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Chapter 20

Thermoplastic Polyesters

Dr. Henry C.A. Lim

20.1 INTRODUCTION

Thermoplastics polyesters (TP polyesters), also known as linear polyesters or saturated polyesters, are condensation
polymers characterized by the presence of ester (—COO—) functional groups along their main chains. Even though this
ester link often only comprises a small part of the polymer molecule, it may influence the properties of the polymer in the
following ways (Brydson, 1999):

1. Itis, chemically, a point of weakness, being susceptible to hydrolysis, ammonolysis, and ester interchange, the first two
reactions leading to chain scission. In some cases, the reactivity is influenced by the nature of the adjacent groupings.

2. As apolar group it can adversely affect high-frequency electrical insulation properties. Its influence is generally lower
below T, unless the portion of the polymer containing the ester group has some mobility below the main 7.

3. The polar ester group may act as a proton acceptor, allowing interactions with other groupings either of an inter- or an
intramolecular nature.

4. The ester link appears to enhance chain flexibility of an otherwise polymethylenic chain. At the same time it generally
increases interchain attraction and in terms of the effects on melting points and rigidity, the effects appear largely self-
canceling.

Linear polyesters can be classified into three main classes: aliphatic, partly aromatic, and aromatic polyesters. Aliphatic
polyesters are produced from aliphatic dicarboxylic acids (or esters) and aliphatic diols. Due to high flexibility of the C—O
bond, linear aliphatic polyesters are characterized by their low melting points and are prone to hydrolysis. Partly aromatic
polyesters are obtained from aromatic dicarboxylic acids (or esters) and aliphatic diols as shown in Figure 20.1. TP

HO—CH,—CH,—OH
HooC COOH Ethylene glycol (EG)

Terephthalic acid (TPA) HO—(CH,),—OH
1,4-butanediol (BDO)

H3C CH3
COOH

HO OH
HOOC

H3C CHj
2,2,4,4-tetramethyl-1,3-cyclobutanediol (TMCD)

cmooc%j%coow3 HOCHZ/O/

Dimethyl terephthalate (DMT) 1,4 cyclohexanedimethanol (CHDM)

CH,OH

FIGURE 20.1 Some examples of monomers and comonomers used for the production of partially aromatic homo- and copolyesters.
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polyesters are also available in liquid crystalline forms and these are aromatic polyesters having all ester linkages attached
to aromatic rings.

20.2 PRODUCTION OF THERMOPLASTIC POLYESTERS

Major industrial consumption of TP polyesters comes from partially aromatic polyesters, which can be further classified
as homo- and copolyesters. The two workhorse poly(alkylene terephthalates) homopolyesters, poly(ethylene tere-
phthalate) (PET) and poly(butylene terephthalate), are produced from terephthalic acid or terephthalic acid dimethylester
and ethylene glycol or 1,4-butanediol, respectively, via condensation reaction represented by the following general
reaction Scheme 20.1:

OH—R—OH + HOOC—R’—COOH + HO—R—OH — ~OROOC—R'—COORO ~ + H,0 (20.1)

They shared very similar poly(alkylene terephthalate) chemical structure and are differentiated by their methylene groups
within the repeat unit structures as shown in Figure 20.2. Other common homopolyesters include polycyclohexylenedi-
methylene terephthalate (PCT), poly(ethylene naphthalate) (PEN), and poly(trimethylene) terephthalate (PTT).

) 0]

1 I
—COC—O—(CHZ)n—O—

PET:n=2
PET:n=4

FIGURE 20.2 Repeat unit structure of poly(alkylene terephthalates).

Copolyesters such as PETG (CHDM-modified PET), PCTG (glycol-modified PCT), and PCTA (dibasic-acid-modified
PCT) can be produced by the incorporation of more than one glycol and/or more than one dibasic acid during the
condensation polymerization process.

Over the past decades, substantial amount of research have been focused on both material (monomer chemistry)
and application development of these linear polyesters beyond the traditional fiber and film applications. TP polyesters
have long proven track records in electrical and electronic appliances, and in automotive, medical, and packaging
(both commodity and premium packaging) sectors. The TP polyester is a family of polymers with great versatility
for modification during both polymerization and compounding stages. New advances in monomer chemistries allow
greater options in the modification of crystallization behavior of the polyester resin leading to improvements in optical,
thermal, mechanical properties, and reduced environmental footprint. In recent years, the ability to convert natural
plant sugars into monoethylene glycol opens up the opportunities in replacing conventional petrochemical-derived
PET with more environmental-friendly PET having exactly same properties and performances. The ever-growing
demand for enhanced food safety packaging material leads to the replacement of conventional to bisphenol-A (BPA)-
based polycarbonate (PC) resins with new improved clarity and high heat-resistant copolyesters due to health concerns of
BPA monomer, which is a synthetic estrogen classified as an endocrine disruptor that causes birth defects in mice.

New advancements in additive technologies including chain extenders, impact modifiers, nucleating agents, stabilizers,
halogen-free retardants, and liquid color have resulted in improvements of molar mass control/repair, impact toughness,
speed of crystallization, hydrolysis resistance, flame retardancy (environmental friendly), and esthetic properties of the
linear polyesters. To bridge the gaps in performances, most of the polyester resins are compounded with fillers and re-
inforcements for further enhancements of physical and mechanical properties.

