9 

188.8 

187.7 

186.8 

186.1 

17.4 

16.5 

14.1 

11.8 

9.9 

 

266.6 

266.9 

266.8 

266.3 

265.8 

38.9 

39.6 

40.9 

41.5 

42.1 

203.8 

228.0 

228.2 

229.2 

229.7 

62.8 

38.9 

38.1 

37.6 

36.1 

20.8 

22.3 

25.9 

28.7 

31.1 

        a Crystallization temperature measured on the second heating at 5 oC/min. 
b Crystallization temperature measured on the second cooling at 5 oC/min. 
c Degree of supercooling, ΔT = Tm – Tc. 
d Degree of crystallinity, Xc (%) = [(ΔHf- ΔHc)/ ΔHf

0 × 100] (ΔHf0 = 103.4 J/g) is the heat of 
fusion of and infinitely thick crystal) [66]. 

 
 

3.3. Non-Isothermal Crystallization Behavior 
 
From a practical industrial point of view, it is very important to characterize the non-

isothermal crystallization behavior of polymeric materials, because the processing of 
polymers or polymer composites is performed under non-isothermal conditions during 
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fabrication of engineering plastics. The relative degree of crystallinity, X(T) as a function of 
temperature, can be defined as follows: 

 

dT
dT

dHdT
dT

dHTX
T

T
cT

T
c ∫∫

∞=
00

)(/)()(  
(1) 

 
where T0 and T∞ are the initial and final crystallization temperature, respectively. The relative 
degree of crystallinity as a function of temperature for pure PEN and the PEN/CNT 0.1 
nanocomposites at various cooling rates is shown in Figure 7.  

 

 
(a) PEN 

 
(b) PEN/CNT 0.1 

Figure 7. Relative degree of crystallinity of (a) PEN and (b) the PEN/CNT 0.1 nanocomposites as a 
function of temperature at various cooling rates. 

All the curves have similar sigmoidal shapes and the crystallization occurred at lower 
temperature with increasing cooling rate, indicating that at slower cooling rates there is 
sufficient time to activate nuclei at higher temperatures, and thus, crystallization nucleates at 
higher temperatures with slower cooling rates [67]. During non-isothermal crystallization, the 
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relationship between crystallization temperature (T) and crystallization time (t) can be 
represented as follows: 

 

a
TTt −

= 0  
(2)

 
where T0 is the initial temperature at which crystallization begins (t = 0) and a is the cooling 
rate. Thus, the abscissa of the temperature in Figure 7 can be transformed into the time scale 
as shown in Figure 8, according to the equation (2). 

 

 
(a) PEN 

 
(b) PEN/CNT 0.1 

Figure 8. Relative degree of crystallinity of (a) PEN and (b) the PEN/CNT 0.1 nanocomposites as a 
function of time at various cooling rates. 
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Crystallization of the PEN/CNT nanocomposites occurred at higher temperature and over 
a longer time with decreasing cooling rate, suggesting that the crystallization may be 
controlled by a nucleation. Crystallization occurred at higher temperature with decreasing 
cooling rate, indicating that crystallization nucleated at higher temperature with slower 
cooling rates. The time taken to complete crystallization reduced with increasing cooling rate, 
and the relative degree of crystallinity of the PEN/CNT nanocomposites was higher than that 
of pure PEN at the same time for complete crystallization. The values for the peak 
temperature (Tp) and the crystallization half-time (t1/2) obtained from the non-isothermal 
crystallization thermograms of PEN/CNT nanocomposites at various cooling rates are shown 
in Table 4. The crystallization half-time can be defined as the time taken to complete half of 
the non-isothermal crystallization process, i.e., the time required to attain a relative degree of 
crystallinity of 50%. The values of Tp and t1/2 for the PEN/CNT nanocomposites decreased 
with increasing cooling rate, indicating that the higher the cooling rate, the shorter the time 
for complete crystallization.  

 
Table 4. Kinetic parameters of PEN/CNT nanocomposites during non-isothermal 

crystallization 

Materials 
 

Cooling rate 
(oC/min) 

Tp 

(oC) 
Zc 

 
n 
 

t 1/2 

(min) 

PEN 
 
 
 
 

 2.5 
 5 
10 
15 
20 

210.8 
201.0 
190.0 
187.0 
181.3 

9.59 × 10-7 
4.31 × 10-6 
1.11 × 10-3 
1.13 × 10-2 

5.89 × 10-2 

5.58 
5.81 
4.82 
4.70 
3.89 

10.25 
6.12 
3.98 
2.36 
2.02 

PEN/CNT 0.1 
 
 
 
 

 2.5 
 5 
10 
15 
20 

234.6 
228.1 
217.5 
212.5 
204.1 

2.64 × 10-3 
9.65 × 10-2 
4.19 × 10-1 
7.21 × 10-1 
9.10 × 10-1 

5.81 
5.96 
6.47 
5.36 
6.03 

 8.25 
 5.09 
 3.02 
 2.03 
 1.43 

PEN/CNT 0.5 
 
 
 
 

 2.5 
 5 
10 
15 
20 

235.4 
228.2 
218.3 
213.2 
205.1 

2.92 × 10-3 
1.57 × 10-1 
5.16 × 10-1 
7.11 × 10-1 
8.23 × 10-1 

6.15 
5.11 
5.07 
5.15 
5.32 

 9.59 
 5.85 
 3.06 
 2.36 
 1.89 

PEN/CNT 1.0 
 
 
 
 

 2.5 
 5 
10 
15 
20 

235.8 
229.2 
220.0 
216.8 
209.0 

4.58 × 10-3 
1.34 × 10-1 
6.31 × 10-1 
7.59 × 10-1 
8.19 × 10-1 

5.80 
5.48 
4.79 
5.12 
5.52 

 9.68 
 5.92 
 3.12 
 2.50 
 1.96 

PEN/CNT 2.0 
 
 
 
 

 2.5 
 5 
10 
15 
20 

238.0 
229.7 
222.1 
218.6 
211.6 

2.31 × 10-3 
1.26 × 10-1 
5.16 × 10-1 
7.44 × 10-1 
8.21 × 10-1 

6.42 
5.57 
5.42 
4.89 
4.60 

 9.97 
 6.09 
 3.46 
 2.52 
 2.07 
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In addition, for a given cooling rate, the Tp values for the PEN/CNT nanocomposite are 
higher than that for pure PEN, while the t1/2 values are lower than that for pure PEN. Thus, 
the incorporation of the CNT into the PEN matrix increases the crystallization rate of PEN. In 
order to investigate the effect of CNT content on the t1/2 values for the PEN/CNT 
nanocomposites, the variation and normalization of the t1/2 values, with respect to those for 
pure PEN, are shown in Figure 9. The lowering of the t1/2 values for the PEN/CNT 
nanocomposites with the introduction of the CNT was more pronounced at lower CNT 
content. This result suggests that a lower CNT content is more effective for enhancing the 
crystallization of the PEN matrix. 

 

 
Figure 9. Effect of CNT content on the half-time of crystallization (t1/2) for the PEN/CNT 
nanocomposites. 

 
 

3.4. Nucleation Activity and Activation Energy for Non-Isothermal 
Crystallization 

 
Non-isothermal crystallization kinetics can be analyzed by using the extension of the 

Avrami theory [68-70] and proposed by Ozawa [71, 72]. This analysis accounts for the effect 
of cooling rate on crystallization from the melt by replacing the time variable in the Avrami 
equation with a variable cooling rate term, that is, by replacing t in the equation (3) with T/a 
as shown in the equation (4): 

 

)exp()(1 n
t tZTX −=−  (3) 
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])(exp[)(1 ma
TKTX −=−  

(4) 

where X(T) is the relative degree of crystallinity; n is the Avrami exponent depending on the 
mechanisme of the nucleation and crystal growth; Zt is the crystallization rate parameter 
involving both nucleation and growth rate parameters; a is the cooling rate; m is the Ozawa 
exponent depending on the dimension of crystal growth, and K(T) is the cooling function 
related to the overall crystallization rates. Parameters such as Zt and n have an explicit 
physical meaning relating to isothermal crystallization, but in non-isothermal crystallization 
their physical meaning does not have the same significance, due to the constant change in 
temperature, which influences both nucleation and crystal growth. 

The Ozawa plot of log[-ln[1-X(T)]] versus log a for pure PEN and the PEN/CNT 
nanocomposites, taking the double logarithmic form of the equation (4) are shown in Figure 
10. The X(T) values calculated at different temperatures decreased with increasing cooling 
rate at a given temperature. Some curvature in the plot was observed, indicating that the 
Ozawa exponent is not consistent with temperature during non-isothermal crystallization, and 
this makes it difficult to estimate the cooling function, K(T) related to the overall 
crystallization rate. This result may arise due to inaccurate assumption in Ozawa’s theory, and 
he has a disregard for the secondary crystallization and the dependence of the fold length on 
temperature [73-75]: slow secondary crystallization could lower the determined values of the 
Ozawa exponent, and if changes in fold length of polymer chains depend on the temperature 
during dynamic crystallization, the fold length should be considered in the deviation of the 
theory [73]. Therefore, we deduce that the Ozawa analysis does not effectively describe the 
non-isothermal crystallization of the PEN/CNT nanocomposites. 

 

 
(a) PEN 

Figure 10. Ozawa plots of (a) PEN and (b) the PEN/CNT 0.5 nanocomposites during non-isothermal 
crystallization. 
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(b) PEN/CNT 0.5 

Figure 10 (Continued) 

Considering the non-isothermal character of the process investigated, Jeziorny [76] 
suggested that the rate parameter, Zt should be corrected as follows: 

 

a
ZZ t

c
loglog =  

(5) 

 

 
(a) PEN 

Figure 11. Avrami plots of (a) PEN and (b) the PEN/CNT 0.5 nanocomposites during non-isothermal 
crystallization. 
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(b) PEN/CNT 0.5 

Figure 11 (Continued) 

The values of the Avrami exponent (n) and the rate parameter (Zt) can be determined 
from the slope and intercept of the plot of log[-ln{1-X(T)}] versus log t. The plots of log[-
ln{1-X(T)}] versus log t for PEN and the PEN/CNT 0.5 nanocomposites are shown in Figure 
11. It can be seen that the plots exhibit a poor linear relationship, consisting of three linear 
regions, indicating that the modified Avrami analysis does not effectively describe non-
isothermal crystallization of PEN/CNT nanocomposites. The kinetic data in the central linear 
region were selected to estimate the Avrami parameter for non-isothermal crystallization of 
pure PEN and the PEN/CNT nanocomposites. The values of the Avrami exponent (n) and the 
crystallization rate parameter (Zc) are shown in Table 4. The Avrami exponent (n) was in the 
range of 3.89~5.81 for pure PEN, and 4.60~6.47 for the PEN/CNT nanocomposites, 
depending on cooling rate. The dependence of the crystallization kinetics on temperature is a 
complex function, and many theoretical models based on the Avrami equation have been 
developed [75-78]. As shown in Table 4, the PEN/CNT nanocomposites exhibited the values 
of n higher than four. This result indicates that the non-isothermal crystallization mechanism 
of the PEN/CNT nanocomposites is very complicated, suggesting that the CNT significantly 
influences the mechanism of nucleation and crystal growth of the PEN/CNT nanocomposites. 
In addition, the values of Zc and t1/2 decreased with increasing cooling rate. 

In order to describe the non-isothermal crystallization process more effectively for 
comparison, Liu et al. [75] suggested a convenient procedure for characterizing non-
isothermal crystallization kinetics by combining the Avrami and Ozawa equations based on 
the assumption that the degree of crystallinity was correlated to the cooling rate and 
crystallization time. Therefore, their relationship for non-isothermal crystallization can be 
derived by combining the equations (3) and (4) as follows: 

 
amTKtnZ t log)(logloglog −=+  (6) 
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tbTFa log)(loglog −=  (7) 
 

where the kinetic parameter, F(T) = [K(T)/Zt]1/m represents the value of the cooling rate 
chosen at unit crystallization time when the systems have a defined degree of crystallinity; a 
is the cooling rate, and b is the ratio of the Avrami exponent (n) to the Ozawa exponent (m). 
From the equation (7), the plots of log a versus log t at a certain degree of crystallinity are 
shown in Figure 12, and they exhibit a good linear relationship, suggesting that this analysis 
may be more effective in describing non-isothermal crystallization kinetics of the PEN/CNT 
nanocomposites. The values of log F(T) and b were determined from the slope and intercept 
of the plots are shown in Table 5. The value of F(T) increased with increasing relative degree 
of crystallinity, indicating that at unit crystallization time, a higher relative degree of 
crystallinity was obtained with a higher cooling rate. The value of b, i.e., the ratio of the 
Avrami exponent to the Ozawa exponent, varied from 1.126 to 1.358 and from 1.125 to 
1.362, for the PEN and the PEN/CNT nanocomposites, respectively. This result suggests that 
the presence of the CNT as strong nucleating agents influences the non-isothermal 
crystallization process involving the type of nucleation and crystal growth for the PEN/CNT 
nanocomposites. 
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(a) PEN 

Figure 12. Plots of log a versus log t from the combined Avrami and Ozawa equations at different 
relative degree of crystallinity for (a) PEN and (b) the PEN/CNT 0.5 nanocomposites. 
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(b) PEN/CNT 0.5 

Figure 12. (Continued) 
 

Table 5. Values of b and F(T) for the PEN and the PEN/CNT nanocomposite obtained 
from the combined Avrami and Ozawa equation 

 

Materials X(T) log F(T) b Ea (kJ/mol) 

PEN 

20% 
40% 
60% 
80% 

1.478 
1.598 
1.729 
1.858 

1.126 
1.181 
1.291 
1.358 

138.2 

PEN/CNT 0.1 

20% 
40% 
60% 
80% 

1.410 
1.498 
1.563 
1.631 

1.125 
1.176 
1.224 
1.253 

128.2 

PEN/CNT 0.5 

20% 
40% 
60% 
80% 

1.552 
1.651 
1.695 
1.747 

1.235 
1.270 
1.272 
1.279 

136.2 

PEN/CNT 1.0 

20% 
40% 
60% 
80% 

1.551 
1.661 
1.725 
1.812 

1.323 
1.305 
1.327 
1.362 

155.9 

PEN/CNT 2.0 

20% 
40% 
60% 
80% 

1.538 
1.671 
1.717 
1.783 

1.233 
1.289 
1.292 
1.318 

159.7 
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For the dynamic crystallization kinetics of polymer melts in the presence of nucleation 
agents, Dobreva et al. [79, 80] suggested a simple method for calculating the nucleation 
activity of different substrates. It is known that the nucleation activity (φ) is a factor by which 
the work of thee-dimensional nucleation decreases with the addition of a foreign substrate 
[79-82]. If the foreign substrate is extremely active, the nucleation activity approaches zero, 
while for inert particles, it is unity. For nucleation from melts near their melting temperature, 
the cooling rate can be represented as follows: 

 

23.2
log

pT
BAa
Δ

−=  
(8) 

 
where a is the cooling rate; A is a constant; ΔTp is the degree of supercooling, i.e., ΔTp = Tm - 
Tp, Tp is the temperature corresponding to the peak temperature of DSC crystallization, and B 
= ϖσ3Vm

2/3kTmΔSm
2n is a parameter related to three-dimensional nucleation (Vm is the molar 

volume of the crystallizing substance; ΔSm is the entropy of melting; ω is a geometrical 
factor; σ is the specific surface energy; n is the Kolmogorov-Avrami exponent, and k is the 
Boltzmann constant). The nucleation activity can be calculated from the following equation 
[79-82]: 

 

0

*

B
B

=φ  
(9) 

 
where B0 and B* are the values of B for homogeneous and heterogeneous nucleations, 
respectively. The values of B0 and B* can be obtained from the slope of the plot of log a 
versus 1/ΔTp

2, and thus, the nucleation activity can be calculated from the equation (9) by 
using these values. The plots of log a versus 1/ΔTp

2 for pure PEN and the PEN/CNT 
nanocomposites are shown in Figure 13. The values for the nucleation activity (φ) of the 
PEN/CNT nanocomposites were calculated as 0.29, 0.26, 0.27, and 0.23, respectively. This 
result demonstrates that the CNT can act as an excellent nucleating agent for the PEN/CNT 
nanocomposites. Kim et al. [64] reported that in the case of the PEN/silica nanocomposite, 
the φ value for silica nanoparticles was estimated to be 0.71 in the PEN matrix. For the 
montmorillonite/nylon 1212 nanocomposite, the φ value for the clay was calculated as 0.71 in 
the nylon 1212 matrix [62, 63]. In addition, Alonso et al. [82] reported that for the 
talc/isotactic polypropylene nanocomposite system, the φ value for the untreated talc was 
approximately 0.56, while that for the talc modified with silane coupling agent was estimated 
to be approximately 0.45 in the isotactic polypropylene matrix. From the above results, it can 
be deduced that the CNT in the PEN/CNT nanocomposites exhibit much higher nucleation 
activity than any other nanoreinforcing filler reported to date. 

The activation energy for non-isothermal crystallization can be derived from the 
combination of cooling rate and crystallization peak temperature, and Kissinger [83, 84] 
suggested a method for calculating the activation energy for non-isothermal crystallization as 
follows:  
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Figure 13. Plots of log a versus 1/ΔTp

2 for the PEN/CNT nanocomposites with the CNT content. 
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(10) 

 
where R is the universal gas constant; Tp is the crystallization peak temperature; Φ is the 
cooling rate, and ΔEa is the crystallization activation energy. The activation energies of the 
non-isothermal crystallization for pure PEN and the PEN/CNT nanocomposites were obtained 
from the slope of the plot of ln (Φ/Tp

2) versus 1/Tp, according to the equation (10) and the 
results are shown in Table 5. The activation energy of crystallization for the PEN/CNT 
nanocomposites containing lower CNT content (≤ 0.5 wt%) was lower than that of pure PEN, 
while the activation energy increased with further increasing CNT content compared with that 
of pure PEN. The variation in the activation energy for the non-isothermal crystallization of 
the PEN/CNT nanocomposites may be explained by changes in the crystallization mechanism 
and the free energy of nucleation with the degree of supercooling [85]. In this PEN/CNT 
nanocomposite system, the CNT seem to perform two functions in the PEN matrix. One is 
that the CNT can act as nucleating agents and may accelerate the non-isothermal 
crystallization of PEN/CNT nanocomposites, which was confirmed by the kinetic parameters 
determined for non-isothermal crystallization and crystallization half-time. CNT may also 
adsorb the PEN molecular segments and restrict the movement of chain segments [58], 
thereby making crystallization difficult. The PEN molecular segments require more energy to 
rearrange, resulting in an increment in the activation energy of non-isothermal melt 
crystallization. The incorporation of the CNT into the PEN matrix accelerates the non-
isothermal crystallization of the PEN/CNT nanocomposites. Furthermore, this enhancing 
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effect of the CNT is more pronounced at lower CNT content (≤ 0.5 wt%), as described in the 
result showing a lower activation energy and crystallization half-time for non-isothermal 
crystallization compared with the PEN matrix. 

 
 

4. INFLUENECE OF CNT ON PHYSICAL PROPERTIES OF PEN 
NANOCOMPOSIES 

 
4.1. Dynamic Mechanical Thermal Analysis 

 
The storage modulus (E′) and loss modulus (E″) of the PEN/CNT nanocomposites are 

shown in Figure 14. As the molecular motion within a polymer changes, the modulus of a 
polymer varied with temperature. The storage modulus of a polymer decreases rapidly, 
whereas the loss modulus and tan δ undergoes a maximum when a polymer is heated though 
the glass transition region. The apparent glass transition region was revealed by a rapid 
decrease in the storage modulus of the PEN/CNT nanocomposites, and this temperature 
corresponding to the Tg of the PEN matrix was not affected by the addition of CNT. The 
incorporation of a very small quantity of the CNT significantly improved the storage and loss 
moduli of the PEN/CNT nanocomposites. This behavior of the PEN/CNT nanocomposites 
was attributed to the physical interactions between the CNT and the PEN matrix due to the 
high surface area of the CNT as well as the stiffening effect of the CNT in the PEN matrix; 
this effect being more pronounced at lower CNT content.  
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Figure 14. (a) Storage modulus and (b) loss modulus of the PEN/CNT nanocomposites with the CNT 
content as a function of temperature 
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Figure 14. (Conintued) 

The PEN/CNT nanocomposites exhibited a plateau region above 130 oC, implying that 
after a critical temperature, the storage modulus of the PEN/CNT nanocomposites was not 
significantly affected by the incorporation of the CNT and they exhibited a strong dependence 
of the storage modulus on the polymer matrix [86, 87]. Wu and Liu [87] reported that at the 
temperature above 140 oC, it has almost reached the softening point of the PEN matrix, which 
strongly reduce the elastic response of the PEN/layered silicate nanocomposites. The E″ 
values of the PEN/CNT nanocomposites increased with the introduction of the CNT, while 
they decreased with further increasing CNT content above 1 wt%. This behavior may be 
explained by the fact that the increasing degree of agglomeration of the nanotubes at higher 
CNT content results in less energy dissipating in the PEN/CNT nanocomposites under 
viscoelastic deformation [88]. The tan δ peak of the PEN/CNT nanocomposites as a function 
of temperature is shown in Figure 15. The position of the tan δ peak of the PEN/CNT 
nanocomposites was not significantly affected by the incorporation of CNT, while the peak 
height decreased. 

 
 

4.2. Rheological Behavior 
 
The complex viscosity (⏐η*⏐) of pure PEN and the PEN/CNT nanocomposites at 285 oC 

as a function of frequency are shown in Figure 16(a). The ⏐η*⏐ of the PEN/CNT 
nanocomposites decreased with increasing frequency, indicating a non-Newtonian behavior 
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over the frequency range investigated. The shear thinning behavior observed in the PEN/CNT 
nanocomposites may be attributed to the orientation of the rigid molecular chains in the 
nanocomposites during the applied shear force. The effect of the CNT on the |η*| of the 
PEN/CNT nanocomposites is more significant at low frequency compared with high 
frequency, and this effect was reduced with increasing frequency because of the strong shear 
thinning behavior induced by incorporating CNT 
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Figure 15. Variations of tan δ peak of the PEN/CNT nanocomposites with the CNT content as a 
function of temper. 

 
In addition, the irregular decrease in the |η*| with increasing frequency indicates pseudo-

plastic characteristics of the PEN/CNT nanocomposites due to random orientation and 
entangled molecules in this nanocomposite system. The frequency dependence of the |η*| of 
the PEN/CNT nanocomposites measured at various temperatures is shown in Figure 16(b). 
The |η*| of the PEN/CNT nanocomposites was decreased with increasing temperature. At low 
shear force region, the temperature had little effect on the |η*| of the PEN/CNT 
nanocomposites. However, the rheological properties of the PEN/CNT nanocomposites were 
affected by the temperature at high shear force region, and the |η*| significantly decreased 
with increasing temperature. 

The shear thinning exponents (n) for the PEN/CNT nanocomposites can be obtained from 
the relationship of |η*| ≈ ωn [89, 90], and their result are shown in Table 6. In this study, the 
shear thinning exponents of the PEN/CNT nanocomposites were estimated by fitting a 
straight line to the data at low frequency, because some curvature was observed in the plot of 
log |η*| versus log ω. 
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Figure 16. Variations of complex viscosity (⏐η*⏐) of (a) the PEN/CNT nanocomposites with the CNT 
content measured at 285 oC and (b) the PEN/CNT 2.0 nanocomposites at different temperatures, with 
the frequency. 
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The n values of the PEN/CNT nanocomposites decreased with increasing CNT content, 
indicating that shear thinning behavior of the PEN/CNT nanocomposites significantly 
depended on CNT content. As shown in Table 6, the activation energy for the flow of the 
PEN/CNT nanocomposites increased with increasing CNT content. This result suggests that 
the incorporation of CNT leads to more rigid and stiffer polymer chains in the PEN/CNT 
nanocomposites, resulting in the increase in the activation energy for the flow process. 

 
Table 6. Variations of shear thinning exponent and activation energy of the PEN/CNT 

nanocomposites with the CNT content. 
 

Materials 
 

Shear thinning exponent 
(n) 

Activation energy, Ea 
(kJ/mol) 

 
PEN 
PEN/CNT 0.1 
PEN/CNT 0.5 
PEN/CNT 1.0 
PEN/CNT 2.0 

-0.13 
-0.11 
-0.17 
-0.24 
-0.34 

59.40 kJ/mol 
58.40 kJ/mol 
66.52 kJ/mol 
85.23 kJ/mol 
87.23 kJ/mol 

 
The variations of the |η*| of the PEN/CNT nanocomposites with the CNT content at 

different frequencies is shown in Figure 17. 
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Figure 17. Variations of complex viscosities (⏐η*⏐) of the PEN/CNT nanocomposites at different 
frequencies as a function of CNT content. 

It can be seen that the |η*| of the PEN/CNT nanocomposites increased with increasing 
CNT content over the frequency ranges investigated. In addition, the extent of increase in the 
|η*| with increasing CNT content was more pronounced at low frequency compared with that 
at high frequency. Interestingly, it can be observed that the incorporation of a very small 
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quantity (0.1 wt%) of CNT into the PEN matrix slightly decreased the complex viscosity of 
the PEN/CNT nanocomposites. This phenomenon may be attributed to the formation of 
viscous surface layers around the dispersed nanotubes leading to an increase in the free 
volume in this nanocomposite system, making it easier for flow to occur [91]. However, with 
further increase in CNT content, the |η*| of the PEN/CNT nanocomposites increased, and this 
may be attributed to the increase in physical interactions between the PEN matrix and the 
CNT with high aspect ratio and large surface area. The increase in the |η*| of the PEN/CNT 
nanocomposites with the CNT was closely related to the large increase in the storage 
modulus, which will be described in the following section. 
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Figure 18. (a) Storage modulus (G′) and (b) loss modulus (G″) of the PEN/CNT nanocomposites with 
the CNT content as a function of frequency. 
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The storage modulus (G′) and loss modulus (G″) of the PEN/CNT nanocomposites as a 
function of frequency are shown in Figure 18. The values of G′ and G″ of the PEN/CNT 
nanocomposites increased with increasing frequency and CNT content, this increment being 
more significant at low frequency. This rheological response is similar to the relaxation 
behavior of typical filled-polymer composite systems [92, 93]. 

It is known that polymer chains are fully relaxed and exhibit characteristic homopolymer-
like terminal flow behavior, resulting in that the flow curves of polymers being expressed by 
the power law G′ ∝ ω2 and G″ ∝ ω [93-95]. Krisnamoorti and Giannelis [96] reported that the 
slopes of G′(ω) and G″(ω) for polymer/layered silicate nanocomposites were much smaller 
than 2 and 1, respectively, which are the values expected for linear homodispersed polymer 
melts. They suggested that large deviations in the presence of a small quantity of layered 
silicate were caused by the formation of a network structure in the molten state. The slopes of 
the terminal zone of G′ and G′ for the PEN/CNT nanocomposites are presented in Table 7.  
This result indicated the non-terminal behavior with the power-law dependence for G′ and G′ 
of the PEN/CNT nanocomposites: the flow curves of the PEN/CNT nanocomposites can be 
expressed by a power law of G′ ∝ ω1.19~0.72 and G″ ∝ ω0.95~0.73, respectively. Similar non-
terminal low-frequency rheological behavior has been observed in ordered block copolymers 
and smectic liquid-crystalline small molecules [97, 98]. The decrease in the slopes of G′ and 
G′ for the PEN/CNT nanocomposites with increasing CNT content was explained by the fact 
that the nanotube-nanotube or the nanotube-polymer interactions could lead to the formation 
of interconnected or network-like structures of the CNT, resulting in the pseudo-solid-like 
behavior of the PEN/CNT nanocomposites. In the PEN/CNT nanocomposites, the large 
deviations observed at high CNT content may be explained by the CNT agglomerates which 
could act as large particles in terms of the dominant nanotube-nanotube interactions in the 
PEN/CNT nanocomposites matrix with increasing CNT content. For CNT/epoxy 
nanocomposite systems, it has been reported that the difference in the terminal zone slope 
was closely related to the internal structure of the CNT/expoxy nanocomposites which is 
affected by particle-particle interaction of CNT in the polymer matrix [99]. In addition, the 
slopes of G′ and G″ for the PEN/CNT nanocomposites decrease with increasing temperature, 
implying that the temperature can also affect the relaxation behavior of polymer chains in the 
PEN/CNT nanocomposites. 
 

Table 7. Terminal Zone Slopes of G′(ω) and G″(ω) for the PEN/CNT nanocomposites 
 

 Slope of G′(ω)  Slope of G″(ω) 

Materials 285 oC 295 oC 305 oC  285 oC 295 oC 305 oC 

PEN 
PEN/CNT 0.1 
PEN/CNT 0.5 
PEN/CNT 1.0 
PEN/CNT 2.0 

1.26 
1.19 
1.02 
0.81 
0.72 

0.94 
0.82 
0.77 
0.65 
0.50 

0.81 
0.70 
0.62 
0.40 
0.32 

 

0.95 
0.94 
0.89 
0.80 
0.73 

0.88 
0.87 
0.84 
0.75 
0.64 

0.69 
0.61 
0.58 
0.51 
0.35 
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The variation of storage modulus (G′) and loss modulus (G″) of the PEN/CNT 
nanocomposites with the CNT content at different frequencies is shown in Figure 19 

 

 
(a) 

 
(b) 

Figure 19. Variations of (a) storage modulus (G′) and (b) loss modulus (G″) of the PEN/CNT 
nanocomposites at different frequencies, as a function of CNT content. 
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It can be seen that the incorporation of a very small quantity of the CNT (0.1 wt%) into 
the PEN matrix resulted in a decrease in the values of G′ for the PEN/CNT nanocomposites 
over the frequency range investigated, except for the results measured at very low frequency. 
This phenomenon was similar to the tendency observed in the variations of the complex 
viscosity for the PEN/CNT nanocomposites with the CNT content. As CNT content 
increased, the physical interactions between the nanotubes could lead to the formation of 
interconnected or network-like structure of the CNT in the polymer matrix [29]. The extent of 
the increase in G′ of the PEN/CNT nanocomposites is higher that that of G″ over the 
frequency range investigated. In addition, the storage modulus and loss modulus of the 
PEN/CNT nanocomposites were significantly improved relative to pure PEN, particularly at 
low frequency. 

The variation of tan δ for the PEN/CNT nanocomposites with the CNT content as a 
function of frequency is shown in Figure 20. Shear deformation leads to the partial orientation 
of the molecules in polymer chains, resulting in the decrease in tan δ of the PEN/CNT 
nanocomposites with increasing frequency. It can be seen that the loss tangent maximum of 
the PEN/CNT nanocomposites shifted to higher frequency with increasing CNT content, 
implying the formation of dense interconnected or network structures in the polymer 
nanocomposites [31]. Hsiao et al. [100] reported that in the case of the polymer 
nanocomposites consisting of ethylene-propylene copolymers (EP) and polyhedral oligomeric 
silsesquioxane (POSS) molecules, the maximum in tan δ curves shifts towards a higher 
frequency as the POSS concentration increased, indicating the densification of physically 
crosslinked network in the polymer nanocomposites.  

 

 

Figure 20. Variation of tan δ for the PEN/CNT nanocomposites with the CNT content as a function of 
frequency. 
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The plots of phase angle (δ ) versus the absolute value of complex modulus (|G*|) for the 
PEN/CNT nanocomposites, which is known as the Van Gulp-Palmen plot [101-103], are 
shown in Figure 21. A significant change in the phase angle occurred on the incorporation of 
the CNT, and the decrease in the phase angle with decreasing the complex modulus indicated 
the enhancement of the elastic behavior. The PEN/CNT nanocomposites exhibited smaller δ 
values at lower |G*| values as compared to pure PEN, indicating that the incorporation of the 
CNT into the PEN matrix enhanced the elastic behavior of the PEN/CNT nanocomposites and 
this enhancing effect was more pronounced at higher CNT content 

 
Figure 21. Plots of phase angle versus complex modulus of the PEN/CNT nanocomposites measured at 
285 oC. 

As described in the previous section, the storage modulus and loss modulus of the 
PEN/CNT nanocomposites were higher than that of pure PEN, and increased with increasing 
CNT content. In general, the Cole-Cole plot, a logarithmic plot of G′ versus G″ in dynamic 
rheology, provides a master curve with a slope of 2 for isotropic and homogeneous polymer 
melts irrespective of temperatures [104]. The extent of deviation from the slope of 2 has been 
commonly utilized in judging the heterogeneity of polymeric systems, because the slope of 
the plot of log G′ versus log G″ decreases as the heterogeneity increases. The plots of log G′ 
versus log G″ for the PEN/CNT nanocomposites with the CNT content are shown in Figure 
22. The PEN/CNT nanocomposites do not provide a perfect single master curve, and exhibit 
the shifting and the change of the slope of the plot with the the introduction of the CNT. The 
slopes in the terminal regime of PEN/CNT nanocomposites were less than 2, implying that 
the PEN/CNT nanocomposites underwent some chain conformational changes with the 
incorporation of the CNT. As shown in Figure 22, the storage modulus of the PEN/CNT 
nanocomposite at a given loss modulus increased with increasing CNT content. In addition, 
the slope of the plot of log G′ versus log G″ for the PEN/CNT nanocomposites decreased with 
increasing CNT content. Therefore, it can be deduced that incorporation of the CNT has a 
significant effect on the microstructures for the PEN/CNT nanocomposites. For 
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CNT/polycarbonate (PC) composites prepared via direct melt compounding, Pötschke et al. 
[29] suggested that the shift and the change in slope of the plot of G′ versus G″ for CNT/PC 
composites indicated a significant change in the microstructure of the polymer composites 
with the addition of the CNT. 
 

 
Figure 22. The plots of log G′ versus log G″ for the PEN/CNT nanocomposites with the CNT content. 

The relaxation time of the PEN/CNT nanocomposites under dynamic shear in the 
polymeric systems that involved the pseudo-structures can be calculated from the following 
equation [105]: 

 

( ) *2* η
λ

ωη
=

′
=′ GJ  

(11) 

 
where J′ and η* are the compliance and the complex viscosity, respectively. It is expected that 
the presence of some molecular order or physical structure leads to a much longer relaxation 
time [105]. As shown in Figure 23, the relaxation time of the PEN/CNT nanocomposites 
decreased with increasing frequency. In addition, the relaxation time of the PEN/CNT 
nanocomposites increased with increasing CNT content. As CNT content increases, the 
nanotube-nanotube interactions will be dominant in the nanocomposite systems, and lead to 
the formation of interconnected structures of CNT in the PEN/CNT nanocomposites, which 
affects the relaxation behavior, this effect being more pronounced at higher concentrations. 
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Figure 23. Variation of the relaxation time of the PEN/CNT nanocomposites with the CNT content. 

 
 

4.3. Mechanical Properties and Thermal Stability 
 
Representative SEM images of pristine CNT and the PEN/CNT 2.0 nanocomposites are 

shown in Figure 24. The CNT exhibits highly curved and random coiled features, which may 
be attributed to hydrogen bonding and van der Waals attractions between the individual 
nanotubes [57, 58]. As shown in Figure 24(b), the CNT were randomly dispersed in the PEN 
matrix, and the PEN/CNT nanocomposites exhibited the interconnected or network-like 
structures of the CNT in the PEN matrix. The CNT with small size, high aspect ratio, and 
large surface area, is often subjected to self-agglomeration or bundle formation at higher 
concentration, and thus easily form interconnected or network-like structures in the molten 
polymer matrix. TEM images of the PEN/CNT nanocomposites are shown in Figure 25. It 
can be seen that the CNT were randomly dispersed in the PEN matrix, with some 
entanglements or bundles of the CNT. On a larger scale, however, the CNT were uniformly 
dispersed in the PEN matrix, despite some agglomerated CNT structures. In addition, the 
CNT were randomly oriented and formed interconnecting structures [106]. 

