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CHAPTER 1

INTRODUCTION TO
POLYMERS AND PLASTICS

Carol M. F. Barry, Anne-Marie Baker, Joey L. Mead

University of Massachusetts
Lowell, Massachusetts

1.1 INTRODUCTION

Plastics are an important part of everyday life; products made from plastics range from so-
phisticated products, such as prosthetic hip and knee joints, to disposable food utensils.
One of the reasons for the great popularity of plastics in a wide variety of industrial appli-
cations is the tremendous range of properties exhibited by plastics and their ease of pro-
cessing. Plastic properties can be tailored to meet specific needs by varying the atomic
composition of the repeat structure, by varying molecular weight and molecular weight
distribution. The flexibility can also be varied through the presence of side chain branch-
ing, via the lengths and polarities of the side chains. The degree of crystallinity can be con-
trolled through the amount of orientation imparted to the plastic during processing,
through copolymerization, blending with other plastics, and through the incorporation of
an enormous range of additives (fillers, fibers, plasticizers, stabilizers). Given all of the av-
enues available for tailoring any given polymer, it is not surprising that the variety of
choices available to us today exist.

Polymeric materials have been used since early times even though their exact nature
was unknown. In the 1400s, Christopher Columbus found natives of Haiti playing with
balls made from material obtained from a tree. This was natural rubber, which became an
important product after Charles Goodyear discovered that the addition of sulfur dramati-
cally improved the properties; however, the use of polymeric materials was still limited to
natural-based materials. The first true synthetic polymers were prepared in the early 1900s
using phenol and formaldehyde to form resins—Baekeland’s Bakelite. Even with the de-
velopment of synthetic polymers, scientists were still unaware of the true nature of the ma-
terials they had prepared. For many years, scientists believed they were colloids—a
substance that is an aggregate of molecules. It was not until the 1920s that Herman
Staudinger showed that polymers were giant molecules or macromolecules. In 1928,
Carothers developed linear polyesters and then polyamides, now known as nylon. In the
1950s, Ziegler and Natta’s work on anionic coordination catalysts led to the development
of polypropylene, high-density, linear polyethylene, and other stereospecific polymers.
More recent developments include Metallocene catalysts for preparation of stereospecific
polymers and the use of polymers in nanotechnology applications.

1.1
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1.2 CHAPTER 1

Materials are often classified as either metals, ceramics, or polymers. Polymers differ
from the other materials in a variety of ways but generally exhibit lower densities, thermal
conductivities, and moduli. Table 1.1 compares the properties of polymers to some repre-
sentative ceramic and metallic materials. The lower densities of polymeric materials offer
an advantage in applications where lighter weight is desired. The use of additives allows
the compounder to develop a host of materials for specific application. For example, the
addition of conducting fillers generates materials from insulating to conducting. As a re-
sult, polymers may find application in EMI shielding and antistatic protection.

Polymeric materials are used in a vast array of products. In the automotive area, they
are used for interior parts and in under-the-hood applications. Packaging applications are a
large area for thermoplastics, from carbonated beverage bottles to plastic wrap. Applica-
tion requirements vary widely but, luckily, plastic materials can be synthesized to meet
these varied service conditions. It remains the job of the part designer to select from the ar-
ray of thermoplastic materials available to meet the required demands.

1.2 POLYMER STRUCTURE AND SYNTHESIS

A polymer is prepared by stringing together a low molecular weight species (monomer;
e.g., ethylene) into an extremely long chain (polymer; in the case of ethylene, the polymer
is polyethylene) much as one would string together a series of bead to make a necklace
(see Fig. 1.1). The chemical characteristics of the starting low molecular weight species
will determine the properties of the final polymer. When two low different molecular

TABLE 1.1 Properties of Selected Materials*®

Thermal Electrical
Specific conductivity, resistivity, Modulus,
Material gravity Joule cm/(°C cm? ) nQ cm MPa
Aluminum 2.7 22 29 70,000
Brass 8.5 1.2 6.2 110,000
Copper 8.9 4.0 1.7 110,000
Steel (1040) 7.85 0.48 17.1 205,000
AL O; 3.8 0.29 >10'4 350,000
Concrete 2.4 0.01 - 14,000
Borosilicate glass 24 0.01 >10"7 70,000
MgO 3.6 - 10° (2000° F) 205,000
Polyethylene (H.D.) 0.96 0.0052 10'4-10'8 350-1,250
Polystyrene 1.05 0.0008 1018 2,800
Polymethyl methacry- 12 0.002 1016 3,500
late

Nylon 1.15 0.0025 104 2,800
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FIGURE 1.1 Polymerization.

weight species are polymerized, the resulting polymer is termed a copolymer—for exam-
ple, ethylene vinylacetate. This is depicted in Fig. 1.2. Plastics can also be classified as ei-
ther thermoplastics or thermosets. A thermoplastic material is a high molecular weight
polymer that is not crosslinked. It can exist in either a linear or branched structure. Upon
heating, thermoplastics soften and melt, allowing them to be shaped using plastics pro-
cessing equipment. A thermoset has all of the chains tied together with covalent bonds in a
three-dimensional network (crosslinked). Thermoset materials will not flow once
crosslinked, but a thermoplastic material can be reprocessed simply by heating it to the ap-
propriate temperature. The different types of structures are shown in Fig. 1.3. The proper-
ties of different Eolymers can vary widely; for example, the modulus can vary from 1 MN/
m? to 50 GN/m”. For a given polymer, it is also possible to vary the properties simply by
varying the microstructure of the material.

FIGURE 1.2 Copolymer structure.

)
W

Linear Branched ‘ Cross-linked

FIGURE 1.3 Linear, branched, and cross-linked polymer struc-
tures.

There are two primary polymerization approaches: step-reaction polymerization and
chain-reaction polymerization.” In step-reaction (also referred to as condensation poly-
merization), reaction occurs between two polyfunctional monomers, often liberating a
small molecule such as water. As the reaction proceeds higher molecular weight species
are produced as longer and longer groups react together. For example, two monomers can
react to form a dimer then react with another monomer to form a trimer. The reaction can
be described as n-mer + m-mer — (n + m)mer, where n and m refer to the number of
monomer units for each reactant. Molecular weight of the polymer builds up gradually
with time, and high conversions are usually required to produce high molecular weight
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polymers. Polymers synthesized by this method typically have atoms other than carbon in
the backbone. Examples include polyesters and polyamides.

Chain-reaction polymerizations (also referred to as addition polymerizations) require
an initiator for polymerization to occur. Initiation can occur by a free radical, an anionic,
or a cationic species. These initiators open the double bond of a vinyl monomer, and the
reaction proceeds as shown above in Fig. 1.1. Chain-reaction polymers typically contain
only carbon in their backbone and include such polymers as polystyrene and polyvinyl
chloride.

Unlike low molecular weight species, polymeric materials do not possess one unique
molecular weight but rather a distribution of weights as depicted in Fig. 1.4. Molecular
weights for polymers are usually described by two different average molecular weights,
the number average molecular weight, M, , and the weight average molecular weight,
M, . These averages are calculated using the equations below:

— cx,niMi

M, = Z—n—— (1.1)
i=1 !
oo 2

- n.M.

M = L ! 1.2

" zn,-Mi (12)
i=1

where ni is the number of moles of species i, and Mi is the molecular weight of species i.
The processing and properties of polymeric materials are dependent on the molecular
weights of the polymer as well as the molecular weight distribution. The molecular weight
of a polymer can be determined by a number of techniques including light scattering, solu-
tion viscosity, osmotic pressure, and gel permeation chromatography.

Amount of Polymer

FIGURE 1.4 Molecular weight distribution.

Molecular Weight

1.3 SOLID PROPERTIES OF POLYMERS

1.3.1 Glass Transition Temperature (7)

Polymers come in many forms, including plastics, rubber, and fibers. Plastics are stiffer
than rubber yet have reduced low-temperature properties. Generally, a plastic differs from
a rubbery material due to the location of its glass transition temperature (7). A plastic has
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a T, above room temperature, while a rubber has a T, below room temperature. T, is most
clearly defined by evaluating the classic relationship of elastic modulus to temperature for
polymers as presented in Fig. 1.5.

11
10r Glassy state
! or Glass transition (Tg)
£ 8r Leathery region
5 7t
3 Rubbery plateau
g 6 Rubbery flow
g 5|
4 -
Liquid flow
3 q

Temperature, °C —

FIGURE 1.5 Relationship between elastic modulus and temperature.

At low temperatures, the material can best be described as a glassy solid. It has a high
modulus, and behavior in this state is characterized ideally as a purely elastic solid. In this
temperature regime, materials most closely obey Hooke’s law:

G = Ee (1.3)

where © is the stress being applied, and € is the strain. Young’s modulus, E, is the propor-
tionality constant relating stress and strain.