20.3 POLY(ETHYLENE TEREPHTHALATE)

20.3.1 Introduction

PET is also commonly abbreviated as PETP and PETE. The amorphous form is abbreviated as APET and the crystalline
form as CPET. PET can be produced from the polycondensation reaction of ethylene glycol (EG) with either terephthalic
acid (TPA) or dimethyl terephthalate (DMT) in the presence of a catalyst and stabilizer. The molar mass of PET is
generally represented by the intrinsic viscosity (IV). Commercial PET has a wide range of IV that varies from 0.4 to
1.0dl g~' (4—10 kg m ), which corresponds to number average molar masses of 10 to 40 kg mol™'(Gupta and Bashir,
2002). Different grades of PET are produced with different IV values. For PET bottle grade resins, high IV in the range of
0.7—0.85 dl g ' is required. Film grade PET requires the IV to be 0.6—1.00 dl g ',
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The polymerization of bottle grade PET is normally carried out in two stages starting from a melt-phase polymerization
process whereby amorphous pellets are produced through rapid quenching of the high viscosity polymer melt followed by a
solid-state polymerization process just below the melting temperature. The lower temperature (typically 200—220 °C) solid-
state process yields polymers with much lower acetaldehyde (AA) content. AA is a colorless, volatile substance with a fruity
smell formed when PET degrades. High processing temperatures, long barrel residence time, and excessive shear flow can
contribute to the production of AA. The presence of AA in PET packaging material can impart objectionable tastes to its
beverages content. The current industry standard for AA in bottle grade PET resin is <1 ppm (Gupta and Bashir, 2002).

20.3.2 Structure of PET

PET is a semicrystalline polymer containing the amorphous and crystalline regions and has a glass transition temperature
of around 75 °C and a melting temperature of around 250 °C. The amorphous and crystalline phases exhibit differences in
heat capacity and/or enthalpy of fusion which are detectable using differential scanning calorimetry (DSC). Figure 20.3
shows a typical DSC first heating trace of a quenched cooled PET resin with a distinct glass transition temperature, cold
crystallization, and melting peaks. The glass transition exhibits enthalpy relaxation as shown by the overlapping endotherm
peak suggesting that the sample has been aged at temperature below the glass transition. Cold crystallization peaks are
detected during first heating scans when samples are quenched rapidly from the melt with insufficient time to crystallize
during the cooling phase. The final products of PET can be obtained by transforming it into a semicrystalline state, or by
quenching it to a glassy state as an amorphous product. These amorphous products can be subsequently transformed into a
semicrystalline state through drawing and annealing.

) R Integral 149.47 m]
Cold Crystallization normalized  28.91 Jg~-1

Peak 126.00 °C

Integral -215.24 m]
Melting normalized  -41.63 Jg~-1
Peak 249.33 °C

40 60 80 100 120 140 160 180 200 220 240 260 280 °C
FIGURE 20.3 A typical differential scanning calorimetry heating curve of a quenched cooled poly(ethylene terephthalate) resin.

PET is known to have very slow crystallization rate compared with PBT without the addition of nucleating agents as
the latter contains longer sections of aliphatic units, which would be expected to lead to more flexible chains and to
crystallize more readily (Gilbert and Hybart, 1972). On the other hand, the presence of the p-phenylene group and the short
ethylene group leads to low flexibility of the PET chains.

Due to its slow crystallizing nature, cooling PET rapidly from the melt to a temperature below 7, can produce
amorphous transparent PET. Therefore, by changing the crystallization conditions of the PET, several microstructures can
be developed.

As a consequence of slow crystallization rate, long cycle times are required to provide crystallinity in injection-molded
PET parts. Thus, in an economical sense, unmodified PET is not suitable for injection molding applications. As a result of
this limitation, there is a need for increasing the rate of crystallization through the use of nucleating agents. Effective
organic nucleating agents for PET include low molar mass ethylene-acrylic acid sodium ionomers and sodium salt of long-
chain aliphatic carboxylic acid (sodium-neutralized salts of montanic acid). Licomont NaV101 from Clariant Corporation
is an example of a multifunctional montanic lubricant, which is suitable for the high processing temperatures of engi-
neering resins due to its high thermal stability and is also an effective nucleating agent for polyesters at 0.1—0.4 wt%.
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The effectiveness of a nucleating agent can be studied by evaluating the peak crystallization temperatures (7;) of a
polymer using DSC. Crystal formation is an exothermic reaction (heat given off), as crystalline order represents a state of
lower energy (entropy), and thus crystallization occurs at a lower temperature than melting. When the temperature of
crystallization is close to the melting temperature of a semicrystalline polymer, nucleation rate is slow but growth rate is fast.
Thus in homogeneous nucleation (without the presence of an added nucleating agent), nuclei appear throughout the crys-
tallization process leading to a broad distribution of spherulitic sizes. This is due to the fact that when a polymer melt is cooled
below its equilibrium melting point, the rate of nuclei formation is extremely slow as the new phase disappears (dissolves) in
the polymer melt before crystal growth can occur. The rate of nuclei formation increases only upon further cooling and
declines when reaching the glass transition temperature of the polymer as the viscosity starts to increase. As the rate of
nucleation is strongly dependent on temperature, crystallization of the polymer will be much controlled by the processing
conditions, such as the melt and mold temperatures as well as cycle time control during injection molding processes.

On the other hand, in heterogeneous nucleation (with added nucleating agent), all nuclei are present at the start of
crystallization and the nucleant controls the crystallization process. An upward shift of 7, of a polymer that contains a
nucleating agent from that of the same neat polymer is an indication of nucleation. Therefore, 7. of a non-nucleated polymer
is usually taken as the lower limit reference when evaluating the effectiveness of potential nucleating agents. The effec-
tiveness of Licomont NaV101 as the nucleating agent in PET is evident through the observation of upward shifts of 7, with
increased dosage of the additives as shown in Figure 20.4. The T, of a neat PET was detected at 187.5 °C while the addition
of the montanic nucleating agent at 0.1 wt% shifted the 7. to 200 °C and to 204.9 °C when the dosage was further increased
to 0.4 wt%. The observation of a broader crystallization peak of the unnucleated PET in Figure 20.4 suggests broader
spherulitic size distribution due to homogenous nucleation compared with the nucleated ones as discussed earlier.

The heat of crystallization obtained from the DSC curves were 36.9, 37.9, 39.5, and 41.5J gfl for neat PET resin and
increasing dosage of nucleating agent from 0.1 to 0.4 wt%, respectively. This translates to only about 1—3% increase in
crystallinity based on assumption that the heat of fusion of a 100% crystallized PET is 140 J g~' (Wunderlich, 1990).