As shown in Figure 25(b), less uniformly dispersed and more entangled bundles of the 
CNT were formed in the PEN matrix at higher CNT content, which may be the cause of the 
stress concentration phenomenon. 

As a result, the tensile strength of the PEN/CNT nanocomposites was not increased 
significantly at high CNT content, as expected, compared with that at low content, resulting 
from some agglomerated structures of randomly dispersed CNT in the PEN/CNT 
nanocomposites 
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(a)                       (b) 

Figure 24. SEM images of (a) pristine CNT and (b) the PEN/CNT 2.0 nanocomposites. 

 

    
 

(a)                       (b) 

Figure 25. TEM images of the PEN/CNT nanocomposites at (a) 0.1 wt% and (b) 2.0 wt% CNT content. 
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Therefore, for the fabrication of the PEN/CNT nanocomposites with further enhanced 
mechanical properties, it should be required for improving the interfacial adhesion between 
the CNT and the PEN matrix as well as the uniform dispersion of the CNT in the PEN matrix. 

The variation of tensile strength and tensile modulus of the PEN/CNT nanocomposites 
with the CNT content is shown in Figure 26. As CNT content increased, the tensile strength 
and tensile modulus of the PEN/CNT nanocomposites significantly improved due to the 
nanoreinforcing effect of the CNT with high aspect ratios, and this enhancing effect was more 
significant with lower CNT content. However, the CNT often tend to bundle together because 
intrinsic van der Waals attractions between the individual tubes in combination with high 
aspect ratio and surface area of the nanotubes, leading to some agglomeration, thus prevents 
efficient load transfer to the polymer matrix [19, 57]. 

 
 

 
Figure 26. Variation of the tensile strength and tensile modulus of the PEN/CNT nanocomposites with 
the CNT content. 

Thermal stability of polymer nanocomposites plays a significant role in determining the 
processing and industrial applications because it can affect the limit of working temperatures 
and dimensional stability for targeted applications. Results from the TGA thermograms of the 
PEN/CNT nanocomposites with the CNT content at a heating rate of 10 oC⋅min-1 under a 
nitrogen atmosphere are shown in Table 8. The thermal decomposition temperatures, 
including Ti, T10, T60, and Tdm, and the residual yields of the PEN/CNT nanocomposites 
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increased with increasing CNT content, indicating that the incorporation of the CNT into the 
PEN matrix could retard the thermal decomposition of the PEN/CNT nanocomposites with 
higher residual yields. The presence of the CNT could stabilize the PEN matrix, resulting in 
the enhancement of the thermal stability of the PEN/CNT nanocomposites. The improvement 
in thermal stability of the PEN/CNT nanocomposites was attributed to the physical barrier 
effect induced by the CNT that prevent the transport of volatile decomposed products in the 
nanocomposites and that retard the thermal decomposition of the PEN/CNT nanocomposites 
[59, 60]. Kashiwagi et al. [107, 108] reported that CNT layers exhibited good barrier effect on 
the thermal degradation process, and they can not only insulate polymers but also reduce the 
weight-loss rate of thermal degradation products, resulting in the significant improvement in 
the thermal stability of the polymer nanocomposites. Therefore, it can be deduced that the 
CNT is beneficial to act as effective thermal decomposition-resistant nanoreinforcing fillers 
in the PEN matrix, thus making it possible to significantly improve the thermal stability of the 
PEN/CNT nanocomposites even with the introduction of a very small quantity of CNT. 

 
Table 8. Thermal stability of the PEN/CNT nanocomposites with the CNT content 
 

Materials 
 

Ti a 
(oC) 

T10 b 
(oC) 

T60 b 
(oC) 

Tdm c 
(oC) 

W800 d 
(%) 

PEN 
PEN/CNT 0.5 
PEN/CNT 1.0 
PEN/CNT 2.0 

389.2 
390.6 
397.7 
398.2 

412.4 
417.2 
420.4 
422.2 

447.4 
457.1 
461.4 
467.9 

436.8 
438.7 
439.8 
440.9 

14.8 
22.7 
26.9 
30.3 

a Initial thermal decomposition temperature in TGA thermograms at a heating rate of 10 oC/min. 
b Thermal decomposition temperatures at 10% and 60% of the weight-loss, respectively. 
c Thermal decomposition temperature at the maximum rate of the weight-loss. 
d Residual yield in TGA thermograms at 800 oC under N2. 
 
 
5. CRYSTALLIZATION, MELTING BEHAVIOR, AND MECHANICAL 

PROPERTIES OF CNT AND PEN NANOCOMPOSITES 
 
 

5.1. Isothermal Crystallization and Melting Behavior 
 
The thermal properties of the PEN/CNT nanocomposites with various CNT contents are 

shown in Table 9. The incorporation of the CNT has a little effect on the glass transition 
temperature (Tg) and the melting temperature (Tm) of the PEN/CNT nanocomposites. As the 
CNT content increased, the cold-crystallization temperature (Tcc) of the PEN/CNT 
nanocomposites decreased, and the melt-crystallization temperature (Tmc) increased. These 
results, together with the fact that the PEN/CNT nanocomposites have a lower degree of 
supercooling (ΔT = Tm – Tmc) for crystallization with increasing CNT content, suggest that the 
CNT can effectively act as nucleating agents in the PEN/CNT nanocomposites. The CNT 
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promoted the formation of heterogeneous nuclei with lower energy consumption necessary to 
reach critical stability for crystal growth [61]. Therefore, the incorporated CNT had a strong 
nucleation effect on the PEN matrix with the enhancement of the PEN crystallization through 
heterogeneous nucleation. 

 
Table 9. Thermal Behavior of the PEN/CNT nanocomposites with the CNT content 

 
Materials 
 

Tg 
(oC) 

Tcc a 
(oC) 

Tm 
(oC) 

Tmc b 
(oC) 

ΔT c 
(oC) 

PEN 
PEN/CNT 0.1 
PEN/CNT 0.5 
PEN/CNT 1.0 
PEN/CNT 2.0 

116.8 
116.7 
116.0 
116.2 
116.1 

194.0 
186.7 
186.1 
184.4 
183.3 

263.0 
264.5 
263.6 
263.9 
262.6 

195.7 
217.5 
219.6 
222.1 
222.7 

67.3 
47.0 
44.0 
41.8 
39.9 

a Cold-crystallization temperature measured from DSC traces at a heating rate of 10 oC/min. 
b Melt-crystallization temperature measured from DSC traces at a cooling rate of 10 oC/min. 
c Degree of supercooling, ΔT = Tm – Tmc. 
 
Isothermal crystallization exotherms of the PEN/CNT nanocomposites with the CNT 

content and crystallization temperature are shown in Figure 27. As the crystallization 
temperature increased, the exothermic peaks shifted to longer time, implying that the 
crystallization rate decreased with increasing crystallization temperature. In addition, the 
exothermic peaks shifted toward shorter time region with increasing CNT content, indicating 
faster crystallization rates with increasing CNT content. 

 

 
(a) 

Figure 27. Isothermal crystallization exotherms of (a) the PEN/CNT 0.1 nanocomposites with the 
crystallization temperature and (b) the PEN/CNT nanocomposites at 220 oC with the CNT content. 
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(b) 

Figure 27. (Continued) 

The relative degree of the crystallinity (Xt) at various crystallization times can be calculated 
from the ratio of the area of the exothermic peak up to time t divided by that of the total 
exotherms of the crystallization, and all isotherms exhibited a sigmoidal dependence on time. 
The time for completing the crystallization was reduced with increasing CNT content, and the 
relative degree of the crystallinity for the PEN/CNT nanocomposites was higher than that of 
pure PEN. The crystallization rate of the PEN/CNT nanocomposites was decreased with the 
isothermal crystallization temperature. The isothermal crystallization kinetics of the 
PEN/CNT nanocomposites was analyzed using the Avrami equation [68-70]: 

 

])(exp[1 n
st ttkX −−=−  (12) 

 
where k is the rate constant; t is the crystallization time; ts is the initial time of crystallization, 
and n is the Avrami exponent that related to the nucleation mechanism and crystal growth. As 
the crystallization temperature increased, the Avrami plots of the PEN/CNT nanocomposites 
shifted toward longer time, indicating that the crystallization rate decreased with increasing 
crystallization temperature. The values of n and k were calculated from the slope and the 
intercept of the plots of log[-ln(1 - Xt)] versus log (t - ts). The dependences of the kinetic 
parameters on the crystallization temperature and CNT content are shown in Table 10.  

The crystallization rate constant (k) of the PEN/CNT nanocomposites increased with the 
introduction of the CNT, indicating the acceleration of the PEN crystallization by the 
introduction of the CNT. In addition, the k values of the PEN/CNT nanocomposites were very 
sensitive to the crystallization temperature, and they decreased in all specimens. 
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Table 10. Kinetic parameters of the PEN/CNT nanocomposites with the CNT content 
during the isothermal crystallization 

 
Materials 
 

Tc 
(oC) 

n 
 

k 
(min-1) 

PEN 
 
 
 
 

200 
210 
220 
230 
240 

3.75 
3.51 
3.06 
2.19 
1.58 

9.14 × 10-3 
3.98 × 10-3 
2.08 × 10-3 
1.07 × 10-3 
8.47 × 10-4 

PEN/CNT 0.1 
 
 
 
 
 

200 
210 
220 
230 
240 
250 

3.33 
3.09 
2.85 
2.82 
1.87 
1.89 

5.31 × 10-1 

4.44 × 10-1 

1.38 × 10-1 
3.62 × 10-2 

2.19 × 10-2 

2.82 × 10-3 

PEN/CNT 0.5 
 
 
 
 

210 
220 
230 
240 
250 

2.17 
2.16 
1.96 
1.82 
1.61 

6.63 × 10-1 

3.56 × 10-1 

1.26 × 10-1 
6.16 × 10-2 

7.53 × 10-3 

PEN/CNT 1.0 
 
 
 
 

210 
220 
230 
240 
250 

1.64 
1.59 
1.56 
1.49 
1.48 

9.15 × 10-1 

8.08 × 10-1 

2.87 × 10-1 
5.52 × 10-2 

9.06 × 10-3 

PEN/CNT 2.0 
 
 
 
 

210 
220 
230 
240 
250 

1.50 
1.59 
1.54 
1.46 
1.41 

1.23 × 100 
9.49 × 10-1 

3.72 × 10-1 

7.69 × 10-2 
1.79 × 10-2 

 
The crystallization and the growth mechanism of the PEN were affected by the presence of 
the CNT in the polymer nanocomposites, and the variation of the n values for the PEN/CNT 
nanocomposites with the CNT content indicates different nucleation and crystalline growth 
process. In general, the value of the Avrami exponent (n) close to 3 implies the athermal 
nucleation process followed by a three-dimensional heterogeneous crystal growth [68-70].  
The significant increase in the crystallization rate with the addition of the CNT is attributed to 
the enhancement of the heterogeneous nucleation in the presence of the CNT. The n values of 
the PEN/CNT nanocomposites were lower than that of pure PEN, and this implies that on the 
incorporation of the CNT, crystal growth may not occur in the three dimensions at an equal 
rate [87], leading to a low n values for the PEN/CNT nanocomposites.  Thus, the 
incorporation of the CNT leads to the heterogeneous nucleation induced by the change in the 
crystal growth process from three-dimensional crystal growth to mixed spherulite growth for 
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the PEN/CNT nanocomposites [87].  In addition, the k values increased with the increasing 
CNT content, indicating a significant increase in the heterogeneous nucleation for the 
PEN/CNT nanocomposites. The higher nucleation density of the dispersed CNT has the 
heterogeneous nucleation effect on the PEN crystallization. The crystal growth of the 
PEN/CNT nanocomposites was occurred much fast by incorporating the CNT with high 
nucleation density and large surface area, leading to the higher possibility of the impingement 
of the spherulites in the limited space. This result relates to the fact that the nucleation 
parameter, the folded surface energy, and the work of chain folding were decreased with the 
introduction of the CNT, which is elaborated during the following section for secondary 
nucleation theory. The half-time of crystallization (t1/2) can be estimated from the equation 
(13), and the lower t1/2 implies the higher crystallization rate. 

 
n

k
t

/1

2/1
2ln

⎟
⎠
⎞

⎜
⎝
⎛=  

(13) 

 
The dependence of the crystallization temperature on the half-time of crystallization for 

the PEN/CNT nanocomposites is shown in Figure 28.  
 

 
Figure 28. Dependence of crystallization temperature on the half-time of crystallization (t1/2) for the 
PEN/CNT nanocomposites with various CNT contents. 

The PEN/CNT nanocomposites exhibited lower t1/2 values than that of PEN matrix. The 
isothermal crystallization rate of the PEN/CNT nanocomposites conducted by the t1/2 value 
was decreased with increasing crystallization temperature and increased with increasing CNT 
content, implying that the acceleration of the PEN crystallization process by incorporating the 
CNT. Thus, it can be deduced that the strong nucleation effect of the CNT enhances the 
crystallization of the PEN through more heterogeneous nucleation, leading to higher 
crystallization rate. Assuming that crystallization process is thermally activated, the 
crystallization rate parameter (k) can be expressed by the following equation [87, 109, 110]: 

Sirang Co.



Multiwall Carbon Nanotube Reinforced Polyester Nanocomposites 77

 

RT
Ekk

n
Δ

−= 0ln)(ln1
 

(14) 

 
where k0 is a temperature independent pre-exponential factor; R is the universal gas constant, 
and ΔE is the total activation energy for the crystallization, which consists of the transport 
activation energy (ΔE*) referring to the activation energy required to transport molecular 
segments across the phase boundary to the crystallization surface and the nucleation 
activation energy (ΔF) referring to the free energy of formation of the critical sized crystal 
nuclei at Tc [87, 110]. As shown in Figure 29, the activation energy for crystallization can be 
determined from the slope of the plot of (1/n)ln k versus 1/Tc. There is a dependence of the 
ΔE value of the PEN/CNT nanocomposites on the CNT content: the ΔE values for the PEN, 
the PEN/CNT 0.1, the PEN/CNT 1.0, and the PEN/CNT 2.0 nanocomposites were 98.9, 92.6, 
120.2, and 160.9 kJ⋅mol-1, respectively. In the case of the PEN/CNT nanocomposites, the 
incorporation of a very small quantity of the CNT into the PEN matrix may induce more 
heterogeneous nucleation, causing a lower ΔE values relative to the PEN. However, at higher 
CNT content, the transportation of polymer chains in the PEN/CNT nanocomposites may be 
hindered by the presence of more CNT that was induced more steric hindrance [87, 110], 
leading to a higher ΔE value. 
 

 
Figure 29. Variations of activation energy for crystallization of the PEN/CNT nanocomposites with 
various CNT contents. 
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DSC heating thermograms of pure PEN and the PEN/CNT nanocomposites after the 
completion of the isothermal crystallization are shown in Figure 30.  

 

 
(a) PEN 

 
(b) PEN/CNT 0.1 

Figure 30. DSC heating thermograms of (a) PEN and (b) the PEN/CNT 0.1 nanocomposites crystallized 
at various crystallization temperatures. 

Both pure PEN and the PEN/CNT nanocomposites exhibited multiple melting peaks in 
the DSC heating thermograms. The small and low melting peaks observed at approximately 
10~15 oC above the isothermal crystallization temperature was attributed to the melting of 
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small crystallites formed between main lamellar populations, the middle melting peaks 
corresponded to the melting of the primary crystals grown at the isothermal crystallization 
temperature, and the high melting peaks was attributed to the melting of crystallites produced 
by the melting-recrystallization process. As the crystallization temperature increased, low 
temperature melting peaks gradually shifted toward high temperature region, and eventually 
merged into a single peak at higher crystallization temperature. This result indicated that the 
crystallization temperature influences the melting behavior of the PEN/CNT nanocomposites. 
In general, the multiple melting behaviors of polymers or polymer composites can be 
influenced by various factors, including the change in morphology, the orientation effects, the 
presence of more than one crystal modification, and the melting-recrystallization-remelting 
processes occurring during DSC scans [111, 112, 113-117]. The increase in the perfection of 
the crystalline structures with crystallization temperature was confirmed by the fact that the 
low and middle melting temperatures shifted toward higher temperature regions with higher 
crystallization temperature. The original imperfect thin crystals or lamellae in the polymers 
could melt and recrystallize to form the crystals with higher perfection during DSC scans 
[117]. The equilibrium melting temperatures of the PEN/CNT nanocomposites with the CNT 
content can be estimated from the theoretical relation suggested by Hoffman and Weeks 
[118], and their results are shown in Table 11. The values of the Tm

0 for the PEN/CNT 
nanocomposites decreased with increasing CNT content. Similar observation has been 
reported that the decrease in the Tm

0 value of the PEN/layered silicate nanocomposites with 
increasing the content of layered silicate was probably due to the presence of more 
heterogeneous nucleation to reduce the perfection of the PEN crystallites in the polymer 
nanocomposites [87, 110]. Thus, the decrease in the Tm

0 value of the PEN/CNT 
nanocomposites may be attributed to the formation of less perfect crystallites in the 
PEN/CNT nanocomposites because of the heterogeneous nucleation effect of the CNT, 
compared to the PEN matrix. 

 
Table 11. Values of Tm

0, Kg, σe, and q of the PEN/CNT nanocomposites with the CNT 
content 

Materials 
 

Tm
0 

(oC) 
Kg 
(K2×10-5) 

σe  
(Jm-2) 

q 
(J) 

PEN 
PEN/CNT 0.1 
PEN/CNT 0.5 
PEN/CNT 1.0 
PEN/CNT 2.0 

285.4 
283.5 
279.1 
275.0 
273.6 

1.54 
1.46 
1.19 
1.04 
0.93 

8.28 × 10-2 

7.90 × 10-2 

6.49 × 10-2 

5.69 × 10-2 

5.14 × 10-2 

6.10 × 10-20 

5.82 × 10-20 

4.78 × 10-20 

4.19 × 10-20 

3.79 × 10-20 

 
The dependence of the linear growth rate on the temperature can be described by 

Laurizen-Hoffman theory for secondary nucleation [119]. According to the nucleation theory, 
the crystal growth rate (G) can be represented as follows: 
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where G0 is the front factor; U* is the activation energy for segment diffusion to the site of 
crystallization; R is the universal gas constant; Tc is the crystallization temperature; T∞ is the 
hypothetical temperature below which all viscous flow ceases; Kg is the nucleation parameter; 
ΔT = Tm

0 – Tc is the degree of supercooling; Tm
0 is the equilibrium melting temperature, and f 

is the correction factor given as 2Tc/(Tm
0 + Tc). The plot of ln G + [U*/R(Tc - T∞)] versus 

1/Tc(ΔT)f for the PEN/CNT nanocomposites are shown in Figure 31. As the crystallization 
kinetics are governed by the nucleation term, the growth rates are insensitive to the values of 
U* and T∞ employed in the equation (15) [119]. In this study, universal values of U* = 6300 
J/mol and T∞ = Tg – 30 K were used in all of the calculations [119-122]. With these 
assumptions, the values of Kg can be determined the slope of the plot shown in Figure 31. The 
slope of the plots of ln G + [U*/R(Tc - T∞)] versus 1/Tc(ΔT)f for the PEN/CNT 
nanocomposites decreased with increasing CNT content. For a secondary nucleation, the 
values of Kg contains the contribution from the surface free energy, and it can be expressed by 
the following equations: 
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me
g kh

Tbn
K

Δ
=

0
0σσ

 
(16) 

 
where σ is the lateral surface energy; σe is the fold surface free energy; b0 is the layer 
thickness in the direction normal to the growth plane, Δhf = ΔHf × ρc is the heat of fusion per 
unit volume, and kB is the Boltzmann constant. In this study, the heat of fusion per unit 
volume (Δhf) was determined by using the crystal density (ρc = 1.407 g/cm3) and the heat of 
fusion per unit mass (ΔHf = 190 J/g) [123]. In general, the values of n are equal to 4 for 
regime II growth and 2 for regime I or III growth, respectively [119]. The values of σe for the 
PEN and the PEN/CNT nanocomposites can be estimated using the obtained Kg values 
according to the following empirical relations for the lateral surface free energy [124]: 

 
2/1

00 ))(( bah fΔ= ασ  
(17) 

 
where α was derived empirically to be 0.11 by analogy with the well-known behavior of 
hydrocarbons [125], and a0 and b0 are the monomolecular width and layer thickness, 
respectively. In this study, the values of a0 = 0.651 nm and b0 = 0.566 nm were used in all 
calculations [123]. The values of Kg and σe for the PEN/CNT nanocomposites estimated from 
the equations (15)-(17) are shown in Table 11. The values of Kg and σe for the PEN/CNT 
nanocomposites decreased with increasing CNT content. The work of chain folding (q) is one 
of the parameters related to the molecular structure, and its value is apparently proportional to 
chain stiffness [119, 126, 127]. The work of chain folding per molecular fold that is required 
for bending the polymer chain in the appropriate configuration, can be defined as follows 
[128]: 

 
q = 2a0b0σe (18) 
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From the equation (18), it can be deduced that the value of q is apparently proportional to 
the σe value. The q values of PEN/CNT nanocomposites with the CNT content are shown in 
Table 11. The q value of pure PEN was estimated to be 6.10 × 10-20 J per molecular chain 
fold, while that of the PEN/CNT 2.0 nanocomposite was estimated to be 3.79 × 10-20 J per 
molecular chain fold. The values of σe and q of the PEN/CNT nanocomposites decreased with 
increasing CNT content, implying that the incorporation of the CNT has a significant effect 
on the work of chain folding, resulting in the lowering the works required in folding the 
macromolecular chains in the PEN/CNT nanocomposites. Karayannidis and coworkers [129] 
reported that the presence of silica nanoparticles decreased the work required for creating a 
new surface, resulting in higher crystallization rate. Therefore, it can be deduced that the 
incorporation of the CNT as nanoreinforcing fillers into the PEN matrix increases the 
nucleation and crystallization of the PEN/CNT nanocomposites, because the CNT can 
effectively as heterogeneous nuclei in the nucleation of crystallization with higher 
crystallization rate. 

 

 
Figure 31. The plots of ln G + [U*/R(Tc-T∞)] versus 1/Tc(ΔT)f for the PEN/CNT nanocomposites with 
various CNT contents. 

WAXD patterns of the PEN/CNT nanocomposites crystallized at 240 oC with the CNT 
content  are shown in Figure 32. It is known that PEN crystallizes two different crystal 
modifications such as α and β forms, depending on the crystallization conditions [123, 130, 
131]. The unit cell of the α form, determined by Mencik [130], was triclinic with a = 0.651 
nm, b = 0.575 nm, c = 1.32 nm, α = 81.33o, β = 144o, and γ = 100o, and a single chain passes 
through each unit cell of the α form. The β form was suggested by Zachmann et al. [131] to 
be triclinic unit cell with a = 0.926 nm, b = 1.559 nm, c = 1.273 nm, α = 121.6o, β = 95.57o, 
and γ = 122.52o, and four chains pass through each unit cell of the β form. For the PEN, 
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characteristic peaks corresponding to the α form were observed at 2θ of 15.5, 23.2, and 26.8o, 
respectively, indicating the (010), (100), and (-110) reflections [149]. This result suggested 
that the α form population was dominated crystalline phase for the PEN. However, the 
PEN/CNT nanocomposites exhibited additional peaks at 2θ of 16.2, 18.4, 24.2, and 25.7°, 
respectively, as well as the reflections of the α form. These characteristic peaks indicated the 
(-1-11), (020), (-202), and (2-42) reflections corresponding to the β form [149]. As shown in 
Figure 32, the diffraction intensities of the characteristic peaks corresponding to the β–form 
population were increased with increasing CNT content, suggesting that the growth of the β–
form crystals in the PEN/CNT nanocomposites was preferentially favored with the 
introduction of the CNT, and this effect being more significant at higher CNT content.  
Therefore, it can be deduced that the incorporation of more CNT facilitates the formation of 
the β–form in the PEN/CNT nanocomposites. 

 

 

Figure 32. WAXD patterns of the PEN/CNT nanocomposites crystallized at 240 oC. 

 
5.2. Mechanical Properties and Theoretical Approach 

 
The tensile strength, the tensile modulus, and the elongation at break of the PEN/CNT 

nanocomposites with the CNT content are shown in Figure 33. There is significant 
dependence of the mechanical properties of the PEN/CNT nanocomposites on the CNT 
content. The incorporation of CNT improved the mechanical properties of the PEN/CNT 
nanocomposites because of the reinforcement effect of the CNT with high aspect ratio and 
their uniform dispersion in the PEN matrix, and this improvement being more significant at 
lower CNT content. 
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(a) 

 
(b) 

Figure 33. Variations of the mechanical properties of the PEN/CNT nanocomposites as a function of 
CNT content. 

 

The morphologies of pristine CNT and the PEN/CNT nanocomposites are shown in 
Figure 34. The CNT have the diameter of 10-30 nm and the length of several micrometers, 
indicating that their aspect ratio reaches > 1000. The highly curved and random coiled 
features of the CNT were attributed to hydrogen bonding and van der Waals attractive 
interactions between the individual nanotubes [57]. 
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(a) 

   
 

(b)        (c) 

Figure 34. Morphologies of (a) pristine CNT and the PEN/CNT nanocomposites containing (b) 0.1 wt% 
and (c) 2.0 wt% of CNT content. 

 
As shown in Figure 34(b), the incorporated CNT was, on a large scale, uniformly 

dispersed in the PEN matrix, despite some entangled CNT or bundles. However, at higher 
CNT content, the mechanical properties of the PEN/CNT nanocomposites was not 
significantly increased, as expected, when compared with that at low CNT content. In 
general, the CNT often tend to bundle together and to form some agglomeration because of 
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the intrinsic van der Waals attractions between the individual nanotubes, leading to the 
obstruction of efficient load transfer from the reinforcing phase to the matrix phase [17-19, 
57]. Thus, for the PEN/CNT nanocomposites containing higher CNT content, less uniformly 
dispersed and highly entangled CNT in the PEN matrix may prevent efficient load transfer to 
the polymer matrix, which was confirmed by the morphological observation of the PEN/CNT 
2.0 nanocomposites as shown in Figure 34(c). In addition, the elongation at break of the 
PEN/CNT nanocomposites decreased gradually with increasing CNT content, indicating that 
the PEN/CNT nanocomposites became somewhat brittle as compared to pure PEN because of 
the increased stiffness of the PEN/CNT nanocomposites and the micro-voids formed around 
the nanotubes during the tensile testing 

For the characterizing the effect of the CNT on the composite modulus of the PEN/CNT 
nanocomposites, it is also instructive to compare the experimental results with the values 
predicted form the theoretical models. By assuming the PEN/CNT nanocomposites as 
randomly oriented discontinuous fiber lamina, the composite modulus (EC) can be determined 
from the following equation [150, 151]: 
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where EPEN and ECNT represent the modulus of PEN  and CNT, respectively; lCNT/dCNT is the 
ratio of length to diameter for the nanotubes, and VCNT is the volume fraction of the CNT in 
the polymer nanocomposites. To fit the equation (19) to the experimental results for the 
PEN/CNT nanocomposites, the weight fraction was transformed to the volume fraction, 
taking the densities of PEN (1.407 g/cm3) [149] and perfectly graphitized CNT (2.16 g/cm3) 
[22, 44]. The theoretical values of the composite modulus can be estimated assuming the 
aspect ratio of ~1000 and ECNT of ~450 GPa for the CNT.  The ECNT values used in this study 
represents a mid-range value in the modulus ranges of the CNT previously measured [22, 44]. 
The theoretically predicted values and the experimental data for the composite modulus of the 
PEN/CNT nanocomposites are compared in Figure 35. At low CNT content (0.1 wt%), the EC 
value of the PEN/CNT nanocomposites was fitted well with the theoretically predicted value. 
However, the PEN/CNT nanocomposites exhibited much lower EC value at higher CNT 
content when compared with theoretically predicted EC value, and the deviation was larger 
with increasing CNT content. As the CNT content increases, CNT often tends to bundles 
together because of intrinsic van der Waals attraction between the individual nanotubes in 
combination with high aspect ratio and large surface area of the CNT, leading to some 
agglomeration, and thus prevent an efficient load transfer to the polymer matrix [17, 19]. 
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Figure 35. Variations of the mechanical properties of the PEN/CNT nanocomposites as a function of 
CNT content. 

As a consequence, the mechanical properties of the PEN/CNT nanocomposites was not 
significantly increased at higher CNT content, as expected, when compared with that at lower 
content. Sokolov and coworkers [150] reported that for PP/SWNT composite fibers, the 
experimental values of the composite modulus at 1 wt% of SWNT concentration were in 
good agreement with the theoretical calculation, while the negative deviation was greater with 
increasing SWNT concentration up to 5 wt%, which was attributed to the poor distribution of 
SWNT that became even more heterogeneous in the PP matrix with increasing SWNT 
concentration. Thus, to achieve further enhanced mechanical properties of polymer 
nanocomposites, the improvement in the dispersion of the CNT in the polymer matrix and the 
enhancement of the interfacial adhesion between the CNT and the polymer matrix through 
functionalization of the CNT should be required. 

 
 

6. THERMAL STABILITY AND DEGRADATION BEHAVIOR OF 
PEN/CNT NANOCOMPOSITES 

 
6.1. Dynamic Mechanical Thermal Properties 

 
The dynamic mechanical thermal properties of the PEN/CNT nanocomposites as a 

function of temperature are shown in Figure 36. There is significant dependence of the 
storage modulus (E′) and the loss tangent (tan δ) of the PEN/CNT nanocomposites on the 
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presence of the CNT. As shown in Figure 36, the E′ value decreased with increasing 
temperature, and simultaneously the tan δ went through the maximum. The apparent glass 
transition region was revealed by a rapid decrease in the storage modulus of the PEN/CNT 
nanocomposites, and this temperature corresponding to the glass transition of the PEN matrix. 
The incorporation of the CNT significantly increased the storage modulus of the PEN/CNT 
nanocomposites. For instance, the E′ value at 35 oC was increased from 1.45 GPa for pure 
PEN to 2.34 GPa for the PEN/CNT 2.0 nanocomposites. This increase in the storage modulus 
of the PEN/CNT nanocomposites may be attributed to some physical interactions between the 
PEN matrix and the CNT with high aspect ratio and large surface area and the stiffening 
effect of the CNT in the PEN matrix, providing the possibility to allow an efficient load 
transfer in the PEN/CNT nanocomposites. After a critical temperature, the storage modulus of 
the PEN/CNT nanocomposites was not significantly affected by the CNT, and they exhibited 
a strong dependence of the storage modulus on the PEN matrix [30], which was reflected by a 
plateau region above approximately 135 oC. In addition, the peak position of tan δ for the 
PEN/CNT nanocomposites was not affected by the presence of the CNT, while the peak 
height decreased. 

 

 
Figure 36. Dynamic mechanical thermal properties of PEN (filled symbols) and the PEN/CNT 
nanocomposites (unfilled symbols). 

 
 

6.2. Thermal Stability 
 
Thermal stability of polymers or polymer composites determines the upper-limit of the 

working temperature and the environmental conditions for use, which are related to their 
thermal degradation temperature and degradation rate [132, 133]. The TGA thermograms of 
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pure PEN and the PEN/CNT 2.0 nanocomposites at 20 oC⋅min-1 under nitrogen and air are 
shown in Figure 37. 

 

 
Figure 37. TGA curves of PEN and the PEN/CNT 2.0 nanocomposites at a heating rate of 20 oC⋅min-1 
under nitrogen and air. 

The TGA curves of the thermal degradation for the PEN/CNT nanocomposites exhibited 
only one weight-loss step during thermal degradation under nitrogen, which was attributed to 
the random scission of the PEN macromolecular chains [151]. The patterns of TGA curves 
for the PEN/CNT nanocomposites are similar to that of the PEN matrix, either under nitrogen 
or air, indicating that the features of the weigh-loss for the thermal degradation of the 
PEN/CNT nanocomposites may mostly stem from the PEN matrix 

Under air atmosphere, the PEN/CNT nanocomposites exhibited two weight-loss stages 
during thermal degradation. The first weight-loss step during thermal degradation was 
attributed to the thermal decomposition of the PEN main chains from higher molecular 
weight macromolecules to small fragments due to the random scission of polymer chains 
[151], while the second weight-loss step resulted from the thermo-oxidative decomposition of 
the decomposed smaller chain fragments into volatile decomposed products under air [152-
154]. The thermal degradation temperatures of the PEN/CNT nanocomposites were higher 
than those of pure PEN, indicating that the incorporation of CNT increased the thermal 
stability of the polymer nanocomposites. TGA thermograms of the PEN/CNT 
nanocomposites with heating rates under nitrogen and air are shown in Figure 38. TGA 
curves of the PEN/CNT nanocomposites shifted towards to higher temperature regions with 
increasing heating rates. This result may be explained by the fact that polymer molecules did 
not have enough time to exhaust the heat with increasing heating rate, leading to slower 
degradation rate and higher degradation temperature due to slow diffusion of heat. 

Sirang Co.



Multiwall Carbon Nanotube Reinforced Polyester Nanocomposites 89

 
 
 

 
 

Figure 38. TGA curves of the PEN/CNT 2.0 nanocomposites with the heating rate under (a) nitrogen 
and (b) air. 
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TGA thermograms of the PEN/CNT nanocomposites with the CNT content at 10 oC⋅min-

1 under nitrogen and the variations of the thermal degradation temperatures of the PEN/CNT 
nanocomposites with the CNT content under air are shown in Figure 39(a) and (b), 
respectively. The PEN/CNT nanocomposites exhibited the slower rate of the weight-loss and 
higher thermal degradation temperatures than that of the PEN matrix, and they tended to 
increase with increasing CNT content. 

 

 

 

 

Figure 39. (a) TGA curves of PEN/CNT nanocomposites with the CNT content under nitrogen and (b) 
the variations of thermal degradation temperatures of PEN/CNT nanocomposites with the CNT content 
under air. 

The increase in the thermal degradation temperatures of the PEN/CNT nanocomposites 
with the incorporation of the CNT may be explained by the decrease in the evolution rate of 
volatile degradation products in the polymer nanocomposites. The thermal degradation 
temperatures and degradation kinetic parameter are in common use to estimate the thermal 
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stability of a polymer. In this study, for determining the thermal stability factor of polymer 
nanocomposites based on the Doyle’s proposition [134], the integral procedure 
decomposition temperature (IPDT) can be calculated from the TGA thermograms using the 
following equation [135]. 