In the leathery region, the modulus is reduced by up to three orders of magnitude from
the glassy modulus for amorphous polymers. The temperature at which the polymer be-
havior changes from glassy to leathery is known as the glass transition temperature, 7.
The rubbery plateau has a relatively stable modulus until further temperature increases in-
duce rubbery flow. Motion at this point does not involve entire molecules but, in this re-
gion, deformations begin to become nonrecoverable as permanent set takes place. As
temperature is further increased, the onset of liquid flow eventually takes place. There is
little elastic recovery in this region, and the flow involves entire molecules slipping past
each other. This region models ideal viscous materials, which obey Newton’s law:

o =né (1.4)

In the case of a thermosetting material, the rubbery plateau is extended until degradation
and no liquid flow will occur.

1.3.2 Crystallization and Melting Behavior (T,

In its solid form, a polymer can exhibit different morphologies, depending on the structure
of the polymer chain as well as the processing conditions. The polymer may exist in a ran-
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dom unordered structure termed amorphous. An example of an amorphous polymer is
polystyrene. If the structure of the polymer backbone is a regular, ordered structure, then
the polymer can tightly pack into an ordered crystalline structure, although the material
will generally be only semicrystalline. Examples are polyethylene and polypropylene. The
exact makeup and architecture of the polymer backbone will determine whether the poly-
mer is capable of crystallizing. This microstructure can be controlled by different syn-
thetic methods. As mentioned above, the Ziegler-Natta catalysts are capable of controlling
the microstructure to produce stereospecific polymers. The types of microstructure that
can be obtained for a vinyl polymer are shown in Fig. 1.6. The isotactic and syndiotactic
structures are capable of crystallizing because of their highly regular backbone, while the
atactic form would produce an amorphous material. The amount of crystallinity actually
present in the polymer depends on a number of factors, including the rate of cooling, crys-
tallization kinetics, and the crystallization temperature. Thus, the extent of crystallization
can vary greatly for a given polymer and can be controlled through processing conditions.

Isotactic Syndiotactic Atactic

FIGURE 1.6 Isotactic, syndiotactic, and atactic polymer chains.

1.4 MECHANICAL PROPERTIES

The mechanical behavior of polymers is dependent on many factors, including polymer
type, molecular weight, and test procedure. Modulus values are obtained from a standard
tensile test with a given rate of crosshead separation. In the linear region, the slope of a
stress-strain curve will give the elastic or Young’s modulus, E. Typical values for Young’s
modulus are given in Table 1.2. Polymeric material behavior may be affected by other fac-
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tors such as test temperature and rates. This can be especially important to the designer
when the product is used or tested at temperatures near the glass transition temperature,
where dramatic changes in properties occur as depicted in Fig. 1.5. The time-dependent
behavior of these materials is discussed below.

1.4.1 Viscoelasticity

Polymer properties exhibit time-dependent behavior, meaning that the measured proper-
ties are dependent on the test conditions and polymer type. Figure 1.7 shows a typical vis-
coelastic response of a polymer to changes in testing rate or temperature. Increases in
testing rate or decreases in temperature cause the material to appear more rigid, while an
increase in temperature or decrease in rate will cause the material to appear softer. This
time-dependent behavior can also result in long-term effects such as stress-relaxation or
creep.2 These two time-dependent behaviors are shown in Fig. 1.8. Under a fixed displace-
ment, the stress on the material will decrease over time, termed stress relaxation. This be-
havior can be modeled using a spring and dashpot in series as depicted in Fig. 1.9. The
equation for the time dependent stress using this model is

o(t) = o,¢ " (15)

Increasing strain rate or
decreasing temperature

FIGURE 1.7 Effect of strain rate or tempera-
ture on mechanical behavior.

Strain
Stress Relaxation Creep
{Contant Strain) (Constant Stress)
@ g
& £
% w2
Time Time

FIGURE 1.8 Creep and stress relaxation behavior.
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Series Parallel
Model Model

FIGURE 1.9 Spring and dashpot models.

where 7T is the characteristic relaxation time (1/k). Under a fixed load, the specimen will
continue to elongate with time, a phenomenon termed creep, which can be modeling using
a spring and dashpot in parallel as seen in Fig. 1.9. This model predicts the time-dependent
strain as

e(t) = e,e " (1.6)

For more accurate prediction of the time-dependent behavior, other models with more
elements are often employed. In the design of polymeric products for long-term applica-
tions, the designer must consider the time-dependent behavior of the material.

If a series of stress relaxation curves is obtained at varying temperatures, it is found
that these curves can be superimposed by horizontal shifts to produce a master curve.’
This demonstrates an important feature in polymer behavior: the concept of time-tempera-
ture equivalence. In essence, a polymer at temperatures below room temperature will be-
have as if it were tested at a higher rate at room temperature. This principle can be applied
to predict material behavior under testing rates or times that are not experimentally acces-
sible through the use of shift factors (a7T) and the equation below:

1744(T-T
z) 3 ( P (7

na, = In[L)= "¢
ndr “(z ST6+T T,

o

where T, is the glass transition temperature of the polymer.

1.4.2 Failure Behavior

The design of plastic parts requires the avoidance of failure without overdesign of the part,
leading to increased part weight. The type of failure can depend on temperatures, rates,
and materials. Some information on material strength can be obtained from simple tensile
stress-strain behavior. Materials that fail at rather low elongations (1 percent strain or less)
can be considered to have undergone brittle failure.* Polymers that produce this type of
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failure include general purpose polystyrene and acrylics. Failure typically starts at a defect
where stresses are concentrated. Once a crack is formed, it will grow as a result of stress
concentrations at the crack tip. Many amorphous polymers will also exhibit what are
called crazes. Crazes appear to look like cracks, but they are load bearing, with fibrils of
material bridging the two surfaces as shown in Fig. 1.10. Crazing is a form of yielding
and, when present, can enhance the toughness of a material.

(6 c

N S N . S, N N s S

= =

R R
Crack Craze

FIGURE 1.10 Cracks and crazes.

Ductile failure of polymers is exhibited by yielding of the polymer or slip of the molec-
ular chains past one another. This is most often indicated by a maximum in the tensile
stress-strain test or what is termed the yield point. Above this pomt the material may ex-
hibit lateral contraction upon further extension, termed neckmg Molecules in the necked
region become oriented and result in increased local stiffness. Material in regions adjacent
to the neck are thus preferentially deformed, and the neck region propagates. This process
is known as cold-drawing (see Fig. 1.11). Cold drawing results in elongations of several
hundred percent.

Under repeated cyclic loading, a material may fail at stresses well below the single-cy-
cle failure stress found in a typical tensile test. 6 This process is called fatigue and is usu-
ally depicted by plotting the maximum stress versus the number of cycles to failure.

Yifld point

Stress

Strain

FIGURE 1.11 Ductile behavior.
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Fatigue tests can be performed under a variety of loading conditions as specified by the
service requirements. Thermal effects and the presence or absence of cracks are other vari-
ables to be considered when the fatigue life of a material is to be evaluated.

1.4.3 Effect of Fillers

The term fillers refers to solid additives, which are incorporated into the plastic matrix.”
They are generally inorganic materials and can be classified according to their effect on
the mechanical properties of the resulting mixture. Inert or extender fillers are added
mainly to reduce the cost of the compound, whereas reinforcing fillers are added to im-
prove certain mechanical properties such as modulus or tensile strength. Although termed
inert, inert fillers can nonetheless affect other properties of the compound besides cost. In
particular, they may increase the density of the compound, reduce the shrinkage, increase
the hardness, and increase the heat deflection temperature. Reinforcing fillers typically
will increase the tensile, compressive, and shear strengths, increase the heat deflection
temperature, reduce shrinkage, increase the modulus, and improve the creep behavior. Re-
inforcing fillers improve the properties via several mechanisms. In some cases, a chemical
bond is formed between the filler and the polymer; in other cases, the volume occupied by
the filler affects the properties of the thermoplastic. As a result, the surface properties and
interaction between the filler and the thermoplastic are of great importance. A number of
filler properties govern their behavior, including the particle shape, the particle size and
distribution of sizes, and the surface chemistry of the particle. In general, the smaller the
particle, the greater the improvement in the mechanical property of interest (such as ten-
sile strength) Larger particles may give reduced properties compared to the pure thermo-
plastic. Particle shape can also influence the properties. For example, plate-like particles or
fibrous particles may be oriented during processing, resulting in anisotropic properties.
The surface chemistry of the particle is also important to promote interaction with the
polymer and to allow for good interfacial adhesion. The polymer should wet the particle
surface and have good interfacial bonding so as to obtain the best property enhancement.