The use of nucleating agents not only helps in reducing cycle time but also encourages uniform crystallization that
lowers the molded-in stresses. The use of montanic acid type nucleating agent imparts additional lubricating and mold-
release effects to the molded parts. Inorganic additives such as talc can also be used as nucleating agents for PET
though they are not as effective as the organics.
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FIGURE 20.4 Nucleating effect of Licomont Nav 101 on poly(ethylene terephthalate) resin. Differential scanning calorimetry curves provided by
courtesy of Clariant Corporation.

20.3.3 Processing of PET

Due to the inherent low melt strength of PET resins arising from their low molar mass, extrusion blow molding that is
commonly employed for the production of PVC, PE, PP, and PC bottles cannot be applied in PET bottle productions.
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Therefore, the production of PET bottles generally involves two separate operations. An amorphous transparent preform
has to be injection molded first. It is then reheated from room temperature to above the glass transition temperature and
then stretch-blown into the final articles. It is important to maintain the preform clarity during the injection molding process
as the haze developed during injection molding process can impart haziness to the bottles. The presence of even a very
small amount of crystallinity developed thermally during injection of preforms could dramatically reduce the clarity of the
final bottles due to the light scattering effects of large spherulitic structures (Jabarin, 1982). In order to delay the crys-
tallization of PET preforms during injection molding processes, a small amount of isophthalic acid (IPA) (<5 mol%) can
be added during the PET polymerization process as the presence of this monomer disrupts the regularity of the main chain
structure thus delaying crystallization during molding. This helps in production of bottles with better clarity without
affecting the ability of the material to be strain-crystallized during the stretching process, thus preserving its gas barrier
properties. During the stretch-blow process, very small crystallites are formed through strain-induced crystallization. The
final biaxially oriented bottles remained highly transparent as the crystallites formed during strain-induced crystallization
are much smaller than the wavelength of light, thus minimizing light scattering effects. When bottles are stretch-blow
molded within the optimum window above the glass transition and below the cold crystallization temperatures, opti-
cally clear bottles are obtained even with a final crystallinity of 20—25% (Gupta and Bashir, 2002). Stretching done too
near to glass transition temperature could cause pearlescence or a stress-whitening effect due to microvoiding. Strain-
induced crystallization results in much improved barrier properties, impact resistance, and dimensional stability.

During the processing of PET, the presence of moisture at elevated temperature can result in hydrolysis of the polyester
leading to dramatic reduction in IV. Carbodiimide (HN-C-NH)-based additives can be added to suppress hydrolysis during
melt processing acting as moisture and acid scavengers. Stabaxol P, an aromatic polycarbodiimide, is a commercial hy-
drolysis stabilizer from Rhein Chemie (a business unit of Lanxess) commonly used at 0.5—2.5 wt% in thermoplastic
polyesters. Desiccant additives such as treated calcium oxide are also known to be effective antihydrolysis agents.

During recycling of PET, the IV of the recycled products is expected to be significantly reduced due to hydrolysis and
thermal degradation of the polymer. Another option for the rebuilding of the molar mass and physical properties of
degraded TP is through the bridging of their functionally terminated chains, using difunctional or multifunctional chemical
compounds thus recoupling them. These chemical compounds with reactive groups that are capable of reactions with the
terminal hydroxyl (OH) or carboxyl (COOH) groups of the polyester resins are commonly known as chain extenders and
are typically added during recycling of PET to reattach the broken chains thereby increasing the molar mass or IV of the
recycled products. The use of bifunctional chain extenders promotes linear chain extension, while the tri- and tetra-
functional chain extenders promote chain branching.

Traditional chain extenders for polyesters are bifunctional molecules such as diepoxides, dissocyanates, dianhydrides,
and bis(oxazoline)s (Scheirs, 2003). At low concentrations and high reaction temperatures, diepoxides react rapidly with
the hydroxyl and carboxyl end groups of PET leading to branched and crosslinked polymers with improved tensile and
impact properties. However, the melt viscosities of PET are generally observed to increase dramatically due to the chain
branching and crosslinking reactions when diepoxides are added.

In recent years, multifunctional styrene—acrylic polymers with low molar mass and high epoxy functionality (>4)
developed by BASF and marketed as Joncryl chain extenders have seen commercial success in PET and other polyesters.
The combination of low molar masses with low epoxy equivalent weight (EEW) values, the chain extenders are able to
achieve a high degree of chain binding without inducing gelation at low dosage levels (Blasius et al., 2006). The chain
extension reactions can be carried out effectively in the melt phase in single- or twin-screw extruders without the need of
predrying, or without the use of high vacuum or catalysts.

20.3.4 Applications

Traditionally, PET has been used for the production of fiber for textile products and food packaging films. Biaxially
oriented films have been used for X-ray and other photographic films for many years while unoriented amorphous PET
films and sheets are currently used in blister packaging and drinking cups.

Over the past decades, PET has gained major share as bottle packaging material in carbonated beverages. This is due to
the exceptionally good barrier properties in terms of low carbon dioxide and water transmission rates of the strain-
crystallized PET bottles. The advances in liquid colorant technology allow the bottles to be colored homogeneously.
The use of conventional solid color concentrates results in two major issues. Due to low dosage of color concentrates
(typically 1 wt% or lower), visually defective bottles are produced with streaks of poorly distributed color, a consequence
of poor melt mixing between the color concentrate pellets and the PET resin. As the liquid carriers of liquid colorant
dissolves quickly into the polymer melt when introduced via a liquid pump into the injection molding machines, the bottles
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can be colored homogeneously even at very low colorant dosages. Another common problem faced with using solid color
concentrates is the need to precrystallize the colored pellets in a continuously agitated crystallizer before the molding
process as the pellets are normally amorphous in nature due to rapid quenching of the strands during the compounding
process. These amorphous color pellets would stick and form agglomerates during the drying process above their glass
transition temperature leading to hopper bridging and mixing issues. The precrystallization process ensures that the pellets
are fully crystallized and will not be softened when heated above the glass transition temperature. The use of liquid
colorant eliminates the need for precrystallization and drying of solid color concentrates.