 

iif TTTKAIPDT +−⋅= )(  (20)

 
where A is the area ratio of total experimental curve divided by total TGA thermogram; K 

is the coefficient of A; Ti is the initial experimental temperature (30 oC), and Tf the final 
experimental temperature (800 oC). As shown in Table 12, the thermal stability factors, 
including IDT, Tdm, A, K, and IPDT, of the PEN/CNT nanocomposites increased with 
increasing CNT content. In particular, the values of IPDT significantly increased from 686.5 
oC for pure PEN to 982.9 oC for the PEN/CNT 2.0 nanocomposites. During the thermal 
degradation process, high thermal stability of CNT resulted in the retardation of the thermal 
volatilization of the PEN matrix, suggesting that the incorporation of a small quantity of CNT 
significantly improves the thermal stability of the PEN/CNT nanocomposites and CNT is 
beneficial to act as the thermal degradation resistant nanoreinforcing fillers in the PEN 
matrix. In addition, the residual yields of the PEN/CNT nanocomposites increased with 
increasing CNT content 

 

Table 12. Effect of CNT on the thermal stability of the PEN/CNT nanocomposites 
 

Materials 
 

IDT a 
(oC) 

Tdm 
b 

(oC) 
A 
 

K 
 

IPDT c 
(oC) 

WR 
d 

(%) 

PEN 
PEN/CNT 0.5 
PEN/CNT 1.0 
PEN/CNT 2.0 

389.2 
390.6 
397.7 
398.2 

436.8 
438.7 
439.8 
440.9 

0.6360 
0.6632 
0.6774 
0.6903 

1.3404 
1.5312 
1.6605 
1.7925 

686.5 
812.1 
896.2 
982.9 

14.8 
22.7 
26.9 
30.3 

a The initial degradation temperature. 
b The degradation temperature of maximum rate of the weight-loss. 
c The integral procedure degradation temperature. 
d The residual yield at 800 oC in TGA thermograms. 

 
In this PEN/CNT nanocomposite system, the dispersed CNT layers acting as physical 

barriers to thermal degradation in the polymer nanocomposites, may prevent volatile 
decomposed products or small molecules produced during thermal degradation from diffusing 
out of the PEN/CNT nanocomposites, leading to the retardation of their thermal degradation 
by the higher protecting and slow-down effect of CNT layers against the thermal degradation 
in the polymer nanocomposites [35, 136]. Kashiwagi et al. [107, 108] reported that CNT 
layers good barrier effect on the gases such as oxygen and nitrogen, and they can not only 
insulate polymers but also reduce the weight-loss rate of degradation products, resulting in the 

Sirang Co.



Jun Young Kim and Seong Hun Kim 92

improvement in the thermal stability of the polymer nanocomposites. Thus, the retardation of 
thermal degradation of the PEN/CNT nanocomposites with CNT content may be attributed to 
the physical barrier effect promoted by the dispersed CNT layers acting as an effective 
thermal insulator in the PEN/CNT nanocomposites. As s result, the thermal stability of the 
PEN/CNT nanocomposites was significantly improved with the incorporation of a small 
quantity of the CNT. This improvement effect of the PEN/CNT nanocomposites with the 
incorporation of the CNT will be also elaborated during the following discussion on the 
activation energy for the thermal degradation of the PEN/CNT nanocomposites. 

 
 

6.3. Thermal Degradation Kinetics 
 
In the thermal degradation process of a polymer, the degree of thermal degradation or 

conversion (α) can be typically calculated as follows [137]: 
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where Wt, W0, and Wf are the actual, initial, and final weights of the samples, respectively. 
Assuming that the rate of conversion is a near function of temperature-dependent rate 
constant, K(T) and a emperature-independent/ eight loss-dependent function, F(α), the rate of 
degradation can be expressed as follows: 
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where t and T are the reaction time and temperature, respectively, and F(α) = (1 - α)n depends 
on the mechanism of thermal degradation reaction. The function K(T) can be usually 
described by Arrehenius equation as follows: 
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where A is the pre-exponential factor; Ea is the activation energy, and R is the universal gas 
constant. At constant heating rate, β (=dα/dT), the basic equation for the thermal degradation 
kinetics can be expressed in terms of combination of the equations (22) and (23) as follows: 

 

)(exp α
β

α F
RT
EA

dT
d a ⎟

⎠
⎞

⎜
⎝
⎛ −

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=  

(24)

 
Using this equation, theoretical approaches based on differential mode and integral mode, 

were applied for calculation of thermal degradation kinetic parameters [138-141]. 
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The Flynn-Wall-Ozawa method [142, 143] has been used to determine the activation 
energy from dynamic tests by plotting the logarithm of heating rate as a function of the 
inverse of the temperature, at different conversions. Being integrated with the initial condition 
of α = 0 at T = T0, the equation (24) can be arranged as follows: 
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Then, using Doyle’s approximation [144], the equation (25) can be simplified as follows: 
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where β is the heating rate; α is the weight loss; A is the pre-exponential factor; R is the 
universal gas constant; T is the absolute temperature, and Ea is the activation energy of the 
thermal degradation reaction. The values of the activation energy (Ea) for a specific weight 
loss can be calculated from the slope of the plot of log β versus 1/T at different heating rates. 

The Kissinger’s method [138] has been used to estimate the activation energy of the 
thermal degradation, involving the maximum temperature (Tdm) of the first derivative weight 
loss curves in TGA measurements at a constant heating rate, and the resulting equation can be 
expressed as follows: 
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where β is the heating rate; Tdm is the absolute temperature at the maximum rate of the 
thermal degradation; Z is the frequency factor; R is the universal gas constant, and Ea is the 
activation energy of the thermal degradation reaction. The value of the activation energy (Ea) 
can be calculated from the slope of the plot of ln(β/Tdm

2) versus 1/Tdm. 
Based on the data obtained from the TGA thermograms at different heating rates, the plot 

of log β versus 1/T of the PEN/CNT nanocomposites for a given conversion under nitrogen 
and air are shown in Figures 40 and 41, respectively. The Flynn-Wall-Ozawa plot of the 
PEN/CNT nanocomposites exhibited a good linear relationship at a constant conversion, 
indicating that the Flynn-Wall-Ozawa analysis was effective in describing the thermal 
degradation kinetics of the PEN/CNT nanocomposites in terms of the experimental TGA 
data.  

In addition, the thermal degradation of the PEN/CNT nanocomposites may vary with the 
degree of conversion for thermal degradation under nitrogen and air 
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Figure 40. Flynn-Wall-Ozawa plots of (a) PEN, (b) PEN/CNT 0.5, (c) PEN/CNT 1.0, and (d) 
PEN/CNT 2.0 nanocomposites under nitrogen. 
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Figure 40. (Continued). 
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Figure 41. Flynn-Wall-Ozawa plots of (a) PEN, (b) PEN/CNT 0.5, (c) PEN/CNT 1.0, and (d) 
PEN/CNT 2.0 nanocomposites under air. 
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Figure 41. (Continued) 
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The variation of the activation energy for thermal degradation (Ea) of the PEN/CNT 
nanocomposites under nitrogen and air estimated from the Flynn-Wall-Ozawa analysis are 
presented in Tables 13 and 14, respectively.  

 
Table 13. Activation energy (Ea) and correlation coefficient (r2) of the PEN/CNT 

nanocomposites with the CNT content under nitrogen from the Flynn-Wall Ozawa 
method 

 

 PEN PEN/CNT 0.5 PEN/CNT 1.0 PEN/CNT 2.0 

Conversion 
(%) 

Ea 
(kJ/mol) 

r2 
 

Ea 
(kJ/mol) 

r2 
 

Ea 
(kJ/mol) 

r2 
 

Ea 
(kJ/mol) 

r2 
 

   5 
10 
20 
30 
40 
50 
Average 

156.6 
155.9 
161.2 
164.3 
166.4 
163.5 
161.3 

0.9985 
0.9998 
0.9999 
0.9998 
0.9995 
0.9995 
 

164.1 
163.6 
162.7 
164.6 
170.8 
172.0 
166.3 

0.9991 
0.9999 
0.9989 
0.9993 
0.9999 
0.9967 
 

166.5 
175.5 
177.1 
172.9 
172.3 
182.0 
174.4 

0.9999 
0.9999 
0.9925 
0.9960 
0.9972 
0.9999 
 

167.0 
179.2 
189.7 
199.4 
203.6 
211.5 
191.7 

0.9999 
0.9892 
0.9971 
0.9969 
0.9964 
0.9947 
 

 
Table 14. Activation energy (Ea) and correlation coefficient (r) of the PEN/CNT 

nanocomposites with the CNT content under air from the Flynn-Wall Ozawa method 
 

 PEN PEN/CNT 0.5 PEN/CNT 1.0 PEN/CNT 2.0 

Conversion 
(%) 

Ea 
(kJ/mol) 

r2 
 

Ea 
(kJ/mol) 

r2 
 

Ea 
(kJ/mol) 

r2 
 

Ea 
(kJ/mol) 

r2 
 

 5 
10 
20 
30 
40 
50 
60 
Average 

155.3 
153.4 
158.7 
161.2 
164.6 
163.6 
141.8 
156.9 

0.9995 
0.9983 
0.9999 
0.9999 
0.9999 
0.9999 
0.9902 
 

163.0 
158.3 
160.1 
165.0 
166.7 
166.2 
145.6 
160.7 

0.9985 
0.9989 
0.9998 
0.9998 
0.9997 
0.9995 
0.9999 
 

165.9 
167.9 
169.3 
169.0 
169.4 
167.8 
153.3 
166.1 

0.9999 
0.9968 
0.9983 
0.9991 
0.9996 
0.9993 
0.9999 
 

166.7 
172.7 
173.8 
176.9 
175.6 
168.3 
161.9 
170.8 

0.9995 
0.9968 
0.9975 
0.9992 
0.9999 
0.9997 
0.9956 

 

 
The Ea values of the PEN/CNT nanocomposites were higher than pure PEN, and they tended 
to increase with the CNT content. In addition, the Ea values of the PEN/CNT nanocomposites 
in air were lower than that in nitrogen, indicating that the thermal degradation mechanisms of 
the PEN/CNT nanocomposites in both gases were different, because the active effect of 
oxygen under air lead to the occurrence of the thermo-oxidative reactions and the increase in 
the degradation rate, thus accelerating the thermal degradation for the PEN/CNT 
nanocomposites. As the previously described, the improvement in the thermal stability of the 

Sirang Co.



Jun Young Kim and Seong Hun Kim 98

PEN/CNT nanocomposites induced by the incorporation of the CNT may be explained by the 
function of the CNT as an effective physical barrier to retard the thermal degradation of 
volatile components and to prevent the diffusion out of the decomposed polymeric molecules 
in the PEN/CNT nanocomposites [145, 146]. Based on the Flynn-Wall-Ozawa analysis, it can 
be deduced that the Ea values of the PEN/CNT nanocomposites calculated from Flynn-Wall-
Ozawa method exhibited good reliance on describing the thermal degradation kinetics of their 
nanocomposites, which was confirmed by the fact that the values of the correlation coefficient 
(r2) were greater than 0.99. 

The Kissinger plots of the PEN/CNT nanocomposites under nitrogen and air are shown in 
Figure 42. The slopes of the plots of ln (β/Tdm

2) or ln β versus of 1/Tdm for the PEN/CNT 
nanocomposites were increased with the addition of the CNT, indicating the higher Ea values 
of the PEN/CNT nanocomposites relative to pure PEN. As shown in Table 15, the Ea values 
of the PEN/CNT nanocomposites increased with increasing CNT content. For instance, the Ea 
values were increased from 158.6 kJ/mol for pure PEN to 194.1 kJ/mol for the PEN/CNT 2.0 
nanocomposites. The thermal degradation of the PEN/CNT nanocomposites was retarded due 
to the physical barrier effect of CNT in the PEN matrix, leading to higher Ea values with 
increasing CNT content. The PEN/CNT nanocomposites exhibited higher Ea values under 
nitrogen than that under air. This result may be explained by the fact that the active effect of 
oxygen under air lead to the occurrence of the thermo-oxidative reactions and increase the 
degradation rate, thus accelerating the thermal degradation for the PEN/CNT nanocomposites. 
In addition, based on the Kissinger analysis, the values of correlation coefficient (r2) were 
greater than 0.99, indicating good reliance on describing the thermal degradation of the 
PEN/CNT nanocomposites. 
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Figure 42. Kissinger plots of PEN and PEN/CNT 2.0 nanocomposites under (a) nitrogen and (b) air. 
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Figure 42. (Continued) 

Table 15. Activation energy (Ea) and correlation coefficient (r) of the PEN/CNT 
nanocomposites with the CNT content under nitrogen and air from the Kissinger 

method 
 

Materials Nitrogen  Air 

 Ea (kJ/mol) r2  Ea (kJ/mol) r2 

PEN 
PEN/CNT 0.5 
PEN/CNT 1.0 
PEN/CNT 2.0 

158.6 
159.4 
167.0 
194.1 

0.9960 
0.9984 
0.9973 
0.9987 

 

152.2 
160.2 
160.5 
163.1 

0.9929 
0.9989 
0.9936 
0.9937 

 
 

6.4. Interconnencted Network-Like Structures of MWCNT 
 
The rheological properties of the PEN/CNT nanocomposites with the CNT content are 

shown in Figure 43. The complex viscosities (|η*|) of pure PEN and the PEN/CNT 
nanocomposites were decreased with increasing frequency. However, at lower frequency 
region, the curve shape of the |η*| for pure PEN was almost flat, indicating the independence 
of the complex viscosity on the frequency. The incorporation of the CNT significantly 
increased the |η*| and the storage modulus (G′) of the PEN/CNT nanocomposites, and this 
effect being more pronounced at lower frequency region. According to the relationship of |η*| 
≈ ωn, reported by Wagner and Reisinger [90], the shear thinning exponent (n) of the 
PEN/CNT nanocomposites can be determined in the lower frequency region. In this polymer 
nanocomposite system, the n values were -0.13 for pure PEN and -0.34 for the PEN/CNT 2.0 
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nanocomposites, respectively. In addition, the G′ of the PEN/CNT nanocomposites 
significantly increased by incorporating the CNT, particularly at lower frequency region. In 
general, these variations of the complex viscosity and the storage modulus in the dynamic 
oscillatory measurement imply the formation of the interconnected or network-like structures 
of the incorporated fillers, resulting from the percolation of those [104, 147]. At higher CNT 
content, the nanotubes-nanotubes interactions due to their high aspect ratio and large surface 
area were more dominated in the polymer nanocomposites, and lead to the formation of the 
interconnected or network-like structures of the nanotubes in the polymer matrix. 
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Figure 43. (a) Complex viscosity (⏐η*⏐) and (b) storage modulus (G′) of the PEN/CNT 
nanocomposites with the CNT content. 
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(a)                       (b) 

Figure 44. SEM images of (a) the PEN/CNT 2.0 nanocomposites and (b) the residue of the PEN/CNT 
nanocomposites after thermal degradation. 

 
The morphologies of the PEN/CNT 2.0 nanocomposites and the residue of that after 

thermal degradation are shown in Figure 44. From the SEM image of the fractured PEN/CNT 
2.0 nanocomposites, it can be seen that the CNT was randomly dispersed in the PEN matrix, 
and the interconnected or network-like structures of the CNT were observed in the PEN 
matrix. The CNT with small size, high aspect ratio, and large surface area are often subjected 
to self-agglomeration or bundle formation at higher content, and thus easily form the 
interconnected or network-like structures in the molten polymer matrix. As shown in Figure 
44(b), the CNT kept the interconnected network-like structures in the PEN matrix after 
thermal degradation, despite some collapse or loss of their forms. It can be deduced that this 
morphological feature of the CNT in the polymer matrix may be also a possible reason for the 
improvement in the thermal stability of the PEN/CNT nanocomposites, because the 
interconnected network structures of the CNT in the PEN matrix resulted in the good physical 
barrier effect on the thermal degradation of the PEN/CNT nanocomposites by retarding the 
thermal degradation and by preventing the diffusion-out of volatile decomposed products in 
the nanocomposites. Schartel et al. [148] reported that the increased viscosity of the 
polyamide/multiwall nanotube nanocomposites and the fiber-network character of the 
incorporated nanofillers are the dominant mechanisms influencing fire retardancy, suggesting 
that the interconnected network structures of the nanotubes stabilized the melt in the pyrolysis 
zone and residue. In this PEN/CNT nanocomposite system, the incorporation of the CNT into 
the PEN matrix significantly improves the thermal stability of the polymer nanocomposites 
and reduced their weight-loss rates, resulting in the increase in the activation energy for 
thermal degradation. The enhancing effect of the CNT on the thermal degradation of the 
PEN/CNT nanocomposites may be also explained by the high thermal resistance of the CNT 
that increased the energy required for the thermal degradation of the polymer matrix and by 
the function of the interconnected network-like structures of the CNT as thermal insulating 
layers on the polymer matrix [148]. 
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7. SUMMARY 
 
We prepared aromatic polyester nanocomposites based on a very small quantity of CNT 

and PEN nanocomposites using a melt blending in a twin-screw extruder to create advanced 
materials for possible practical applications in various industrial fields. There is significant 
dependence of non-isothermal crystallization of the PEN/CNT nanocomposites on the CNT 
content and cooling rate. The incorporation of the CNT accelerates the mechanism of 
nucleation and crystal growth of PEN, this effect being more significant at lower CNT 
content. Combined Avrami and Ozawa analysis was found to be effective in describing the 
non-isothermal crystallization of the PEN/CNT nanocomposites. The CNT in the PEN/CNT 
nanocomposites exhibits much higher nucleation activity than any nanoreinforcing filler. The 
incorporation of the CNT improved the storage modulus (G′) and loss modulus (G″) of the 
PEN/CNT nanocomposites, with this effect also being more pronounced at lower CNT 
content. A gradual decrease in the terminal zone slope of G′ for the PEN/CNT 
nanocomposites with increasing CNT content may be explained by the fact that the nanotube-
nanotube interactions will be dominant at higher CNT content, and lead to the formation of 
the interconnected or network-like structures of the CNT in the polymer nanocomposites. The 
decrease in the slope of the plot of log G′ versus log G″ for the PEN/CNT nanocomposites 
with increasing CNT content suggests that the microstructures of PEN/CNT nanocomposites 
is affected by the presence of the CNT. There is significant dependence of the crystallization 
and melting behavior for the PEN/CNT nanocomposites on the CNT content and 
crystallization temperature, and the equilibrium temperatures decreased with increasing CNT 
content. The presence of more CNT may facilitate the formation of the β-form in the 
PEN/CNT nanocomposites. The values of the nucleation parameter (Kg) and fold surface free 
energy (σe) for the PEN/CNT nanocomposites decreased with increasing CNT content, 
indicating that the incorporation of the CNT lowers the work required in folding 
macromolecular chains in the PEN/CNT nanocomposites. In addition, the incorporation of a 
very small quantity of the CNT significantly improved the mechanical properties of the 
PEN/CNT nanocomposites, and this reinforcing effect being more significant at lower CNT 
content. There was significant dependence of the thermal degradation of the PEN/CNT 
nanocomposites on the presence and the concentration of the CNT. The incorporation of a 
very small quantity of the CNT into the PEN matrix greatly improved the thermal stability of 
the PEN/CNT nanocomposites. The variations of the activation energy for thermal 
degradation confirmed that thermal stability of the PEN/CNT nanocomposites was improved 
with the introduction of the CNT. The morphological observations revealed the formation of 
the interconnected or network-like structures of the CNT in the PEN matrix. In the PEN/CNT 
nanocomposite systems, the interconnected network-like structures of the CNT in the PEN 
matrix plays a significant role on the improvement in the thermal stability by acting as an 
efficient physical barrier to retard the thermal degradation of the PEN and to prevent the 
transport of volatile decomposed products in the PEN/CNT nanocomposites during thermal 
degradation. 
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1. INTRODUCTION 
 
Cyanate Ester Resins (CER) offer a variety of excellent thermal and good mechanical 

properties, which commend them for use in high performance technology (e.g. as matrices for 
composites for high-speed electronic circuitry and transportation). The product of CER curing 
process polycyanurates (PCN) are synthesized by a catalytic high temperature 
polycyclotrimerization reaction of cyanate esters of bisphenols (cf. Figure1). 
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where R is a residue of bisphenol, for example C(CH3)2(C6H4)2, CH((CH3) (C6H4)2. 

Figure 1. Generalised monomer structure and polycyanurate network formation. 
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For the electronics market, attractive features of PCN are their low dielectric loss 
characteristics, dimensional stability at molten solder temperatures (220-270°C), high purity, 
inherent flame-retardancy (giving the potential to eliminate brominated flame retardants) and 
excellent adhesion to conductor metals at temperatures up to 250°C [1]. Since the late 1970s, 
cyanate ester resins have been used with glass or aramid fibers in high-speed multilayer 
circuit boards and this remains their primary application. Several reviews [2-6] collecting the 
numerous publications (papers and patents) in the field of PCN synthesis, processing, 
characterization, modification and application have appeared since 1990s. In addition, like 
conventional FR-4 diepoxides, cyanate ester laminates retain the desirable (ketone) solution 
processing characteristics and the ability to be drilled, making possible to employ them in 
printed circuit board manufacture. In the last three decades, aerospace composites have 
evolved into damage-tolerant primary and secondary structures utilizing both thermoset and 
thermoplastic resins. PCN homopolymers develop approximately twice the fracture toughness 
of multifunctional epoxies while qualifying for service temperatures of at least 150°C, 
intermediate between epoxy and bismaleimides capabilities. PCN have already flown in 
prototype radomes and high gain antennae, with possible applications in primary and 
secondary structures of the High Speed Civil Transport (HSCT) and European Fighter 
Aircraft. PCN are also being qualified for satellite truss and tube structures and cryogenic, 
radiation-resistant components in the Superconducting Supercollider [7]. This is indeed the 
problem, to convince a traditionally conservative industry that the superior performance of 
PCN (which surpass the glass transition temperature and hydrophobicity of epoxies while 
matching their processability and are easily toughened) makes them worthy of further 
investigation in spite of their price, which is currently higher than the price of the epoxies. 
PCN must be traditionally cured at high temperatures in order to achieve complete 
conversion, which increases manufacturing cost, but reactive modification of PCN [5] allows 
decreasing the high temperature of PCN post-curing. The primary drawback of PCN, which 
hinders more extensive application of the cured materials, however, is low room temperature 
toughness.  

Cyanate esters may be modified by co-reaction with monomers or oligomers that contain 
active hydrogens (e.g., water, phenols, bisphenols, diamines, diepoxides, ethers, esters, etc) 
[2-6]. The PCN modified with reactive monomers usually have a homogeneous single phase, 
with properties proportional to the ratio of the two components. 

PCN have been toughened, on the other hand, by physical modification through the 
addition of thermoplastics [2-6], with formation of so-called semi-interpenetrating polymer 
networks (IPNs) [3,5]. In this case, the degree of toughening depends on the final morphology 
of the polymer blends and composites, which, in turn, depends on the rate of phase separation 
during cure relative to the rate of polymerization [8]. A number of amorphous thermoplastics, 
including polyetherimides, polysulphones, polyethersulphones, polyarylates and polyimides, 
have been dissolved in aryl dicyanate formulations, and when they phase separate during 
cure, toughened systems are achieved [2-6]. Rubbers have also been used to toughen 
dicyanate esters [2-6]. Disadvantages of physical toughening are large-scale heterogeneity for 
interpenetrating polymer systems, difficulty in controlling domain size and poor 
processability. Some results have been published [9-11] where the researchers used the 
combination of chemical and physical methods of modification. There are two possibilities to 
combine those kinds of modification: simultaneous use of reactive co-monomer and inert 
rubber or thermoplastics to change the chemical structure and phase morphology of 
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polycyanurates and use of a rubber or a thermoplastic containing reactive chain ends. In the 
combined method, the ability of additives to react with the matrix is often of great interest 
since the effect is to improve the adhesion between phases in the case of a biphasic material, 
and in any case they ensure a chemical linkage between the oligomeric modifier and the 
network. Polycyanurates with well-defined morphology and improved characteristics have 
been synthesized [9-11]. 

 
 

2. HYBRID NETWORKS FROM CYANATE  
ESTERS AND POLYETHERS (POLYESTERS) 

 
Last years several papers describing synthesis, structure and properties of polycyanurates 

modified with commercial polyethers [12-15] and polyesters [16] have been published.  
Several series’ of polycyanurate networks (PCN), based on the dicyanate of bisphenol A 

monomer (DCBA), were synthesized in the presence of different contents of hydroxyl-
terminated polyethers (PEth), such as poly(oxypropylene glycol) (PPG) [12,13,15] and 
poly(oxytetramethylene glycol) (PTMG) [14,15]. The influence of the nature of the 
oligomeric modifier, initially miscible with DCBA, on the chemical structure, glass transition 
behaviour, phase morphology and mechanical properties of modified PCN was studied. The 
possibility of PEth incorporation into the PCN structure through mixed cyanurate ring 
formation has been discussed. A maximum PEth incorporated content of 0.1 mol of PEth per 
1 mol of DCBA (~26-28 wt. %) irrespective of PEth type has been detected by comparison of 
calculated and experimental values of gel-fraction content. The theoretical value of gel 
fraction (wg theor) was calculated using equation 1 and with the conjecture that the PEth was 
completely extracted.  

 

wg theor = (1-wPEth) x (2α-1)/α2 (1) 

 
where α is the OCN-conversion (determined by both FTIR and DSC methods) and wPEth is 
the weight fraction of PEth in the initial composition. 

Based on the knowledge from Organic Chemistry [16,17] relating to reactions of organic 
cyanates with active hydrogen containing compounds and taking in account the results of 
investigations on modification of PCN by phenols [2], the authors of refs. [12,13] have 
proposed a scheme (cf. Figure 2) of chemical incorporation of hydroxyl-terminated modifiers 
into the PCN structure. 

DMTA analysis has shown the formation of multiphase polymer compositions due to 
microphase separation of the components occurred during DCBA/PPG curing procedure.  

On the other hand, all PCN/PTMG cured compositions exhibited [14,15] a single, broad 
glass transition (cf. Figure 4) that shifted to lower temperature as the modifier content was 
increased and the experimental Tg versus modifier content showed a slight positive deviation 
from the Fox equation (cf. Figure 5) for miscible polymer systems. 
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Figure 2. Scheme of chemical modification of PCN with hydroxyl-terminated polymer  

The formation of very finely divided morphologies with highly interpenetrated phases, 
i.e. a PCN- rich phase, a mixed phase of PCN/PPG components and a PPG-rich phase can be 

clearly seen from the temperature dependence of loss modulus, Eʺ (cf. Figure 3).  
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Figure 3. Loss modulus (Eʺ) versus temperature for PCN/PPG composition (bending mode, 1Hz). (a) 
Pure PCN; (b) 98:2; (c) 95:5; (d) 90:10; (e) 85:15; (f) 74:26; (g) 69:31 and (h) 63:37 PCN/PPG (wt.%). 
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It was concluded [12] that the PCN and the PTMG have a higher degree of compatibility 
than the PCN and the PPG and, further, that the rate of the incorporation reaction in the case 
of PTMG is faster than in the case of PPG. Thus, the growing PCN/PTMG network has no 
time to phase separate. This conclusion, certainly, requires additional experimental 
verification. 
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Figure 4. Loss factor (tan δ) versus temperature for the PCN/PTMG blends (bending mode, 10 Hz). (a) 
Pure PCN; (b) 74:26; (c) 71:29; (d) 69:31; (e) 66:34; (f) 62:38 and (g) 58:42 PCN/PTMG (wt.%). 

The introduction of PEth into PCN improves the mechanical properties of the latter to 
maximum extent at the PEth content of 26-28% (cf. Figure 6), corresponding to the maximum 
PEth incorporation degree determined [12]. The higher values of tensile strength for 
PCN/PTMG can be explained by better mixing of the components. 

Polycyanurate network was modified with hydroxyl–terminated polyester, poly(butylene 
glycol adipate), PBGA, by polycyclotrimerization of bisphenol A dicyanate in the immediate 
presence of PBGA [18]. The modified networks with PBGA content from 5 to 20 wt. % were 
characterized by a combination of FTIR, DSC, TMA, TGA, impact testing and sol-gel 
analysis. It has been established that almost the whole PBGA was chemically incorporated 
into the PCN structure. It is supposed that the chemistry of such incorporation is the same as 
that shown in Figure 2. 
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Figure 5. Tg values determined by (--●--) DMTA and calculated from the Fox’s equation (―) for the 
PCN/PTMG compositions.  

 

 

Figure 6. Tensile strength, σ (●,○) and elongation at break, ε (▲,∆) for the PCN/PEth compositions as 
a function of modifier (PEth) content. (●,▲) PPG; (○,∆) PTMG. 
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The Tg values for the compositions studied were determined from TMA using two static 
loads, 100 and 1900 mN, as well as from DSC data. The concentration dependence of Tg 
determined is presented in Figure 7.  
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Figure 7. Composition dependence of glass transition temperature, Tg for PCN/PBGA 

We can observe a quite sharp reduction of Tg for PCN modified with 5 % of PBGA 
(reduction of Tg by 17 %). However, further increase of PBGA content up to 20 % reduces Tg 
just by 5 % more. The authors of ref. [18] suppose that the sharp decrease of Tg by 
introducing 5 % of PBGA is connected with significant destruction of the regularity of the 
polycyanurate network structure. The further increase of PBGA content does not reduce the 
Tg value strongly because, as it was noted above, almost the whole PBGA is chemically 
incorporated into the network and cannot act as a usual plasticizer. It is worth to note a high 
convergence of the results obtained by different methods.  

Figure 8 reports simultaneously the measured values of ΔCp as a function of the 
concentration of PBGA and the calculated variations of ΔCp determined from pure PCN on 
the basis of the law of additive assuming that PCN and PBGA do not interact. We can see that 
the higher the content of PBGA, the higher the difference between experimental and 
calculated values of ΔCP. Thus, according to the “strong-glass” glass former liquid concept 
proposed by Angell [19, 20], the authors of ref. [18] conclude that the higher the content of 
PBGA, the stronger the interaction between the components. 

It is shown [18] that the introduction of PBGA does not drastically reduce the thermal 
stability of the PCN network while the impact properties are improved significantly. It is seen 
from Figure 9 that by introducing even 20 % of PBGA into PCN the temperature of onset of 
degradation (Td) of the latter decreases just by 5 %, while the impact strength decreases by   
86 %. It is concluded [18] that the modified PCN developed can be successfully used 
simultaneously at high temperatures and high loading.  
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Figure 8. Composition dependence of ΔCP at glass transition; (•) experimental (DSC) and (ο) calculated 
for PCN/PBGA assuming both additivity and no interactions between the components. 
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Figure 9. Composition dependence of temperature of degradation, Td (onset) and adsorbed energy, E for 
PCN/PBGA.  

Polycyanurate networks modified by dihydroxy-telechelic oligo(ε-caprolactone) were 
recently synthesized [21] via thermal polycyclotrimerization of dicyanate ester of bisphenol E 
in the presence of  the reactive modifier.  The TGA investigation of the networks with 
varying PCN/PCL compositions has permitted to define two groups of systems.  The first 
group with a low content of oligo(ε-caprolactone) (i.e. up to 20 wt. %) has been described as 
single phase systems. It has been shown by FTIR, gel fraction content and density 
measurements that the major part of the oligomeric modifier was chemically incorporated into 
the PCN network structure, for this group.  The second group with a higher content of 
oligo(ε-caprolactone) (i.e. higher than or equal to 30 wt. %) has been defined as multiphase 
systems, in which a significant amount of the modifier has not been covalently linked to the 
PCN network.  Interestingly, the thermogravimetric analysis has also showed that there is no 
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drastic reduction in thermal stability of PCN-type networks, whatever the PCL content 
introduced into the structures.  The DSC and DMTA study of their solid-state organization 
has evidenced the occurrence of at least a two-phase structure with two kinds of local 
environments within such PCN/PCL systems: first, a PCN-rich phase, mainly constituted of 
PCN cross-linked chains modified by PCL embeddings, and second, a mixed phase formed 
by PCL-modified PCN network and unreacted free oligo(ε-caprolactone). Authors has noted 
that the polymer systems studied can be effectively used as precursors for the generation of 
porous cyanurate thermosetting materials through the quantitative hydrolysis of the oligo(ε-
caprolactone) sub-chains. 

Later the same authors reported [22] that porous frameworks were prepared from such 
PCN/PCL based hybrid networks by selective hydrolysis of a significant part of PCL sub-
chains under mild conditions. The structure and properties of the precursory networks as 
investigated by FTIR, solid-state 13C NMR, DSC, TGA, and pycnometry were compared to 
those of the resulting porous materials. Thermogravimetric analyses showed that the porous 
hybrid systems were characterized by thermal and thermal oxidative stabilities higher than 
those of their non-hydrolyzed homologues. The porosity of the resulting hydrolyzed networks 
was examined by SEM and DSC-thermoporometry: pore sizes ranging from 10 to 150 nm- at 
most- were thus determined. The morphologies of such PCN based networks, before and after 
hydrolysis are shown in Figure 10. One can see that the nondegraded sample displays a 
compact structure without any pores (1) while well visible pores present in a 
microphotograph for the sample after hydrolysis (2). 
 

 
 
Figure 10. SEM micrographs of PCN/PCL systems (70/30 wt %) before (1) and after (2) hydrolysis. 
 
 

3. POLYCYANURATE-POLYURETHANE GRAFTED SEMI-IPNS 
 
In 1992-1994 the first papers [21-25] on synthesis, kinetic peculiarities and 

characterization of structure-property relationships of polycyanurate-polyurethane semi-IPNs 
were published. The idea behind these semi-IPNs was to synthesize a new material from 
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widely used linear polyurethane as a thermoplastic elastomer and intensively developing high 
performance cyanate ester resins (CER) as a thermoset. Linear segmented polyurethanes 
(LPU) exhibit rubbery characteristics and thermoplasticity that is directly connected with 
their structure. Linear segmented polyurethanes are characterized by internal heterogeneity 
specified by phase separation of soft and hard block of polymer chain. CER formulations 
offer a variety of excellent thermal and other properties (see section 1), which commend them 
for use in high performance technology (e.g. high speed electronic circuitry and aerospace 
composite matrices).  

 
 

3.1 Synthesis, Chemical Interaction between Components, Reactive Grafting 
and Compatibilization 

 
The attempt was undertaken to combine the best properties of both materials 

(polycyanurate and polyurethane) in their semi-IPN. First the suggestions about possible 
chemical interaction between components in polyurethane-polycyanurate semi-IPNs leading 
to formation of chemically grafted semi-IPNs were published by Fainleib and co-authors [23] 
and then confirmed in later works [24-27]. 

Polycyanurate-polyurethane semi-IPNs were prepared by polycyclotrimerization of 
dicyanate ester of bisphenol A (DCEBA) in the immediate presence of segmented linear 
polyurethane, LPU (molar mass 40000 g/mol) synthesized from 4,4’-diphenylmethane 
diisocyanate, oligobuthylene glycol adipate (molar mass 1000 g/mol) and 1,4-butane diol as a 
chain extender. Calculations made [23] by comparison of the polycyclotrimerization kinetics 
(analysis of infra-red spectra) of pure DCEBA and in the blend with LPU have shown that, 
with increase of LPU content from 10 to 80 %, the portion of the cyanate groups consumption 
for the polycyclotrimerization decreases from 90 to 33 %. It was concluded that during semi-
IPN synthesis at least two competitive chemical processes coexist: 1) formation of the 
polycyanurate network by polycyclotrimerization (see Figure 1) of DCEBA in the presence of 
linear LPU leading to components microphase separation, which begins at a certain reaction 
time due to incompatibility of the resulting products that is typical for IPN systems, and 2) 
chemical interaction between the forming network and polyurethane that prevents the 
components microphase separation. By that time, no references concerning the cyanate – 
urethane chemical reaction were found. The chemical interaction between cyanate and 
urethane was first investigated with model monofunctional low molar mass organic 
compounds [28]. As model compounds 4-tert-butylpheny cyanate (BPC) and 
phenyldodecanol urethane (PDU) were used.  