Examples of inert or extender fillers include: china clay (kaolin), talc, and calcrum car-
bonate. Calcium carbonate is an important filler, with a particle size of about 1 um. ltisa
natural product from sedimentary rocks and is separated into chalk, limestone, and marble.
In some cases, the calcium carbonate may be treated to improve interaction with the ther-
moplastic. Glass spheres are also used as thermoplastic fillers. They may be either solid or
hollow dependmg on the particular apphcatlon Talc is a filler with a lamellar particle
shape O Tt is a natural, hydrated magnesium silicate with good slip properties. Kaolin and
mica are also natural materials with lamellar structures. Other fillers include wollastonite,
silica, barium sulfate, and metal powders. Carbon black is used as a filler primarily in the
rubber industry, but it also finds application in thermoplastics for conductivity, for UV
protection, and as a pigment. Fillers in fiber form are often used in thermoplastics. Types
of fibers include cotton, wood flour, fiberglass, and carbon. Table 1.3 shows the fillers and
their forms. An overview of some typical fillers and their effect on properties is shown in
Table 1.4. Considerable research interest exists for the incorporation of nanoscale fillers
into polymers. This aspect will be discussed in later chapters.

1.5 Rheological Properties

Viscosity is the resistance to flow. As shown in Table 1.5, polymer melts have viscosities
of 100 to 1,000,000 Pa-s, whereas water has a viscosity of 0.001 Pa- s.!1 These high vis-
cosities result from the long polymer chains and cause the polymer melt to exhibit laminar
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TABLE 1.3 Forms of Various Fillers

Spherical Lamellar Fibrous
Sand/quartz powder Mica Glass fibers
Silica Talc Asbestos
Glass spheres Graphite Wollastonite
Calcium carbonate Kaolin Carbon fibers
Carbon black Whiskers
Metallic Oxides Cellulose

Synthetic fibers

flow; that is, the melt moves in layers. Although, these melt layers may move at the same
velocity, thereby producing plug flow, the melt layers typically flow at different the differ-
ent velocities to provide shear. Changes in the cross-sectional area of the melt channel or
drawing processes stretch or allow relaxation of the polymer chains, giving rise to elonga-
tion or extension.

The shear viscosity of polymer melts generally decreases with increasing shear rate.
This pseudoplastic behavior contrasts with the shear-rate independent viscosity of fluids,
such as water, solvents, and oligomers. The decrease in the viscosity of pseudoplastic flu-
ids, however, does not occur immediately. At low shear rates, the polymer molecules flow
as random coils, and the constant viscosity is called the zero-shear rate viscosity ().
With increasing shear rate, the polymer chains align in the direction of flow, and the vis-
cosity decreases (Fig. 1.12). The shear rate corresponding to the onset of chain alignment
or shear thinning increases with decreasing polymer molecular weight. When the viscosity
decrlezases is proportional to the increase in shear rate, the viscosity can be modeled us-
ing:

n = ky (1.8)

where k is the consistency index and » is the power law index. The power law index is an
indicator of a material’s sensitivity to shear (rate), or the degree of non-Newtonian behav-
ior. For Newtonian fluids # = 1, and for pseudoplastic fluids n < 1, with smaller values in-
dicating greater shear sensitivity. Since shear rate varies considerably with the processing
method (Table 1.6),13 the degree of alignment, shear thinning, and material relaxation var-
ies considerably with the process. Compression and rotational molding typically induce
very little alignment of the polymer chains and thus produce low levels of orientation and
retained stress. In contrast, the polymer chains are highly oriented during injection
molded, and such parts exhibit high levels of residual stress.

As illustrated in Fig. 1.12, shear viscosity also decreases with temperature, since the
polymer chains are more mobile. This temperature dependence of viscosity can be ex-
pressed using an Arrhenius equation:

n-= Aexp(%) (1.9)

where A is a material constant, £, is the activation energy (which varies with polymer and
shear rate), R is a constant, and 7 is the absolute temperature. Since the activation energy
depends on the difference between a polymer’s processing and glass transition tempera-
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TABLE 1.5 Typical Viscosities

Material Viscosity (Pa-s)

Air 107
‘Water 1073
Polymer latexes 102
Olive ol 107!
Glycerin

Polymer melts 10% - 10°
Pitch 10°
Plastics 10!2
Glass 10?!

TABLE 1.6 Typical Shear Rates for Selected

Processes 2
Process Shear rate (s-1)
Compression molding 1-10
Calendering 10-100
Extrusion 100-1,000
Injection molding 1,000-10,000

logn

log 7

FIGURE 1.12 The effect of shear rate and temperature on viscosity, where T; > T, >
T3.

tures, materials such as polyethylene have activation energies less than 20 kJ/mol, whereas
higher-temperature polymers, such as polycarbonate, exhibit activation energies that are
greater than 50 kJ/mol. Pressure increases viscosity, but the effects are relatively insignifi-
cant when the processing pressures are less than 35 MPa (5,000 psi).14 At higher pres-
sures, the increase in viscosity is given by15
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M = n,expla,(P-P,)] (1.10)

where 1, is the viscosity at a reference P,, and o, is an empirical constant with values of
200 to 600 MPa™.

Shear viscosity increases with more rigid polymer structures, higher molecular
weights, and additives such as fillers and fibers. Long chain branching and broader molec-
ular weight distributions increase the shear sensitivity of viscosity. Blending two polymers
can significantly alter polymer viscosity, but the effect depends on the two polymers. Ad-
ditives such as lubricants typically decrease viscosity, whereas the effect of colorants and
impact modifiers varies with type of additive.

In contrast, the effect of strain rate on extensional viscosity varies with the polymer
structure. Branched polymers generally exhibit extensional thickening and a correspond-
ing increase in viscosity. Linear polymers, such as LLDPE, undergo extensional thinning
in which the viscosity decreases as the polymer sample necks. Generally, extensional vis-
cosity is greater than shear viscosity and depends primarily on the molecular weight of the
polymer

1.6 PROCESSING OF THERMOPLASTICS

Processing involves the conversion of the solid polymer into a desirable size and shape.
There are a number of methods to shape the polymer, including injection molding, extru-
sion, thermoforming, blow molding, and rotational molding. The plastic material is heated
to the appropriate temperature for it to flow, the material is shaped, and then it is cooled so
as to preserve the desired shape.

1.6.1 Extrusion

In extrusion operations, a solid thermoplastic material is melted, forced through an orifice
(die) of the desired cross section, and cooled. This method was adapted from metallurgists
who use a similar form of extrusion to process molten aluminum and was first adapted in
1845 by Bewley and Brooman to extrude rubber around cable as a coating.16 Extrusion
processes are used to continuously produce film and sheet; shapes with uniform cross-sec-
tions, such as PVC pipe, tubes, and garden hose; profile with nonuniform cross-sections,
such as PVC window moldings and gutters; synthetic fibers; polymer coatings for insulat-
ing wire and sealing paper, plastic, and metal packaging.

Although there are many types of extruders, the most common is the single-screw ex-
truder (shown in Fig. 1.13).17 This extruder consists of a screw in a metal cylinder or bar-
rel. Electrical heater bands and fans that surround the barrel help bring the extruder to
operating temperature during start-up and maintain barrel temperature during operation.
One end of the screw is connected through a thrust bearing and gear box to a drive motor
that rotates the screw in the barrel. The other end is free floating in the barrel. The barrel is
connected to the feed throat, a separate “barrel section,” with an opening called a feed
port, and is connected to the feed hopper. A die adaptor is usually connected to the oppo-
site end of the extruder. A breaker plate and a screen pack are sandwiched between the ex-
truder and die adaptor. The breaker plate provides a seal between the extruder and die,
converts the rotational motion of the melt (in the extruder) to linear motion (for the die),
and supports the screen pack. The screen pack filters the melt, thereby prevent unmelted
resin, degraded polymer, or other contaminants from producing defects in the extruded
products and/or damaging the die.
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HOPPER Indicates heaters
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HARDENED THERMOCOUPLES SCREEN ADAPTER  BREAKER
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BARREL MELT
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COUPLE

SCREW ~_|

HOPPER —
COOLING
JACKET

COMPRESSION METERING
SECTION SECTION SECTION

L— BACK HEAT ZONE -—-—-L————'FRONT HEAT ZONE

L Resin flow

FIGURE 1.13 A single-screw extruder.

ADAPTER

During extrusion, solid resin in the form of pellets or powder is fed from the hopper,
through the feed port, and into the feed throat of the extruder. The solid resin falls onto the
rotating screw and is packed into a solid bed in the first section of the screw (called the
feed zone). The solid bed is melted as it travels through the middle section (transition
zone) of the screw. The melt is mixed, and pressure is generated in the final section (meter-
ing zone) of the screw. Although the heater bands and cooling fans maintain the barrel at a
set temperature profile, conduction from the barrel walls provides only 10 to 30 percent of
the energy required to melt the resin. The remainder of the energy is generated from the
frictional heat generated by the mechanical motion of the screw; this mechanism is called
viscous dissipation.