In recent years, with the strong drive in environmental-focused initiatives from major brand owners, plant-based PET
has been developed for use in a variety of products especially in packaging applications. Coca-Cola company’s PlantBottle
technology converts natural sugars found in plants into monoethylene glycol component for the production of these PET
PlantBottles. Such packaging material which is about 30% plant-based is chemically identical to conventional
petrochemical-derived PET in appearance, functions, and recyclability but offers better sustainability through a reduced
environmental footprint.

20.4 POLY(BUTYLENE TEREPHTHALATE)

20.4.1 Introduction

Polybutylene terephthalate (PBT) or (PBTP), which is also known as polytetramethylene terephthalate (PTMT), can be
produced by polycondensation of 1,4-butanediol with either terephthalic acid or dimethyl terephthalate in the presence of a
polyesterification catalyst such as tetraalkyl titanate.

Due to the presence of longer sequence of methyl groups in the repeating unit, the main chains of PBT are more flexible
but less polar than those of PET. Thus PBT has lower melting temperature and a much faster crystallization rate than PET
(Gilbert and Hybart, 1972). The characteristics of quicker crystallization rates and lower processing temperatures allow
crystalline products (of about 40% crystallinity) to be obtained directly at conventional mold temperatures, and thus PBT
has found major applications in injection molding when compared with PET. The melting temperature of PBT obtained
from DSC ranges from 222 to 232 °C (Iroh, 2009) and the heat of fusion of 100% crystalline PBT is reported to be
145 J g~' (Wunderlich, 1990).

20.4.2 Structure of PBT

Figure 20.5 shows a typical DSC first heating trace of a PBT resin with two distinct melting peaks. The observation of
multiple melting in PBT due to the influence of heating and cooling rates during DSC scans has been reported by Hobbs
and Pratt (1975). The small melting endotherm observed before the main melting peak is associated with its crystallization
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FIGURE 20.5 A typical nonisothermal differential scanning calorimetry heating scan of a poly(butylene terephthalate) resin.
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conditions. Crystals that are formed at high cooling rate are inherently unstable and will anneal on heating which leads to a
single endotherm centered at around 220 °C. Thus this high melting peak develops as a result of reorganization processes
during heating and is not the characteristic of the material in its room temperature state. Crystals that are formed by slow
cooling are more perfect and resistant to reorganization and therefore only the lower temperature peak can be identified as
crystals formed during the original cooling.

The glass transition temperature of PBT is in the range of 30—60 °C (Iroh, 2009) depending on the degree of crys-
tallinity, annealing, content and type of fillers, and methods of measurement. A “quasistatic” glass transition temperature of
15 °C has been reported for completely amorphous PBT, which enables quenched PBT to undergo cold crystallization at
20 °C (Illers, 1980).

20.4.3 Properties of PBT
PBT exhibits the following characteristic properties:

Low moisture absorption.

Good dimensional stabilities (low coefficient of thermal expansion and low moisture absorption).

Excellent electrical insulation properties.

High resistance to fuels, oil, fats, and many industrial solvents.

Good inherent lubricity and wear resistance.

High strength and modulus.

Good moldability.

Special grades for low outgassing, low warpage, better hydrolysis resistance, high tougher and halogen-free retardant
grades.

PN B WD

As with many crystalline polymers, unreinforced PBT has a low heat deflection temperature (HDT) of about 60 °C at
1.82 MPa as the glass transition temperature of the amorphous phase dominates the load-bearing capability. While the
incorporation of glass fibers has a minimal effect on the HDT of most amorphous polymers such as polystyrene, poly-
carbonate, polysulphone, and so on (Schweizer and Winterman, 1989), the addition of glass fiber brings the HDT of PBT
to 210 °C, which is near to the melting temperature of a neat resin as shown in Figure 20.6. In glass fiber-reinforced PBT,
the glass fibers and melting of spherulites are more significant than the amorphous phase in the control of deflection
temperatures. Thus the vast majority of PBT compounds are glass reinforced for load-bearing applications up to tem-
peratures close to the resin melting temperature.

In addition to improvements in HDT, the glass fibers have a profound effect on the strength and stiffness of PBT, and
thus glass-reinforced PBT represents one of the major product groups within the PBT field of applications. The re-
lationships between strength and glass fiber concentrations are shown in Figure 20.7. It is observed that the strength levels
off at higher concentrations of 40 wt%, which is the consequence of the reduction of the elongation at break below yield
point thus leading to premature failure before stress buildup is completed. The maximum concentration range of fiber in
most glass-reinforced PBT grades lies between 40 and 50 wt% as the strength levels off and also difficulties in processing
at higher fiber concentrations could contribute to poor fiber mixing and fiber breakages.
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FIGURE 20.6 Effect of glass fiber on heat deflection temperature of poly(butylene terephthalate).
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FIGURE 20.7 Effect of glass fiber on strength and toughness of poly(butylene terephthalate).

In addition to increased density and melt flow rate reduction, the incorporation of glass fiber imparts anisotropy as a
result of high filler-aspect ratio and fiber orientation in the flow direction. The large differential shrinkage in flow and
transverse directions would generally lead to serious part distortion or warpage. The addition of low-aspect ratio mineral
fillers or spherical glass beads generally helps in improving the dimensional stability of glass-reinforced PBT compounds.

In general, the unnotched impact strength of PBT is lowered by glass fibers, but the notched impact strength is raised by
the energy absorbing fiber pull-out mechanism as shown in Figure 20.7.

Although in the unnotched state PBT is a tough and ductile material, it has one major disadvantage of being highly
notch sensitive leading to brittleness behavior under standard notched Izod impact testing conditions. This has led to the
development of a number of impact-modified grades, which are commonly used as unfilled super tough materials or as
matrix for filler-reinforced or flame retardant compounds. The notched impact strength of unmodified PBT is about
60 J m~" and below, while the addition of impact modifiers could bring the impact toughness to greater than 850 J m ™" in
the so-called “supertough” region.