Chromatograms obtained by HPLC for BPC/PDU=5:1 after heating at 150°C are plotted 
in Figure 11 [28]. The elution times are 9,2 min and 25,4 min for BPC and PDU, respectively. 
One can see a decrease of the height of the mentioned peaks with increasing reaction time. 
Simultaneously at te=5,3 min, te=17,3 min, and te=26,9 min three main products are eluted, as 
well as two additional products at te=30,0 min and te=31,3 min are observed. The products 
with elution time 5,3 min and 26,9 min were identified as 4-tert-butylphenol (BP) and 4-tert-
butylphenoxytriazine (BPT), respectively. As far as separate heating of BPC and PDU at the 
same conditions has not led to formation of the product eluted at te=17,3 min, it is reasonable 
to suppose that this one is the reaction product of an immediate interaction between BPC and 
PDU.  
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Figure 11. Chromatograms of BPC/PDU=5:1 (mol) after heating at 150°C. 0 min; b) 60 min; c) 180 
min. 

 
The normalized FTIR spectra for BPC/PDU=5:1 are presented in Figure 12. One can see 

the significant changes in spectra of this composition during heating at 150°C. The decrease 
of the normalized intensity of the 2236-2272 cm-1-bands of cyanate groups confirms the 
participation of BPC in the chemical process. On the other hand, there are changes in position 
and intensity of the bands, which are attributed to the urethane group. As it can be seen, the 
intensity of the 1704 cm-1-band (νC=0 bonded) decreases with increasing intensity of the 
absorbance of the band at 1730 cm-1 (νC=0 free), whereas the intensity of the 1239 cm-1-band 
(δN-H ) decreases with increasing intensity of the peak at 1215 cm-1, which is attributed to 
aromatic OH. Besides, the appearance of peaks at 2216 and 1639 cm-1 characteristic for the 
nitrile group and at 1570 cm-1 of C=N for the cyanurate cycle (see Figure 1) [2-4] followed by 
an increase of their intensity can be noted. MALDI-TOF experiments gave the following 
mass peaks (M+): 300, 336, 369, 412, 470, 505, 526, 562, 680.  

A scheme of the chemistry of the process studied (cf. Figure 13) with the formation of 
BP, BPT, some intermediate and additional products, including possible substituted 
cyanurate, isocyanurate and mixed triazine cycles, is presented below.  

 

Sirang Co.



A. Fainleib and O. Grigoryeva 120 

2 4 0 0 2 2 0 0 2 0 0 0 1 8 0 0 1 6 0 0 1 4 0 0 1 2 0 0 1 0 0 0

12
39

12
15

15
70

16
39

17
30

17
04

22
16

22
3622
72

d

c

b

a

W a v e n u m b e r ,  c m - 1

Ab
so

rb
an

ce

 

Figure 12. FTIR spectra of BPC/PDU=5:1 (mol) after heating at 150°C. a) 0 min; b) 60 min; c) 120 
min; d) 180 min. 

 
The existence of hybridisation effect in polycyanurate-polyurethane semi-IPNs via 

chemical interaction between cyanate and urethane   groups was confirmed later by the 
method of multiple attenuated total reflection (ATR) infrared spectroscopy [29]. The ATR 
infrared spectra for some of the samples studied are given in Figure 14. The disappearance of 
the 2240-2270 cm-1 doublet in the spectra of properly prepared samples was accompanied by 
characteristic spectral changes depending on the polyurethane (PUR) content of the sample. 
These changes refer especially to appearance and enhancement of the 1560 and 1360 cm-1 
bands of C=N and to absorption of polyurethane at 1700-1740 cm-1.  

One can see that pure PCN is characterized by intense 1560 and 1360 cm-1 absorption 
bands as a consequence of C≡N → C=N transformation. In PCN/PUR compositions, the 
intensity of these two bands decreases with PUR content but differently. Figure 15 shows 
these changes related to the intensity of the 1500 cm-1 band (benzene rings). The D1360/D1500 
ratio remained constant (~1.6) for all of compositions with 0-60% of PUR; for 
80PUR/20PCN and 90PUR/10PCN networks, the 1500 cm-1 band could not be identified 
because of its overlapping with more intense PUR absorption at 1540 cm-1. Contrarily, the 
D1560/D1500 ratio certainly diminished with PUR content of the sample. There was no trace of 
the 1560 cm-1 band in the compositions with 80-90% PUR. 
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Figure 13 continued on next page. 
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Figure 13. Chemical reactions and transformations in the mixture BPC/PDU. 
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Figure 14. Multiple ATR spectra for individual PCN and PUR components, and some of the PCN/PUR 
IPNs. KRS crystal light guide, incidence angle Θ =45o, N=5 reflections. Dashed line at 1560 cm-1 
indicates the absorption band after PCN post-curing treatment for 20 min at 560 K. 

 
Figure 15 compares also the plot of the D1560/D1500 ratio versus composition with the 

compositional dependence of the gel fraction estimated before [26]. Practically similar 
dependence is observed for the curves 1 and 3, which is consistent with the generally adopted 
assignment of the 1560 cm-1 band to triazine ring vibrations, i.e. to insoluble PCN network 
domains. At the same time, the invariability of the D1360/D1500 ratio (curve 2) validates the 
assignment of the 1360 cm-1 band to all of the -O-C=N- groups formed, irrespectively of their 
position in the network structure , triazine rings (conjugated C=N bonds) or substituted 
urethane (non-conjugated C=N bonds). 

In fact, in case that the 1360 cm-1 band would be attributed to O-C=N groups in 
polytriazine structure only, the D1360/D1500 ratio had to follow not to curve 2 but to the dashed 
curve 4 in Figure 15. Comparison of the curves 2 and 4 shows that at least 10-30% of the 
cyanate groups were spent for the reaction with PUR at 20-60% PUR content in a 
composition. Besides, the small gel fraction for the compositions with 70-80% PUR (curve 3) 
correlates well with the absence of any indication of the 1560 cm-1 band in the ATR spectrum 
of the 80PUR/20 PCN composition. This result suggests an obvious predominance of simple 
grafting of DCEBA to urethane groups over polytriazine network formation. Such small 
contribution of the cyclotrimerization process may be explained by insufficient cyanate 
concentration and low probability for the elementary act of trimerization because of the 
‘dilution effect’. 
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Figure 15. PCN/PUR semi-IPNs: compositional dependencies of the ratios of the band optical densities 
D1560/D1500 (1) and D1360/ D1500 (2) in the ATR spectra, and the gel fraction value (3) as estimated in (4). 
Dashed curve 4 corresponds to the hypothetical dependence of the D1360/ D1500 ratio in the case the 1360 
cm-1 band would be attributed to C=N groups in polycyanurate rings only. 

 

It is noteworthy that the above estimates agree well with recent IR/HPLC experiments on 
low-molecular model cyanate/urethane blends described above [28]. It was found that, 
besides polycyclotrimerization, ca.20-30% cyanate formed co-products with urethane. 

Finally, the notion about hybridization effect in PCN/PUR semi-IPNs is confirmed also 
by the carbonyl absorption behavior (Figure 14). Weak absorption at 1740 cm-1 in pure PCN 
is associated with some side, e.g., oxidative, reaction, which is just best registered for a 
surface layer analyzed by using the ATR technique. For pure PUR, as extensively hydrogen-
bonded segmented elastomer, typical νC=O absorption splits into 1730 and 1705 cm-1 doublet 
corresponding to ‘free’ and ‘H-bonded’ carbonyls, respectively [30]. In PCN/PUR networks, 
νC=O absorption manifests itself at 1730 and 1715 cm-1 (Figure 14). This result is consistent 
with the hybridization idea. Really, cyanate/urethane reaction leads evidently to better mixing 
of the components, destruction of the inter-urethane hydrogen bonds, and to formation of the 
substituted urethanes (carbamates) as indicated above. According to [31], for substituted 
urethanes the νC=O bands are typically displaced by ~15±5 cm-1 to lower frequencies 
compared to those for urethane. Consequently, the 1715 cm-1 band may just correspond to 
substituted urethane groups deprived of hydrogen bonding (1730 cm-1→ 1715 cm-1). 
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3.2. Kinetic Peculiarities 
 
The kinetic curves of polyurethane-polycyanurate semi-IPNs synthesis [23, 24] are 

presented in Figures 16 and 17. As it can be seen from Figure 16, the process of 
polycyclotrimerization of DCEBA is characterized by induction period, which strongly 
decreases at introducing LPU to the reaction system and disappears at LPU content in the 
composition higher than 20 %. We can also see that the higher the content of LPU in the 
system, the higher the rate of increase of cyanate groups conversion.  

 

 

 

Figure 16. Conversion (Q) of cyanate groups versus time for PCN/LPU semi-IPNs. 100/0 (1), 80/20 
(2), 60/40 (3), 50/50 (4), 40/60 (5) and 20/80 (6).  

Figure 17 presents the dependence of the reaction rate on cyanate groups conversion. One 
can see from that a low content of LPU (up to 20 %) does not change the kinetic curve shape, 
and the maximal rate corresponds to 40% of cyanate groups conversion. For the compositions 
with higher LPU percentage the shape of kinetics curves changes – the reaction rate is 
observed to be maximal at the beginning (at no conversion of cyanate groups). 

Vilensky and co-authors [32] have studied the kinetic peculiarities of DCEBA 
polycyclotrimerization in the presence of two linear polyurethanes: LPU-1 of mol. mass 40 
kg/mol, based on polybutylene glycol adipate (PBGA, molar mass 1 kg/mol), 4,4'-
diphenylmethane diisocyanate (DFMDI) and 1,4-butane diol (BD) with co-monomers ratio 
1:2:1 and LPU-2 of mol. mass 40 kg/mol, based on polyoxytetramethylene glycol (PTMG, 
molar mass 1 kg/mol), DFMDI and BD with co-monomers ratio 1:2:1. Thermodynamic 
affinity and miscibility of LPUs used towards DCEBA were estimated by calculation of 
solubility parameters (δ, J/cm3), polarities, interaction parameters and Krause's criterion.  

Based on calculations, the authors concluded [32] that DCEBA had to be 
thermodynamically miscible with LPU-2 and immiscible with LPU-1. For both cases the 
chemical interactions between the components of IPNs studied have been confirmed. 
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Figure 17. Reaction rate versus conversion of cyanate groups for PCN/LPU semi-IPNs. 100/0 (1), 
80/20 (2), 60/40 (3), 50/50 (4), 40/60 (5) 

 
3.3. Relaxation Behaviour and Phase Structure 

 
The solubility parameters for PCN and LPU-1 were also calculated in [33]. In general, for 

polymer blends, if the values of δ for two components are similar, this implies that they will 

be miscible in the blends [34]. The calculated solubility parameters were δ=26.65 (J/cm3)1/2 

for PCN component and δ=23.42 (J/cm3)1/2 for LPU-1 component. The authors noted that the 
values of solubility parameters for LPU-1 and PCN are not very close; thus one can conclude 
that PCN has to be thermodynamically immiscible with LPU-1 and the PCN/LPU-1 
compositions should have a microheterogeneous structure.  

In series of publications [25,27,29,35-40] several methods were used for characterization 
of the microphase structure of the semi-IPNs studied. Small-angle X-ray scattering (SAXS), 
differential scanning calorimetry (DSC) [27, 35-37], dynamic mechanical thermal analysis 
(DMTA) [27, 30-32], dielectric relaxation spectroscopy (DRS), and thermally stimulated 
depolarization currents (TSDC) [25, 39, 40] measurements have shown that pure PCN is 
characterized by a typical homogeneous structure, but for segmented LPU the microphase 
separation on the level of hard and soft domains due to their thermodynamic immiscibility 
was denoted. As for semi-IPNs, the destruction of the microphase separated morphology of 
LPU was observed and the microphase separation between PCN and LPU phases, expected 
from the difference of solubility parameters, was not found.  

The miscible polyblends are characterized by a single glass transition temperature (Tg), 
which depends on the relative weight fractions of components and their respective Tg values. 
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As an example, Figure 18 shows the Arrhenius plots for the α relaxation associated with glass 
transition for four IPNs and LPU based on DRS, TSDC and DSC data [39]. For comparison, a 
plot of the β relaxation in LPU is also shown. The lines are fits of the Vogel-Tammann-
Fulcher equation and of the Arrhenius equation to the data for the α and the β relaxation, 
respectively, with reasonable values of the fitting parameters [39]. The α relaxation in Figure 
18 shifts systematically to longer relaxation times/higher temperatures with increasing PCN 
content. For the β relaxation, on the contrary, the data for the IPNs (not shown in the figure) 
practically coincide with those for LPU, indicating that local motions in LPU are not 
significantly affected by the presence of PCN. 
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Figure 18. Arrhenius plot of the semi-IPNs indicated on the plot. Full symbols are DRS data for the α 
relaxation, crosses are DRS data for the β relaxation in LPU, open symbols are DSC data and centered-
crossed symbols are TSDC data. 

Such a “large-scale” homogeneity is confirmed by the existence of a single Tg in 
PCN/LPU semi-IPNs, estimated by DMTA, DSC [35-37], DRS and TSDC [39, 40] 
techniques, common data being presented in Figure 19. All presented Tg values show the 
same trend with composition. The theoretical compositional dependence of Tg of the 
PCN/LPU semi-IPNs can be obtained for DMTA data [27] according to the Fox [34] 
equation: 

 
1/Tg = x1/Tg1 +x2 /Tg2 (2) 

 
and for DSC data [29] according to the Couchman – Karasz [41] equation:  

2211

222111
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Δ+Δ

Δ+Δ
=  

 (3) 

 
where x1 is the weight fraction of LPU in the semi-IPNs, Tg1 the glass transition temperature 
of LPU, ΔCp1 the specific heat increment at the glass transition of LPU and x2, Tg2 and ΔCp2 
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the corresponding quantities of PCN. Figure 19 shows the concentration dependence of Tg 
obtained from the prediction based on the Fox and Couchman – Karasz equations. 

It can be seen that a slight negative deviation from both equations is observed. Such a 
deviation indicates that there is some interaction between the components in the system [42]. 
Interestingly, at the same time, combined CRS/DSC analysis [29] indicated the pronounced 
nanoscale (≤ 2 nm) dynamic heterogeneity within or below the extraordinarily broad glass 
transition in these single-phase materials. The authors of ref. [29] noted that, despite the 
attainment of homogeneous structure in the hybrids, the combined CRS/DSC approach 
permitted to resolve a few kinds of motion that constitute the relaxation region within or close 
to the broad glass transition. 
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Figure 19. Tg values determined by DSC, DMTA, DRS, and TSDC versus LPU content. The dotted line 
is a fit of Fox’s equation (eq. 2) to the DMTA data and the dashed line is a fit of the Couchman-Karasz 
equation (eq. 3) to the DSC data. 

Their molecular assignments could be safely made, and separate contributions of the PCN 
network and LPU to the relaxation spectra were estimated. On this basis, first of all, owing to 
the analysis of creep rate spectra, besides segmental dynamics heterogeneity, also some 
information concerning the nanoscale heterogeneity of network cross-linking was obtained. 

 
 

3.4. Influence of Carbon Fiber Filler on Formation and Phase Structure 
 
The influence of two carbon fiber fillers: basic (CF) and with a surface modified by 

orthophosphoric acid residuals (PCF) on kinetics of epoxypolycyanurate-polyurethane semi-
IPNs formation and their phase structure has been studied [43-45].  

In Figure 20 the kinetic curves for the formation of pure epoxypolycyanurate (EPCN) and 
semi-IPNs with 20 and 50 % of polyurethane have been plotted. It can be seen that the 
reactions of cyanate and epoxy groups are accelerated with increasing LPU content in the 
system.  
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Figure 20. Kinetic curves of conversion of (а) cyanate and (b) epoxy groups for semi-IPNs with EPCN 
content: 100 (1), 80 (2), 50 (3) wt. % . 

For example, the time to achieve the same conversion of the cyanate and epoxy groups 
compared to pure epoxypolycyanurate decreases for semi-IPNs with 20 % of LPU by 2 and 4 
times, respectively (Figure 20a, curves 2, 3) and for semi-IPNs with 50 % of LPU by 1,5 and 
3 times, respectively (Figure 20b, curves 2, 3). The additional accelerating effect for the 
above mentioned reactions is observed at introducing both carbon fiber fillers into the semi-
IPNs studied. This can be seen from the kinetic curves given for semi-IPNs with 20 % of 
polyurethane component in Figure 20. The authors of refs. [44, 45] associate the acceleration 
of chemical processes with the additional chemical reactions between the components 
described in [23-25, 28, 29] and by interactions of polymers with the filler surface discussed 
earlier in [43].  

The influence of the fillers on the phase structure of the obtained semi-IPNs was studied 
by DMA. For the 50/50 semi-IPN a wide single peak on the temperature dependence of E’’ 
has been observed. The authors of [44, 45] explain this fact by forced compatibility of the 
components. This apparent compatibility appears as a result of a competition between the 
rates of the chemical processes between the components and phase separation (diffusion). As 
it was shown above, the rate of polycyanurate network formation increases by 4 times at 
introducing the LPU to the cyanate monomer. Thus, phase separation does not occur. The 
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authors of references [44, 45] have investigated the influence of the introduction of filler, as 
well as of its surface modification on the degree of microphase separation in the semi-IPNs 
studied. In Figure 21 the mechanical spectra of unfilled 50/50 semi-IPN and that  
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Figure 21. Temperature dependence of loss modulus for semi-IPNs 50/50 filled with CF (1) and PCF 
(2). 

 

containing from 4 to 24 vol.% of CF are presented. As can be seen from Figure 21, the 
introduction of small additions (4 vol.%) of CF into semi-IPNs leads to the appearance of a 
clearly observed relaxation maximum in the mechanical spectrum related to LPU and to a 
downward shoulder in the temperature interval from 325 to 425 K related to relaxation 
processes conditioned by molecular mobility in the interface. Thus, the introduction of CF 
filler generates a microphase separation in the semi-IPNs studied. The further increase of 
filler content leads to extension of the microphase separation. As it is seen from Figure 21, the 
intensity of the peak in the region of 325-425 K increases and two peaks with the maxima 
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close to Tg of LPU and EPCN are observed in the mechanical spectrum of semi-IPNs filled 
with 16 vol.% of CF. At concentrations of CF 20 – 24 vol.% the spectrum looks rather like a 
curve with one wide peak in the temperature region between Tg of LPU and EPCN. Analyzing 
the mechanical spectra shown in Figure 21 the authors of refs. [44, 45] supposed a preemptive 
adsorption of LPU onto CF surface and formation of 2 phases: a polymer phase reach in 
EPCN and a phase rich in LPU adsorbed onto filler particles at small concentrations of the 
filler. At higher content of the filler it is supposed that both the components adsorb onto the 
filler surface that decreases the degree of phase separation in the system. Comparative 
analysis of the influence of the filler surface activity on the phase structure of the semi-IPNs 
filled with CF and PCF has shown that the system filled by the latter is characterized by lower 
level of heterogeneity. 

As far as the filler was introduced into the system on the stage of network formation, the 
physical adsorption of the LPU onto PCF surface is perhaps compensated by competitive 
chemisorption of EPCN due to chemical reactions of epoxy and cyanate groups of 
epoxycyanate oligomer with PCF surface functional groups that hampers the phase separation 
process.  

Additionally, an essential increase of specific electrical resistance, reduction of 
combustibility and existence of piezoelectric effect have been found [46] for polycyanurate-
polyurethane semi-IPNs filled with PCF.  

 
 

3.5 Properties. Adhesion to Metals 
 
The adhesion characteristics of polycyanurate modified with linear polyurethane based on 

the principle of semi-IPNs have been studied [33]. Aluminum and titanium plates were used 
as substrates to prepare the joints bonded by DCEBA curing in the presence of LPU. Two 
clear dependencies of adhesive strength, on adhesive layer thickness and on LPU content, 
have been observed (see Figures 22 and 23). The dependence of adhesive strength value on 
adhesive layer thickness has been observed for all the compositions studied. Generally, the 
thicker the adhesive layer, the higher the adhesive strength for the systems studied. 
Introduction of LPU first increases the shear strength of PCN to aluminium and titanium. The 
maximal values of adhesive (shear) strength are achieved at LPU content of 20-25 wt.%, 
corresponding to formation of the hybrid PCN/LPU network only, owing to the chemical 
grafting of LPU to PCN. At higher LPU contents semi-IPNs based on the hybrid network and 
non-grafted LPU are formed. The presence of non-grafted LPU in the adhesive layer leads to 
reduction of the adhesive strength. Authors note [47] that polycyanurates modified with 
polyurethanes could be used potentially as high-temperature heating-melt adhesives, coatings, 
and sealants, as well as matrices for high-performance composites. 

 
 

4. POLYCYANURATE-POLYURETHANE LINKED FULL-IPNS 
 
The first publications related to synthesis and characterization of polycyanurate-

polyurethane full IPNs have appeared in 2000 [48]. Full sequential interpenetrating polymer 
networks (seq-IPNs) of cross-linked polyurethane (CPU) and polycyanurate (PCN) based on 
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thermally cured dicyanic ester of Bisphenol A (DCEBA) were synthesized by swelling of 
CPU film by DCEBA followed by polymerization of the latter inside CPU. The CPU, PCN 
and CPU/PCN seq-IPNs were characterized by small-angle X-ray diffraction, dynamic 
mechanical analysis, stretching calorimetry and microhardness measurements. Neat CPU was 
shown to be a microphase-separated system characterized by a regular, three-dimensional 
macrolattice of network junctions, embedded in uniform-size microdomains of stiff chain 
fragments, which spanned the continuous matrix of soft chain fragments. In contrast, no 
large-scale structural heterogeneities were detected in the PCN. The X-ray long spacing (L), 
the degree of microphase segregation (DMS), the α-relaxation temperature and the 
mechanical properties (elastic modulus, E and microhardness, H) were studied as functions of 
PCN content. Results were explained [48] in the light of a model that discussed the maximum 
degree of CPU swelling by molten DCEBA as a function of composition. It has been 
suggested that predominantly chemical interactions between the molten DCEBA and the stiff 
chain fragment microdomains, reinforcing primary physical interactions, are responsible for 
the observed transition at 40% PCN content to more homogeneous phase morphology of seq-
IPNs.  
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Figure 22. Adhesive strength versus adhesive layer thickness for pure PCN network (metal substrates – 
Al and Ti). 

 
The characteristic dependence of L, DMS, Tg, E and H of a series of full, seq-IPNs upon 

composition has been explained according to the following model [48, 49]. The maximum 
degree of the CPU swelling by molten DCEBA is reached already in the first composition 
interval φ<0.15. 
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Figure 23. Composition dependence of adhesive strength for aluminium (○) and titanium (●) (layer 
thickness h ≈150 μm).  

However, the volume increment of the swollen CPU exceeds, by far, the actual content of the 
PCN within corresponding seq-IPNs. Hence, in the second composition interval 0.15 ≤φ≤ 0.5 
only a relatively small fraction (i.e. of the order of φ ≈ 15 of the available molten DCEBA) 
was in a direct interaction with the expanded soft chain fragments of the CPU, whereas the 
remaining DCEBA simply filled the empty space created by swelling. This, according to the 
authors of ref. [48], facilitated the accessibility of unreacted functional groups at the 
periphery of stiff domains of the CPU to strong interactions with the excess of the molten 
DCEBA. As a result, with increasing PCN content the sharp interface between components is 
gradually smeared out until a completely homogeneous structure is developed in the 
composition interval φ>0.5. Predominantly, chemical interactions between the molten 
DCEBA and the stiff chain fragments microdomains of the CPU complementing primary 
physical interactions (dilution) are suggested [48] to be responsible for the observed cross-
over to a more homogeneous phase morphology of seq-IPNs at φ>0.4. The main physical 
characteristics determined for these seq-IPNs are presented in Table 1. 

 
Table 1. Physical properties of polycyanurate-polyurerthane full seq-IPNs. 

 
CPU/PCN Tg (K) E (GPa) 105 x αL (K-1) H (MPa) 
100/0 365 0.20 18.4 43.6 
88/12 360 0.26 10.0 31.6 
78/22 375 0.52 6.1 63.6 
62/38 405 1.10 5.3 178.1 
51/49 435 2.60 4.0 247.1 
37/63 455/540 3.50 3.2 236.2 
0/100 485/570 4.05 2.2 241.7 

 
The temperature dependences of heat capacity of the same full seq-IPNs in the 6-340 K 

range were studied [50] using adiabatic vacuum calorimetry. Using a calorimeter equipped 
with a static bomb and an isothermal shell, the energies of combustion of the CPU and of the 
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three samples seq-IPNs containing 10, 30 and 50 wt. % of the PCN were measured. On the 
basis of the experimental data the thermodynamic functions of the research subjects Ho(T)- 
Ho(0), So(T)- So(0) and Go(T)– Ho(0) for the range from T → 0 to T = 340 K were calculated 
and the standard enthalpies of combustion and the thermodynamic parameters of formation 
∆Ho

f, ∆ So
f and ∆ Go

f at 298.15 K were determined 
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Figure 24. Scheme of chemical linking of PCN and CPU in full seq-IPNs. 
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The data obtained were used to calculate enthalpy, entropy and the Gibbs functions for 
the seq-IPNs synthesis. It was shown that the isotherms of diverse thermodynamic properties 
of interpenetrating polymer networks plotted versus their composition, in particular the molar 
fraction of the CPU per conditional mole, can be described by straight lines. This made it 
possible to estimate the thermodynamic behavior of the seq-IPNs of any compositions at 
standard pressure within a wide temperature range. It was determined [50] that at molar 
content > 0.50 of PCN in seq-IPNs studied ∆Go

p (∆Go of process) < 0 and this has allowed 
authors to conclude about thermodynamical miscibility of the components for seq-IPNs of 
these composition 

The authors of ref. [51] have confirmed the high homogeneity of these full seq-IPNs with 
PCN content > 40 wt. % of PCN. They explained this fact by strong chemical interactions 
(linking) of the components in these seq-IPNs, especially in ones with high PCN content and 
confirmed their conclusions by the FTIR data. They have proposed a scheme of covalent links 
formation during polycyanurate-polyurethane full seq-IPNs synthesis (cf. Figure 24). 

Using the method of thermogravimetry (TGA), the authors of ref. [51] have studied the 
stages of thermal oxidative degradation (cf. Figure 25) for polycyanurate-polyurethane full 
seq-IPNs of different composition. Based on FTIR and TGA results they have established the 
formation of a new structure, a so-called hybrid network. They have shown that the 
coexistence of CPU, PCN and hybrid structures in these linked full seq-IPNs depends on the 
ratio of the components. According to the number of degradation stages three structures were 
found for the 90/10 CPU/PCN; PCN and hybrid structures were observed in the 70/30 seq-
IPNs and the hybrid network is supposed [51] to be the main structure detected for the 50/50 
seq-IPNs.  

Broadband dielectric relaxation spectroscopy (DRS) and thermally stimulated 
depolarization currents (TSDC) techniques were employed [40] to investigate molecular 
mobility in relation to morphology in PCN/CPU full seq-IPNs in comparison to semi-IPNs 
from PCN and linear LPU. As it was mentioned above [33] the semi-IPNs were found to be 
homogeneous at length scales larger than about 2 nm, whereas heterogeneity was suggested 
[29] at shorter length scales. The full IPNs are characterized [40] by microphase separation. 
Non-additivity of several physical properties with composition in both systems was explained 
in terms of increased free volume due to loosened segmental packing of chains confined to 
nano volumes and of chemical bonds between the components. For example, Figure 26 shows 
in a log-log plot the real part of dielectric permittivity ε′ against frequency f of the full 
PCN/CPU seq-IPNs at room temperature (298 K). The decrease of ε′ with increasing f, 
observed for all the samples except for pure PCN, corresponds to the segmental (α) 
relaxation, associated with the glass transition of the CPU phase, as indicated by 
measurements at various temperatures not shown here. The main result in Figure 26 is the 
observed non-additivity, i.e. ε′ does not change with composition as predicted by mean field 
theories for non-interacting PCN and CPU phases. 

The authors of references [52, 53] have synthesized new sequential and in-situ sequential 
polycyanurate-polyurethane full IPNs and studied their structure-properties relationship. PCN 
based on 1,1-bis-4-cyanatophenyl-ethane (CPE) and CPU synthesized from an adduct of 
1,1,1-trimethylolpropane with 2,4-toluene diisocyanate (1:3, mol) and poly(tetramethylene) 
glycol were used as the components for IPNs. 
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Figure 25. DTG curves. СPU (1), СPU/PCN = 90/10 (2), СPU/PCN = 70/30 (3), СPU/PCN = 50/50 wt. 
% (4), PCN (5). 

 
Sequential and in-situ sequential full IPNs with different weight composition (PCN/CPU 

= 100/0, 75/25, 50/50, 25/75) were prepared. Sequential IPNs were prepared by swelling of a 
film of preliminarily synthesized CPU by CPE followed by thermal polycyclotrimerization of 
the latter inside CPU. On the contrary, the in-situ method (some kind of simultaneous one) 
consisted of mixing all the monomers together, then synthesis of CPU in the presence of CPE 
monomer at low temperature and next synthesis of PCN by polycyclotrimerization of CPE 
inside CPU at higher temperature. 

The investigation of the thermal and mechanical characteristics of the full-IPNs 
synthesized was performed in the temperature regions above and below the glass transition. It 
has been observed that in-situ full IPNs exhibit higher values of density (cf. Figure 27) than 
seq-IPNs, as a consequence of enhanced intermolecular packing. 
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Figure 26. Log-log frequency plot of real part of dielectric permittivity, ε′ (f), at 298 K for the 
PCN/CPU IPNs indicated on the plot.  
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Figure 27. Dependence of the density ρ on the PCN weight ratio in in-situ (○) and sequential (∆) full-
IPNs. The diagonal dashed line represents the behavior predicted by the law of additive volumes. 
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In blends characterized by adhesion between interfaces and no molecular mixing at the 
boundary, the density of the blend would be expected to follow the rule of mixtures (dotted 
line in Figure 27). Generally, an abrupt variation of density values implies significant 
morphology changes. In-situ IPNs possess densities higher than those predicted by additive 
volume law and also systematically larger than those of the corresponding seq-IPNs. This 
result indicates unambiguously that in-situ synthesis improves the degree of interpenetration 
and chain packing leading to a marked reduction of free volume in the network.  

According to the authors of ref. [53], it is believed that, in the interpenetration process, 
the junctions of PCN network between CPU soft segments can lock CPU chains by making 
disentanglement very difficult. Moreover, the hard-segment domains of PCN act as cross-
links and filler particles to the soft segment matrix of CPU. This should lead to a decreasing 
mobility of CPU molecular groups and to a corresponding increase of the energy required for 
cooperative motions. On the contrary, the CPU phase, increasingly soft with increasing 
temperature, acts as a sort of internal diluent for the PCN matrix and lowers its Tg.  

 
 

Table 2. Calorimetric glass transition temperatures Tg and activation energies Ei of the 
mechanical γ1 and γ2-relaxation in in-situ and seq-IPNs 

 
Tg (K) Ei (kJ/mol-1) PCN/CPU weight 

ratio 

CPU PCN E1 E2 

0/100 314 - 39 - 

seq-25/75 320 377 40 61 

seq-50/50 326 387 35 66 

seq-75/25 333 395 40 60 

in-situ-25/75 333 385 41 61 

in-situ-50/50 340 392 42 67 

in-situ-75/25 345 400 43 60 

100/0 - 445 - 55 

 
Two well-defined Tg’s are observed in all the IPNs samples (cf. Figures 28) revealing 

that microsegregation of CPU and PCN phases takes place. A significant convergence of Tgs 
of CPU and PCN components in IPNs can bee seen from Table 2. It is very easy to calculate 
that the difference between the Tg values of the individual networks is 131 K while it is 
around 52-62 K between the components in IPNs. This can be explained by interpenetration 
process, as well as by the above mentioned chemical linking between the individual networks 
in IPNs. Thus, it emerges that PCN/CPU blends have a structure where the PCN phase is 
plasticized (αa-peaks at increasingly lower temperatures than in pure PCN) while CPU soft 
segments are partially locked (αa-peaks at increasingly higher temperatures than in pure 
CPU). 
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Figure 28. DSC traces through the glass transition region for the neat CPU and PCN and for the three 
samples of in-situ IPNs. The curves have been duly shifted for easier com 
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Figure 29. Temperature dependencies of (a) the internal friction tan δ and (b) the dynamic modulus E in 
pure CPU and PCN and in-situ IPNs at selected frequency of 3 Hz: continuous line, pure CPU; (+), 
PCN/CPU =25/75; (∇), PCN/CPU =50/50; (o), PCN/CPU =75/25; (---) pure PCN. (c) The effect of the 
driving frequency on the temperature dependence of tan δ in the 50/50 in-situ IPN:(+), 0.3 Hz; (∇), 3 
Hz; (o), 30 Hz. 
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Figures 29 and 30 show the comparison between the mechanical spectra of two samples 
containing the same PCN/CPU ratio (25/75), but prepared by sequential or by in-situ 
sequential method, demonstrating significant differences between the width and the 
temperature locations of the primary relaxation curves. 

In-situ IPNs show higher calorimetric (cf. Table 2) and mechanical (cf. Figure 30) glass 
transition temperatures, Tg than seq-IPNs, having the same composition. In the glassy region, 
the relaxation dynamics of in-situ IPNs probed by dynamical mechanical analysis reveals the 
existence of distinct local segmental motions associated to the individual components. It has 
been proved that the interpenetration process associated to the in-situ synthesis reduces 
markedly the free-volume in the system, giving rise to significant differences between the 
local and cooperative molecular mobilities of in-situ and seq-IPNs. In particular it has been 
observed a larger “γ-suppression” effect for the γ2-relaxation of PCN phenylene units, as a 
consequence of enhanced local intermolecular packing, which prevents the group 
rearrangements. 
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Figure 30. Comparison between the temperature dependencies of (a) the dynamic modulus E’ and (b) 
tan δ data in in-situ (○) and seq-(●) IPNs samples having the same weight ratio (25/75). 

Recently [54] a series of IPNs has been synthesized from oligourethane methacrylate 
(OUMA) and DCEBA by a combined in-situ sequential photo/thermo curing. FFiirrsstt,,  
ooligourethane diisocyanate, OUDI was synthesized by reaction of poly(butylene glycol 
adipate with toluene diisocyanate at molar ration 1:2. Then, OUMA was synthesized by 
reaction of OUDI with 2-Hydroxyethyl methacrylate (HEMA) at molar ration 1:2. Next, 
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PUMA was synthesized by photo-initiated curing reaction of OUMA in the presence of 
DCEBA. Finally, the PCN was synthesized by thermal curing reaction of DCEBA. In 
addition to these reactions (chemical equations can be found in [54]), we have to notice that 
some chemical grafting of the two networks can also occur by reaction of cyanate groups of 
growing PCN with urethane groups of PUMA as described above in this Chapter.   

The chemical structure of IPNs has been studied by FTIR spectroscopy, gel fraction 
content and density measurements. The phase structure has been studied by means of X-Ray 
diffraction, DSC and TMA, while the thermal stability has been estimated using 
Thermogravimetry technique. The interpenetration of the two network chains and possible 
chemical linking between the networks is discussed. The X-Ray, DSC and TMA data have 
shown that at low polycyanurate network (PCN) content, the structure of 
polyurethanemethacrylate (PUMA) network is semi-crystalline, while the compositions with 
PCN content greater than 25% and up to 50% are fully amorphous with a phase inversion 
process occurred. For IPNs with PCN content varying from 50% up to 95% a mixed phase is 
formed. The thermal stability of the IPN samples possessing mixed phase with greater content 
of PCN component is found to be higher.  