Extruder screws are design to accommodate this pattern of packing, melting, and pres-
sure generation. As illustrated in Fig. 1.14, the outside dlameter of the screw, which is
measured at the tops of the screw flights, remains constant.!® The root diameter of the
screw, however, changes. In the feed zone, the root diameter is small so that the large
channel depth (i.e., distance between the outside and root diameters) can accommodate the
packed solid resin particles. The root diameter of the transition or compression zone in-
creases with the distance from the feed zone. This change in channel depth forces the solid

FEED TRANSITION METERING
FSECT[ON SECTION SECTION

57

FIGURE 1.14 General-purpose extruder screw.
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into better contact with barrel wall, thereby promoting better melting. It also compresses
the molten polymer in the screw channels. The root diameter becomes constant again in
the metering zone, but the channel depth is very small. This geometry facilitates pressure
generation and helps maintain the temperature of the polymer melt (i.e., polymers are poor
conductors of thermal energy, and so thin melt layers have more uniform temperatures).
The compression ratio (i.e., ratio of the channel depths in the feed and metering zones) and
length of the transition zone significantly affect the melting in the single-screw extruders.
Typically, extruder screws have length to diameter (L/D) ratios of about 30:1, with each
zone requiring about one-third of the screw length. Barrier screws are used to improve
melting performance while an assortment of mixing elements incorporated into the meter-
ing zone enhance mixing and the melt temperature uniformity of the melt. These include
the addition of mixing pins on the barrel of the screw, ring barriers, and modified designs
that involve very large screw diameters so as to force molten polymer through a small
clearance between the mixing head and the inside of the barrel wall. Two stage-screws
permit devolatilization of polymer melts, thereby eliminating entrapped moisture, air, and
other volatiles from the melt.

Typical extruders have diameters of 25 to 150 mm, but this can vary from 20 to 600
mm (6 to 24 in). They typically operate at 1 to 2 rev/s (60 to 120 rpm) for large extruders
and 1 to 5 rev/s (60 to 300 rpm) for small extruders.'? Output varies as a function of pro-
cessing parameters (particularly screw speed and pressure), the thermal and mechanical
properties of the polymer, and the design and geometry of the screw. A 600-mm dia sin-
gle-screw extruder is capable of delivering 29 metric tons of product an hour, whereas the
smallest 20-mm dia single-screw extruders have a throughput capacity of 5 kg/h Oper-
ating pressures are typically 1 to 35 MPa (200 to 5000 psi).

Single-screw extruders account for 90 percent of all extruders, with the three types of
twin-screw extruders making up the bulk of the remaining 10 percent. In nonintermeshing
(tangential) extruders, the counter-rotating screws do not interlock with each other and
convey the polymer using drag flow (i.e., like a single-screw extruder). These extruders
permit tight control of heating and shear and so have been used for devolatilization, coag-
ulation, reactive extrusion, and halogenation of polyolefins. 21 With intermeshing twin-
screw extruders (Fig. 1.15), the flights of one screw fit into the channels of the other, and
polymer is transferred from the channels of one screw to those of the other, thereby pro-
viding positive conveyance of the polymer and increased mixing. In counter-rotating, in-
termeshing twin-screw extruders, some material flows between the screws and the barrel
wall, and the remainder is forced between the two screws. Polymer in co-rotating twin
screws moves in a figure-eight pattern around the two screws, with little material flowing
between the screws. The longer flow path produces longer extruder residence times than
observed with counter-rotating, intermeshing twin-screw extruders but increases the de-
gree of elongational flow and enhances mixing. Intermeshing twin-screw extruders are
typically used in applications where mixing and compounding need to be accomplished,
because the screws’ elements can be rearranged (programmed) to suit a specific applica-
tion. They are highly capable of dispersing small agglomerates such as carbon black and
can be used, for example, to blend the components of duct tape adhesive as well as coat
the finished adhesive onto the tape backing. Counter-rotating, intermeshing twin-screw ex-
truders, which permrt tight control of shear and residence time, are also employed for the
extrusion of PVC pipes and proﬁles Although twin-screw extruders have relatively low
pressure-generating capabilities, some materials can be compounded and formed directly
if a gear pump is added to the end of the extruder.

Die designs depend on the product that will be formed. Typically, spiral flow and spi-
der arm dies are used for blown film, tubing, and pipes. Crosshead dies are employed for
tubing and wire coating. Wide dies with tee, coat hanger, and exponential are employed
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for film, sheet, and extrusion coating. In die design, it is critical to avoid “dead spots”
where the polymer melt can become stagnant and risk thermal degradation. It is also im-
portant that the polymer molecules be allowed to return to an equilibrium position to the
greatest extent possible to minimize the orientation as a result of flow. Laminar flow is de-
sired, and finite element analysis is used to design dies that enable laminar flow to the
greatest extent. Multimanifold dies, such as plate dies, and feedblocks (along with film,
sheet, and extrusion dies) combine melt streams from multiple single-screw extruders to
produce co-extruded multilayer products. This common technique is used for producing
multilayer packaging films, where each layer provides a particular feature. For example,
garbage bags are often multilaminate constructions, as are packaging films where a PVDC
layer may be incorporated for moisture or oxygen barrier properties, and HDPE may be
used as a less-expensive, relatively strong, layer. EVA is a common “bonding layer” be-
tween different plastic layers. As many as eight or more extruders may be used to form
highly specialized, multilayer films.

Common defects encountered with extrusion include effects associated with the vis-
coelastic nature of plastic melts. As the melt is extruded from the die for example, it may
exhibit sharkskin melt fracture and extrudate (die) swell. Diagrams of these defects are
shown in Fig. 1.16.23 Sharkskin melt fracture occurs when the stresses being applied to the
plastic melt exceed its tensile strength. Extrudate swell occurs due to the elastic compo-
nent of the polymer melt’s response to stress and is the result of the elastic rebound of the
polymer as it leaves the constraints of the die channel prior to cooling.

FIGURE 1.16 Common defects described from rod dies: (a) shark-skin-
ning, (b) die swell, and (c) melt fracture.?

Pressure generated in the extruder forces the melt through the breaker plate, die adap-
tor, and die. The die forms the melt into the desired shape. Downstream equipment, such
as a water bath cools the melt, and a puller draws the extrudate away from the die and
through the water bath away from the die. Figure 1.17 illustrates the downstream equip-
ment for tube extrusion. The annular tube exiting the die is pulled though a calibration
unit, which maintains the outside diameter of the tube, while being cooled by a water bath.
The puller stretches the molten tube, and a cutter slices the tube into preset lengths. In
blown film extrusion (Fig. 1.18),%* the melt forced though an annular die is expanded into
a bubble using air blown through a hole in the die mandrel, stretched axially by take-up
rolls, and cooled by forced convention. This biaxial orientation, thinning of the tube of
film through the internal pressurization of the bubble, combined with the thinning of the
film as it is stretched upwards, results in a strong, biaxially oriented film. Stretching con-
tinues until the freezing line is reached, at which point the film has cooled off to such an
extent as to provide a high enough modulus to resist further deformation. Crystallization
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FIGURE 1.18 Blown film process.24

Treren

Inflation

also enables the orientation to be maintained. A pair of collapsing rolls is used to flatten
the bubble and allow the film to then be wound into a master roll for later converting pro-
cesses such as slitting.

1.6.2 Injection Molding

Injection molding is a widely used process to produce parts with variable dimensions. An
injection molding machine consists of the following four components:25

* Injection unit
* Control systems
* Drive system

* Clamping unit

The purpose of the injection unit is to heat and melt the polymer, inject the melt into
the cavity, and apply pressure during the cooling phase. The most common type of injec-
tion molding machine is the reciprocating screw. In this type of machine, the screw rotates
to plasticize the polymer, moving backward to deposit a volume of polymer melt ahead of
the screw (shot). Once the correct shot size has been built, the screw then moves forward
to inject the melt into the mold. Injection molding is a discontinuous process, and the
clamping unit allows for the mold to open and close for part removal and to provide pres-
sure as the cavity is filled. This is depicted in Fig. 1.19.

The purpose of an injection mold is to give the shape of the part (cavity), distribute the
polymer melt to the cavities through a runner system, cool the part, and eject the part. Dur-
ing the injection molding cycle, the polymer flows from the nozzle on the injection unit
through the sprue, then to the runners, which distribute the melt to each of the cavities.
The entrance to the cavity is called the gate and is usually small so that the runner system
can be easily removed from the part. A typical feed system for injection molding is shown
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in Fig. 1.20. Figure 1.21 depicts a number of gate configurations. Molding conditions for a
wide variety of thermoplastics are given in Table 1.7.