In order to shift the notched impact fracture from brittle into ductile mode, a large quantity of rubber (usually up to
20 wt% or above) is required in rubber-toughened PBT. Core—shell impact modifiers that are commonly used for PVC
impact modifications can also be effectively used for impact modification of PBT, as described by Farnham and
Goldman (1978). The cores are usually butadiene- or acrylate-based rubber whereas the shells are typically TP, either
styrenics or methyl methacrylate, which are responsible for interfacial compatibility of the modifiers with the PBT
matrix. It is also possible to have at least one interlayer of polymer, to serve as a transition layer between the inner core
and the outer shell. As such core-shell impact modifiers do not contain reactive moieties in the outer shell, so they
generally do not have significant effects in increasing the melt viscosity of the PBT. This is often a desire by processors
in injection molding of PBT.

Brady et al. (1994) reported that small amounts of polycarbonate (less than 10 wt%) could facilitate the dispersion of
core-shell modifier particles and significantly improve the mechanical properties of the ternary blends. The fact that PC
phase was found to be located preferentially between the PBT matrix and the PMMA shell of the modifier suggests that PC
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wets PBT and PMMA better than PBT and PMMA wet each other, thus allowing PC to act as a dispersing agent for the
impact modifier particles in the PBT matrix (Hobbs et al., 1988).

PBT contains both hydroxyl and carboxylic acid end groups and is thus capable of further reactions during
compounding and molding processes. In recent years, more studies are being conducted on epoxide-containing
elastomers that are known to be effective in the toughening of PBT due to possible reactions between the
epoxide moieties and both hydroxyl and carboxyl chain ends of the PBT molecules. The interfacial bonding be-
tween the PBT and elastomers is improved through the formation of covalent bonding (in situ formed copolymer)
between the two immiscible phases.

Among the epoxide containing modifiers, ethylene-methyl acrylate-glycidyl methacrylate (E-MA-GMA) has received
much attention as impact modifier and also as compatibilizer for polyester-related blends. The use of E-MA-GMA alone
may lead to possible chain branching of the PBT and also crosslinking of the dispersed rubber phase, which could result in
undesirable reduction in the melt flow rate of the final blends.

Lacroix and Bouilloux (2006) reported the observation of a dramatic reduction in melt flow index of PBT
containing 20 wt% of E-MA-GMA from 20 g/10 min to 0.63 g/10 min tested at 250 °C/2.16 kg. By reducing the
E-MA-GMA composition to 18 wt% E-MA-GMA with the addition of 2 wt% of an MBS (methylmethacrylate-
butadiene styrene) core-shell modifier, the melt flow index was increased to 3 g/10 min, and the notched Charpy
impact strength at —40 °C was improved by more than 120% of the original blends containing 20 wt% E-MA-
GMA.

It has been found that adding a nonreactive rubbery modifier such as ethylene-methyl acrylate (EMA) copolymer to the
E-MA-GMA system results in fine blend morphologies leading to enhanced impact performance of PBT. E-MA-GMA is
frequently used in combination with nonreactive ethylene-acrylate-based copolymer for adjustment of processability,
impact performance, and cost during impact modifications of polyester especially in PET and PBT materials. Typically,
such combination leads to the in situ formation of a core-shell morphology whereby the nonreactive rubbery modifiers are
being encapsulated by the reactive E-MA-GMA, which is responsible for the interfacial reaction with the carboxyl or
hydroxyl end-groups of the polyester resins. The presence of E-MA-GMA at the blend interfaces helps in prevention of
coalescence of the rubber phase thus controlling the size and polydispersity of the rubber particles. The dispersed rubber
particles absorb impact energy and stop craze propagation through the formation of shear bands around the particles and
cavitation inside the particles. Martin et al. (2003) reported the observation of fine blend morphologies with number
average diameter of rubber particles close to 0.15 um in PBT/(EMA/E-MA-GMA) (80/20, w/w) blends containing
25—100% of E-MA-GMA component. This opens up new opportunities for tailoring the final morphology and mechanical
properties of toughened PBT blends.

PBT has properties that are comparable to polyamide 6 (PA6) and both resins have somewhat similar melting points.
Owing to its low water absorption characteristics, PBT is normally used for replacement of PA6 in applications where
dimensional stability is critical. The typical water absorption at saturation of PA6 is about 10% whereas that of PBT is only
about 0.4%. The absorbed water in PA6 acts as plasticizer thereby lowering its 7, and causes a dramatic reduction in
flexural modulus and improves toughness. However, the polyamide chains are more resistant to cleavage by water under
most conditions with the recovery of original properties upon removal of the water through normal drying processes.
Compared to polyamide, the properties of PBT are not significantly affected by water at ambient conditions. However,
PBT is sensitive to moisture during melt processing as chain cleavage occurs through hydrolysis of the polyester chains.
Continuous exposure of PBT parts to water at high temperatures will result in decomposition of the PBT especially under
acidic or basic conditions.

As both polymers have very similar melting and processing temperatures on top of similar shrinkage rates (PBT
about 1.2%, PA6 about 1.3%), PBT is an ideal candidate for the replacement of PA6 for dimensionally stable
molded parts.

Due to rapid crystallization of PBT, most end products are formed by injection molding. Applications include:

1. Electrical and Electronics
Connectors, IC sockets, bobbins, switches, relays, computer keyboard key caps, and so on.
2. Automotive

Parts for both exterior and under-the-hood-like bumper, door handles, structural brackets, lamp socket inserts, ignition
system parts, coupler, and so on.
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3. Household appliances

Iron skirt and handle, toaster housings, hair dryer parts, food processor blades, and so on.

20.5 OTHER THERMOPLASTIC POLYESTERS
20.5.1 Poly(1,4-Cyclohexylenedimethylene Terephthalate)
PCT is a high melting and highly crystalline polyester prepared from cyclohexanedimethanol (CHDM) and DMT or TPA.