 
 

5. CONCLUSIONS 
 
The development of high-performance, high-temperature composites is an application 

area where cyanate esters are pitted directly against the epoxy resins, a class of materials, 
which has earned a reputation for combining both high load-bearing characteristics together 
with ease of processing. Cyanate esters exhibit all the characteristics inherent to epoxy 
systems: excellent adhesion to most metallic alloys and to various other substrate types, wide 
range of processing, cure and property characteristics, absence of volatile products during 
curing, easy processing without the necessity for applying high pressures during bonding 
operations, good wetting properties and relatively low shrinkage during cure. Since cyanate 
esters also have a much better hot/wet performance, much lower moisture and solvent uptake, 
much lower dielectric loss properties and no shrinkage during cure, this makes them 
outstanding candidates to challenge the dominance of epoxy resin systems. However, the 
polycyanurate networks (PCN) often display poor toughness due to their high crosslink 
density that along with a high price limits their industrial application. 

Modification of PCN by reactive oligomers and polymers with formation of hybrid or 
interpenetrating (semi- and full grafted or linked IPNs) polymer networks with controlled 
degree of phase separation (often nano-scale) of the components provides development of 
composites with an optimal combination of mechanical and thermal characteristics for 
transportation and electronics industries. Curing the cyanate ester resins in the presence of 
monomers, oligomers or polymers of certain reactivity (the known content of the functional 
groups of the known reactivity) towards them provides the needful limited concentration of 
chemical bonding between the components (reactive compatibilization) leading to formation 
of fine morphology. The chemical grafting of polymer chains of modifiers during network 
formation reduces the heterogeneity of the system to the degree depending on the 
concentration of graftings (interbondings). Selection of modifiers with the required content of 
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the functional groups of the correct reactivity allows achieving the lowest level of 
heterogeneity, nano-scale heterogeneity, producing a nanostructure. 

Certainly, using of the additional components and additional reactions at PCN composites 
processing requires control of selective physical and chemical adsorption of the polymer 
components into the filler surface, which will lead to improved adhesion at the polymer 
matrix / filler interface and correspondingly to improved operating characteristics.  

Finally, the fine morphology described provides improved properties; in particular, a 
toughened material of cost effective formulation with good thermal stability for electronics 
and structural composite applications as well as for membrane technology. 
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ABSTRACT 
 

Among biodegradable polymers, polyesters derived from aliphatic dicarboxylic acids 
and diols are of special importance. Polyesters of 1,3-propanediol were overlooked till 
recently, since the specific monomer was not available in the quantities and price that 
might enable production of polymers. However, in recent years more attractive processes 
have been developed for the production of 1,3-propanediol from renewable resources. 
Nowadays, research on biodegradable poly(1,3-propylene alkanedioate)s, such as 
poly(propylene succinate) (PPSu), poly(propylene adipate) (PPAd) and poly(propylene 
sebacate) (PPSe), has gained increasing interest, due to their fast biodegradation rates and 
their potential uses in biomedical or pharmaceutical applications, such as drug delivery 
systems. The odd number of methylene units in the diol segment is responsible for the 
lower melting points, lower degree of crystallinity and higher biodegradation rates of the 
specific polymers compared with their homologues based on ethylene-glycol or 1,4-
butanediol. In this chapter synthesis and properties of the 1,3-propanediol based aliphatic 
polyesters and especially their biodegradation characteristics are reviewed. Specific 
attention has been paid to preparation of related copolymers and blends with other 
important polymers, since these techniques may offer routes for optimizing properties 
and producing tailor-made materials. Copolymerization of 1,3-propanediol with mixtures 
of aliphatic or even aromatic acids, leads to linear polyesters with improved or balanced 
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biodegradation and mechanical properties. Blends with other biodegradable polymers 
have been studied recently. Finally, potential pharmaceutical applications of poly(1,3-
propylene alkanedioate)s as solubilizing and stabilizing carriers for drugs are 
exemplified.  
 
 

1. INTRODUCTION 
 
Polyesters of 1,3-propanediol only recently were studied, since the specific diol monomer 

was not available in the quantities and price that might enable production of polymers. Since 
in recent years more attractive processes have been developed for the production of 1,3-
propanediol (1,3-PD) from renewable resources, research on related polymers has attracted 
interest from both an industrial and academic point of view [1].  

Poly(propylene terephthalate) (PPT), the first and most studied polyester of 1,3-
propanediol, is available in the market [2]. The polymer is suitable for industrial fiber 
production. PPT fibers are characterized by much better resilience and stress/recovery 
properties than PET and PBT. These properties are due to the crystal structure of PPT. PPT 
chains are much more angular structured than PET and PBT chains due to the odd number of 
methylene groups of the diol segment. Therefore these chains can be stretched up to 15% with 
a reversible recovery [3]. PPT is anticipated to gain a significant share in the thermoplastic 
polyesters market in the next years. However, like the other terephthalate polyesters, PPT is 
not susceptible to degradation in the environment.  

Recently, biodegradable aliphatic polyesters, and especially poly(propylene succinate) 
(PPSu) and poly(propylene adipate) (PPAd) have gained increasing interest [4-6]. Their 
synthesis, thermal properties and biodegradation were studied in comparison with the familiar 
polyesters poly(butylene succinate) (PBSu), poly(ethylene succinate) (PESu), poly(butylene 
adipate) (PBAd) and poly(ethylene adipate) (PEAd), which are also important biodegradable 
polymers. Poly(butylene terephthalate-co-adipate) copolymers are industrially produced in an 
attempt to arrive at polymers having both the advantages of high performance and being 
susceptible to degradation in environmental conditions [4]. Furthermore, high molecular 
weight PBSu is already available in the market. 

The odd number of methylene units in the diol segment is responsible for the lower 
melting points, lower degree of crystallinity and higher biodegradation rates of the polymers 
prepared form 1,3-propanediol, compared with their homologues based on ethylene-glycol or 
1,4-butanediol [5]. In the following chapter an effort is made to summarize results of such 
works dealing with biodegradable polyesters of 1,3-propanediol. 

 
 

2. DISCUSSION 
 

2.1. 1,3-Propanediol as a Monomer for Polymer Production 
 
1,3-Propanediol became available in the market in sufficient quantity and purity, only a 

few years ago. Nowadays, more attractive processes have been developed for its production 
such as selective hydration of acrolein, followed by catalytic hydrogenation of the 
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intermediate 3-hydroxypropionaldehyde or hydroformylation of ethyleneoxide (Figure 1). 
Recently, Du Pont and Shell Chemical companies have succeeded in producing 1,3-
propanediol commercial products with low cost and high quality by using different methods. 
[1]. 1,3-PD is a valuate chemical intermediate that has recently found extended applications 
as monomer for the production of polyesters [2, 7]. It is considered to be one of the bulk 
chemicals that will be produced in large scales in the future.  

 

 

Figure 1. Industrial processes for synthesis of 1,3-propanediol. 

Certain polymers like PPSu, PPAd and poly(propylene sebacate) (PPSe) beyond 
biodegradability, present the additional advantage that they can be produced from oligomers 
arriving from renewable sources. The production of chemicals and fuels by using alternative 
sources instead of hydrocarbons (oil), has received great attention as a green feed stock 
manufacture. 1,3-Propanediol, succinic, adipic and sebacic acid that are used as monomers for 
the preparation of biodegradable polyesters, are chemicals produced by using green 
techniques [4]. Until now 1,3-PD has been manufactured mainly by chemical synthesis, 
which requires high temperature, high pressure and expensive catalysts. Thus, in the last 
decade much effort has been paid to its production by bioprocesses on large scales. Many 
microorganisms like Klebsiella, Citrobacters, Enterobacter, Lactobacillus and Clostridia are 
able to convert glycerol or glucose to 1,3-PD via fermentation processes [8-11]. Experimental 
investigations showed that the fermentation is a complex bioprocess, taking place mostly in 
two stages while microbial growth is subjected to multiple inhibitions of substrate and by-
products. On the other hand, succinic acid is a dicarboxylic acid used as a monomer for the 
preparation of aliphatic and fully biodegradable polyesters. It can be produced 
pertochemically from butane and also by anaerobic fermentation, requiring glucose and CO2, 
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decreasing the pollution caused from the petrochemical process. Glycerol and wood 
hydrolysates can be also used as carbon sources for succinic acid production, during 
fermentation by Mannheimia succiniciproducens bacterium [12,13]. 

 
 

2.2. Synthesis and Characterization of the Polyesters of 1,3-PD 
 
The synthesis of aliphatic polyesters with high molecular weight, in order to achieve 

satisfactory mechanical properties, is considered as being one of the most difficult problems 
to be solved. Till today this can be achieved only by either using techniques such as ring-
opening polymerization of cyclic monomers (lactones) or with the use of chlorides of acids, 
which are very expensive and inappropriate for industrial scale use [14,15]. The production of 
high molecular polyesters using diacids and diols can proceed only by the addition of chain 
extenders or branched comonomers as is the case of Bionolle® [16]. 

Synthesis of the aliphatic polyester samples from 1,3-PD has been performed in 
laboratory scale following the two-stage melt polycondensation method (esterification and 
polycondensation) in a glass batch reactor [17]. The synthesis is almost identical to that used 
for the preparation of PET with the only difference the lower temperature used for the 
polycondensation step. In brief, the proper amount of diacid (e.g. succinic acid or adipic acid) 
(0.55 mol) and 1,3-propanediol in a typical molar ratio 1/1.2 and the catalyst tetrabutoxy 
titanium TBT (typically 3×10-4 mol TBT/mol of diacid) were charged into the reaction tube 
(250 ml) of the polycondensation apparatus. The reaction mixture was heated at 190oC in an 
argon atmosphere until the collection of almost all the theoretical amount of H2O. In the 
second step of polycondensation, polyphosphoric acid (PPA) was added (5×10-4 mol 
PPA/mol of diacid) and a vacuum (5.0 Pa) was applied slowly over a time period of about 30 
min. For each polyester, the polycondensation temperature was kept stable at 230oC while 
stirring speed was slowly increased to 720 rpm. The polycondensation reaction was finished 
after 2h of heating. From the studies it was found that monomer ratio, initial produced 
oligomers and polycondensation temperature are crucial parameters, which should be taken 
into consideration in order to obtain high molecular weight polyesters [18]. As reported 
above, the polymerization process involves two different steps according to the well-known 
process used for polyesters synthesis. In the first stage (esterification), aliphatic diacid reacts 
with 1,3-propanediol and water is removed as by-product. At the temperature that reaction 
takes place (190oC), water can be easily removed by distillation from the reactor and 
oligomers are formed. At this stage it is very important to remove as much of the formed 
water as possible and oligomers with the highest possible molecular weight to be produced. In 
order to increase the molecular weight at the appropriate level in the second stage 
(polycondensation), the prepared oligomers condensate at high temperature (230oC) with the 
application of high vacuum. This temperature is probably the maximum possible for the 
preparation of high molecular weight aliphatic polyesters, as was concluded from our study 
[19,20]. Above this temperature decomposition reactions can take place, which despite their 
very slow rate can reduce the molecular weight of the final polyester and color the sample. 
The reactions that occur during these stages (esterification and polycondensation) and the 
procedures used for the synthesis of the 1,3-PD polyesters are presented in Figure 2.  
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Figure 2. Synthesis of poly(propylene alkanedioate)s following the polycondensation method. 

Using different aliphatic diacids with increasing number of methylene units (X), from 
succinic with two methylene units to sebacic acid with eight methylene units, a series of 
polyesters of 1,3-propanediol was prepared. Thus, poly(propylene succinate) (X=2), 
poly(propylene glutarate) (X=3), poly(propylene adipate) (X=4), poly(propylene pimelate) 
(X=5), poly(propylene suberate) (X=6), poly(propylene azelate) (X=7) and poly(propylene 
sebacate) (X=8) samples have been synthesized. 

Bikiaris and Achilias, following the polycondensation method and with varying the 
catalyst amount and/or the temperature of the second step of the process, prepared a series of 
PPSu samples with different molecular weight values [18]. In general it was found that with 
increasing the catalyst/diacid molar ratio in the reaction mixture, higher average molecular 
weight could be achieved, for given polycondensation temperature. Also, polymers with 
higher number average molecular weight (Mn) values were prepared by increasing the 
temperature of polycondensation up to 230oC. Finally, from theoretical simulation results it 
was found that although higher initial ratios of glycol to succinic acid are useful to increase 
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the esterification rate, they lower the number average degree of polymerization of the 
oligomers at a fixed conversion of acid end groups. 

The 1H-NMR spectra of PPSu and PPAd were reported [5,6]. In the 1H-NMR spectra for 
PPSu (Figure 3) a single peak appeared at 2.63 ppm which was attributed to methylene 
protons of succinic acid, c, and a triple peak 4.09-4.21 ppm attributed to b protons and a 
multiple peak between 1.9-2.02 ppm corresponding to a protons were also observed [5]. In 
the spectra of PPAd, also shown in Figure 3, peaks for the a and b protons of 1,3-propanediol 
are recorded as for PPSu, while peaks for d and e protons are also observed at 1.67ppm and 
2.36ppm respectively [6]. 
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Figure 3. Chemical structures and 1H-NMR spectra of PPSu and PPAd. 

The WAXD patterns of the prepared series of polymers, from poly(propylene succinate) 
(X=2) to poly(propylene sebacate) (X=8), are quite different as one can see in Figure 4. In 
general the parameters of the unit cell characterizing the crystals of the polymers have not 
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been reported. However, the crystal structure of poly(propylene sebacate) (PPSe) has been 
studied [21]. PPSe has an orthorhombic unit cell of dimensions a=0.532, b=0.7532 and 
c=3.133nm (fiber axis) and belongs to the P212121 space group. There are two chemical units 
per fiber repeat and the two chains within the unit cell are positioned on 21 screw axis, 
parallel to the c direction. The fiber repeat is 0.25nm shorter than that for an all-trans 
conformation. The non-trans torsion angles are located in the glycolic moiety of the chemical 
repeat. It is anticipated in general the unit cells for polyesters of 1,3-PD to be orthorhombic in 
contrast to the butylene homologues for which monoclinic unit cells have been reported [21].  

 

5 10 15 20 25 30 35 40 45

PPSebacate

PPAzelate

PPSuberate

PPPimelate

PPGlutarate

PPSuccinate

PPAdipate

In
te

ns
ity

 (a
.u

.)

Diffraction Angle 2θ
 

Figure 4. WAXD patterns of poly(propylene alkanedioate)s. 

The melting point variation for these polyesters with increasing methylene units in the 
diacid moiety, in comparison to the corresponding for 1,2-ethanediol and 1,4-butanediol can 
be seen in Figure 5. To construct the plots, data from the paper of Müller et al were also used 
[4]. It is obvious that for the 1,3-propanediol polyesters the variation of the melting points is 
small compared to those polyesters of the other two diols. 
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Figure 5. Melting points of aliphatic polyesters of 1,2-ethanediol, 1,3-propanediol and 1,4-butanediol. 

It was observed that the crystallization rates of the polyesters of 1,3-propanediol in 
general increased with increasing the number of methylene groups in the respective diacid. 
Poly(propylene succinate) is a slowly crystallizing polyester which shows a glass transition 
temperature Tg at about -35oC and a melting temperature Tm=46oC. The latter is much lower 
than the corresponding values for PESu (Tm=104oC) or PBSu (Tm=112oC), as a result of the 
well-known odd-even effect for the melting temperatures of polyesters. On the other hand the 
Tg value is intermediate to those for PESu (-10oC) and PBSu (-43oC). The polymer does not 
crystallize during DSC cooling scans from the melt or on heating from the glassy state, unless 
very slow rates such as 2.5oC/min or even slower, are applied [20]. Figure 6a shows the 
respective heating scans for PPSu after melt-quenching. Poly(propylene adipate) crystallizes 
faster than PPSu due to the increased number of methylene groups in its repeating unit [6]. 
This is obvious in the DSC traces of Figure 6b, where the behavior of both quenched PPSu 
and PPAd on heating from the amorphous state is presented. In contrast to PPSu, PPAd shows 
cold-crystallization on heating by 10oC/min. Also, it has a Tg at –57oC, much lower than that 
of PPSu and a melting point of about 40oC for well-crystallized samples or lower for cold-
crystallization ones. The values for the degree of crystallinity that the two polymers usually 
achieve are comparable, ranging close to 35% for both.  

For PPSu similar to the other two important succinates i.e. poly(ethylene succinate) 
(PESu) and poly(butylene succinate) (PBSu), multiple melting behavior was observed [20]. 
As can be seen in Figure 6a, double melting peaks are observed after cold crystallization. This 
behavior however, was more clearly shown for samples after isothermal crystallization from 
the melt. For the interpretation of these observations the partial melting-recrystallization-final 
melting scheme was adopted. Multiple peaks were more clearly revealed in DSC traces after 
crystallization in the temperature range from 0 to 20oC. The equilibrium melting temperature 
(Tm

o) of PPSu and the heat of fusion for the pure crystalline polymer were estimated to be 
58oC and 22kJ/mol respectively. This Tm

o value compared to 114oC and 133.5oC for the Tm
o 

of PESu and PBSu respectively, is quite lower. 
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Figure 6. a) DSC heating traces for quenched PPSu at different slow heating rates and b) DSC traces of 
amorphous PPSu and PPAd recirded at 10oC/min. 

Dielectric spectra measurements, upon crystallization of PPSu, have been performed by 
Soccio et al [22]. Crystallization was performed at 25oC. After a controlled period of time the 
sample was rapidly cooled to –25oC at 5oC/min to perform a frequency swept. PPSu at –25oC 
that is a temperature above the glass transition temperature exhibits two main relaxations 
processes characteristic of most polymers, α and β, in order of increasing frequency. It was 
found that for the polyester the a and β relaxations appear simultaneously and are well 
resolved in the experimental frequency window. The β relaxation was used to characterize the 
crystalline structural development while the a relaxation was used to collect information 
about the evolution of the amorphous phase dynamics. In this way structural development 
could be characterized by a single experiment during the crystallization process. The analysis 
of the dielectric loss supported the existence of precursors of crystallization in the induction 
period. 

The thermal degradation behavior of the polyesters has been studied [6,23,24]. From the 
thermogravimetric curve of Figure 7 it can be seen that PPSu presents a relatively good 
thermostability since no significant weight loss (only1.2 %) occurred until 300oC. As it can 
be seen in the curve of derivative weight loss curve (DTG), in the early stages of the 
decomposition, there is a small shoulder peak. Until 366 oC, where the maximum rate of this 
decomposition step appears, the volatile matter corresponds to about 7 wt% of initial weight. 
Such a pre-major weight loss stage was also mentioned for poly(propylene terephthalate) 
(PPT) with low number average molecular weights ranging between 13000 and 23000 g/mol, 
and PCL [25-27]. 
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Figure 7. TGA and derivative-TGA curves for PPSu and PPAd recorded at 10oC/min. 

The temperature at the maximum weight-loss rate of this stage increases significantly 
with molecular weight while the weight loss decreases steadily. The first decomposition step 
(shoulder) is attributed to degradation and volatilisation of the oligomers detected with 1H-
NMR spectroscopy. From preliminary studies of the monomers it was found that succinic 
acid degrades at temperatures close to 200oC while 1,3-propanediol at slightly higher 
temperatures. However, both are fully decomposed at temperatures lower than 300oC. These 
data verified the hypothesis that the first decomposition step is due to oligomer degradation. 
The temperature at which PPSu decomposition gains the highest rate is at 404oC for heating 
rate 10 oC/min (Figure 7). This temperature is very high taking into account that PPSu is an 
aliphatic polyester and the temperature value is comparable to decomposition temperatures 
reported for aromatic polyesters like terephthalates (PET, PBT, PPT) and naphthalates (PEN) 
[17]. Furthermore, this temperature is much higher compared to other aliphatic polyesters like 
poly(L-lactide) for which major degradation step appears at temperatures lower than 370oC, 
as well as poly[(R)-3-hydroxybutyrate] and poly(ε-caprolactone) [28, 29]. From the above it 
can be concluded that PPSu although it has low melting point presents a very high stability 
against thermal degradation. 

Thermal degradation of PPAd was also studied by determining its mass loss during 
heating [6]. In Figure 7 the remaining mass (TG %) and the derivative (DTG) curves at 
heating rate 10oC/min are presented for the polyester. In both TG and DTG thermograms one 
stage of mass loss is followed and as can be seen the weight loss takes place gradually and 
smoothly. Additionally, there is no differentiation between using low or high heating rates. 
PPAd presents a relatively good thermostability since no significant weight loss, ~0.25%, 
occurred until 250oC. After that temperature the polyester decomposes quickly and looses 
about 95.8 wt% until 500oC. The temperature at which PPAd decomposition gains the highest 
rate is 385oC, for a heating rate of 10oC/min. However, the behaviour of the polyester is not 
similar to that of poly(butylene adipate) (PBAd) and poly(propylene succinate) (PPSu) and 
has a lower thermal stability. Finally, the decomposition temperature of PPAd is 20-25oC 
lower than the corresponding temperature of PPSu. 
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The mechanical properties of PPAd were also reported [6]. It has a tensile strength of 
11.6 MPa, which is similar with that of low density polyethylene 13.2 MPa (LDPE). However 
its homologues PEAd and PBAd have much higher tensile strength, reaching 17.3 and 16.2 
MPa, respectively. Furthermore, for high molecular weight PPAd samples satisfactory 
elongation at break was observed, higher than 400%. PPSu on the other hand has a very low 
tensile strength 1.6 up to 3.8 MPa depending on its molecular weight and breaks before 
yielding [5]. 

 
 

2.3. Biodegradation 
 
Biodegradability of a certain polymer in the form of enzymatic hydrolysis is controlled 

by several factors. The most important one is the nature of the polymer itself, meaning its 
chemical structure and the occurrence of specific bonds, which might be susceptible to 
hydrolysis, along its chains. Such groups are those of esters, ethers, amides, etc. [30,31]. 
Enzymatic hydrolysis studies of PPSu have been carried out [5]. For comparison, the 
behavior of PESu and PBSu samples having the same molecular weight values, (number 
average molecular weight of about 6800g/mol), were also studied, at the same conditions. 

The polyesters in the form of films of 5x5 cm in size and approximately 2 mm thickness, 
prepared in a hydraulic press, were placed in petries containing phosphate buffer solution (pH 
7.2) with 1 mg/mL Rhizopus delemar lipase. Usually enzymatic hydrolysis studies are 
performed at 37oC. However this temperature is very close to the melting point of PPSu. So, 
in this case the tests were performed at 30±1oC. The degree of biodegradation was estimated 
from the mass loss and molecular weight reduction as measured by GPC. 

The results showed that PPSu exhibits the highest degradation rates (Figure 8a), while 
PBSu the lowest ones as one can see in [5]. For PESu weight loss rate seemed to be similar to 
that of PBSu, but final mass loss was slightly larger. Since the used polyester samples had 
almost identical molecular weights, crystallinity seems to be the predominant factor that 
controls the biodegradation rates. It is therefore the higher degree of crystallinity of the PBSu 
samples, as was found by DSC and WAXD, which resulted in lower degrees of 
biodegradation comparing to that of PESu or PPSu. PPSu, which shows the lower 
crystallinity and melting point, hydrolyzes faster comparing to the other polyesters.  

In recent studies the biodegradation characteristics of PPSu, PPAd and PPSe, as well as 
of some relative copolymers were reported [32, 33]. The biodegradability of the polyesters 
was detemined by monitoring the normalized weight loss of polyester films with time in 
phosphate buffer (pH=7.2) without and with Rhizopus delemar lipase at 37oC. It was found 
that the biodegradation rates of the homopolyesters follow the path PPSu>PPAd>PPSe. 
Poly(propylene sebacate) did not show significant weight loss in presence of enzyme which 
may be due to its highest degree of crystallinity and melting point compared to PPSu, PPAd 
and copolyesters. The PPSu and PPAd copolyesters with PPSe showed slower degradation 
rates than the PPSu and PPAd homopolyester respectively. However, from recent work we 
have concluded that PPAd degrades faster than the other adipate polyesters, PEAd and PBAd, 
as can be seen from Figure 8b. At very sort time, only 6 days, the whole amount of PPAd has 
been enzymatically hydrolyzed, while at the same time only the 40 wt% of PBAd has been 
hydrolyzed. 
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Figure 8. Variation of the weight of specimens of a) PPSu, PESu and PBSu during enzymatic 
hydrolysis using Rhizopus delemar lipase and b) PPAd, PEAd and PBSu during enzymatic hydrolysis 
using 0.09 mg/mL Rhizopus delemar lipase and 0.01 mg/mL of Pseudomonas Cepacia lipase. 

SEM microphotographs revealed specific features indicative for surface erosion in the 
case of PPSu as can be seen in Figure 9. In general the observations lead to conclusions 
consistent with those derived from the weight loss and molecular weight measurements 
during the experiments. As it is well known enzymatic hydrolysis is a heterogeneous process 
and enzymes are attached on the surface of an insoluble substrate. Hydrolysis takes place via 
surface erosion. During this procedure small fragments and water soluble monomers or 
oligomers are generated, during hydrolysis of ester bonds. In general, the interior of 
polyesters specimens is not attacked until extended holes are created on the surface allowing 
the enzymes to enter and attack the main body. After consumption of the amorphous material 
of the surface a layer of crystalline domains remains, where only slow degradation may occur. 
As can be seen in Figure 9 the crystallites of PPSu are well distinguished after 35 days of 
enzymatic hydrolysis and remain almost unaffected. In principle, hydrolysis affected the 
amorphous material surrounding the spherulites and numerous holes were then created. 
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Figure 9. SEM micrographs of PPSu polyester during hydrolysis at a) 15 days and b) 35 days. 

 
2.4. Copolymers 

 
Recenly, except from homopolymers, copolymers based on 1,3-propanediol, succinic 

acid and other diacids or diols were synthesized [34]. A full series of random poly(butylene-
co-propylene succinate) (PBPSu) copolymers with high molecular weight were prepared, by 
the polycondensation method. The intrinsic viscosity of the copolymers ranged from 0.6 up to 
0.75 dL/g, but without showing any clear trend for the dependence on composition. The 
copolyesters showed a melting point depression with increasing comonomer content, as can 
be seen in Figure 10.  
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Figure 10. Melting points and glass transition temperatures for the poly(butylene-co-propylene 
succinate) copolymers as a function of propylene succinate units content. 
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Also, on the basis of WAXD observations and the decrease in melting points, 
isodimorphic cocrystallization was concluded. The probability, comonomer propylene 
succinate units to be incorporated in the PBSu crystals, was higher for high comonomer 
content. As the comonomer content increases, the mean length of sequences of the same 
repeating unit along the macromolecular chains, are expected to reduce. This in turn results in 
formation of non-crystallizable chain segments, and finally the crystallinity decreases. In the 
case that comonomer units are inserted in the crystals, they act as crystal defects, lowering the 
melting point of the copolymers. The most important feature of these PBPSu copolymers 
however, was that of their fast enzymatic hydrolysis rates.  

Figure 11 shows that the copolymers with high propylene succinate content experienced 
faster degradation rates, even than those of the neat PPSu. This fact was attributed to their 
lower degree of crystallinity, lower melting points and increased mobility in the amorphous 
phase, which is known that is general the phase that is mainly affected by enzymatic 
hydrolysis. 
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Figure 11. Weight loss as a function of time of enzymatic degradation of PBPSu copolyesters compared 
to the neat PPSu and PBPSu. 

Figures 12 and 13 show SEM photographs of the surfaces of copolymer specimens taken 
after different times of enzymatic hydrolysis. Surface erosion is more pronounced for higher 
content of propylene succinate units in the copolymers. 

Also, two PBPSu copolyesters were studied with respect to their isothermal 
crystallization kinetics [35]. The Avrami exponent was found to be between 2.2 and 2.8, 
showing that the crystallization mechanism was a heterogeneous nucleation with spherical 
growth geometry in the crystallization process of the polyesters. Multiple melting peaks were 
observed. PBPSu copolymers were identified to have the same crystal structure with that of 
PBSu by using WAXD. It was assumed that only butylene succinate units could crystallize, 
while the propylene succinate segments remain in the amorphous state. Other studies showed 
that this hypothesis might hold for low propylene succinate content [34].  
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Figure 12. SEM micrographs of PBPSu 70/30 w/w copolymer during enzymatic hydrolysis at several 
times a) 0 days and b) 15 days. 

  

 

Figure 13. SEM micrographs of PBPSu 10/90 w/w copolymer during enzymatic hydrolysis at several 
times. From left to the right: 0 days, 3 days and 15 days.  

Poly(propylene succinate-co-ε-caprolactone) PPSu/PCL copolymers with compositions 
95/5, 90/10, 25/75, 50/50 and 75/25, w/w were also prepared according to the procedures 
described by Seretoudi et al., using a combination of polycondensation and ring opening 
polymerisation [36]. The degree of randomness of the copolymers was characterized by using 
1H-NMR and 13C NMR and was verified that at concentrations up to 25 wt% of PPSu, block 
copolymers were prepared while at compositions 50 and 75 wt% random copolymers instead 
of block were prepared [37]. This is due to the extensive transesterification reactions that are 
taking place simultaneously with the ring-opening polymerization of ε-CL. The molecular 
weight distribution of the prepared polyesters was determined by GPC and it was found that 
as the amount of PCL increases in the copolymer the molecular weight, also, increases. This 
is attributed to the fact that as the amount of initial PPSu increases, higher amounts of 
hydroxyl end groups contained in PPSu are available to act as initiators for ring opening 
polymerization of ε-CL monomer. However, despite the high molecular (Mw) of the 
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copolymers, which ranged between 55000 and 87000 g/mol, their tensile strength is very low 
(1.3 up to 3.4 MPa) and only their elongation at break is higher than 560% for all copolymers. 
This behavior could be also attributed to their crystallinity. Random copolymers were 
completely amorphous in contrary to the block, which were semicrystalline. 

In DSC thermograms recorded during heating of the copolymers containing 50 and 75 
wt% PPSu only single glass transitions could be observed, which are located at –53.8 and at –
43.9oC respectively. These temperatures are lower than the glass transition temperature of 
PPSu (–35oC) and higher than the Tg of PCL (-61.6oC). So, the Tgs of the prepared 
copolymers were between the Tgs of the neat polymers. For the other copolymers two 
separate melting peaks were observed close to the melting temperatures of the neat polyesters. 
This is an indication that the different blocks can crystallize separately. 

Thermal degradation of PPSu/PCL 25/75, 50/50, and 75/25 w/w copolymers was studied 
by determining their mass loss during heating. The prepared copolymers showed satisfactory 
stability against thermal degradation since no significant weight loss, (~0.5%), occurred until 
250oC while their maximum decomposition rate occurred at temperatures about 410oC. The 
corresponding temperatures for PPSu and PCL are 403.9 and 415.3 oC, respectively. 
Concerning their thermal decomposition mechanism it is proved that all copolymers degraded 
at two stages. The first stage corresponded to small mass loss taking place at 280-365oC. 

The most characteristic behavior of these copolymers is their high enzymatic hydrolysis 
at phosphate buffer solution (pH 7.2, 30oC) using 0.09 mg/mL Rhizopus delemar lipase and 
0.01 mg/mL of Pseudomonas Cepacia lipase. PCL it is well known that due to its high 
hydrophobicity and crystallinity has a slow degradation profile and after 9 days of enzymatic 
hydrolysis its weight loss was less than 5 wt%. 
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Figure 14. XRD patterns of PPSu, PCL and respective copolymers. 
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Figure 15. DSC thermograms of PPSu/PCL copolymers. 
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Figure 16. Weight loss of PCL/PPSu copolymers during enzymatic hydrolysis for several days. 

 
On the contrary almost all the copolymers at the same time were completely degraded as 

can be seen from Figure 16. The rate of enzymatic hydrolysis was slightly dependent on the 
PPSu content and increased by increasing its amount in the copolymer. This behaviour should 
be attributed to the higher biodegradation rate that PPSu has compared with PCL and to the 
fact that the copolymers were amorphous. It is well known that first the amorphous phase is 
degraded during enzymatic hydrolysis, while the crystalline phase due to the low water 
absorption rate is much less affected. 

Soccio et al reported synthesis of random poly(propylene isophthalate-co-succinate) 
(PPISu) copolyesters [38]. The copolymers also showed depression in the melting 
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temperature with comonomer content. It was found that they could crystallize at room 
temperature, except those with 70 or 80 mol% propylene succinate (PSu) units. For up to 75 
mol% propylene succinate units in the copolymers, crystals of poly(propylene isophthalate) 
were formed, while the copolyester with 90 mol% PSu gave crystals of PPSu. TGA 
measurements showed high thermal stability for the copolymers. Initiation of decomposition 
for PPSu was found to occur at 393oC, whereas the maximum rate appeared at 427oC, during 
scans by 10oC/min in air. The respective temperatures increased for the copolymers with 
increasing isophthalate content. 

Similar observations were reported for random poly(propylene isophthalate-co-adipate) 
(PPIAd) copolyesters [39]. For up to 60 mol% propylene adipate (PAd) units in the 
copolyesters they formed PPI crystals. The copolymers with 70 or 80 mol% propylene adipate 
could not crystallize at room temperature, while that with 90 mol% PAd units formed PPAd 
crystals. The thermal stability of the samples was checked by TGA measurements in air by 
heating scans by 10oC/min. The polyesters were found to be stable. For PPAd the 
temperatures for initialization of decomposition and that of maximum decomposition rate 
were reported to be 359 and 392oC respectively. The respective temperatures for the 
copolymers increased with increasing propylene isophthalate content. 
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Figure 17. Synthesis of oligo(propylene succinate), by thermal polycondensation of 1,3-propanediol 
and succinic acid, and chain extension reaction by diisocyanate syntheis [42]. 
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Albertsson et al have reported the synthesis of poly(ester urethane)s (PEU), and 
poly(ester carbonate)s prepared by chain extension [40-43]. High molecular weight poly(ester 
urethane)s were prepared via the diisocyanate synthesis (Figure 17). Oligo(propylene 
succinate)s with molecular weights of about 2300-2400 g/mol were chain extended after 
reaction with 4,4΄-diisophenylmethane diisocyante (MDI). In this way PEUs with 46 up to 
63wt% aliphatic polyester were prepared. The Tg values ranged from –7.8 to 4.8oC, while the 
melting points were found to be between 176 and 208oC. The sample with the highest 
polyester content in the reactor feed showed the lowest melting point. The Young’s modulus 
decreased when the content of the aliphatic polyester increased.  
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Figure 18. Chain extension reaction by dichloroformate synthesis of oligo (propylene succinate) [40].  
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The oligomers were first dissolved in dry chloroform in the presence of acid acceptors 
like ethyldiisopropylamine. Reaction with excess phosgene resulted in α,ω-dichloroformate. 
The latter was then polycondensated with an equivalent amount of α,ω-dihydroxy-terminated 
oligo(propylene succinate)s to receive high molecular weight poly(ester carbonate)s. 
However the melting points and mechanical properties remained low even for high molecular 
weight poly(ester carbonate)s. For this reason chain extension of oligomers obtained by the 
esterification of succinic acid in the presence of 1,3-propanediol and 1,4-
cyclohexanedimethanol was also performed [43]. The resulting polymers were characterized 
by glass transition temperatures and melting points, which increased with increasing the 1,4-
cyclohexanedimethylene succinate units content. 