The molding process itself can have a large influence on the final properties of the part.
The polymer chains undergo orientation in the flow direction during the mold filling phase
of the injection cycle as shown in Fig. 1.22. The amount of orientation in the final part de-
pends on how much orientation was induced during filling minus the amount that was
been removed through molecular relaxation.”® This is particularly true of the surface of
the part, where hot material reaches the cool walls of the mold with rapid solidification
coupled with the highest shear and induced orientation at the mold surface. Orientation
can result in parts with anisotropic properties and should be accounted for during part de-
sign. Mechanical properties are thus typically higher in the direction of orientation.?’

For semicrystalline polymers, the injection molding process parameters can have a
large impact on the degree of crystallinity. As the cooling rate increases, the degree of crys-
tallinity will decrease. 8 Cooling rate effects can cause a gradient of crystallinity across the
thickness of a part where interior portions of the part may have higher crystallinity due to
their slower cooling rates compared to the surface. The crystalline morphology will also be
influenced by the cooling behavior. Slower cooling rates result in larger spherulites, while
more rapid cooling rates result in a larger number of smaller spherulites.29 A number of
specialized injection molding processes also exist and are outlined below.

Gate land

S

Mouiding

Runner
Branch runner

FIGURE 1.20 Injection molding feed system.m

G O-&

Sprue gate Pin gate Edge gate Ring gate
Diaphragm gate Fan gate Film gate Tab gate

FIGURE 1.21 Injection molding gate types.62
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FIGURE 1.22 Orientation of polymer chains

during injection molding.
T Gate

1.6.2.1 Injection/Compression Molding. Injection/compression molding refers to the
process wherein the cavity is not completely filled during injection of the resin.?® In this
process, the resin is injected while the mold is slightly open. The two halves of the mold
then close, distributing the resin and filling the cavity. This process is useful for products
that require high surface replication, such as compact discs or optical parts. Thin-walled
parts can also be molded by this process, as the pressure losses are reduced, and there is
less risk of premature resin solidification. Figure 1.23 illustrates this process.

1.6.2.2 Lost-Core Process. Products that are hollow or contain complex undercuts can
be fabricated using the lost-core process as illustrated in Fig. 1.24. Core materials are typ-
ically low-melting alloys (around 150°C), that are removed by heating the p.zlrt.25 Before
each molding cycle, a core is inserted into the mold, and the part is injection molded. The
core is ejected with the part and then melted, resulting in the finished product. It is impor-
tant that the core material melt at temperatures low enough that the plastic material is not
affected by the heating cycle. Air manifolds for automotive and pump parts are often fabri-
cated using this method.

1.6.2.3 Gas-Assisted Injection Molding. In gas-assisted injection molding the mold is
partially filled with polymer, followed by a gas, which presses the polymer out to the sur-
face of the mold, resulting in a hollow part. This process can be used for producing lighter-
weight parts, often with reduced cycle times as a result of less material to cool. Thick-
walled parts can be produced with fewer surface imperfections, such as sink marks, but
equipment costs will be higher. Figure 1.25 shows the gas-assist injection molding
method.

1.6.2.4 Coinjection Molding. Coinjection molding refers to a process whereby two ma-
terials are injected into the same cavity.25 The first material is injected into the cavity and
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FIGURE 1.23 Injection compression process.63

step2:
o e olding
/ ™
>
stept Stmfpﬂ\gmecat

inserting the core

H]([H B S—

64

FIGURE 1.24 Lost-core injection molding process.

then followed by the second material as depicted in Fig. 1.26. In this process, the first ma-
terial goes to the outside of the mold and forms the skin, and the second material forms the
interior of the part. This is often referred to as sandwich molding. Materials may be in-
jected either sequentially or simultaneously. Applications include the use of an expensive
outer layer and a cheaper core material or with fiber reinforced materials, where a skin ma-
terial is used for improved surface quality.
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FIGURE 1.26 Coinjection molding.66

1.6.2.5 Two-Shot Injection Molding. Two-shot or overmolding refers to a process
whereby either different colors or different materials are molded into one part. In this pro-
cess, the first material or color is injected, then the mold is rotated, and the second shot is
injected as depicted in Fig. 1.27. An alternative method is to use a retractable core.%” In
this case, the first material is injected, cooled to solidify, and then the core is retracted to
allow injection of the second material as shown in Fig. 1.28. Bonding is accomplished
through either strictly mechanical means or by adhesion between the two components
through diffusion of the chains. This can result in parts with two materials combined with-
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FIGURE 1.28 Two-shot injection molding with retractable core.

out the need for an additional adhesive bonding step.30 In the case where direct adhesion
of the materials is desired, proper selection of compatible materials is required. Table 1.8
shows the bonding strength for a number of thermoplastic combinations for use in
multicomponent injection molding.

1.6.3 Thermoforming

Thermoforming is the heating of a thermoplastic sheet until it is soft and stretchable and
then forcing the hot sheet against the contours of a mold by mechanical (plug assist), vac-
uum, pressure, or a combination of all three. After cooling, the plastic sheet retains the
mold's shape and detail ! Thermoforming is still a rapidly growing processing method be-
cause of the range of products that can be formed and the relatively low cost of required
tooling and equipment.32 Thermoformed 3products include dinnerware, cups, automotive
parts, egg cartons, and blister packaging.3

There are a wide variety of processes for thermoforming. One-step processes include
the following:34

¢ Drape forming

* Vacuum forming
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* Pressure forming
* Free blowing
* Matched die molding

Drape forming, as shown in Fig. 1.29, involves either lowering the heated sheet onto a
male mold or raising the mold into the sheet. Usually, either vacuum or pressure is used to
force the sheet against the mold. In vacuum forming (Fig. 1.30), the sheet is clamped to
the edges of a female mold, then vacuum is applied to force the sheet against the mold.
Pressure forming is similar to vacuum forming except that air pressure is used to form the
part (Fig. 1.31). In free blowing, the heated sheet is stretched by air pressure into shape,
and the height of the bubble is controlled using air pressure. As the sheet expands outward,
it cools into a free-form shape as shown in Fig. 1.32. This method was originally devel-
oped for aircraft gun enclosures. Matched die molding (Fig. 1.33) uses two mold halves to
form the heated sheet. This method is often used to form relatively stiff sheets.

Maie or Positive Forming Negative or Female Forming

FIGURE 1.29 Drape-forming process.68 FIGURE 1.30 Vacuum-forming process.66

Air Pressure

Jh

7
A%

Pressure Box
Sheet
Clamp [ <1
84 Y

Evacuation or Yacuum

FIGURE 1.31 Pressure forming.69
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FIGURE 1.32 Free-blowing process.69
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FIGURE 1.33 Matched die thermoforming.70

Multistep forming is used in applications for thicker sheets or complex geometries with
deep draw. In this type of thermoforming, the first step involves prestretching the sheet by
techniques such as billowing or plug assist. After prestretching, the sheet is then pressed
against the mold. Multistep forming includes the following:35
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» Billow drape forming

* Billow vacuum forming

* Vacuum snap-back forming
¢ Plug assist vacuum forming
* Plug assist pressure forming
¢ Plug assist drape forming

Billow drape forming consists of a male mold pressed into a sheet prestretched by the
billowing process (Fig. 1.34). A similar process is billow vacuum forming, wherein a fe-
male mold is used (Fig. 1.35). In vacuum snap-back forming, vacuum is used to prestretch
the sheet, then a male mold is pressed into the sheet and, finally, pressure is used to force
the sheet against the mold as seen in Fig. 1.36. In plug assist, a plug of material is used to
prestretch the sheet. Either vacuum or pressure is then used to force the sheet against the
walls of the mold as shown in Figs. 1.37 and 1.38. Plug assist drape forming is used to
force a sheet into undercuts or corners (Fig. 1.39). The advantage of prestretching the
sheet is more uniform wall thickness.

Materials suitable for thermoforming must be compliant enough to allow for forming
against the mold, yet not produce excessive flow or sag while being heated.36 Amorphous
materials generally exhibit a wider process window than semicrystalline materials. Pro-
cessing temperatures are typically 30 to 60°C above T, for amorphous materials and usu-
ally just above 7, in the case of semicrystalline polymers.37 Amorphous materials that are
thermoformed include PS, ABS, PVC, PMMA, PETP, and PC. Semicrystalline materials

L

. Top Platen

Vacuum or Exhaust

. :ﬁ Pressurized Air _}
{nflating Air

Billow Prestretching With Mold Motion Vacuum/Pressure Forming

FIGURE 1.34 Billow drape forming.71
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FIGURE 1.35 Billow vacuum process.72
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that can be successfully thermoformed include PE and nucleated PETP. Nylons typically
do not have sufficient melt strength to be thermoformed. Table 1.9 shows processing
temperatures for thermoforming a number of thermoplastics.