CHDM

TPA
Q ?
COC—O—CHZOCHZ—O

n

FIGURE 20.8 Chemical structure of polycyclohexylenedimethylene terephthalate.

The bulky in-chain CHDM moiety as shown in Figure 20.8 results in several other important differences between PCT and
other crystallizable polyesters such as PET and PBT.

As shown in Figure 20.9, PCT has a typical melting temperature of about 285 °C, which is more than 60 °C and 30 °C
higher than PBT and PET, respectively. Besides having higher T}, than these conventional polyesters, PCT exhibits su-
perior HDT of about 260 °C when compounded with 30 wt% glass fiber. Such excellent thermal properties make PCT
useful for electrical devices requiring reflow soldering of surface mount electronic components to printed circuit boards
(PCB). Therefore, PCT bridges the gap between PET and liquid crystalline polymers (LCPs) in terms of short-term thermal

performance.
i mTm
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PBT PET PCT

FIGURE 20.9 Typical melting point and heat deflection temperature comparison of polyesters with 30 wt% glass fiber.
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The repeat unit with the presence of the cyclohexane dimethanol group makes it a more hydrocarbon polymer than PET
with somewhat lower moisture absorption and better hydrolytic stability. However, the major disadvantage of PCT is the
need for processing at temperatures greater than 300 °C (near decomposition temperature) due to its high melting tem-
perature, and thus the narrow processing window between the melting temperature and decomposition temperature be-
comes significant. Low levels (<10 mol%) of isophthalate acid can be incorporated to widen the processing window by
lowering the melting temperature of PCT while retaining its crystallinity and toughness. However, amorphous copolyesters
are formed at higher levels (>35 mol%) of IPA due to restrictions in crystallization.

A combination of approaches in selection of stabilizer systems, lubricants in lowering viscosities, blending with
other polymers, and addition of crosslinking agents may help in minimizing the impact due to degradation during
processing (Auerbach and Sell, 1990). PCT is commonly alloyed with other engineering TP such as PC (e.g., to form

the blend marketed as Xenoy) that provides a good combination of clarity, chemical resistance, processability, and heat
resistance.
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20.5.2 Poly(Ethylene Naphthalate)

PEN is a semicrystalline polyester that is polymerized in the same way as PET but with 2,6 naphthalene dicarboxylic acid
(NDA) in place of the terephthalic acid used in the production of standard PET resins. PEN with chemical structure as
shown in Figure 20.10 is produced through condensation reaction between NDA and ethylene glycol. Teijin produces PEN

resins under the brand name of Teonex®.

@
RG0!
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FIGURE 20.10 Chemical structure of poly(ethylene naphthalate).

The presence of a double naphthenic ring in PEN leads to chain stiffening, which results in higher 7, (about 124 °C)
and Ty, (about 270—273 °C) compared to PET with a single aromatic ring in the main structure (Brydson, 1999). With the
gap of almost 50 °C in glass transition temperatures between PEN and PET, HDTs of more than 40 °C higher than PET can
be expected from that of PEN.

The presence of bulkier double aromatic ring also leads to a slower crystallization rate of PEN than PET. This allows
the production of thicker PEN bottle preforms and also the ease of obtaining transparent molded parts. The higher T, of
PEN leads to shorter cycle time as parts can be demolded sooner. As with PET, PEN is strain crystallizable through biaxial
orientation but with much better gas barrier properties (both oxygen and carbon dioxide) than PET. Apart from having
superior thermal and barrier properties, PEN also exhibits the following characteristic properties against PET:

1. greater chemical resistance,

2. better hydrolysis resistance in alkaline or very hot aqueous conditions,
3. better UV resistance,

4. higher tensile and flexural strength.

As with PET, PEN finds its main applications in bottles, films, and fibers.

The improved thermal properties of PEN enable the opportunities for hot fillable bottles that require up to 100 °C hot fill
temperature and sterilizable applications such as medical packaging. The combination of improved thermal properties with a
greater chemical resistance also opens up new opportunities for returnable and refillable containers/bottles as they are capable
of withstanding high temperature washing without shrinkage or distortion. The superior oxygen barrier properties make PEN
well suited for bottling beverages that are susceptible to oxidation, such as beer, which is currently not achievable with PET.
The UV resistance of PEN also offers an advantage for packaging vitamin-rich drinks, milk, and juices.

Biaxially oriented PEN films having superior heat-, chemical-, and hydrolysis-resistance properties are potential
candidates for filling the performance gap between durable PET films and high-performance polyimide films. These films
can be used in flexible printed circuits, labels and laminates etc.

With its unique chemical structure, PEN is also well suited for the manufacturing of high-performance fibers having
modulus that is 2.5 times that of PET fibers and 5 times that of polyamide fibers. Major PEN fiber uses include high-
performance sailcloth, narrow- and broad-woven fabrics, and tire cord.

20.6 COPOLYESTERS

Copolyesters are produced when more than one glycol and/or more than one dibasic acid are used during the synthesis of
polyesters. Due to the presence of these comonomers, the chains of copolyesters tend to be less regular than those of the
homopolyesters and thus have a lower tendency to crystallize. As a result, copolyesters can be amorphous or crystalline
depending on the types and concentration of comonomers used. For example, the addition of a small amount of IPA
(typically <5 mol%) as comonomers during the production of PET introduces some irregularities to the chain structure
thus slowing down the rate of crystallization. The retardation of the rate of thermal crystallization allows completely
amorphous bottle preforms to be injection molded. The ultimate level of crystallinity is subsequently achieved through
strain-induced crystallization during the biaxial stretching process into final product. In this way, containers with better
clarity and equivalent level of crystallinity to that of a PET homopolymer can be produced.