Finally, segmented copolymers based on oligo(propylene succinate)s and poly(ethylene 
glycol) were synthesized [43]. These showed a higher affinity towards polar solvents than 
oligo(propylene succinate)s and their water absorption capability was increased to 10-15wt%. 

Another strategy to prepare polyesters is from lactones (cyclic esters) [43]. There has 
been established a method for the preparation of 1,4-dioxepan-2-one from 1,3-propnadiol 
after reaction with chloroacetic acid sodium salt. 

Then, ring-opening polymerization in the presence of catalysts leads to polymers with 
high molecular weight (Figure 19). 
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Figure 19. Ring-opening polymerization of 1,4-dioxepan-2-one [43]. 

As a matter of fact aliphatic polyesters of 1,3-propanediol have rather low thermal and 
mechanical properties, compared to aromatic polyesters. Copolymerization of 1,3-
propanediol with aliphatic and aromatic acids might enable preparation of materials having 
both biodegradability and sufficient properties. Terephthalate polyesters such as 
poly(ethylene terephthalate) (PET), poly(propylene terephthalate) (PPT) and poly(butylene 
terephthalate) (PBT) are very important for industry, due to their high thermal and mechanical 
properties and finally their many applications. Although poly(propylene terephthalate) is a 
new polyester, it has been used in many applications already, especially in the form of fibers. 
It has a meting point of about 230oC, a glass transition temperature 44oC and crystallizes 
faster than PET, but slower than PBT. There is an increasing interest about this polymer and 
its applications are expanding. Terephthalates and in general aromatic polyesters cannot be 
degraded in the environment [44]. However, Witt et al. in relatively recent works, prepared 
oligo esters of terephthalic acid with 1,2-ethanediol, 1,3-propanediol, and 1,4-butanediol and 
these oligomers were investigated with regard to their biodegradability in different biological 
environments [4,45]. Well-characterized oligomers with weight-average molar masses of 
from 600 to 2600 g/mol exhibit biodegradation in aqueous systems, soil, and compost at 
60°C. Size exclusion chromatography (SEC) investigations showed a fast biological 
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degradation of the oligomer fraction consisting of 1 or 2 repeating units, independent of the 
diol component used for polycondensation, while polyester oligomers with degrees of 
polymerization higher than 2 were stable against microbial attack at room temperature in a 
time frame of 2 months. At 60°C in a compost environment chemical hydrolysis also 
degrades chains longer than two repeating units, resulting in enhanced degradability of the 
oligomers. Metabolization of the monomers and the dimers as well by the microorganisms 
could be confirmed by comparing size exclusion chromatography (SEC) measurements and 
carbon balances from specific experiments. Finally it was concluded that based on these 
results degradation characteristics of potential oligomer intermediates resulting from a 
primary chain scission from copolyesters consisting of aromatic and aliphatic dicarbonic 
acids can be predicted depending on their composition. These results will have an evident 
influence on the evaluation of the biodegradability of commercially interesting copolyesters 
and lead to new ways of tailor-made designing of new biodegradable materials as well. 

 
 

2.5. Blends 
 
Poly (propylene succinate) and poly(ethylene succinate) (PESu) are both biodegradable 

polymers. PPSu shows much faster enzymatic hydrolysis rates than PESu. On the other hand 
PESu shows better thermal and mechanical properties. Blending is an alternative to prepare 
tailor-made materials. Thus, blends of poly(propylene succinate) and poly(ethylene succinate) 
were prepared in order to explore their miscibility [46]. It was thought that, due to their 
similar chemical structures the polymers might show miscibility or compatibility. Indeed, 
they were found to be miscible. For the preparation of the PESu/PPSu blends polymers with 
the same intrinsic viscosity, about 0.28 dL/g were used. The number average molecular 
weight as determined by GPC, was close to 7000g/mol. These binary blends were prepared in 
chloroform as solvent. The solution of both polymers (0.0125g/ml) was cast on a petri dish at 
room temperature. The solvent was allowed to evaporate in air for 3 days. The compositions 
of the blends were PESu/PPSu 80/20, 60/40, 50/50, 40/60, 80/20 in weight ratio. As it was 
observed in the respective DSC traces, the blends showed single composition-dependent glass 
transition temperature (Tg) between the Tg values of the neat PESu and that of the neat PPSu. 
Usually, the glass transition temperature criterion can be safely applied if the Tgs of the 
components of the polymer blends differ by 15-20oC. The glass transition temperatures of 
PPSu and PESu differ by 24oC. Furthermore, for better resolution slow DSC scans for 
quenched samples were also preformed, by slow heating at 2.5 or 1oC/min. These traces also 
showed single glass transition. The evidence of single composition-dependent glass transition 
between those of the neat components for the PESu/PPSu blends showed that they are 
probably miscible over the entire range of composition. The variation of the Tg values of the 
blends was found that could be described by the Gordon-Taylor equation. The crystallization 
of the blends was studied using DSC. Though the neat PPSu, if amorphous, cannot show 
cold-crystallization the blends with less than 40wt% PPSu content showed cold-
crystallization during scans by 20oC/min. Furthermore, for the specific blends after 
crystallization at low temperature, melting peaks for both components were observed. This 
showed that they could crystallize in the blends. In fact it was found that PESu crystallizes 
first, while PPSu crystallizes at a much lower temperature, in the confined environment, due 
to the presence of PESu crystals. Since PPSu is still liquid when PESu crystallizes, there is a 
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melting point depression of the higher melting temperature component, PESu. Its melting 
point in the blends decreased steadily with increasing PPSu content. However, similar 
conclusions were derived for PPSu, when the blends crystallized at low temperature. The 
equilibrium melting points were determined for the neat polymers and the blends and the 
melting point depression for the high melting temperature component, PESu, was analyzed 
applying the Nishi-Wang theory. After that analysis the calculated values for the interaction 
parameter were found to be negative. This was also evidence that the specific blends were 
miscible in the melt phase. WAXD showed that the polymers could form their own crystals in 
the blends, since both diffractions associated with the PESu and the PPSu crystals were 
revealed in the blend patterns. However, the relative intensity of the peaks varied with blend 
composition. The fact that both components crystallized separately was attributed to the 
significant difference in the crystallization rates of the two polymers.  
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Figure 20. DSC traces for amorphous and crystallized PESu/PPSu blends. 

The specific blends were classified as semicrystalline/semicrystalline. In contrast to 
blends between semicrystalline and amorphous polymers, which have been extensively 
studied, blends in which both components are semicrystalline and especially in which both 
are biodegradable are not often reported in the literature. In general it is believed, that such 
blends could be used alternatively to copolymers for pharmaceutical applications. 

In contrast to PPSu which is a new polyester, PCL is well-known and extensively studied 
polymer. It is also biocompatible and has found many applications in pharmaceutical 
technology and medicine. Thus, it was also an interesting idea to explore miscibility and 
biodegradation behavior of blends made of these two very important polyesters. PCL/PPSu 
blends with concentrations 90/10, 80/20, 70/30 and 60/40 w/w were prepared by solution-
casting [47]. Proper amounts of both polymers were dissolved in chloroform as common 
solvent, at room temperature. Sonication was applied in order to achieve complete dissolution 
and fine mixing of the components. The blends in the form of thin films (200-250 μm) were 
set up after solvent evaporation at room temperature, under a gentle air stream. They were 
characterized by DSC, WAXD, 1HNMR, SEM, and Tensile testing. Finally, their enzymatic 
hydrolysis was studied. The PCL/PPSu blend system however proved to be only partially 
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miscible. DSC studies on the melting point depression showed that there was a slight decrease 
in the melting point of the high temperature component, PCL, in the blends. Results after the 
analysis of the melting point depression using the Nishi-Wang model were marginal most 
probably showing a limited miscibility. Tensile properties testing however proved that the 
blends are at least compatible if not miscible. This was concluded because despite the 
decrease in the tensile properties of the blends with increasing PPSu content, there was no 
indication for any minimum. Crystallization rates of PCL were retarded with increasing 
second component content in the blends. Biodegradation of the blends was also explored. 
Enzymatic hydrolysis for several days of the prepared blends was performed using Rhizopus 
delemar lipase at pH 7.2 and 30oC. SEM micrographs of thin film surfaces revealed that 
hydrolysis affected mainly the PPSu polymer as well as the amorphous phase of PCL. For all 
polymer blends an increase in the values of the melting temperature and the heat of fusion 
was recorded after the hydrolysis. This was associated with the fact that enzymatic hydrolysis 
affected mainly the amorphous phase of the blends.  
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Figure 21. Weight loss of PCL/PPSu blends during enzymatic hydrolysis for several days. 

The consumption of the amorphous portion of the specimens resulted in an increase of 
the estimated crystallinity after hydrolysis. The biodegradation rates as expressed in terms of 
weight loss were faster for the blends with higher PPSu content (Figure 21). PPSu was proved 
to have much higher biodegradation rates compared to PCL, due to the lower crystallinity, the 
decreased melting point (Tm for PPSu is about 45oC) comparing to PCL (Tm about 60-65oC), 
and the number of the ester bonds along the macromolecular chains for given molecular 
weight. SEM observations lead to conclusions aligned with those from the weight loss 
measurements. That is, only for blends with high PPSu content, extended surface erosion 
occurred even from the first days of enzymatic hydrolysis.  

Poly(propylene adipate) (PPAd) was reported to be miscible with poly(ethylene oxide) 
PEO. In fact Lin and Woo studied the miscibility of PEO with a series of polyesters [48]. 
They found that PEO is miscible with polyesters such as poly(ethylene adipate), 
poly(propylene adipate), poly(butylene adipate), and poly(ethylene azelate). On the other 
hand PEO was found to be immiscible with poly(1,6-hexamethylene adipate) and poly(1,6-
hexamethylene sebacate). Optical observations showed that the melts of the blends of PEO 
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with the last two polyesters were cloudy and heterogeneous in contrast to all the others. Also, 
the Nishi-Wang model was used to analyze the melting point depression observed for PEO in 
the blends. The conclusion was that the ratio CH2/CO in the polyesters is crucial for the 
miscibility with PEO. PEO was miscible with polyesters with a CH2/CO ratio from 3 up to 
4.5, while miscibility was favored especially in the case of a value 3.5, which is the case of 
PPSu. 

 
 

2.6. Application of PPSu in Drug Delivery Systems 
 
Aliphatic polyesters can be used in pharmaceutical applications, like drug delivery 

systems. As was reported above PPSu has a low melting temperature (40 to 46oC depending 
on the molecular weight), slightly above the temperature of the human body. Consequently, 
PPSu might be an alternative for the preparation of solid dispersions of drugs. Solid 
dispersions are dosage forms whereby the drug is dispersed in a biologically inert matrix. 
They can be used for the increase of the dissolution rates and thus the bioavailability of 
sparingly water-soluble drugs. As a matter of fact an increasing number of poorly water-
soluble drugs are synthesized, and thus there is a demand for finding routes to increase their 
solubility. Alternatively solid dispersions can be used for controlled release of drugs. In a 
recent research, four PPSu samples with intrinsic viscosities 0.1, 0.18, 0.28 and 0.50 dL/g 
measured in chloroform solutions, were used in the preparation of solid dispersions of the 
drug Fluvastatin, with a drug load 30 wt%. A second series of solid dispersions were 
prepared, where the PPSu 0.28 was used, while the drug load varied from 10 to 50 wt%. The 
solid dispersions were prepared by the melt method, which involves dissolving the drug in the 
molten polymer, and then cooling to the room temperature. WAXD patterns of the solid 
dispersions proved that the drug was amorphous in all cases, since only the peaks 
corresponding to the crystalline polymer were revealed (Figure 22).  
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Figure 22. WAXD patterns of a) Fluvastatin solid dispersions in PPSu 0.28, with different drug 
loadings and b) Fluvastatin solid dispersions in PPSu samples of different molecular weight and 
containg 30wt% drug.  

The release rates of the drug from the solid dispersions increased with decreasing the 
molecular weight of PPSu, probably because low molecular weight polymers are brittle and 
increased porosity allows drug to come in contact to the aquatic dissolution medium (Figure 
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23). Also, for given molecular weight of PPSu the rates increased with increasing the drug 
content in the solid dispersions. 
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Figure 23. Release of Fluvastatin from solid dispersions in PPSu during in-vitro tests: a) solid 
dispersions prepared using PPSu matrices with different molecular weights and constant drug load 
(30wt%), and b) solid dispersions prepared using the PPSu 0.28 sample and different drug loads. 

 
 

3. CONCLUSION 
 
New industrial processes allowed production of 1,3-propanediol, a very important 

monomer for the synthesis of polyesters. Biodegradable polyesters based on 1,3-propanediol 
have gained an increasing interest. Especially polymers like poly(propylene succinate) are 
fully biodegradable and can also be produced from monomers from renewable resources. The 
polyesters can be synthesized following the polycondensation method. Recent experimental 
work on enzymatic hydrolysis has shown that polyesters of 1,3-propanediol have faster 
degradation rates compared to the corresponding from ethylene glycol or 1,4-butanediol. 
Poly(propylene succinate) seems to be faster degraded than poly(propylene adipate) or 
poly(propylene sebacate). Copolymers prepared from polycondensation of succinic acid with 
1,3-propanediol and 1,4-buanediol showed improved biodegradation characteristics compared 
even to the neat PPSu. Also, copolymers synthesized from oligo(propylene succinate) and ε-
caprolactone, combined characteristics of the homopolymers, showing improved hydrolysis 
behavior. Combination of succinic or adipic acid with isophthalic acid as starting materials 
for polycondensation with 1,3-propanediol gave examples of copolymers containing both 
segments which can hydrolyze and aromatic ones in the macromolecular chains. Presence of 
aromatic moieties is desirable in order to increase strength of the materials. Alternatively, 
starting from oligo(propylene succinate)s, methods have also been developed to produce 
polymers like poly(ester urethane)s or poly(ester carbonate)s with high molecular weight, 
which finally are also biodegradable.  

Fully biodegradable blends of PPSu with PESu have been found to be miscible. Blends of 
PPSu with poly(ε-caprolactone) showed only very limited miscibility, but satisfactory tensile 
properties.  

In general, results from the research on 1,3-propanediol based polymers are very 
encouraging. Polyesters of this class are expected to find applications, especially in 
pharmaceutical technology, and their uses in such applications have already been tested. 
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However, generally speaking and taking into account the parameter cost of biodegradable 
polymers, much work should be carried out to arrive at optimal solutions and wide 
applications. 
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ABSTRACT  
 

Large institutions, such as hotels and hospitals, often use specialized industrial 
laundries for laundering sheets, towels or uniforms. The main purpose of this study was 
to determine the effect of industrial laundering procedures on the durability of cotton 
warp knitted towels with a synthetic ground structure of either nylon or polyester. The 
durability of cotton/nylon and cotton/polyester terry towelling fabric samples that were 
subjected to repeated industrial laundering procedures, was compared by measuring the 
tensile strength of fabric samples after 50 washing cycles and 50 washing/tumble-drying 
cycles. The difference between the tensile strengths of the cotton/polyester and 
cotton/nylon terry towelling samples after washing alone was not significant. The tensile 
strength of the cotton/nylon samples, however, was significantly less than that of the 
cotton/polyester samples after tumble-drying. It was concluded that industrial laundering 
procedures, especially tumble-drying, have a more detrimental effect on the durability of 
the nylon ground structure than on the polyester ground structure of warp-knitted terry 
towelling fabrics. 
 

Key words: towelling, warp knit terry, laundering, tensile strength, durability 
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INTRODUCTION 
 
Large institutions, such as hotels and hospitals often use specialized industrial laundries 

for laundering sheets, towels or uniforms. Continuous washing machines, used by industrial 
launderers faced with large amounts of relatively uniform laundry, are designed for efficient 
water and energy use. The laundering process involves interaction of numerous physical and 
chemical effects on the laundry.  

A growing demand and the quest for improved efficiency have led South African towel 
manufacturers to faster and more economical production methods. Cotton warp-knitted terry 
towels with a synthetic ground structure are becoming more popular because of the high 
production speed [1] and added advantage of enhanced durability because of the synthetic 
component that can be incorporated into the structure [14]. 

Warp-knitted terrycloth is manufactured on a Raschel warp-knitting machine, using three 
sets of warp yarns [6][14][22]. The ground structure of pillar stitches, similar to chain 
stitching, is formed by the first set of warp yarns. Pillar stitches of adjacent rows are not 
connected. A second set of warp yarns isare looped into this base structure in the weft 
direction – each set connecting four adjacent rows of pillar stitches – adding stability and 
strength in the weft direction to the structure. The third set of yarns, referred to as the pile 
yarns, forms the pile loops. When warp knitting terrycloth, one needlebar is replaced with a 
point or pinbar, around which the pile yarns are overlapped when the pile loops are formed 
[22][25]. An illustration of the structure is shown in figure 1 (the length of the pile yarns is 
not depicted according to scale in the illustration). 

 

 

Figure 1. Illustration of warp knitted terry towelling fabric structure [8]. 

In practice, the ground yarns of warp-knitted terrycloth fabrics can differ in composition 
to that of the pile [22]. Synthetic fibers, such as like nylon and polyester, are mostly used in 
the ground structure – adding stability and strength [34]. Even though the percentage of 
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synthetic fibers in the structure are is often less that 5%, but even such a small percentage can 
have a significant effect on the properties of the knitted fabric, as it can enhance the tensile 
strength without affecting the absorbency negatively. Cotton is generally used as pile yarn 
because of its excellent absorbency. The second set of warp yarns is often also cotton, to keep 
absorbency as high as possible, but also because cotton is reasonably priced and actually 
increases in strength when wet [14][22]. Such fabrics can be described as cotton-polyester or 
cotton-nylon mixtures. 

According to American and European law, it is not compulsory for manufacturers of 
textile goods to indicate the synthetic component on the label of a product if it is less than 5% 
[14]. The same practice is applied in South Africa. A label may thus indicate 100% cotton, 
even though a synthetic component is present. As inferred from the structure of the warp 
knitted terrycloth (figure 2), the synthetic component plays a vital role in the durability of the 
towels, especially where breaking strength in the warp direction is concerned.  

Care of textile fabrics plays an important role in their expected durability [6][21]. It is 
thus of utmost importance that the care procedures followed by industrial launderers are 
compatible with the fiber content and fabric construction of the laundered items. 

Industrial launderers generally make use of continuous washing machines, referred to as 
continuous batch tunnel washers (CBTDs) [5][10]. These machines are designed to remove 
soiling, contamination and micro-organisms from large quantities of dirty linen. It usually 
entails a pre-wash, main wash and rinse, followed by tumble drying. Pre-weighed loads of 
laundry pass through a number of compartments (typically ten to twelve) in which they are 
pre-washed, washed and rinsed. A CBTD machine usually works with an internal counter-
flow current system in which the wash load moves forward in the machine while the water 
flows in the opposite direction.  

Chemical additives are added automatically to the appropriate compartments and steam 
can be injected into the main wash compartments to achieve the required high temperature 
levels. Stains and soil are removed through a combination of mechanical action, time and 
temperature control, detergent action and de-staining agents, which can include bleaches. For 
thermal disinfection, the achievement and maintenance of the required temperature areis 
critical.  

According to the Fabricare Association [5], the most important factors that influence 
effective cleaning, and also the durability of the textiles being laundered, are temperature, 
time, level of wash liquid (dip), mechanical action during washing, additives, the tumble 
drying process, etc. Of these, temperature, additives and tumble drying are of particular 
relevance to this study. 

Control of temperature during each phase of the laundering process is necessary, because 
on the one hand, temperature has a direct influence on effective soil and stain removal, and on 
the other, certain fabrics are sensitive to prolonged exposure to high temperatures. Control 
over temperature is also important when using hypochloritde bleaching agents, as bleaching 
at too high a temperature can damage certain fibers. In the hospitality and medical industries 
however, temperature plays an important role in the disinfection process. Here it is important 
that the critical temperature is reached to ensure effective disinfection [5]. According to Steyn 
[27], a washing temperature of higher than 54 oC is necessary to ensure effective elimination 
of micro-organisms in household laundering. In industrial laundries, a temperature of at least 
71oC for three minutes or 65oC for ten minutes is recommended as safe time/temperature 
combinations for thermal disinfection. Additional time should be allowed for adequate 
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penetration in large laundry loads. It is usually preferable to employ a higher temperature 
range to ensure thorough disinfection, and temperatures up to 80oC are often reached within 
certain areas in the machine [3][5].  

Cotton is not thermoplastic and will not melt in the presence of heat [29]. Normal 
exposure to elevated temperatures, as found in routine care procedures, will not degrade 
cotton. White fabrics can be washed in hot water (95oC), but for colored fabrics temperatures 
higher than 60oC are not recommended [12]. Temperatures in the tumble dryer should not 
exceed 93oC to prevent the acceleration of fiber degradation [30]. The melting point of nylon 
varies between 215 oC and 260 oC, depending on the type of nylon [14]. Owing to its 
thermoplastic nature, and also because nylon does have a tendency to weaken slightly when 
wet, wash temperatures not exceeding 50oC and moderate drying temperatures are 
recommended [6][14][29].  

Additives during laundering can include detergents, alkalis and bleaching agents. 
Synthetic detergents are usually alkaline and are used to remove or suspend soil, reduce 

the effect of hard water or lower the surface tension of water with the purpose of enhancing 
soil removal. A pH-value of higher than ten in a detergent solution enhances the effectiveness 
of the wash process [5].  

An alkaline medium will not damage cellulose fibers – even at high temperatures, so all 
detergents on the market can be used to wash cotton fabrics. Both nylon and polyester, as 
used in the ground structure of the terrycloth towelling fabrics, have excellent resistance to 
alkaline wash mediums. Polyester can be damaged by strong alkalis, but has good resistance 
to weak alkalis such as that found in detergents [6][14][29].  

During the rinse phase, the remaining detergent and suspended soil are removed through 
dilution. A weak acid solution can be added to neutralise the alkalinity of the wash liquid. 
CSellulose fibers, like cotton, are damaged by strong acids, but even weak acids can degrade 
the fibers if not removed properly during rinsing [33]. Polyester has excellent resistance to 
acids, but nylon is sensitive to hydrochloric acid and isare damaged if exposed to sulphuric 
acid [14][29][20]. The effect of extended exposure to weak acids, especially in the wet state, 
could be questioned [20]. 

Bleaches are used to remove stains. The choice of a suitable bleaching agent is dependent 
on fiber type. The temperature of the washing liquid and the concentration of the bleaching 
agent should be carefully controlled, as degradation takes place more easily at higher 
temperatures and concentrations. Cotton is highly sensitive to, and can be degraded by, 
extensive use of chlorine bleach, whereas polyester is unaffected. Chlorine bleach is also 
known to cause damage and discoloration in nylon fabrics [14][29]. 

Tumble drying is the standard method of drying laundry during industrial laundering 
procedures. The size of the load in the dryer, the mechanical action, time and temperature 
have an effect on the amount of abrasion, and therefore degradation, that textile fabrics are 
exposed to [14]. Deans [4] wrote that tumble drying is not a homogenous process. Both the 
distribution of textile items in the drum and the variation in the temperatures of the air, sides 
of the drum and textiles being dried are dependent on textile fabric type, moisture content and 
packing density of the load. He explains that the nature of the textiles in the load influences 
the amount of moisture that migrates to the surface as well as the cohesion of items in the 
bundle.  
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The durability of textile goods is determined to a large extent by the wear and toughness 
of the textile yarns [31]. Durability is defined as the preservation of the physical integrity, 
appearance and functionality of a product under normal circumstances of usage [14][21]. This 
has led to the question of whether there is a difference in the effect of industrial laundering 
procedures on durability of the cotton/nylon and cotton/polyester warp knitted terrycloth 
towels.  

 
 

AIM OF THE STUDY 
 
The main purpose of the study was to compare the durability of cotton warp knitted 

terrycloth with a nylon ground structure with that of cotton warp knitted terrycloth with a 
polyester ground structure after exposure to industrial laundering procedures. In order to do 
so, the cotton/nylon and cotton/polyester terrycloth samples were first analysed to determine 
their comparability. Secondly, the durability of the fabrics was compared after exposure to 
industrial washing as well as to washing and tumble drying.  

 
 

RESEARCH PROCEDURE 
 
Cuprammonium fluidity tests were done on the cotton from both the unwashed 

cotton/nylon and cotton/polyester terrycloth samples to determine possible chemical damage 
to the cotton fibers as a result of the manufacturing process. The fluidity of both textile 
samples was <1 and the degree of polymerisation (GP-values) >3000, which showed that no 
chemical damage had taken place at that stage (CSIR Manufacturing and Materials 
Technology Centre for Fibers, Textiles and Clothing, 2004).  

In order to describe the test samples and determine the similarity (and therefore 
comparability) of the cotton/nylon and cotton/polyester terrycloth, the percentage fiber 
composition, the structural properties, mass per unit area, as well as tensile strength of the 
unwashed cotton/nylon and cotton/polyester terrycloth were determined.  

Samples were exposed to laundering procedures representative of that currently used in 
industrial laundries, which included washing in a continuous washing-machine and tumble 
drying. Test samples were exposed to 50 wash and 50 wash/tumble dry cycles and were 
washed and tumble dried together with other laundry. Wash bundles consisted of towels only 
and weighed 35kg per bundle. The laundering procedures were conducted under supervision 
of the researcher to ensure strict control.  

Each bundle of washing was weighed in advance (35 kg) to ensure that the correct 
loading level and the corresponding concentration of wash additives during the washing 
process. Wash bundles were loaded in compartments on a conveyor belt that fed into the 
washing-machine. The continuous washing-machine used in this study consists of twelve 
different compartments into which the washing additives are added in different stages. In the 
first two compartments (pre-wash area) of the machine, the temperature does not exceed 
30°C. In the next two compartments, still in the pre-wash area, a temperature of 78°C is 
reached. The main wash area, consisting of compartments five to eight, maintains the 78°C 
temperature. In the rinse area, the temperature gradually decreases in the ninth and the tenth 
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compartments to 55°C and 45°C, respectively. In the last two compartments, there are again 
no specified temperatures to be reached. The procedure is computer-controlled to ensure 
adherence to specified processes and temperatures. 

After washing, the excess water is pressed from the laundry and it is transported via a 
conveyor belt to a tumbler (not a tumble dryer) to separate the washing items from each other. 
The samples that were only washed were loaded directly back into the washing-machine, 
while the samples that were also tumble dried were transported to the tumble dryer.  

The industrial tumble dryers were set to reach a maximum temperature of 120°C. During 
the study, temperature strips were used to measure the actual temperature inside the tumble 
dryer. Temperatures between 104°C and 110°C were measured. A load of towels took 
between 30 and 45 minutes to dry, depending on the size of the load.  

In order to compare the durability of cotton/nylon and cotton/polyester warp knitted 
terrycloth, the tensile strength of the test samples in the warp direction was determined after 
exposure to 50 wash- and 50 wash/tumble dry cycles according to the SABS-standard test 
method. Ten specimens per terrycloth sample exposed to a specific treatment combination, 
were tested to ensure a representative average. All samples were conditioned according to 
standard procedures for 24 hours under controlled atmospheric conditions prior to testing. 
The tensile strength tests were only done in the warp direction because the nylon and 
polyester ground structure (pillar stitches) runs only in this direction. Adjacent rows of pillar 
stitches are not directly intertwined, but bound to each other by means of a second set of 
cotton warp yarns (figure 2). Since the purpose of this study was the comparison of the nylon 
and polyester components of the warp knitted terrycloth, it was not relevant to compare the 
tensile strength of the two sets of samples in the weft direction. The dimensional stability of 
the test samples was determined to establish whether adjustments to the tensile strength 
results would be necessary.  

Fluidity tests were done on the cotton from the laundered cotton/nylon and 
cotton/polyester terrycloth samples to determine if there was any chemical damage to the 
cotton fiber.  

 
 

Textile Testing Methods 
 
Before any tests were done, all the test samples were conditioned according to standard 

procedures for 24 hours under controlled atmospheric conditions (20 ± 2°C and 65 ± 2% 
relative humidity). The fiber composition of the cotton/nylon and the cotton/polyester textile 
samples was determined according to the ISO 1833-standard test method. The structural 
characteristics were compared by analysing the knitted structures under a microscope. The 
average stitch density of the textile samples was determined according to the SABS-method 
1120. The average weight of the unwashed cotton/nylon and cotton/polyester terrycloth 
samples was determined according to the SABS-method 79.  

The average tensile strengths of the cotton/nylon and cotton/polyester warp knitted 
terrycloth samples were compared through conducting tensile strength tests according to the 
SABS-method ISO 13934-1 on an Instron Universal Testing Machine (Model 4444) after the 
industrial laundering procedures were completed (50 washing and 50 washing/tumble dry 
cycles). The dimensional stability of the warp knitted terrycloth was measured and calculated 
according to the SABS-method 960.  
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Data Analysis 
 
To compare the results of the tensile strength tests, a two-directional cross-classification 

variance analysis (ANOVA) was used with fiber content and laundering procedure as factors 
[23]. The main effects were directly interpreted if the interaction effects were not significant; 
otherwise various one-directional ANOVAs were done at each of the levels of industrial 
laundering procedures to determine if the tensile strengths differ significantly. A Bonferroni 
multiple comparison procedure was used to determine where the differences between levels 
of the main effects were. Throughout this study a 5% significance level was used. The fiber 
content included cotton/nylon and cotton/polyester for the purposes of the analyses. The care 
procedures included unwashed, washed, and washed/tumble dried.  

 
 

RESULTS AND DISCUSSION 
 
The main purpose of this study was to compare the durability of cotton/nylon and 

cotton/polyester warp knitted terrycloth towel fabrics that have been exposed to industrial 
laundering procedures. The tensile strength results of samples that were washed 50 times or 
washed and tumble dried 50 times were compared to the tensile strength of the unwashed 
samples, as any change in tensile strength serves as a direct indication of a change in textile 
structure, implicating a change in durability [21].  

 
 

Description of Test Samples 
 

Fiber Composition  
The average nylon content of the cotton/nylon terrycloth samples was 4,40%. The 

cotton/polyester terrycloth samples had an average of 4,43% polyester. The difference in 
synthetic content of the two groups of samples was small enough for the synthetic 
components to be considered as similar in proportion.  

 
Structural Characteristics  

The knitted structure of both groups of terrycloth samples was identified as warp knitted 
terrycloth in which three sets of warp yarns were used, similar to those in figure 4.1. From the 
microscope analysis it was clear that the pillar stitches that formed the ground structure of the 
fabric were synthetic. The other two sets of yarns, namely the second set of warp yarns and 
the pile threads, were both cotton. In terms of the stitch density, the cotton/nylon terrycloth 
samples had an average of 48,2 wales and 65,8 courses per 10cm, while the average number 
of wales and courses per 10cm in the cotton/polyester terrycloth samples were 46,3 and 62,7 
respectively. The cotton/nylon terrycloth samples therefore had a slightly higher knit density 
than the cotton/polyester terrycloth samples. The average mass of the untreated cotton/nylon 
and cotton/polyester terrycloth samples were 560,1g/m2 en 522,2g/m2, respectively. The 
average tensile strength of cotton/nylon terrycloth samples before treatment was 296,24N and 
that of cotton/polyester was 297,84N. A variance analysis (ANOVA) was done on the above-
mentioned results to statistically determine the significance of the differences, after which the 
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cotton/nylon and cotton/polyester warp knitted terrycloth samples were considered 
comparable in terms of structural properties for the purpose of the study.  

 
Durability of Cotton/Nylon and Cotton/Polyester Warp Knitted Terrycloth Samples 
after Industrial Washing and Wash/Tumble Drying 

Of the samples that were washed only (not tumble dried), the average tensile strength of 
the cotton/polyester samples was 260,82 N, while that of the cotton/polyester terrycloth 
samples was 273,82 N. The average tensile strength of cotton/nylon terrycloth samples 
exposed to 50 wash/tumble dry cycles, was 222,04 N and that of cotton/polyester samples 
275,43 N. These results are illustrated in fFigure 4.2. A two-directional ANOVA was done on 
tensile strength against laundering procedures. The interaction was significant (p < 0.01); and 
thus one-directional ANOVA’s are given at each level of laundering in tables 4.2 and 4.3.  
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Figure 2. Comparison of the tensile strengths of unwashed (UW), washed (W) as well as washed and 
tumble dried (W and D) cotton/ nylon and cotton/ polyester warp knitted terrycloth samples. 

Table 1. Variance Analysis of Average Tensile Strength  
of Terrycloth Samples Washed 50 Times 

 
TENSILE STRENGTH 

SOURCE OF VARIANCE SK VG GK F P 

Fiber content 2538 1 2538 5.907 0.018199 

ErrorFault 
24922 58 430   
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Table 2. Variance Analysis of Average Tensile Strength  
of Terrycloth Samples Washed and Tumble Dried 50 Times 

 
TENSILE STRENGTH 

SOURCE OF VARIATION SK VG GK F p 
Fiber content 42756 1 42756 62.537 p<0.001 
ErrorFault 39655 58 684   

 
The tensile strengths of both cotton/nylon and cotton/polyester warp knitted terrycloth 

samples that were washed 50 times, are lower than those of the untreated samples, but only 
the decrease in average tensile strength of the cotton/nylon terrycloth samples is significant 
(p < 0.05). Statistical analyses confirmed that there is no significant difference (p > 0.05) 
between the average tensile strength of cotton/nylon and cotton/polyester terrycloth samples 
that were exposed to 50 washing cycles. In the case of cotton/nylon towels, this greater 
decrease in tensile strength can probably be attributed to the fact that nylon fibers 
expand/swell and weaken slightly in water as the hydrogen bonds in the amorphous areas of 
the fiber break when water molecules are absorbed. The thermoplastic nature of nylon also 
causes it to deteriorate during strenuous laundering procedures at high temperatures [6]. A 
temperature of 78°C is reached during the washing process that is much higher than the 
recommended temperature, [6][14][29]. The temperature reached during tumble drying, was 
also as high as 110°C, and in this case the exposure was lengthier.  

The reason for the decrease in the tensile strength of the cotton/polyester terrycloth 
towels can probably not be attributed to the polyester component, as there is no significant 
difference between the wet and dry strength of polyester fibers. The abrasion resistance and 
strength of polyester are not influenced by the presence of water and it should remain stable 
after repeated washes [12][14][18][33]. It is highly improbable that the alkalinity of the 
detergents caused the decrease in tensile strength, as literature shows that polyester fibers are 
only degraded by strong alkaline solutions.  

The tensile strengths of the cotton/polyester terrycloth samples that were washed 50 times 
and those that were washed and tumble dried, did not differ significantly (p > 0.05). The 
tensile strength of the cotton/nylon terrycloth samples did, however, decrease significantly. 
This decrease in tensile strength was highly significant (p < 0.001). There was also a highly 
significant difference (p < 0.001) between the tensile strengths of the cotton/nylon and the 
cotton/polyester terrycloth samples after the 50 wash/tumble dry cycles.  

In terms of the results of the cuprammonium fluidity tests, the fluidity value of the cotton 
in the cotton/nylon terrycloth samples changed from <1 to 5,5 and the degree of 
polymerisation (GP-value) thereof, from >3000 to 1848 after being washed 50 times and 
tumble dried. According to the laboratory report this value is comparable to normal damage 
during washing and bleaching during manufacturing. In contrast to this, the fluidity value of 
the cotton in the cotton/polyester terrycloth samples changed from <1 to 19,6 and the GP-
value from >3000 to 854 after being washed 50 times and tumble dried. According to the 
laboratory report, these values are comparable to strenuously bleached cotton that points to 
definite chemical damage [3]. The difference in the extent of damage of the cotton in the 
cotton/nylon and cotton/polyester terrycloth samples is difficult to explain, as they were 
exposed to the same laundering procedures. The difference in values can be attributed to the 
fact that the cotton used in the two samples could have differed in terms of a variety of 

Sirang Co.