1.6.4 Blow Molding

Blow molding is a technique for forming nearly hollow articles and is very commonly
practiced in the formation of PET soft-drink bottles. It is also used to make air ducts, surf-
boards, suitcase halves, and automobile gasoline tanks.>® Blow molding involves taking a
parison (a tubular profile) and expanding it against the walls of a mold by inserting pres-
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FIGURE 1.37 Plug assist vacuum forming.73
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FIGURE 1.39 Plug assist drape forming.74

surized air into it. The mold is machined to have the negative contour of the final desired
finished part. The mold, typically a mold split into two halves, then opens after the part has
cooled to the extent that the dimensions are stable, and the bottle is ejected. Molds are
commonly made out of aluminum, as molding pressures are relatively low, and aluminum
has high thermal conductivity to promote rapid cooling of the part. The parison can either
be made continuously with an extruder, or it can be injection molded; the method of pari-
son production governs whether the process is called extrusion blow molding or injection
blow molding. Figure 1.40 shows both the extrusion and injection blow molding pro-
cesses.>? Extrusion blow molding is often done with a rotary table so that the parison is
extruded into a two-plate open mold, and the mold closes as the table rotates another mold
under the extruder’s die. The closing of the mold cuts off the parison and leaves the char-
acteristic weld line on the bottom of many bottles as evidence of the pinch-off. Air is then
blown into the parison to expand it to fit the mold configuration, and the part is then cooled
and ejected before the position rotates back under the die to begin the process again. The
blowing operation imparts radial and longitudinal orientation to the plastic melt, strength-
ening it through biaxial orientation. A container featuring this biaxial orientation is more
optically clear, has increased mechanical properties, and reduced permeability, which is
important in maintaining carbonation in soft drinks.

Injection blow molding has very similar treatment of the parison, but the parison itself
is injection molded rather than extruded continuously. There is evidence of the gate on the
bottom of the bottles rather than having a weld line where the parison was cut off. The par-
ison can either be blown directly after molding while it is still hot, or it can be stored and
reheated for the secondary blowing operation. An advantage of injection blow molding is
that the parison can be molded to have finished threads. Cooling time is the largest part of
this cycle and is the rate-limiting step. HDPE, LDPE, PP, PVC, and PET are commonly
used in blow molding operations.

1.6.5 Rotational Molding

Rotational molding, also known as rotomolding or centrifugal casting, involves filling a
mold cavity, generally with powder, and rotating the entire heated mold along two axes to
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FIGURE 1.40 Extrusion and injection blow molding processes.39

uniformly distribute the plastic along the mold walls. This method is commonly used for
making hollow parts, like blow molding, but is used either when the parts are very large
(as in the case of kayaks, outdoor portable toilets, phone booths, and large chemical stor-
age drums) or when the part requires very low residual stresses. Also, rotomolding is well
suited, compared with blow molding, if the desired part design is complex or if it requires
uniform wall thicknesses. Part walls produced by this method are very uniform as long as
neither of the rotational axes corresponds to the centroid of the part design. The rotomold-
ing operation imparts no shear stresses to the plastic, and the resultant molded article is
therefore less prone to stress cracking, environmental attack, or premature failures along
stress lines. Molded parts also are free of seams. Figure 1.41 shows a diagram of a typical
rotational molding process.40

This is a relatively low-cost method, as molds are inexpensive and energy costs are
low, thus making it suitable for short-run products. The drawback is that the heating and
cooling times required are long, and therefore the cycle time is correspondingly long.
High melt flow index PEs are often used in this process.
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FIGURE 1.41 The rotational molding process.40

1.6.6 Foaming

The act of foaming a plastic material results in products with a wide range of densities.
These materials are often termed cellular plastics. Cellular plastics can exist in two basic
structures: closed-cell or open-cell. Closed-cell materials have individual voids or cells
that are completely enclosed by plastics, and gas transport takes place by diffusion
through the cell walls. In contrast, open-cell foams have cells that are interconnected, and
fluids may pass easily between the cells. The two structures may exist together in a mate-
rial so that it may be a combination of open and closed cells.

Blowing agents are used to produce foams, and they can be classified as either physical
or chemical. Physical blowing agents include

* Incorporation of glass or resin beads (syntactic foams)

* Inclusion of an inert gas, such as nitrogen or carbon dioxide into the polymer at high
pressure, which expands when the pressure is reduced

» Addition of low boiling liquids, which volatilize on heating, forming gas bubbles when
pressure is released

Chemical blowing agents include

* Addition of compounds that decompose over a suitable temperature range with the evo-
lution of gas

* Chemical reaction between components

The major types of chemical blowing agents include the azo compounds, hydrazine de-
rivatives, semicarbazides, tetrazoles, and benzoxazines.*! Table 1.10 shows some of the
common blowing agents, their decomposition temperatures, and primary uses.
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TABLE 1.10 Common Chemical Blowing Agents>°

Decomposition Gas yield,
Blowing agent temp., °C ml/g Polymer applications
Azodicarbonamide 205-215 220 PVC, PE, PP, PS, ABS,
PA
Modified azodicarbonamide 155-220 150-220 PVC, PE, PP, EVA, PS,
ABS
4,4’-Oxybis(benzene- 150-160 125 PE, PVC, EVA
sulfohydrazide)
Diphenylsulfone-3,3’- 155 110 PVC, PE, EVA
disulfohydrazide
Trihydrazinotriazine 275 225 ABS, PE, PP, PA
p-Toluylenesulfonyl 228-235 140 ABS, PE, PP, PA, PS
semicarbazide
5-Phenyltetrazole 240-250 190 ABS, PPE, PC, PA,
PBT, LCP
Isatoic anhydride 210-225 115 PS, ABS, PA, PPE, PBT,
PC

A wide range of thermoplastics can be converted into foams. Some of the most com-
mon materials include polyurethanes, polystyrene, and polyethylene. Polyurethanes are a
popular and versatile material for the production of foams and may be foamed by either
physical or chemical methods. In the physical reaction, an inert low-boiling chemical is
added to the mixture, which volatilizes as a result of the heat produced from the exother-
mic chemical reaction to produce the polyurethane (reaction of isocyanate and diol).
Chemical foaming can be done through the reaction of the isocyanate groups with water to
produce carbamic acid, which decomposes to an amine and carbon dioxide gas.42

Rigid polyurethane foams can be formed by pour, spray, and froth.*3 Liquid polyure-
thane is poured into a cavity and allowed to expand in the pour process. In the spray
method, heated two-component spray guns are used to apply the foam. This method is
suitable for application in the field. The froth technique is similar to the pour technique ex-
cept that the polyurethane is partially expanded before molding. A two-step expansion is
used for this method using a low-boiling agent for preparation of the froth and a second
higher-boiling agent for expansion once the mold is filled.

Polyurethane foams can also be produced by reaction injection molding or RIM.*
This process combines low-molecular-weight isocyanate and polyol, which are accurately
metered into the mixing chamber and then injected into the mold. The resulting structure
consists of a solid skin and a foamed core.

Polystyrene foams are typically considered either as extruded or expanded bead.*> Ex-
truded polystyrene foam is produced by extrusion of polystyrene containing a blowing
agent and allowing the material to expand into a closed cell foam. This product is used ex-
tensively as thermal insulation. Molded expanded polystyrene is produced by exposing
polystyrene beads containing a blowing agent to heat.*¢ If the shape is to be used as loose-
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fill packaging, then no further processing steps are needed. If a part is to be made, the
beads are then fused in a heated mold to shape the part. Bead polystyrene foam is used in
thermal insulation applications, flotation devices, and insulated hot and cold drink cups.

Polyethylene foams are produced using chemical blowing agents and are typically
closed-cell foams.*” Cellular polyethylene offers advantages over solid polyethylene in
terms of reduced weight and lower dielectric constant. As a result, these materials find ap-
plication in electrical insulation markets. Polyethylene foams are also used in cushioning
applications to protect products during shipping and handling.
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CHAPTER 2
THERMOPLASTICS

Anne-Marie Baker, Joey L. Mead

University of Massachusetts
Lowell, Massachusetts

2.1 INTRODUCTION

Plastic materials encompass a broad range of materials. The effect of structure on the re-
sulting properties was discussed more fully in Chap. 1. Here, we describe the details of the
wide variety of plastic materials available for use. For a comprehensive listing of proper-
ties, the reader should refer to Chap. 1.