3M Innovative Properties Co. - [PR2023-00243
Exhibit 1131
Page 24 of 30



538 Brydson’s Plastics Materials

TABLE 20.1 Some Common Copolyesters and Their Monomer Components

Copolyester Diacid(s) Diol(s) Remarks

PETG TPA CHDM + EG <50% CHDM modification

PCTG TPA CHDM + EG <50% EG modification

PCTA TPA + IPA CHDM >35% isophthalic acid modification

Isophthalic acid (IPA), ethylene glycol (EG), and cyclohexanedimethanol (CHDM) are being used traditionally as
comonomers in the production of copolyesters. CHDM is an important glycol used for the production of amorphous
copolyesters such as PETG, PCTG, and PCTA as shown in Table 20.1.

Amorphous copolyesters are typically produced using approximately 20—30 mol% of CHDM that is the so-called
amorphous window for the production of amorphous polymers as no detectable crystallization peaks are expected from
these polymers during DSC scans (Turner, 2004).

The first commercial amorphous copolyester, Kodar PETG 6763, was introduced by Eastman in 1977 for extrusion
blow molding applications which require high clarity and melt strength. PETG can be made by combination of two glycols,
CHDM and EG, and TPA. This copolyester contains <50 mol% of a mixture of 30/70 cis/trans-CHDM monomers. PETG
that is resistant to crystallization can be injection molded, extrusion blow molded, and thermoformed while retaining the
properties of an amorphous PET.

So far, PETG has found great success in extruded sheet for specialty packaging applications with its clarity, chemical
resistance, and toughness competing with PET, PC, and other transparent TP commonly used in the packaging in-
dustries. Its ability for sterilization with gamma rays makes it a popular candidate for blister packaging for medical
devices.

Glycol-modified PCT copolyester, PCTG, can be produced when more than 50 mol% of CHDM is introduced
with EG during the manufacturing process of PCT. Compared with PETG, PCTG has better flowability and
ductility. PCTG has found commercial success in injection-molded parts for medical applications due to its
enhanced resistance to gamma radiation (good elongation at break retention) and chemical resistance. PCTG is
commonly alloyed with other TP such as PC, which improves the thermal properties of PCTG while retaining its
chemical resistance and clarity.

Apart from using diols, the crystallinity of PCT can also be modified with diacids, and the resulting copolyesters are
commonly known as acid-modified PCTs or PCTA. As discussed in earlier section, an amorphous copolyester can be
obtained by the incorporation of IPA at >35 mol% during the production of PCT using CHDM as the sole diol component.
PCTA has a much improved resistance to hydrolysis during melt processing as a result of the more hydrophobic backbone
due to the absence of EG and the slower hydrolysis of the CHDM ester linkage versus the EG ester linkage (Turner, 2004).
Thus PCTA can be processed with less severe predrying conditions. PCTA offers lower extractables, greater heat resis-
tance, better low-temperature impact, and improved hydrolytic stability when compared with PET. It is primarily used for
extruded film and sheets for packaging especially in food contact applications.

20.7 NEW-GENERATION COPOLYESTERS

20.7.1 Introduction

Developed by Eastman Chemical Company and launched at K 2007 show in Dusseldorf Germany (Esposit, 2007),
Eastman Tritan"" is a new-generation copolyester that retains the versatility of a copolyester but also offers additional
advantages including easier processing, higher temperature resistance, and significantly higher impact resistance.
Tritan™ copolyesters are prepared by the melt phase copolymerization of 2,2,4,4-tetramethyl-1,3-cyclobutanediol
(TMCD) and 1,4 cyclohexanedimethanol (CHDM) with dimethyl terephthalate (DMT) shown in Figure 20.1. Important
material variables include the mol% of TMCD present in the copolyester and the inherent viscosity (IV) of the copolyester.
The unique properties of Tritan™ copolyesters are achieved by modifying poly(1,4-cyclohexylenedimethylene tere-
phthalate), or PCT, with TMCD. The incorporation of TMCD, resulted in higher glass transition temperatures (1) of the
new copolyesters than previous copolyester compositions due to its rigid characteristics. The T, of most traditional
copolyesters is limited to around 80 °C while the Ty of Tritan™ TX2001, a typical grade designed for houseware
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application, is about 120 °C. Tritan™ copolyesters crystallize very slowly relative to polyesters such as PET, and are easy
to mold into amorphous parts that are transparent even in thick sections and have mold shrinkage of only 0.5—0.7%.

20.7.2 Properties of Tritan™

Due to their low heat resistance and low impact performance, conventional copolyesters have limited opportunities in
applications that require exposure to high levels of heat, such as in the dishwasher. Comparing with Eastman’s heritage
copolyesters of PETG, PCTG, and PCTA, Tritan™ has lower specific gravity, and marked improvements in HDT and
notched Izod impact strength as shown in Table 20.2.

Compared with many commercial transparent TP, Tritan™ copolyesters have excellent clarity and transparency with
water-like, neutral color. As shown in Figure 20.11, Tritan" exhibits much higher level of light transmission than
multiphasic transparent ABS and impact-modified acrylic.

By having lower glass transition temperatures than PC, copolyesters generally experience lower residual stress
introduced to a product during molding. It is well known that the presence of high residual stresses in a part can have a
significant impact on the mechanical performance and chemical resistance of a molded object. Molded in stresses can be
the cause of part warpage, shrinkage, distortion during fabrication (e.g., drilling, welding) as well as the driving force for
environmental stress cracking (ESC), and poor chemical resistance. While some residual stresses (of a compressive nature)
occasionally improve ESC, it is unrealistic to control the nature of the stress on all surfaces of an actual part. Consequently,
it is paramount to minimize the stress magnitude of molded parts, to ensure it is robust against ESC.