Adine Gericke, L. Viljoen and R. de Bruin 184 

factors, such as maturity and fineness of the fibers, which could have an effect on the amount 
of chemical damage during the laundering process.  

As a result of the fluidity test results it could be expected that the cotton/polyester should 
be weaker than the cotton/nylon (which was not the case). It can therefore be expected that 
the most important cause of the difference in tensile strength in the washed and tumble dried 
samples can be attributed to degradation of the synthetic yarns in the ground structure and not 
to the cotton pile yarns or the second set of cotton warp yarns.  

The significant decrease in the strength of the cotton/nylon terrycloth after the 50 
wash/tumble dry cycles can probably be ascribed to the swelling and weakening of the nylon 
fibers when exposed to the severe friction action with concurrent high temperature during the 
tumble drying process. The fact that the tensile strength of the cotton/polyester terrycloth 
samples after the 50 wash/tumble dry cycles remained nearly unchanged is a good indication 
of the good abrasion resistance and resiliency of polyester, enabling it to withstand repeated 
and lengthy tumble drying cycles. 

 
 

CONCLUSION 
 
The purpose of the study was to compare the durability of cotton warp-knitted terrycloth 

with a nylon ground structure with that of cotton warp-knitted terrycloth with a polyester 
ground structure after exposure to industrial laundering procedures. Samples exposed to 
typical laundering processes were compared. There was a similar decrease in the tensile 
strengths of both the cotton/nylon and the cotton/polyester terrycloth samples after the 50 
wash cycles. The tensile strength of the cotton/nylon warp-knitted terrycloth towelling 
samples decreased significantly more than that of the cotton/polyester samples after the cycles 
that included washing as well as tumble-drying. It can therefore be concluded that industrial 
washing procedures have little or no effect on the strength of the nylon and polyester ground 
structures of warp-knitted towels, but that the tumble-drying process has a significantly 
greater degrading effect on the nylon componentcontent of the cotton/nylon terrycloth fabric.  

According to the literature, the tumble-drying temperatures for synthetic fabrics should 
be kept low to average. Although the temperature setting of the industrial tumble-dryer was 
120 °C, temperatures between 104 °C and 110 °C were measured. Even such temperatures 
were clearly too high for the fabrics containing nylon and, as a result, adversely affected the 
nylon component of the cotton/nylon warp-knitted terrycloth towelling samples. 

In the light of the results of the fluidity tests, on the cotton from the cotton/polyester 
fabrics, the important role that the polyester yarns in the ground structure play in ensuring 
durability of warp knitted terrycloth is underscored. The fact that the cotton content of these 
samples showed chemical deterioration (which should translate into a deterioration in tensile 
strength) would lead to the expectation that the tensile strength of the samples would be lower 
than that of their cotton/nylon counterparts. In fact, the opposite was found. When the results 
of this study, namely that the tensile strength in the warp direction of the cotton/nylon 
terrycloth samples was lower than that of the cotton/polyester terrycloth samples after 50 
wash cycles and significantly lower after 50 wash/tumble-dry cycles, and the results of the 
fluidity tests are taken into account, it is clear that the polyester component plays a significant 
role in maintaining the tensile strength of the samples during the laundering procedures.  
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It is important for towel manufacturers to take note of the fact that industrial laundering 
procedures, and specifically tumble-drying, appear to have a much greater detrimental effect 
on cotton/nylon than on cotton/polyester warp-knitted terrycloth towels. The fiber content of 
textile products plays a critical role in their durability and required care procedures. The 
importance of indicating the correct fiber content on labels of textile goods, even if it is less 
than 5%, is clearly indicated in this study. It is strongly recommended that manufacturers of 
textile goods in South Africa should accurately indicate the fiber content of textile goods on 
labels. In this way industrial laundries and/or consumers can take note of the fiber content and 
adapt the care procedures accordingly.  
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ABSTRACT 
 

Polyester type shape memory polymers were synthesized to improve their 
mechanical and shape memory properties and used for the preparation of sandwich type 
composite materials. Especially, poly(ethylene terephthalate) (PET) and poly(ethylene 
glycol) (PEG) copolymers with shape memory ability were prepared. After selecting the 
best composition of PET-PEG copolymer in mechanical properties, cross-linking agent 
such as glycerine, sorbitol, or maleic anhydride (MAH) was included for cross-linked 
copolymer, followed by analysis of its effect on mechanical, shape memory, and damping 
properties. The highest shape recovery was observed for copolymer with 2.5 mol% of 
glycerine, and the best damping effect indicating vibration control ability was from 
copolymer with 2.5 mol% of sorbitol. With the optimum copolymers in hand, sandwich-
structured epoxy beam composites fabricated from epoxy beam laminate and cross-linked 
PET-PEG copolymer showed that impact strength increased from 1.9 to 3.7 times 
depending on the type of copolymer, and damping effect also increased as much as 23 
times for the best case as compared to epoxy laminate beam alone. PET-PEG copolymers 
cross-linked with glycerol and sulfoisophthalate (SP) were also prepared to investigate 
the feasibility of vibration-control of composite laminate by additional ionic interaction. 
Composition of glycerol and SP was varied in order to get a copolymer with the best 
mechanical and shape memory properties. The highest shape recovery was observed for 
the copolymer with 2.5 mol% of glycerol and 2.5 mol% of SP. The sandwich-type 
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copolymer composite showed improved impact strength (3.5 times) and damping effect 
(2.6 times) as compared to epoxy laminate beam alone. The resultant sandwich-
structured epoxy beam composite can be utilized as structural composite material with 
vibration control ability and its glass transition temperature can be controlled by 
adjustment of hard segment content and cross linking agent composition. 
 
 

1. INTRODUCTION 
 
Since its introduction as a polynorborane type by Nippon Zeon company in 1984, various 

forms of shape memory polymers including poly(isoprene-butadiene-styrene), polyurethane, 
and polystyrene series were followed [1-6]. Specifically, shape memory polyurethane, 
developed by Nagoya Research and Development Center of Mitsubishi Company in 1988 [7], 
was composed of hard and soft segment and could recover the original shape in the 
temperature range of –30-65 oC. Hard segment and soft segment were alternatively 
polymerized, and various interactions among hard segments leaded to domain formation; hard 
segment worked as pivoting point for shape recovery and soft segment could mainly absorb 
external stress applied to the polymer. In order to utilize the shape memory effect, it is very 
important to control the structure and physical properties of shape memory polymers. 
Generally, deformation of polymer is much easier at the temperature above its Tg since it is in 
a rubbery state and has low modulus. Moreover, since there is a more than 100 times 
difference in modulus with respect to Tg, after the polymer deforms at above Tg and cooled 
back to below Tg with the load removed, it tends to retain its deformed shape. Then the 
deformation becomes frozen, and it is difficult to recover its original shape even though 
temperature is raised. Thus, normal polymers are difficult to recover its original shape. 
However, shape memory polymer has fixed points that can prevent plastic flow of chains and 
two phase structures that can reversibly change from soft to hard state depending on the 
temperature, thus recovering most of its original shape. 

Meanwhile, active research is undergoing on smart materials such as shape memory 
alloy, semiconductor, polymer, and medical supply. Shape memory material, one of smart 
materials, has a few characteristics such as shape memory, shape retention, and impact 
absorption effect. In addition, it can detect thermal, mechanical, electrical, and magnetic 
stimulus, and then respond via property changes in shape, location, modulus, damping, and 
abrasion, which can be applied to various fields [8-10]. Shape memory polymer, being 
superior to other materials in the points of lightness (1.0-1.3 g/cm3), high shape recovery 
(maximum shape recovery ratio more than 400 %), easy processing, and high damping near 
its Tg, has drawn our attention and is applied to manufacture of composite laminate with 
vibration control ability [11-14]. In our investigation, poly(ethyleneterephthalate) 
(PET)/polyethyleneglycol (PEG) copolymer is used as matrix material for the ultimate 
purpose of developing laminate composite with vibration control ability. Cross-linking agent 
such as glycerine, sorbitol, or maleic anhydride (MAH) was tried and its effect on the 
mechanical, shape memory, and damping property was compared. Comprehensive 
mechanical properties of various sandwich-structured laminate composite were examined, 
and reasons for such high vibration control were briefly discussed. Additionally, 
poly(ethyleneterephthalate) (PET)/polyethyleneglycol (PEG) copolymer is used as matrix 
material, and gylcerol and sulfoisophthalate group were adopted as covalent and ionic cross-
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linking agents, respectively. The effect of two different kinds of cross-linker on the 
mechanical, shape memory, and damping property of the copolymers was compared. 
Comprehensive mechanical properties of various sandwich-type composite laminate from the 
above copolymers were examined, and reasons for such high vibration control were briefly 
discussed. 

 

 

Figure 1. Schematic of PET-PEG copolymer cross-linked by (a) glycerine, (b) sorbitol, (c) maleic 
anhydride, and (d) glycerine and sulfoisophthalate 
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2. EXPERIMENTAL 
 

2.1. Materials 
 
DMT, EG, and PEG-200 were commercially obtained. Glycerol, sorbitol, maleic 

anhydride, and dimethyl 5-sulfoisophthalate sodium salt were used as obtained. Epoxy 
laminate beam with 1.0 mm thickness was supplied by Korea Fiber Co. and used to prepare 
unidirectional glass- fiber-reinforced composite with 2.7 mm total thickness. 

 
 

2.2. Preparation of Cross-Linked Copolymer 
 
PET-PEG copolymers were synthesized by melt-condensation method with a custom 

made reactor [13-15]. Polymerization was carried out in two steps; oligomer was prepared in 
the first step with DMT, EG, and PEG-200, and the oligomer made in first step was 
condensed and cross-linked with the agent in the second step at high temperature and high 
vacuum to shift reaction equilibrium further to product. Detailed synthetic procedure for PET-
PEG copolymer can be found in our previous paper [13-15]. Synthetic scheme and 
characterization of copolymers are shown in the results and discussion section. 

 
 

2.3. Intrinsic Viscosity 
 
Intrinsic viscosity [η] of copolymer dissolved in 1,1,2,2-tetrachloroethane/phenol (4/6, 

w/w) mixture was measured with Ubbelohde viscometer at 35°C and 0.5 g/dl of 
concentration. 

 
 

2.4. Thermal Analysis 
 
Tg and Tm were measured by differential scanning calorimeter (DSC, Perkin Elmer 

Diamond 6). Specimen was heated to 200°C at 10°C/min of heating rate, and kept at that 
temperature for 3 min, and then cooled to –30°C at –10°C/min. Tg and Tm were determined 
from the second heating scan at 10°C/min heating rate. 

 
 

2.5. Spectroscopic Analysis 
 
NMR of the copolymer dissolved in CDCl3/CD3OD mixture or trifluoroacetic acid (TFA) 

for cross-linked one was scanned by 600 MHz Bruker FT-NMR (Avance 600) at the National 
Instrument Center for Environmental Management, Seoul National University. FT-IR spectra 
were taken by Bomen MB series 104. 
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2.6. Preparation of Laminate Beam 
 
Copolymer was preheated at 60°C for 24 hour to prevent any hydrolysis from moisture, 

and compression-molded to a sheet with 1 mm thickness and 5 mm width at 30 oC above its 
Tm. Sandwich-type laminate composite was prepared by compressing two 1.0 mm epoxy 
laminate beams and the above PET-PEG copolymer sheet in middle layer at 210 oC in a 
heating press. 

 
 

2.7. Mechanical Properties and Shape Memory Analysis 
 
All specimens for the mechanical property measurement were preheated at 60°C for 24 

hours in order to prevent reverse reaction (hydrolysis) from the moisture during the 
processing, and compression molded to a sheet having 1mm thickness and 5 mm width at the 
temperature of 30°C above its Tm. Tensile tests were performed using universal testing 
machine (UTM, Lloyd LR 50K), and dumbbell type specimens according to ASTM D-638 
were used with a crosshead speed of 100 mm/min. For dynamic mechanical property 
measurements, dynamic mechanical thermal analyzer (DMTA, Rheometric Scientific, Mark 
IV) was employed and specimen with 1mm thickness and 5 mm width sheet was used. All 
tests were conducted at a 3°C/min heating rate and 1.1 Hz. 

Shape memory effect was tested using the identical specimen for a tensile test, and UTM 
equipped with temperature controlled thermal cabinet was used. For the shape retention rate 
measurement, following procedures were used. First, specimen with a length L0 was strained 
to 100 % at the temperature above its Tg but below Tm, and stayed at that condition for 1min. 
Secondly, with the strain fixed, specimen was cooled back to the temperature below its Tg, 
and the load was removed and stayed at this condition for 30min, then the deformed length L1 
was measured. For the shape recovery measurement, after measuring L1, specimen was 
heated again to the temperature above its Tg but below Tm, and stayed at this temperature for 
10 min. Then the specimen was cooled back to the temperature below its Tg and stayed at this 
temperature for 30 min. After this, final specimen length L2 was measured. Thus, shape 
retention rate and shape recovery rate can be defined as follows. 

 
Shape retention rate(%) = (L1– L0)/L0 × 100  
Shape recovery rate(%) = (2L0– L2)/L0 × 100 
 

L0 L2L12L0

where 

L0 = initial specimen length

2L0 = length of L0 strained 100%at above Tg, 

below Tm 

L1 = deformed length at below Tg after load  
removal 

L2 = final specimen length at aboveTg, below Tm 

L0 L2L12L0

where 

L0 = initial specimen length

2L0 = length of L0 strained 100%at above Tg, 

below Tm 

L1 = deformed length at below Tg after load  
removal 

L2 = final specimen length at aboveTg, below Tm 

 

Figure 2. Specimen for testing shape retention and shape recovery rate 
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This whole cycle represent 1 shape memory test, and the copolymers were treated 3 
shape memory tests. 

 
 

3. RESULT AND DISCUSSION 
 

3.1. Preparation of Copolymers 
 
PET-PEG copolymers were prepared with DMT by melt-condensation method using the 

polymerization reactor custom made by Go Do Engineering Co. The copolymers were 
prepared in two different ways by either changing MW or composition of PEG. In addition, 
cross-linking agent was added in various ratios into the copolymer composed of 4 mol% of 
EG and 1 mol% of PEG. The polymerization reaction was carried out in two steps; in the first 
step, oligomers were prepared from DMT, EG, and PEG, and in the second step, the 
oligomers made in first one was condensed to polymers by esterification reaction which 
required high temperature, constant stirring, and high vacuum to shift the reaction equilibrium 
further to the products. The mole ratio of reactants was 50:80:20 (DMT:EG:PEG). 
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Figure 3. Synthetic scheme of PET-PEG copolymer 
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Into the mixture containing EG, PEG (200 g/mol), and DMT that was heated to 145°C 
was added calcium acetate as catalyst, and the mixture was further heated to 200 oC. 
Methanol was removed from the reaction mixture by distillation and the esterification was 
continued until the methanol was not produced any more, followed by the addition of 
phosphorous acid as stabilizer with an additional 10 minute stirring. After transferring the 
oligomer mixture into the polymerization reactor that was heated to 245°C and addition of 
antimony oxide as catalyst, the mixture was heated to 270°C and kept under vacuum (45 
mmHg) for 30 minute to remove unreacted EG and PEG. Following the addition of cross-
linking agent, the reaction was carried out for polymer condensation under high vacuum (1 
mmHg) for 3 hrs. The synthetic scheme of copolymers synthesized is shown in Figure 3. 

 

 
 

 

Figure 4. Spectra (NMR and FT-IR) of PET-PEG copolymers. 
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3.2. Spectroscopic Analysis of the Copolymers 
 
In Figure 4, the proton NMR spectrum of a cross-linked polymer showed that chemical 

shift of EG moved from 3.4 ppm of free EG to 4.4~4.7 ppm of the polymer, originating from 
the electron-withdrawing ester formation during polymerization, and the composition of EG 
and PEG calculated by dividing integration ratio between EG and PEG with their number of 
protons was found to be 4.05:1.00 which was in excellent agreement with the theoretical ratio 
of 4:1. Proton NMR peaks of PEG and DMT were observed at 3.5-3.8, and 8.0-8.2 ppm, 
respectively, and inclusion of cross-linking agent generally shifted the above peaks downfield 
by 0.2-0.3 ppm. The peaks appearing at 1.57 ppm and 2.17 ppm were coming from the trace 
amount of methanol in CD3OD solvent and cross-linking agent, respectively. In the FT-IR 
spectrum of Figure 4 was shown the complete disappearance of the –OH stretching at 3300 
cm-1 which was found as broad band for the free EG and PEG. Judging from the NMR and 
FT-IR data, the copolymerization proceeded as expected. 

 
 

3.3. Tensile Property 
 
Figure 5 shows the maximum stress of PET-PEG copolymers prepared in this study. As 

can be seen, the maximum stress increased with the addition of PEG, but started to decrease 
afterwards. Especially, when the PEG with molecular weight 200 g/mol was used, highest 
maximum stress was obtained at 10 mol% of PEG. However, at more than 10 mol% PEG, the 
maximum stress started to decrease. Also, as the molecular weight of PEG increased, 
maximum stress generally decreased. Strain at break increased very slightly in the case of 
PET-PEG copolymers with the PEG molecular weight of 400, 600 and 1000 g/mol. However, 
in the case of PEG having 200 g/mol of molecular weight, the percent strain at break 
increased very slightly up to 10 mol% PEG. However, at more than 10 mol% PEG, percent 
strain at beak increased abruptly, and at 20 mol% of PEG, it reached more than 1000 %. 
Considering that the minimum percent strain at break that can test the shape memory effect is 
100 %, shape memory effect can only be tested for the PET-PEG copolymers where the 
molecular weight of PEG is 200 g/mol and the composition is 15 to 20 mol%. 

Maximum stress and percent strain at break of PET-PEG copolymers cross-linked by 
maleic anhydride (MAH) were shown in figure 6. Maximum stress showed an abrupt increase 
from about 3 MPa to 8.8 MPa at 1.5 mol% of MAH addition, and decreased to about 6 MPa 
at 2.5 mol% of MAH. But regardless of MA content, all PET-PEG-MAH copolymers showed 
higher maximum stress compared to PET-PEG copolymer. This is due to the increased 
resistance to deformation resulting from the formation of cross-links within the polymer 
chains. In the case of percent strain at break, it decreased from about 1100 % to about 750 % 
as the MAH is introduced. Even though there was a slight increase in percent strain at break 
between 1.5 and 2.5 mol% of MAH, the overall trend is obviously a decrease. This is an 
expected result considering that the added MAH increases the number of cross-links in the 
polymer chains, thus reducing the extensibility of chains. 
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Figure 5. Maxmum stress and strain at break profiles of PET-PEG copolymers 
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Figure 6. Maximum stress and strain at break profiles of PET-PEG-MAH copolymers. 
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Because PET-PEG copolymer with 20 mol% of PEG 200 (E200-20) showed the best 
tensile test result, the composition was used for preparation of copolymer with cross-linking 
agent (glycerine or sorbitol) and related shape memory test (Table 1).  

 
Table 1. Properties of PET-PEG Copolymers 

 

Sample Code PEG(mol%) PEG MW(g/mol) Tg (°C) Tm (°C) [η](dl/g) 

PET  0 -  79.1 252.0 0.68 
E200-10 10  200  33.5 213.5 0.62 
E200-20 20  200   8.1 167.3  0.60 
E400-10 10  400 -12.9 200.0 0.70 
E600-10 10  600 -32.4 194.6 0.67 
E1000-5  5 1000 -42.5 221.2 0.55 

 
Tensile test results of cross-linked copolymers indicated that tensile strength generally 

increased, but strain at break decreased as more cross-linking agent was included (Table 2). 
 

Table 2. Comparison of Cross-linked PET-PEG Copolymers 
 

Sample 
Code 

PEG 
(mol%) 

PEG MW 
(g/mol) 

Cross-link Agent 
(mol%) 

Maximum 
Stress 
(N/mm2) 

Strain at 
Break (%) 

Tg 

(°C) 

E200-20 20 200 - 5.9 1122 11.2 

G-15 20 200 Glycerine (1.5) 16.5 317 14.3 

G-25 20 200 Glycerine (2.5) 19.6 48 23.7 

M-15 20 200 Maleic anhydride (1.5) 9.1 832 13.2 

M-25 20 200 Maleic anhydride (2.5) 9.1 770 14.1 
S-15 20 200 Sorbitol (1.5) 14.4 805 9.2 

S-25 20 200 Sorbitol (2.5) 14.3 632 11.7 

 
Such result undoubtedly originated from higher resistance to deformation by introduction 

of cross-linking in copolymer chain, and the concomitant cross-linked solid structure resulted 
in high tensile strength and low strain at break. Among cross-linked PET-PEG copolymers, 
one cross-linked by glycerine showed the highest tensile strength and the lowest strain at 
break. 

Maximum stress of glycerol (1.0 and 1.5 mol%) cross-linked copolymers showed initial 
decrease with SP content and sharp increase at SP content higher than 1.5 %; copolymers 
with 2.5 mol% glycerol content had gradual increase with SP content. Strain at break of 
copolymers (1.0 and 1.5 mol% of glycerol) increased with SP contents up to 1.5 % and 
decreased at higher content, but 2.5 mol% glycerol copolymer showed slow decrease with 
inclusion of SP. Both maximum stress and strain at break results are similar to Tg data in the 
following section, and explanation for the combined results will appear there. 
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Figure 7. Maximum stress and strain at break profiles of PET-PEG-Glycerol-SP copolymers. 

 
3.4. Thermal Property 

 
As shown in Figure 8, Tg decreases rapidly as the PEG is introduced, but this tendency is 

weakened as the PEG content increases. At the same PEG content, PEG with higher 
molecular weight showed a larger decrease in Tg values. Tm also decreases linearly with the 
PEG addition. Compared to Tg behavior, Tm change with respect to molecular weight of PEG 
is small, but as the molecular weight of PEG decreases, Tm decreases less. Thus, Tg and Tm 
decrease behavior is due to the increase of chain flexibility and decrease of the chain 
regularity with the addition of PEG. 

Table 3 shows the similar data of PET-PEG copolymers cross-linked by MAH. Tg was 
affected by the MAH addition, but Tm was not. In general, Tg increased from 8.1°C to 17.7°C 
when 2.5 mol% of MAH was introduced. The observed Tg increase with the MAH addition is 
due to the restricted molecular motion resulting from the increased cross-linking [16]. 

 
Table 3. Characterization of PET-PEG copolymers cross-linked by MAH 

 
Sample Code PEG MW (g/mole) MAH (mole%) Tg (°C) Tm (°C) [η] (dl/g) 
E200-20 200 0 8.1 167.3 0.60 
MAH05 200 0.5 8.3 165.1 0.62 
MAH10 200 1.0 9.8 164.2 0.71 
MAH15 200 1.5 11.6 166.3 0.65 
MAH20 200 2.0 13.6 164.3 0.79 
MAH25 200 2.5 17.7 164.2 0.67 
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Figure 8. Phase transition temperatures of PET-PEG copolymers. 

Tg of the copolymers with different combination of glycerol and SP was compared in 
Figure 9. 
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Figure 9. Glass transition temperatures of PET-PEG-Glycerol-SP copolymers. 
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For the copolymers with 1.0 and 1.5 mol% of glycerol, addition of SP decreased the 
transition temperature up to 1.5 mol%, and steep increase of Tg was observed from 1.5 to 2.5 
mol% region. Unlike the above series, the copolymers with 2.5 mol% of glycerol showed 
constant increase of Tg with the SP content. Such result can be understood from the fact that 
the copolymer chain is not tightly cross-linked at lower mol% of glycerol (1.0 and 1.5 mol%) 
and the presence of SP along the chain hinders ordered chain packing, thus resulting in 
reduced Tg. But, as the SP content increases, inter-chain ionic interaction among sulfonyl 
sodium salt groups additionally improves inter-chain attraction and, therefore, Tg value 
increases at SP content higher than 1.5 mol%. Highest inclusion of glycerol (2.5 mol%) 
dominates the copolymer cross-linking, and the decrease of Tg at lower mol% of SP observed 
in the above case do not happen because covalent cross-linking of glycerol can subdue the 
disrupting effect of SP. As more SP was included, Tg of 2.5 mol% glycerol copolymer also 
increased due to the additional ionic inter-chain interaction originating from sulfonyl groups. 
The above explanation can be applied to the tensile test results. Such trend can be consistently 
observed in the following mechanical and shape recovery data, and combination of covalent 
cross-linking by glycerol and ionic interaction by SP can manipulate the desired transition 
temperature of copolymers. 

 
 

3.5. Shape Memory Effect 
 
Shape memory experiments were performed on the PET-PEG-MAH copolymers. As 

shown Figure 10, PET-PEG-MAH copolymers generally exhibited a slightly lower shape 
retention value compared to PET-PEG copolymer, but all specimens showed an excellent 
shape retention of more than 90 %. The overall trend is a decrease in shape retention with the 
MA addition, but shape retention increased again at more than 2 mol% of MAH. Maximum 
shape recovery rate is obtained at 1.5 to 2.0 mol% of MAH, which is due to the effect of 
cross-links formed by the MAH on the recovery of the soft segment: PET acts as physical 
cross-link point and MAH does as chemical cross-link point. And it is dispersed evenly 
within the matrix as physical cross-link point, and results in the improvement of shape 
memory effect in PET-PEG-MAH copolymers. This behavior can be observed in the Figure 
10, which shows the shape recovery rate of PET-PEG-MAH specimens after 3 cycles of 
shape memory tests. Best shape recovery effect is observed for the PET-PEG-MAH 
copolymer with 2mol% of MAH, which is due to the high resistance to plastic deformation of 
chain segment to the stress by chemical cross-linking of MAH. In contrast, PET-PEG 
copolymer fractured after only 2 cycles of shape memory tests due to the severe plastic 
deformation of chains to the stress. 

As for glycerol or sorbitol cross-linked copolymers, shape retention rate slightly 
decreased, but shape recovery significantly increased after cross-linking. Especially, PET-
PEG copolymer cross-linked by glycerol showed the highest shape recovery rate (Figure 11). 
For example, shape recovery rate of E200-20 decreased from 50.5 % to 21.5 % after two 
cycles of shape memory test, but G-15 and G-25 maintained 51.0 % and 79.9 %, respectively, 
under the same condition. PET-PEG copolymer cross-linked by sorbitol also exhibited high 
shape recovery rate. The specific shape memory test results are summarized in table 4. As for 
all cross-linked copolymers shape retention rate was more than 95 %, which told us that 
deformed shape of copolymer could be almost perfectly kept below transition temperature. 
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Figure 10. Shape memory profiles of PET-PEG-MAH copolymers. 
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Table 4. Shape Memory Test Results of Copolymers 
 

First Cycle Second Cycle Third Cycle 
Sample 
Code Recovery 

(%) 
Max Stress 
(Mpa) 

Recovery 
(%) 

Max Stress 
(Mpa) 

Recovery1 
(%) 

Max Stress 
(Mpa) 

E200-20 51.8 0.85 23.5 0.56 - 0.37 
G-15 69.4 0.90 53.7 0.75 - 0.60 
G-25 85.8 1.00 82.2 0.85 - 0.52 
M-15 70.3 0.97 41.7 0.49 - 0.46 
M-25 76.1 1.01 66.0 0.77 - 0.33 
S-15 52.3 0.76 36.1 0.68 - 0.42 
S-25 68.7 0.92 34.7 0.78 - 0.53 

1 Recovery for the third cycle was not proceeded because of the very low value of E200-20 
 
Shape retention rates of the glycerol and SP cross-linked copolymers generally maintain 

97-99 % of the original shape, but shape recovery rates are significantly dependent on cross-
linking agents. In Figure 11, cyclic shape memory test results of 1.0 mol% glycerol 
copolymers with various SP contents were compared; shape recovery was getting worse with 
inclusion of SP up to 1.5 % and was substantially improved at 2.5 mol% of SP to a level that 
was better than the starting one without SP. Cyclic tests were done with 1.5 mol% glycerol 
copolymers with various SP contents; shape recovery again decreased up to 1.5 mol% of SP 
and went up at 2.5 mol% of SP, a result showing similar trend as 1.0 mol% case. Finally, 2.5 
mol% glycerol copolymers were not much affected by the content of SP: there are some drops 
in shape recovery for the cases of 0.5 and 1.0 mol% of SP, but 1.5, 2.0, and 2.5 mol% of SP 
all showed higher shape recovery. From above results, shape recovery rates of the copolymers 
at low mol% of glycerol can be controlled by the content of SP, and high glycerol content 
dominates the shape recovery effect with very minor dependence on SP content. Again, shape 
memory results remind us of the differences in inter-chain interactions coming from glycerol 
and SP as explained above. 

In addition to chemical cross-linking, following characteristics can be responsible for 
high shape recovery of cross-linked copolymer: (1) molecular interactions among hard 
segments (PET part), such as hydrogen bonding, dipole-dipole interaction of carbonyl groups 
of PET, and induced dipole-dipole interaction of aromatic rings, work as pivoting point for 
shape memory after several deformation-recovery processes; (2) soft segment (PEG part) 
effectively and entirely absorb the applied stress so that relative position of hard segment or 
original shape of copolymer can be safely preserved under severe experimental conditions; 
(3) glycerol, shorter cross-linking agent than sorbitol, is more effective for shape memory, 
because, although both are connecting hard segment, short and rigid structure of glycerol is 
more favored for shape retention of hard segment: (4) MAH which cross-links soft segment is 
inferior to glycerol or sorbitol, because soft segment’s role in shape memory copolymer is to 
absorb external stress and cross-linking by MAH hinders flexible movement of soft segment. 
The mechanism for the higher shape memory properties of glycerol-cross-linked copolymers 
can be schematically explained as in Figure 12: hard segments connected through cross-
linking and inter-chain interactions maintains the original shape, while soft segments 
reversibly absorb external stress. 
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Figure 11. Shape memory profiles of PET-PEG-Glycerol-SP copolymers: G and D designate the mole 
% of glycerol and sulfoisophthalate, respectively. 
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Figure 12. Schematic of shape memory effect of glycerol cross-linked copolymers. 

 
3.6. Charpy Impact Strength Test 

 
Unnotched Charpy impact strength of composite laminate was compared in Figure 13. 

Impact strength normal to the laminate layer of sandwich structure direction was measured 
with unnotched specimens [17]. As compared to epoxy beam laminate by itself, composite 
laminate showed higher impact strength; laminate with uncross-linked copolymer (E200-20) 
or cross-linked one by sorbitol (S-25) or maleic anhydride (M-25) had more than 4 times 
higher impact strength than epoxy laminate; laminate with glycerol (G-25) was the lowest in 
impact strength, but still 2 times higher than epoxy laminate. Above results are closely related 
to the stiffness of copolymer which differentiates overall impact strength of laminate; from 
the transition temperature of copolymer (E200-20: 8.1 oC, G-25: 23.7 oC, S-25: 11.7 oC, and 
M-25: 14.1 oC), relative softness at room temperature where impact strength is measured 
should be reversely proportional to transition temperature. Therefore, G-25 itself and the 
laminate made of G-25 get the most solid structure among compared copolymers, but such 
rigid structure is very weak in absorbing external impact and shows low impact strength. 
Compromise of shape memory and impact strength of copolymer is necessary depending on 
what is the required property under various surrounding conditions. 

Laminates made from the copolymers with glycerol and SP showed 1.3-2.6 times higher 
impact strength than epoxy laminate. Inclusion of glycerol lowered impact strength of the 
laminate and presence of SP additionally decreased the value; the higher rigidity of cross-
linked copolymer is mainly responsible for the decrease of impact strength and the desired 
impact strength can be adjusted by control of the composition of glycerol and SP. 
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Figure 13. Charpy impact strength of cross-linked copolymers. 
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The impact strength results are closely related to the transition temperature of copolymers 
(E200-20: 8.1 oC , G10D10: 23.6 oC, G10D25: 27.7 oC, G15D10: 24.7 oC, G15D25: 28.4 oC, 
G25D10: 25.3 oC, G25D25: 30.7 oC); relative softness at room temperature where impact 
strength is measured should be reversely proportional to transition temperature. Therefore, 
laminates made of G-25 series get the most solid structure among compared ones, but such 
rigid structure is very weak in absorbing external impact and shows low impact strength. 
Compromise of shape memory and impact strength of copolymer is necessary depending on 
what is the required property under various surrounding conditions. 

 
 

3.7. Dynamic Mechanical Property of Sandwich Laminate Beam Structure 
Composite 

 
Storage modulus and tan δ of sandwich laminate beam composites were compared in 

Figure 14. Storage modulus of epoxy laminate beam was in high contrast with all other 
copolymer laminates; all of copolymer laminates except G-25 showed similar shape over the 
temperature range, significant drop at transition temperature and immediate recovery at 
higher temperature 
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Figure 14. Storage modulus and tan δ of composite laminates with cross-linked copolymers. 
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Figure 14. (Continued). 

 
Laminate with G-25 with its rigid and well cross-linked copolymer is hard to rearrange its 
chains at high temperature once organized structure is dismantled. Deviation of G-25 
laminate from other copolymer laminates is in accord with the above Charpy impact strength 
result. Tan δ sharply changed at transition temperature for all of copolymer laminate with no 
exception of G-25 laminate; their peak temperatures are in good order with transition 
temperatures of each copolymers. But epoxy laminate was not responsive over temperature 
ranges as expected from the storage modulus results. Because tan δ indicates damping ability, 
high tan δ of copolymer laminates (23 times as high as epoxy laminate for the best case) 
around room temperature range suggests the possibility of developing highly vibration-
controlling composite material. 

Storage modulus and tan δ of sandwich laminate beam of glycerol and SP copolymer 
composites of G25 series were compared in Figure 15. Storage modulus of epoxy laminate 
beam was in high contrast with all other copolymer laminates; G25 copolymer laminates 
showed similar shape over the temperature range, significant drop at transition temperature 
and immediate recovery at higher temperature. Additional ionic interaction from SP, together 
with glycerol cross-linking, increased transition temperature and the increase was 
proportional to SP content. Tan δ sharply changed at transition temperature for all of 
copolymer laminate. But epoxy laminate was not responsive over temperature ranges as seen 
in the above copolymers. There are still more rooms in fine-tuning of copolymer structure 
through modification of cross-linking method, PEG chain length, and hard segment structure 
for the control of transition temperature, vibration absorption, and mechanical properties. 
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Figure 15. Storage modulus and tan δ of composite laminates with SP cross-linked copolymers. 

 
3.8. Dynamic Mechanical Thermal Property 

 
Figure 16 shows loss tan δ and storage modulus E′ of PET-PEG (PEG MW= 200 g/mol) 

and PET-PEG-MAH copolymers (1.0 and 2.0 mol% of MAH). All specimens exhibit a order 
of 2 or 3 decrease in storage modulus around their Tg. Storage modulus below Tg becomes 
higher as MAH is introduced into PET-PEG copolymer, originating from the reduced chain 
mobility by MAH cross-linking. As a shape memory copolymer, PET-PEG copolymer will 
retain the deformed shape when it is deformed in the rubbery plateau region and cooled below 
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Tg. And it will recover its original shape, after heating to the rubbery plateau region. At the 
temperature below Tg, copolymer with higher E′ shows better shape retention, and the 
copolymer with smaller E′ becomes easily deformed at the temperature above Tg. In general, 
modulus drop at Tg is about 10~1000 [18].  
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Figure 16. Storage modulus and tan δ of PET-PEG copolymers. 