2.2 POLYMER CATEGORIES

2.2.1 Acetal (POM)

Acetal polymers are formed from the polymerization of formaldehyde. They are also
given the name polyoxymethylenes (POMs). Polymers prepared from formaldehyde were
studied by Staudinger in the 1920s, but thermally stable materials were not introduced un-
til the 1950s, when DuPont developed Delrin.! Hompolymers are prepared from very pure
formaldehyde by anionic polymerization as shown in Fig. 2.1. Amines and the soluble
salts of alkali metals catalyze the reaction. 2 The polymer formed is insoluble and is re-
moved as the reaction proceeds. Thermal degradation of the acetal resin occurs by unzip-
ping with the release of formaldehyde. The thermal stability of the polymer is increased by
esterification of the hydroxyl ends with acetic anhydride. An alternative method to im-
prove the thermal stability is copolymerization with a second monomer, such as ethylene
oxide. The copolymer is prepared by cationic methods® developed by Celanese and mar-

n HC=—0 —>» %CHZ—O%
n

FIGURE 2.1 Polymerization of formaldehyde to polyoxymethylene.

2.1
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keted under the trade name Celcon. Hostaform and Duracon are also copolymers. The
presence of the second monomer reduces the tendency for the polymer to degrade by un-
Zipping.4

There are four processes for the thermal degradation of acetal resins. The first is ther-
mal or base-catalyzed depolymerization from the chain, resulting in the release of formal-
dehyde. End capping the polymer chain will reduce this tendency. The second is oxidative
attack at random positions, again leading to depolymerization. The use of antioxidants will
reduce this degradation mechanism. Copolymerization is also helpful. The third mecha-
nism is cleavage of the acetal linkage by acids. It is therefore important not to process ace-
tals in equipment used for PVC, unless it has been cleaned, due to the possible presence of
traces of HCI. The fourth degradation mechanism is thermal depolymerization at tempera-
tures above 270°C. It is important that processing temperatures remain below this temper-
ature to avoid degradation of the polymer. 3

Acetals are highly crystalline, typically 75 percent crystalline, with a melting point of
180°C.6 Compared to polyethylene (PE), the chains pack closer together because of the
shorter C-O bond. As a result, the polymer has a higher melting point. It is also harder than
PE. The high degree of crystallinity imparts good solvent resistance to acetal polymers.
The polymer is essentially linear with molecular weights (M,,) in the range of 20,000 to
110,000.”

Acetal resins are strong and stiff thermoplastics with good fatigue properties and di-
mensional stability. They also have a low coefficient of friction, and good heat resistance. 8
Acetal resins are con51dered similar to nylons but are better in fatigue, creep, stiffness, and
water resistance.’ Acetal resins do not, however, have the creep resistance of polycarbon-
ate. As mentioned previously, acetal resins have excellent solvent resistance with no or-
ganic solvents found below 70°C; however, swelling may occur in some solvents. Acetal
resins are susceptible to strong acids and alkalis as well as oxidizing agents. Although the
C-O bond is polar, it is balanced and much less polar than the carbonyl group present in
nylon. As a result, acetal resins have relatively low water absorption. The small amount of
moisture absorbed may cause swelling and dimensional changes but will not degrade the
polymer by hydrolys1s O The effects of moisture are considerable less dramatic than for
nylon polymers. Ultraviolet light may cause degradation, which can be reduced by the ad-
dition of carbon black. The copolymers have generally similar properties, but the ho-
mopolymer may have slightly better mechanical propertles and higher melting point, but
poorer thermal stability and poorer alkali resistance.! Along with both homopolymers
and copolymers, there are also filled materials (glass, ﬂuoropolymer aramid fiber, and
other fillers), toughened grades, and UV stabilized grades Blends of acetal with poly-
urethane elastomers show improved toughness and are available commercially.

Acetal resins are available for injection molding, blow molding, and extrusion. During
processing, it is important to avoid overheating, or the production of formaldehyde may
cause serious pressure buildup. The polymer should be purged from the machine before
shutdown to avoid excessive heating during start- up 3 Acetal resins should be stored in a
dry place. The apparent viscosity of acetal resins is less dependent on shear stress and tem-
perature than polyolefins, but the melt has low elasticity and melt strength. The low melt
strength is a problem for blow molding applications. For blow molding applications, co-
polymers with branched structures are available. Crystallization occurs rapidly with post
mold shrinkage complete within 48 hr of molding. Because of the rapid crystallization, it
is difficult to obtain clear films.'*

The market demand for acetal resins in the United States and Canada was 368 million
1b in 1997.13 Applications for acetal resins include gears, rollers, plumbing components,
pump parts, fan blades, blow molded aerosol containers, and molded sprockets and chains.
They are often used as direct replacements for metal. Most of the acetal resins are pro-
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cessed by injection molding, with the remainder used in extruded sheet and rod. Their low
coefficient of friction make acetal resins good for bearings.16

2.2.2 Biodegradable Polymers

Disposal of solid waste is a challenging problem. The Unlted States consumes over 53 bil-
lion Ib of polymers a year for a variety of apphcatlons 7 When the life cycle of these poly-
meric parts is completed, they may end up in a landfill. Plastics are often selected for
applications based on their stability to degradation; however, this means degradation will
be very slow, adding to the solid waste problem. Methods to reduce the amount of solid
waste include either recycling or biodegradation. 18 Considerable work has been done to
recycle plastics, both in the manufacturing and consumer area. Biodegradable materials
offer another way to reduce the solid waste problem. Most waste is disposed of by burial
in a landfill. Under these conditions, oxygen is depleted, and biodegradation must proceed
without the presence of oxygen. 19" An alternative is aerobic composting. In selecting a
polymer that will undergo biodegradation, it is important to ascertain the method of dis-
posal. Will the polymer be degraded in the presence of oxygen and water, and what will be
the pH level? Biodegradation can be separated into two types: chemical and microbial
degradation. Chemical degradation includes degradation by oxidation, photodegradation,
thermal degradation, and hydrolysis. Microbial degradation can include both fungi and
bacteria. The susceptibility of a polymer to biodegradation depends on the structure of the
backbone.?® For example, polymers with hydrolyzable backbones can be attacked by acids
or bases, breaking down the molecular weight. They are therefore more likely to be de-
graded. Polymers that fit into this category include most natural-based polymers, such as
polysaccharides, and synthetic materials, such as polyurethanes, polyamides, polyesters,
and polyethers. Polymers that contain only carbon groups in the backbone are more resis-
tant to biodegradation.

Photodegradation can be accomplished by using polymers that are unstable to light
sources or by the used of additives that undergo photodegration. Copolymers of divinyl
ketone with styrene, ethylene, or polypro 2[?ylene (Eco Atlantic) are examples of materials
that are susceptible to photodegradation.”” The addition of a UV absorbing material will
also act to enhance photodegradation of a polymer. An example is the addition of iron
dithiocarbamate.?? The degradation must be controlled to ensure that the polymer does not
degrade prematurely.

Many polymers described elsewhere in this book can be considered for biodegradable
applications. Polyvinyl alcohol has been considered in applications requiring biodegrada-
tion because of its water solubility. However, the actual degradation of the polymer chain
may be slow.? Polyvinyl alcohol is a semicrystalline polymer synthesized from polyvinyl
acetate. The properties are governed by the molecular weight and by the amount of hydrol-
ysis. Water soluble polyvinyl alcohol has a degree of hydrolysis near 88 percent Water in-
soluble polymers are formed if the degree of hydrolysis is less than 85 percent. 24

Cellulose-based polymers are some of the more widely available naturally based poly-
mers. They can therefore be used in applications requmng biodegradation. For example,
regenerated cellulose is used in packaging apphcatlons A biodegradable grade of cellu-
lose acetate is available from Rhone-Poulenc (Bioceta and Biocellat), where an additive
acts to enhance the biodegradation.26 This material finds application in blister packaging,
transparent window envelopes, and other packaging applications.

Starch-based products are also available for applications requiring biodegradability.
The starch is often blended with polymers for better properties. For example, polyethylene
films containing between 5 and 10 percent cornstarch have been used in biodegradable ap-
plications. Blends of starch with vinyl alcohol are produced by Fertec (Italy) and used in
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both film and solid product applications.27 The content of starch in these blends can range
up to 50 percent by weight, and the materials can be processed on conventional processing
equipment. A product developed by Warner-Lambert call Novon is also a blend of poly-
mer and starch, but the starch contents in Novon are higher than in the material by Fertec.
In some cases, the content can be over 80 percent starch.

Polylactides (PLAs) and copolymers are also of interest in biodegradable applications.
This material is a thermoplastic polyester synthesized from ring opening of lactides. Lac-
tides are cyclic diesters of lactic acid.?? A similar material to polylactide is polyglycolide
(PGA). PGA is also thermoplastic polyester but formed from glycolic acids. Both PLA
and PGA are highly crystalline materials. These materials find application in surgical su-
tures and resorbable plates and screws for fractures, and new applications in food packag-
ing are also being investigated.