A layer removal technique and chemical solvent testing can be employed for stress evaluation. Both methods show that
molded-in stress levels of Tritan™-based materials are generally 0.2—0.5 times lower than levels measured in PC-based
products. The layer-removal technique is a well-utilized method for assessing the stress distribution in a flat, molded
object as shown by the data in Figure 20.12. The procedure is carried out by carefully machining away layers of a tensile

TABLE 20.2 Properties of Tritan™ and Conventional Copolyesters

Tritan™ PETG PCTG PCTA
Properties (TX 1001) (TX2001) (GN007) (DNO1T) (DS1010)
Specific gravity 1.18 1.17 1.27 1.23 1.20
Clarity transmittance (%) 90 92 90 92 91
HDT @0.455 MPa (°C) 99 109 70 73 75
HDT @1.82 MPa (°C) 85 92 62 64 65
Notched Izod impact (J m™") 980 (NB?) 850 (NB?) 105 NB* 80

“Nonbreak as defined by ASTM D256 using 3.2 mm specimens.

Tritan TX 1000

Polycarbonate

Impact Modified Acrylic

Cyclic Olefin

Transparent ABS
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FIGURE 20.11 Clarity comparison of transparent thermoplastics.
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FIGURE 20.12 As-molded residual stress profile of Tritan™ copolyesters and polycarbonate.

bar (depths of 0.05, 0.10, 0.20, 0.41, 0.76, 1.02, 1.24, 1.50 mm). To ensure that no stresses or unwanted deformations are
introduced during machining, a gentle end-mill is used, the surface is cooled with air, and a vacuum plate is employed to
hold the tensile bar in place. Following layer removal, the deflection of the tensile bar is measured using an optical device.
Using simple beam theories, established by Treuting and Read (1951), the residual stress as a function of part thickness can
be calculated by the following expression:

Zy
o(Z) = {3(1_:452)4 x (zo+zl)2dfgl)+4(zo+zl)f(zl)—2 / f(Z)dz (20.2)

The variables are defined as follows: d(Z) is the residual stress as a function of part thickness (or depth), E is Young’s
Modulus, v is Poisson’s Ratio (assumed as 0.4), L is the bar length, f is the deflection distance as a function of depth
(Zy—2,) is the thickness removed by cutting, and Zj is the half-thickness of the bar.

20.7.3 Applications

In the consumer goods market, there are many applications for transparent TP such as copolyesters, acrylic, SAN,
amorphous nylon, and polycarbonate. However, the growing demands for materials that can deliver durability, design
flexibility, and easy processing in new applications limits the use of many existing clear TP, especially those from the
commodity families in these areas. Eastman Tritan” copolyesters are new amorphous TP aimed at filling this gap.

The unique properties of Tritan™ copolyesters allow them to be used in applications in a variety of markets from
housewares to medical devices. The rapid market success of Tritan"" copolyesters in replacing polycarbonate owes much to
their similarity in toughness with additional dishwasher durability and freedom from consumer concerns related to BPA.

Dishwasher durability is a very important attribute for housewares applications. The hot and caustic environment of the
dishwasher renders it one of the most demanding tests for plastics. Temperatures in residential dishwashers can reach up to
75 °C, while those in commercial dishwashers can reach up to 90 °C. A pH level of 11.8 has been recorded in residential
dishwashers, and detergents used in commercial dishwashers may be more aggressive. While the commercial dishwasher
cycle usually lasts only a few minutes, residential dishwashing cycles can last 1.5—2 h.

Beer mugs molded from acrylic (AC), methacrylate styrene (MS) copolymer, polycarbonate (PC), SAN copolymer, and
Tritan™ were dishwashed in a residential dishwasher using a powder detergent for 30, 50, 75, 100, and 125 cycles, fol-
lowed by drop testing. A maximum of 25 drops was conducted with the mugs filled nearly full of water and dropped on
their bottom from a height of 1.2 m. Both the acrylic and styrenics (MS & SAN) failed after a single drop and had inferior
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toughness compared to Tritan™. PC failed due to cracking in the dishwasher and subsequently was not drop tested.
Figure 20.13 shows photographs of drop-tested beer mugs after a given number of cycles in a residential dishwasher.
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FIGURE 20.13 Photos of dishwashed mugs after respective number of residential dishwasher (DW) cycles, molded from (a) acrylic after 75 DW cycles
and drop test, (b) methacrylate styrene after 50 DW cycles and drop test, (c) polycarbonate after 125 DW cycles and no drop test, (d) styrene acrylonitrile

™

(SAN) after 30 DW cycles and drop test, (e) SAN after 125 DW cycles and no drop test, and (f) Tritan "~ after 125 DW cycles and drop test. Photographs
provided by courtesy of Eastman Chemical Company.

Tritan™ copolyesters are well suited for medical applications due to their general properties of clarity, toughness, and
chemical resistance. However, more specific advantages include the lack of color change after radiation sterilization, no
annealing required due to low residual stresses after molding, and chemical resistance to medical disinfectants and
oncology drugs. Less color shift eliminates the need for addition of stabilizers or colorants for masking of color changes
during sterilization thus mitigating biocompatibility concerns of the healthcare industry.

Sterilization by autoclave, radiation, and ethylene oxide (EtO) gas is also clearly important for patient safety and
comfort. Polypropylene can be repeatedly autoclaved, despite not having a high HDT but may suffer from odor and chain
scission. Like most acrylic and styrenic polymers, Tritan is not autoclavable and will deform under high temperatures and
pressures (>121 °C and 0.1 MPa). It is however capable of radiation sterilization and EtO sterilization without loss in
properties and with minimal color shift. Figure 20.14 shows that at high radiation levels of 50 kGy, there is little color shift
for Tritan™ copolyester as compared to PC and acrylic resins.
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Eastman Tritan™ copolyester shows minimal color shift
and returns to original color in 14 days. Acrylic and PC have
significant color shifts after exposure to gamma radiation.

FIGURE 20.14 Color shift measured using CIELAB color (b*) and visual color assessment of Tritan"™ MX711, gamma-resistant polycarbonate (PC)
and standard grade PC and acrylic after 50 kGy of e-beam radiation. Positive and negative b* values correspond to a yellow (light gray in print versions)
and blue (gray in print versions) hue, respectively. Photographs provided by courtesy of Eastman Chemical Company.
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