The storage modulus drop width (transition width) is narrower for the PET-PEG-MAH 
copolymers compared to PET-PEG copolymer, indicating that MAH cross-linking conferred 
temperature sensitivity to the copolymer by inducing more organized structures [19]. Higher 
tan δ was observed as MAH is introduced, and also the peak was found at the higher 
temperature. It is known that better shape recovery is achieved as tan δ becomes higher since 
it can deform like an elastomer. Thus, it can be predicted that PET-PEG-MAH copolymer 
will get better shape recovery since it has higher tan δ value. Another point to note is that as 
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MAH is introduced, the width of rubbery plateau region above Tg increases. Because it is well 
known that the width increases with molecular weight, the above result confirms that MAH 
cross-linking increases molecular weight of the PET-PEG copolymer. Similar behavior is also 
observed in the intrinsic viscosity of PET-PEG-MAH copolymer (Table 3). 

Storage modulus and tan δ of three types of cross-linked PET-PEG copolymers (glycerol, 
sorbitol, and MAH) were compared. Storage modulus abruptly decreased around Tg, and 
increased later at about 60 oC above their Tgs for all three kinds of cross-linked copolymers, 
which could be coming from disorganzation at Tg and recrystallization at higher temperature 
of PET-PEG copolymer chains during heating process in dynamic mechanical property 
measurement, and such result was not uncommon as previously observed for 
poly(trimethyleneterephthalate) [20-23]. As more cross-linking agent was included in the 
copolymer chain, storage modulus profile generally shifted toward higher temperature, and 
thus recrystallization of copolymer chains occurred at higher temperature, which originated 
from combined interactions from additional chemical cross-linking, dipole-dipole interaction 
of carboxyl groups of PET, and induced dipole-dipole interaction between phenyl rings 
[24,25]. Based on the result, it can be suggested that variation of dynamic mechanical 
property over temperature can be overcome by drawing process of specimen before heating. 

Similar thermomechanical trend was observed in the tan δ profile at around Tg and small 
relaxation shoulder immediately after Tg was probably coming from temporary disruption of 
chains during recrystallization. Addition of cross-linking agent resulted in broader tan δ 
profile, because restricted chain movement by cross-linking agent made chain rearrangement 
slower and more energy-consuming process than uncross-linked copolymer; therefore, both 
disorganization and recrystallization were observed at a broader temperature range. In 
addition to broadening of transition area in tan δ vs. temperature profile, and temperature at 
peak transition shifted toward higher region, which could be interpreted by the same 
mechanism. As high tan δ means better deformation and shape recovery, cross-linked PET-
PEG copolymers are promising candidates for shape recovery material based on tan δ results. 
Rubbery plateau region observed at higher temperature narrowed with introduction of cross-
linking agent such as glycerine or sorbitol, but MAH-cross-linked copolymer had similar 
width of rubbery plateau region as uncross-linked one; such difference which is presumed to 
be coming from the cross-linking point, hard-segment linking (glycerine and sorbitiol) or 
soft-segment linking (MAH), tell us once again the importance of selection of cross-linking 
agent in developing highly reliable shape memory copolymer. 

It is generally known that shape memory polymer retains its deformed shape, if stressed 
at rubbery plateau region that is above Tg and then cooled to a temperature below Tg, and it 
recovers original shape if heated to rubbery plateau region again. Therefore, shape memory 
polymer has better shape retention property at temperature below Tg with the resulting high 
storage modulus, and its deformation becomes easier at temperature above Tg because of low 
storage modulus. From a different perspective, cross-linked PET-PEG copolymer, especially 
one by glycerine or sorbitol, showed significant modulus change around Tg which was above 
the necessary modulus change (order of three) as a temperature sensitive material, resulting in 
high hope for application in that area. Among the copolymers, comparatively sharper 
transition in glycerine-cross-linked one suggests that cross-linking at hard segment (PET), 
and short and rigid cross-linking agent are also advantageous in developing highly 
thermosensitive material [26]. 
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Dynamic mechanical test results of copolymers with three different cross-linking agents 
are summarized as follows: (1) cross-linking by glycerine provides higher Tg, storage 
modulus, tan δ, and apparent change of storage modulus plus sharp transition of tan δ around 
Tg; (2) cross-linking by sorbitol also shows similar characteristics as glycerine, but transitions 
for both storage modulus and tan δ are blunt, which comes from the fact that flexible cross-
linking of hard segment by sorbitol may mitigate strong interaction and shape retention 
among hard segments as observed in shorter glycerine; (3) cross-linking by MAH is least 
successful in obtaining improved thermomechanical properties, and interconnection of soft 
segments like MAH cross-linking is not desirable for our purpose, because soft segment 
should absorb external stress instead of blocking free movement of PEG chains. 
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Figure 17. Storage modulus and tan δ of glycerine cross-linked copolymers. 
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Figure 18. Storage modulus and tan δ of sorbitol cross-linked copolymers. 
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Figure 19. Storage modulus and tan δ of MAH cross-linked copolymers. 
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4. CONCLUSION 
 
As a preliminary search for developing composite laminate material with vibration 

control ability, various cross-linked shape memory copolymers were investigated for damping 
effect. PET-PEG copolymers consisting of PEG soft segment and PET hard segment was 
synthesized along with PET-PEG copolymers cross-linked by maleic anhydride (MAH). 
Experimental results showed that highest tensile properties were obtained in the case of PET-
PEG copolymer with the mol ratio of 80 mol% EG and 20 mol% PEG having 200 g/mol of 
molecular weight. Addition of MAH resulted in decrease of strain at break and increase of 
maximum stress, together with increase of shape memory effect and damping (1.5 to 2.0 
mol% of MAH). Cross-linking agents such as glycerine and sorbitol were also tried, and each 
cross-linked copolymer showed its own merits in different tests. Addition of glycerine, or 
sorbitol as a cross-linking agent also improved both shape memory and damping effect. 
Highest shape recovery rate was obtained with 2.5 mol% of glycerine, and highest tan was 
from 2.5 mol% of sorbitol. When sandwich-type composite laminate was prepared with glass-
fiber-reinforced epoxy beam and cross-linked copolymer, Charpy impact strength increased 
1.9 ~ 3.7 times and damping effect also increased 23 times for the best case at room 
temperature as compared to pure epoxy beam. Thus, cross-linked PET-PEG copolymer 
sandwiched to laminate composite, enables developing composite materials with controlled 
Tg and high damping effect. Copolymers having covalent cross-linking by glycerol and ionic 
interaction from SP group were compared with the above cross-linked copolymers. Shape 
retention rate of the copolymers showed very high value (97-99 %); shape recovery at low 
mol% of glycerol showed initial decrease and sharp increase with SP content, but 2.5 mol% 
glycerol copolymer series had gradual increase with SP content. Such results originated from 
the balance between strong covalent cross-linking by glycerol and weak ionic-interaction 
from SP, and the additional fine control of shape recovery by ionic interaction helps in 
developing custom-made smart material. Similar trend was observed for the glass transition 
temperatures of copolymers. Composite laminates prepared with the copolymer (glycerol and 
SP) showed high impact strength and loss tangent δ, and their value can be adjusted with SP 
content. Finally, physical properties of the sandwich-type laminate with shape memory 
copolymer can be controlled by proper selection of cross-linking agents, which is very helpful 
in developing composite materials with controlled Tg and high damping effect. 
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Special attention to these polymers is defined by their specific feature, which is 

orientation in the melt, mostly associated with the intense development in computer 
technologies. Owing to this property such polymers are devoted to the “family” of liquid-
crystal polymers. The liquid-crystal properties are also observed for PAI with an uneven 
number of CH2-groups [1]. It should be noted that polyalkanimide (PA-12), discussed in [2 - 
14], also displays liquid-crystal properties under definite processing modes.  

Liquid-crystal aromatic copolyesters (LCP) were studied. They were derived from 
dioxydiphenyl diacetate, acetoxybenzoic, iso- and terephthalic acids (IPA and TPA, 
respectively): 100/0, 75/25, 50/50, 25/75, 0/100. 

 
n = 50, m = 25, f = 25 
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Thermal stability of LCP with different TPA/IPA ratio was studied by dynamic 
TGA/DTA techniques. Table 1 shows DTA/TGA data obtained in argon flow. Data obtained 
in air are shown in Figure 1.  

 

 

Figure 1. TGA data obtained at the heating rate of 5°/min in air for liquid-crystal polymers (LCP): KI-0 
(1), KI-25 (2), KI-50 (3), KI-75 (4), and KI-100 (5). 

Table 1. LCP sample characteristics 
 

TGA/DTA data in argon flow (with heating 
rate 10°/min) 

 
 

Sample 

 
TPA/IPA ratio, mol% 

 
Melting range, °C 

Degradation initiation 
temperature, °C 

KI-0 100/0 410 - 415 490 
KI-25 75/25 360 - 365 480 
KI-50 50/50 340 - 350 472 
KI-75 25/75 300 - 315 455 

KI-100 0/100 315 - 325 450 
 
Without air oxygen LCP degrade in one stage, forming significant amount of coke 

residue (up to 40wt.% at 700°C). Two endothermic heat effects were observed on DTA 
curves: a low one in the melting range and quite intense one in the polymer degradation zone. 
Calculation of the heat effect gave ΔH = 1 – 2.5 kJ/mol. As decided from the studies of 4-
hydroxybenzoic and 2,6-hydroxynaphthoic acid copolymer by DSC method [15], the heat 
effect of about 1 kJ/mol relates not to real melting, but to changes in the order strength at 
transition from crystal to mesophase. Apparently, due to superimposition of heat effects 
which accompany degradation, and transition to the isotropic melt, nobody succeeded in 
detecting temperature transition associated with LCP changing the isotropic degree.  

Thermal stability of LCP in air is significantly (by 25 - 30°C) lower than in argon. 
According to dynamic TGA data in air (Figure 1), mass losses of studied LCP are observed in 
the temperature range of 350 - 800°C. The degradation proceeds in two stages: the first stage 
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at 350 - 550°C is accompanied by mass losses up to 40 wt.%; the second stage is slower and 
proceeds in the temperature range of 550 - 800°C up to full degradation of the polymer. The 
coke content at 750 - 800°C equals 1 – 3 wt.%. As shown by DTA data, LCP degradation 
stages are accompanied by exothermal heat effects. As tested in the air, a low endothermic 
heat effect is absent in the melting range, apparently, due to overlapping by exothermal 
effects of degradation reactions. LCP rating in the sequence with thermal stability decrease is 
the following: KI-0 > KI-25 ≥ KI-50 > KI-75 > KI-100.  

The increase in IPA content shifts the melting range towards lower temperatures and 
reduces LCP thermal stability. The study of LCP phase transitions by X-ray analysis in the 
temperature range of 20 - 400°C indicates similar changes in all LCP. Annealing at 300°C 
causes an insignificant increase of the main crystalline reflex. As an example, Figure 2 shows 
the difractogram for powder-like and mold samples of KI-75 LCP. No phase transitions 
(reflex occurrence and elimination) were detected in the studied temperature range in LCP. 
This may prove the DTA results and suggestions about closeness of degradation temperatures 
and transitions to mesophase [15]. The ability of studied materials to transit to the so-called 
“liquid-crystal state” characterizes their behavior at processing temperatures. At softening 
temperature (as regards to the structure, this range falls within 300 - 400°C) a jump-like 
viscosity decrease is observed in all polymers. Hence, extremely strong fibers are formed 
from the melt. This effect is explained [16] by cooperative orientation of large macromolecule 
axes along the flow direction (viscosity anisotropy), which is realized only in LCP.  

 

 

Figure 2. Diffraction patterns for LCP-2 powder at heating 1 – powder-like sample (20°C) 2 - powder-
like sample (300°C) 3 - powder-like sample (350°C) 4 powder-like sample (400°C) 5 – mold sample.  

Thermal stability of polymers depends upon several factors: structure, molecular-mass 
parameters, content of macrochain defects, labile end groups (currently, hydroxyl ones), low-
molecular organic (non-reacted, residual monomers) or inorganic (increments of metal ions 
from the raw material and equipment) additives in the macromolecules.  
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The composition of inorganic additives in monomers and LCP were studied by plasma-
emission spectroscopy technique. The example of KI-75 LCP, studied by TGA, shows the 
effect of some metal increments on thermal stability. The additive content was increased by 
injection of inorganic salts of appropriate metal into the polymer. Table 2 shows comparative 
data on Cu, Fe, Ni, Ca, and Al content and temperatures of degradation initiation by TGA.  

 
Table 2. The effect of metal increments on the thermal oxidative stability of KI-75 LCP 

 
Metal Content, wt.% Degradation initiation temperature (Td) by TGA in 

air, 10°/min heating rate 
1.3×10-3 320 Fe 
1.3×10-2 300 
1.4×10-3 320 Al 
1.4×10-2 320 
4×10-3 320 Ca 
4×10-2 320 

1.0×10-3 320 Ni 
2.0×10-2 325 
1.3×10-5 320 Cu 
2.0×10-3 330 

 
The results obtained show different effect of metal increments on LCP thermal oxidative 

stability. In the studied range of concentrations, aluminum and metals of the alkaline 
sequence (Ca, Na, K, etc.) do not practically affect the thermal stability. Iron causes the 
negative effect, whereas Cu and Ni, vice versa, increase thermal stability of LCP. It should be 
noted that injected concentrations are quite corresponded to usual content of metal increments 
in industrial samples of engineering, bulk polymers, such as polycarbonate, aliphatic 
polyamides, polystyrene, etc.  

The composition and content of organic additives to LCP were studied by the mass-
spectrophotometry technique. Phenol and sioxydiphenyl (94 and 186 m/e, respectively) were 
identified. They represent the hydrolysis products of the initial monomer of dioxydiphenyl 
diacetate and heavy fragments of the following structure: 

 
Total amount of organic additives in different samples has not exceeded (1.0 - 2.0)×10-2 

wt.%, which does not practically affect thermal stability of the polymers.  
 

O C

O

O

O OH CH
O

H OH

m/e=214
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Figure 3. Kinetics of O2 absorption by LCP KI-100 (1), KI-75(2), KI-50 (3), KI-25 (4), and KI-0 (5). 

As shown by kinetics of oxygen absorption at 350°C (the processing temperature), 
thermal stability of LCP is reduced with increase of IPA content (Figure 75). This result 
confirms the TGA data. The kinetics of O2 absorption is the two-stage process with 
absorption of 1 mole of O2 per monomeric unit at the first, quick stage (2 – 3 h), and 0.2 
mol/base-mol during following 7 – 8 h of thermal oxidation. Analogous dependencies are 
displayed by CO2 release (Figure 4) - the main gas product of the studied LCP degradation 
product. Shown below are heavy, highly boiling LCP degradation products, identified by 
NMR and MS techniques [17 – 20].  

 

 

Figure 4. Kinetics of CO2 release during LCP thermal oxidation (350°C, in air): KI-100 (1), KI-75 (2), 
KI-50 (3), KI-25 (4), and KI-0 (5). 
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HEAVY PRODUCTS OF LCP DEGRADATION 
 

As observed from the composition, heavy products of LCP degradation, precipitated on 
cold zones of the ampoule, represent a mixture of the initial monomer (dioxyphenyl 
diacetate), products of its hydrolysis (dioxydiphenyl – DODP - for example), and products of 
DODP and p-OBA interaction. It should be noted that the composition of the above-
mentioned products is identical for all studied LCP and slightly differs just by the ratio of 
components.  

 

 

Figure 5. Oxygen absorption kinetics for KI-75 at 300 (1), 320 (2) and 350°C (3) in air. 
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Figure 6. Carbon dioxide release kinetics at KI-75 thermal oxidation at 300 (1), 320 (2) and 350°C (3) 
in air. 

Degradation transformations were studied on the example of KI-75 LCP in the processing 
range. As shown (Figures 5 - 6), at the melting point or during melting (300 and 320°C) the 
oxidation rate is much lower than at 350°C, when according to the X-ray diffraction analysis 
the whole polymer transits to isotropic melt. Besides the main gas product (CO2), hydrogen 
(at early oxidation stages at 0.5 – 1 h exposure) and water (at 4 h exposure) were also 
detected. As observed from dynamics of the elemental composition change, hydrogen content 
decreases and carbon content increases in KI-75 during its thermal oxidation, e.g. a graphite-
like structure is formed. This process proceeds intensively at 350°C. IR-spectroscopy data [21 
- 23] show that initial changes happen in the absorption range of ester aromatic fragments: 
absorption band intensity at νС=О = 1740 cm-1, νС-О = 1270 and 1160 cm-1, νС=С = 1600 and 
1500 cm-1, δС=С = 720 cm-1 is reduced. At maximal exposure (thermal oxidation at 350°C 
during 10 h) only ether absorption bands at νС-О-С = 1080 cm-1 and aromatic structure bands 
are preserved. The spectral background significantly decreases, which is caused by formation 
of intermolecular crosslinks. At 350°C a great amount of oligomers is formed. They 
precipitate in the ampoule near the reaction zone at temperature ≈ 150°C. The structure and 
ratio of oligomers with appropriate end groups, identified by 13C NMR technique in the 
oligomer degradation products, are shown on the next page. 

The amount of oligomers was estimated by the ratio of reflex squares with appropriate 
chemical shifts: 118.5 and 115.82 ppm (product a); 115.43 ppm (product b), and 120.72 ppm 
(product c). According to these data product a gave 15 mol%, product b – 31 mol%, and 
product c – 10 – 12 mol%.  

The observation of p-oxybenzoic acid in thermal oxidation products of neighboring units 
allows a suggestion about simultaneous proceeding of copolycondensation and 
homopolycondensation of p-acetoxybenzoic acid. Free p-oxybenzoic acid output is 3 – 4 
times higher than in the bound state in the form of end groups of oligomers. Apparently, free 
p-oxybenzoic acid is formed in thermal reactions at degradation of labile bonds in structural 
p-oxybenzoic blocks. 
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Analysis of kinetics and LCP degradation products in the processing temperature range 

allowed detection of some general features, observed in degradation behavior of heat resistant 
polyheteroarylenes [24]: structure graphitization, H2 release, thermal oxidation stability 
increase at transition metal injection, etc. The idea of their stabilization is based on the 
following suggestions about degradation mechanisms: 

 
- classical radical-chain thermal oxidation mechanism; 
- formation of a molecular complex with oxygen; 
- molecule transition to electronically excited state. 

 
Injection of additives is the common method for investigating the mechanism of chemical 

reactions. It was found that of high effectiveness is the mixture stabilization by the triple 
system of copper compound, phenol antioxidant and phosphite in polyalkanimide, 
polyphthalamide and other heat-resistant polymers. The idea of such mixture is based on the 
action mechanism of such additives: 

 
- phenol antioxidant inhibits thermal oxidation by interacting with peroxy radicals 

ROO•; 
- phosphite, secondary antioxidant, destroys hydroperoxides; 
- Cu2+-containing compound acts differently, for example, forms complexes during 

inhibition of peroxy radical or macrochain defects.  
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Table 3 shows comparative data on thermal oxidative stability for non-stabilized and 
stabilized KI-75 LCP.  

 
Table 3. Thermal oxidation of KI-75 LCP in air at 350°C during 30 min 

 
Stabilization compounding Oxygen absorption, 

mol/monomeric unit 
CO2 release, mol/monomeric 

unit 
Nonstabilized 0.22 0.033 

0.005% СuSO4 + 0.3% 
Irgafos 126 + 0.1% Irganox 

1010 

 
0.08 

 
0.019 

 
The results obtained show that stabilizer injection causes a significant (over two times) 

deceleration of thermal oxidation in LCP. Of interest is the effect of additives on polymer 
morphology, determined during studying stabilized and non-stabilized samples (before and 
after thermal oxidation in air) by the X-ray diffraction analysis. It is found that crystalline 
reflex is preserved in stabilized polymers, whereas it disappears in non-stabilized samples. 
The stabilization effect on the physical structure of polymers was not studied well with 
respect to chemistry of degradation processes. Only complex consideration of the problem 
(chemistry + change of physical permolecular structure) may cause the increase of thermal 
stability of prepared product and extension of the material lifetime in articles.  
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ABSTRACT 
 

The thermal decomposition of halogenated and non-halogenated unsaturated 
polyester resins (UPR`s), fire retarded by zinc hydroxystannate (ZHS) and cross-linked 
with styrene, has been investigated by thermogravimetry (TG) and TG coupled on-line 
with Fourier transform infra red spectroscopy (TG-FTIR) or mass spectroscopy (TG-
MS). 

In this Chapter, thermal analysis of the decomposition process has been performed – 
hence, the flame retardancy and thermal stabilization of halogenated and non- 
halogenated polyester resins by ZHS may be explained by the formation of surface-
localized spherical barriers which are growing according to the nucleation growth 
mechanism and which attenuate the transfer of heat from the decomposition zone to the 
substrate. This effect was found as dominating in the flame-retardancy mode of action. 
 

Key words: unsaturated polyester resin (UPR), flame retardation, zinc hydroxystannate 
(ZHS), thermal decomposition of UPR 
 
 

INTRODUCTION 
 
Flame retardants are a crucial element in an enormous variety of products, from plastics 

and textiles to building and electronic materials. At the same time they are increasingly 
regulated, particularly in the U.S. and the European Community. Every manufacturer needs to 
be aware of the constantly shifting regulatory landscape, and the products and processes that 
will meet them. Moreover, new materials and formulations are rapidly changing the economic 
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equation, and companies that adopt the latest technology will have the edge in providing their 
customers with the balance of properties at the lowest possible price. 

The rapid progress in the field of flame retardancy of polymers in the last 10 years 
expressed itself in the emergence of new additives, new application systems to an ever 
increasing diversity of products for which flame retardancy is a dominant requirement and in 
new standards and testing methods and instruments. Of particular importance became the 
environmental considerations which focused attention on the need for new environmentally 
friendly flame retardant systems. These developments were accompanied by a pronounced 
effort to gain a better understanding of the underlying principles and mechanisms governing 
flammability and flame retardancy and to develop new mechanistic approaches for the 
emerging new flame retardancy systems. 

Flame retardancy due to physical effects usually requires relatively large amounts of 
additives: 50-65% in the case of aluminium trihydrate (Al(OH)6) and magnesium hydroxide 
(Mg(OH)2). The activity of these additives consists in: (a) dilution of polymer in the 
condensed phase; (b) decreasing the amount of available fuel; (c) increasing the amount of 
thermal energy needed to raise the temperature of the composition to the pyrolysis level, due 
to the high heat capacity of the fillers; (d) enthalpy of decomposition – emission of water 
vapour; (e) dilution of gaseous phase by water vapour – decrease of amount of fuel and 
oxygen in the flame; (f) possible endothermic interactions between the water and 
decomposition products in the flame; (g) decrease of feedback energy to the pyrolyzing 
polymer; (h) insulative effect of the oxides remaining in the char.  

Considerable attention is given to the particle size – surface area, as it is known to 
influence greatly the melt flow of the treated polymer, and to the crystal size of the additive. 
Hydrophobic coatings on the particles of the additives are applied to facilitate dispersion of 
the highly hydrophilic metallic oxides in the polymer. The possible effect of these coating on 
the combustion behaviour of the polymers is not clear.  

Another important property appears to be the “surface free” energy which determines the 
reactivity of the additive with acidic groups in polymers, which might produce crosslinks and 
reduce melt flow, as well as with acidic groups in air, i.e. carbon dioxide, or in acid rain, 
which might cause the “chalking effect” and decrease flame retardancy. 

Recently evidence has been presented, pointing to the possibility of an interaction 
between the endothermic additives and several polymers during pyrolysis and combustion, in 
the presence of some metallic catalysts, such as nickel(II) oxide, manganese borate, 8-
hydroxychinolino-copper and ferrocene. These interactions are believed to be the cause of a 
highly significant increase in char and Oxygen Index (OI). Other compounds, i.e., nickel(III) 
oxide and metal acetylacetonates gave negative results. Specific effects of transition metals, 
when coprecipitated with magnesium hydroxide as solid solutions, included: (a) facilitation 
and lowering the temperature of the dehydration of the additive; (b) catalysing 
dehydrogenation of the polymer; (c) promoting carbonization; (d) improving acid resistance. 
The mechanism of the catalytic and antagonistic activities of metallic compounds has not yet 
been clarified. There are qualitative and quantitative differences between the effects of 
various ions and effect of the ionic radius has been proposed. The elucidation of the 
mechanisms governing the activity of the metallic compounds in flame retardancy of 
polymers, with endothermic additives as well as with intumescent formulations, appears to be 
a highly intriguing challenge for polymer science today. 
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The unsaturated polyester resins (UPR`s) belong to the most used thermosetting materials 
for composite applications, structural parts of automobiles, building and coating materials and 
electrical parts [1, 2]. Since UPR`s are extensively used in enclosed spaces, it is essential 
from safety reasons to possess detailed knowledge about their thermal behaviour with 
particular attention paid to the kinetic aspects of decomposition. In that respect, kinetic 
parameters give an additional insight into the mechanism of degradation and make possible 
prediction of the system’s behavior in an extrapolated range of degree of conversion, time and 
temperature. 

A literature survey on kinetic of decomposition of UPR`s reveals that in spite of the large 
amount of work that has been done in polymer chemistry of polyesters, there has been less 
work on their decomposition features - their better knowledge is important from both a 
fundamental and a technological point of view. From the side of fundamental research, the 
thermal decomposition of a polymeric materials is a complex, heterogeneous process, 
consisting of several partial reactions. The course of decomposition is affected by different 
factors, connected with the sample, with the degradation process alone and with the 
surroundings determined by analytical equipment. A valuable tool towards a better 
understanding of degradation mechanisms offer methods for the evaluation of kinetics 
parameters, provided that the basic relationships and assumptions on which they are based, 
are properly taken into account.  

From the technological point of view, investigation of decomposition processes has a 
dual meaning. The first concerns stabilization of a polymer in order to obtain novel materials 
with a desired set of thermal properties which will be able to fulfill demands of contemporary 
materials engineering. The role and action of a stabilizer may be more effective, if a better 
understanding of polymer decomposition schemes is provided during its development. 

The second meaning of the decomposition studies concentrates on safe disposal or 
recycling of plastic wastes which become a social problem of growing importance nowadays 
[3]. Both aspects are not contradictory, but rather complementary, particularly in case of 
widely used polymers - such as unsaturated polyester resins. 

In recent years [4-6], results of studies of the thermal behaviour of UPR have been 
published. Baudry et al. have studied the thermal degradation of unsaturated polyester resins 
with cyclopentadiene end cap [7]. It has been found that at the beginning of thermal 
degradation energy of activation (E) was about 100 kJ/mol, which corresponds to polystyrene 
depolymerisation; for degree of conversion (a) equal to 0.5, which corresponds to UP network 
degradation, E was 170 kJ/mol. In an another study, Agraval et al. [8] investigated kinetics of 
decomposition of three unsaturated polyesters, based on diethylene glycol and 
isophthalic/adipic/maleic or fumaric acid, by isothermal TGA.  

In this paper the flame retardancy and thermal stabilization of halogenated and halogen-
free polyester resins by zinc hydrostannate has been investigated by termogravimetry (TG) in 
both dynamic and isothermal mode, and TG coupled with Fourier Transform Infrared 
Spectroscopy (TG-FTIR) or Mass Spectroscopy (TG-MS) [9]. 
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EXPERIMENTAL PART 
 

Materials 
 
• Unsaturated polyester resin Polimal 1201P, produced by “Organika-Sarzyna” Co. 

Poland, was of the izophthalate/maleate/propylene glycol type. UPR (styrene 
solution) was cured by mixing with methyl ethyl ketone peroxide and cobalt 
naphthenate. 

• Unsaturated polyester resin Polimal 163-53, produced by “Organika-Sarzyna” Co. 
Poland, was of the maleate/phthalate/brominated glycol type. UPR (styrene solution) 
was cured by mixing with methyl ethyl ketone peroxide and cobalt naphthenate. 

• Zinc hydroxystannate (ZHS) (Alcan Co., UK). 
 
 

Techniques 
 

Limiting Oxygen Index (LOI) 
Limiting Oxygen Index (LOI) analyses were carried out using a Stanton Redcroft 

analyzer. LOI was determined on 10x150mm specimens with 3mm thickness using NFT 
51071 procedure. Analyses were conducted at ambient temperature, with a 40mls-1 gas flow 
in the quartz column. The oxygen ratio variation in the gas was 0,2%. Results were obtained 
on three samples tested in the same conditions. LOI were determined for samples crosslinked 
at ambient temperature. 

 
Thermogravimetric Analysis 

Thermogravimetric analysis was performed on a Netzsch TG 209 thermal analyser, 
operating in a dynamic mode at a heating rate of 2.5, 5, 10 and 20 K/min. The conditions 
were: sample weight - ~ 5 mg, atmosphere - argon or air, open α-Al2O3 pan. The raw data 
were converted to ASCII files and kinetic analysis was carried out using an in-house program 
and a Netzsch Thermokinetic Program (v. 99/10) on an IBM-compatible computer with 
Pentium III processor. 

 
Thermogravimetric Analysis Coupled with Fourier Transform Infra-Red Spectroscopy 

Thermogravimetric analysis coupled with Fourier transform infra-red spectroscopy was 
carried out using a Mettler-Toledo TGA/SDTA 851 thermal analyser (heating rate = 20  
Kmin-1, sample weight ~ 2 mg, air flow = 50 cm3/min) and a JASCO 610 FT-IR 
spectrometer. The thermogravimetric analyser and spectrometer were suitably coupled to 
enable the passage of evolved products from the furnace to the gas cell over a short path, to 
minimise secondary reaction or condensation on cell walls. Moreover, the experimental 
conditions have been chosen to ensure that the condensable products form a submicron 
aerosol mist. This size aerosol has two advantages: (i) the particles follow the gas stream 
lines, thus minimizing condensation, and (ii) the particles produce little scattering in the mid 
IR, so the condensable products can be analysed online in the FT-IR cell. 
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Thermogravimetric Analysis Coupled with Mass Spectroscopy 
TG-MS measurements were made on a TA Instruments DTA-TGA (SDT 2960) coupled 

with a Balzers Thermostar quadropole mass spectrometer. The quadropole mass spectrometer 
was connected to the thermobalance via a capillary coupling. The ionizing voltage of the 
cross-beam electron impact ionozation source amounted to 70 eV and the flow rate of the 
purge gas (helium) was 100 cm3/min. Mass of the sample was ca. 4 mg and the heating rate 
was 20 K/min. 

 
 

RESULTS AND DISCUSSION 
 
The determination of oxygen index (LOI), which characterized ignition of polyester 

resins, indicated that are much less flammable when the amount of ZHS content in 
composition is greater than 5% weight (figure 1). When UPR`s characterized by the oxygen 
index are greater than 22 – which means that materials do not burn in air. 

 
Sample ZnSn(OH)6, % LOI, % 

1 
2 
3 
4 
5 

- 
2 
5 
10 
40 

18,2 
· 
22,1 
23,4 
26,7 

 

Figure 1. LOI index determined on samples 1-5 crosslinked at ambient temperature. 

The goal of this study was do determine, using thermogravimetric analysis, the eritical 
temperatures of thermal degradation of typical unsaturated polyester materials crosslinked by 
styrene, then to identify, by coupled TG technique, products released during the pyrolysis. 
Tests with different thermal degradation speeds also allowed to us calculate activation 
energies of thermal degradation of these materials and to classify the behaviour of the UPR 
[9].  

Results of thermogravimetric analysis of samples 1-5 are shown in figure 2. 
Thermal decomposition of unmodified polyester resin starts at ca. 2800C and proceeds in 

two steps up to ca. 4200C. The maximal decomposition rate occured at 360°C, as evidenced 
by DTG profile. Samples containing zinc hydroxystannate undergo a two-step degradation; 
the first step was found to be operational at the temperature range of 240-3400C, while the 
second and specific occurs above 4300C. 

The data from TG analysis show that degradation proceeds with the char residue at 5000C 
and was considerably higher for flame – retarded resins. 
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Figure 2. Thermogravimetric curves of samples 1-5 at 10 deg/min under air atmosphere. 1 – UPR; 2 – 
UPR + 2% ZnSn(OH)6; 3 - UPR + 10% ZnSn(OH)6; 4 - UPR + 5% ZnSn(OH)6; 5 - UPR + 40% 
ZnSn(OH)6. 

Figure 3 and figure 4 present results of thermogravimetric analysis coupled with Fourier 
transform infrared spectroscopy (TG-FTIR) and TG coupled with mass spectroscopy (TG-
MS). 

To have an additional insight into the mechanism of decomposition, hyphenated methods 
were used – results of TG-FTIR of sample 1 revealed that characteristic absorption bands at 
~1750, ~2460 and ~1200cm-1, are abserved, which correspond to the vibrational frequencies 
of CO2, CO groups, respectively.  

Analysis of TG-MS data yields additional information about emission of volatiles. 
Analysis of the volatile decomposition products by FT-MS spectroscopy revealed that during 
controlled heating emission of phtalic anhydride takes place at ca. 3300C, than, at ca. 3800C 
styrene and a complex mixture of other aromatic compounds are evolved. 

Further studies by TG-FTIR revealed that evolution of CO2 is considerably lowered by 
ZHS, whereby at a higher stage of decomposition evolution of H2O ad HBr can be identified. 

It should be noted that for the heating rate of 20 deg/min all the thermal events are 
slightly shifted towards higher temperatures. Such a relatively high heating rate was, 
however, necessary to produce volatiles at concentrations high enough to be detected on-line 
in the FT-IR measuring cell and to provide continuous monitoring of the i.r./mass spectra of 
evolving products as well as quantitative analysis of gases [3] . In contrast to pyrolysis GC, in 
which all the gases produced by heating to a given temperature are separated and analyzed as 
a batch; TG-FT/IR/MS offers the great advantage of sequentially identifying the gases for a 
comprehensive vapour-phase analysis. 
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a. 

Stacked plot of FT-IR spectra of the decomposition process of sample 1 at heating rate of 20 K/min 
(Tinitial = 30ºC) 
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b. 

FT-IR spectra taken at different temperatures during the decomposition of sample 3 at heating rate of 
20 K/min (Tinitial = 30ºC) 

Figure 3.  Results of thermogravimetric analysis (TG-FTIR). 
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Figure 4. Intensity of m/e signals for the decomposition of sample 1 (without additives) followed by 
TG-MS method at heating rate of 20 K/min (Tinitial = 300C). 
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Figure 5. Stacked plot of FT-IR spectra of the decomposition process of sample 3. 
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CONCLUSIONS 
 
Knowing literature data on thermal degradation mechanisms and on the basis of the 

obtained results we can say that in the case of UP thermal degradation one or more of at least 
three different general mechanisms may be responsible, as demonstrated for thermal 
degradation of other materials: 

 
1. a high degree of random scission, but this required an high energy for thermal 

degradation; 
2. intramolecular transfer during unzip; this corresponds with the degradation of 

polystyrene phase in the UP network, in the beginning of thermal degradation; 
3. secondary reactions of primary products, corresponding with degradation induced by 

radical products, for example ROo products coming from ester linkage rupture 
reaction. 

 
Stabilizing action of ZHS antypirenes may be explained by the formation of surface-

localized spherical barriers which are growing due to the nucleation growth mechanism and 
which attenuate the transfer of heat from the decomposition zone to the substrate – this results 
was qualify as predominating in the flame – retardant of action. 

An additional role may be ascribed to the metal ion-polymer functional groups interaction 
that should bad to the formation of the long-range the system [9]. 
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