Polycaprolactones are also considered in blodegradable applications such as films and
slow-release matrices for pharmaceuticals and fertilizers. 30 Polycaprolactone is produced
through ring opening polymerlzatlon of lactone rings with a typical molecular weight in
the range of 15,000 to 40, 000.3! It is a linear, semlcrystalhne polymer with a melting point
near 62°C and a glass transition temperature about -60°C.3

A more recent biodegradable polymer is polyhydroxybutyrate-valerate copolymer
(PHBV). These copolymers differ from many of the typical plastic materials in that they
are produced through biochemical means. It is produced commercially by ICI using the
bacteria Alcaligenes eutrophus, which is fed a carboh}ydrate. The bacteria produce polyes-
ters, which are harvested at the end of the process.”” When the bacteria are fed glucose,
the pure poly hydroxybutyrate polymer is formed, while a mixed feed of glucose and pro-
pionic acid will produce the copolymers. 34 Different grades are commercially available
that vary in the amount of hydroxyvalerate units and the presence of plasticizers. The pure
hydroxybutyrate polymer has a melting point between 173 and 180°C and a T, near 5°C.3
Copolymers with hydroxyvalerate have reduced melting points, greater flexibility, and im-
pact strength, but lower modulus and tensile strength. The level of hydroxyvalerate is 5 to
12 percent. These copolymers are fully degradable in many microbial environments. Pro-
cessing of PHBV copolymers requires careful control of the process temperatures. The
material will degrade above 195°C, so processing temperatures should be kept below
180°C and the processing time kept to a minimum. It is more difficult to process unplasti-
cized copolymers with lower hydroxyvalerate content because of the higher processing
temperatures required. Applications for PHBV copolymers include shampoo bottles, cos-
metic packaging, and as a laminating coating for paper products.36

Other biodegradable polymers include Konjac, a water-soluble natural polysaccharide
produced by FMC; Chitin, another polysaccharide that is insoluble in water; and Chitosan,
which is soluble in water3 Chitin is found in insects and 1n shellfish. Chitosan can be
formed from chitin and is also found in fungal cell walls.?® Chitin is used in many bio-
medical applications, including dialysis membranes, bacteriostatic agents, and wound
dressigl s. Other applications include cosmetics, water treatment, adhesives, and fungi-
cides.

2.2.3 Cellulose

Cellulosic polymers are the most abundant organic polymers in the world, making up the
principal polysaccharide in the walls of almost all of the cells of green plants and many
fungi species.40 Plants produce cellulose through photosynthesis. Pure cellulose decom-
poses before it melts and must be chemically modified to yield a thermoplastic. The chem-
ical structure of cellulose is a heterochain linkage of different anhydrogluclose units into
high-molecular-weight polymer, regardless of plant source. The plant source however
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does affect molecular weight, molecular weight distribution, degrees of orientation, and
morphological structure. Material described commonly as “cellulose” can actually contain
hemicelluloses and lignin.41 Wood is the largest source of cellulose, is processed as fibers
to supply the paper industry, and is widely used in housing and industrial buildings. Cot-
ton-derived cellulose is the largest source of textile and industrial fibers, with the com-
bined result being that cellulose is the primary polymer serving the housing and clothing
industries. Crystalline modifications result in celluloses of differing mechanical proper-
ties, and Table 2.1 compares the tensile strengths and ultimate elongations of some com-
mon celluloses.*?

TABLE 2.1 Selected Mechanical Properties of Common Celluloses

Tensile strength, MPa Ultimate elongation, %
Form Dry Wet Dry Wet
Ramie 900 1060 23 24
Cotton 200-800  200-800 12-16 6-13
Flax 824 863 1.8 22
Viscose rayon 200-400  100-200 8-26 13-43
Cellulose acetate ~ 150-200  100-120 21-30 29-30

Cellulose, whose repeat structure features three hydroxyl groups, reacts with organic
acids, anhydrides, and acid chlorides to form esters. Plastics from these cellulose esters are
extruded into film and sheet and are injection molded to form a wide variety of parts. Cel-
lulose esters can also be compression molded and cast from solution to form a coating.
The three most industrially important cellulose ester plastics are cellulose acetate (CA),
cellulose acetate butyrate (CAB), and cellulose acetate propionate (CAP), with structures
as shown in Fig. 2.2.

These cellulose acetates are noted for their toughness, gloss, and transparency. CA is
well suited for applications requiring hardness and stiffness, as long as the temperature
and humidity conditions don’t cause the CA to be too dimensionally unstable. CAB has
the best environmental stress cracking resistance, low temperature impact strength, and di-
mensional stability. CAP has the highest tensile strength and hardness. A comparison of
typical compositions and properties for a range of formulations is given in Table 228
Properties can be tailored by formulating with different types and loadings of plasticizers.

|OCOCH3 OCOC,H, OCOC;H;
H— O, — —
Vs N LCH— 0 CH—0(
OCH /CH —— OCH /CH OCH /C
CH— CH CH— CH CH— CH
H;COCO OCOCH; HyC,00 OCOCH, H,C,0Q0 OCOC;H;

FIGURE 2.2 Structures of cellulose acetate, cellulose acetate butyrate, and cellulose acetate propi-
onate.
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TABLE 2.2 Selected Mechanical Properties of Cellulose Esters

Cellulose Cellulose Cellulos.e
acetate acetate butyrate ~ acetate propionate

Composition, %

Acetyl 38-40 13-15 1.5-3.5

Butyrl - 36-38 -

Propionyl - - 43-47

Hydroxyl 3.5-45 1-2 2-3
Tensile strength at fracture, 23 °C, MPa 13.1-58.6 13.8-51.7 13.8-51.7
Ultimate elongation, % 6-50 38-74 35-60
1zod impact strength, J/m

Notched, 23°C 6.6-132.7 9.9-149.3 13.3-182.5

Notched, -40°C 1.9-14.3 6.6-23.8 1.9-19.0
Rockwell hardness, R scale 39-120 29-117 20-120
Percent moisture absorption at 24 hr 2.0-6.5 1.0-4.0 1.0-3.0

Formulation of cellulose esters is required to reduce charring and thermal discolora-
tion, and typically includes the addition of heat stabilizers, antioxidants, plasticizers, UV
stabilizers, and coloring agents.44 Cellulose molecules are rigid due to the strong intermo-
lecular hydrogen bonding that occurs. Cellulose itself is insoluble and reaches its decom-
position temperature prior to melting. The acetylation of the hydroxyl groups reduces
intermolecular bonding and increases free volume, depending on the level and chemical
nature of the alkylation.45 CAs are thus soluble in specific solvents but still require plasti-
cization for rheological properties appropriate to molding and extrusion processing condi-
tions. Blends of ethylene vinyl acetate (EVA) copolymers and CAB are available.
Cellulose acetates have also been graft-copolymerized with alkyl esters of acrylic and
methacrylic acid and then blended with EVA to form a clear, readily processable thermo-
plastic.

CA is cast into sheet form for blister packaging, window envelopes, and file tab appli-
cations. CA is injection molded into tool handles, toothbrushes, ophthalmic frames, and
appliance housings and is extruded into pens, pencils, knobs, packaging films, and indus-
trial pressure-sensitive tapes. CAB is molded into steering wheels, tool handles, camera
parts, safety goggles, and football noseguards. CAP is injection molded into steering
wheels, telephones, appliance housings, flashlight cases, and screw and bolt anchors and is
extruded into pens, pencils, toothbrushes, packaging film, and pipe.46 Cellulose acetates
are well suited for applications that require machining and then solvent vapor polishing,
such as in the case of tool handles, where the consumer market values the clarity, tough-
ness, and smooth finish. CA and CAP are likewise suitable for ophthalmic sheeting and in-
jection molding applications that require many post-finishing steps.47

Cellulose acetates are also commercially important in the coatings arena. In this syn-
thetic modification, cellulose is reacted with an alkyl halide, primarily methylchloride to
yield methylcellulose or sodium chloroacetate to yield sodium cellulose methylcellulose
(CMC). The structure of CMC is shown below in Fig. 2.3. CMC gums are water soluble
and are used in food contact and packaging applications. Its outstanding film-forming
properties are used in paper sizings and textiles, and its thickening properties are used in
starch adhesive formulations, paper coatings, toothpaste, and shampoo. Other cellulose es-
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ters, including cellulosehydroxyethyl, hydroxypropylcellulose, and ethylcellulose, are
used in film and coating applications, adhesives, and inks.

2.2.4 Fluoropolymers

Fluoropolymers are noted for their heat-resistance properties. This is due to the strength
and stability of the carbon-fluorine bond.*® The first patent was awarded in 1934 to
IG Farben for a fluorine-containing polymer, polychlorotrifluoroethylene (PCTFE). This
polymer had limited application, and fluoropolymers did not have wide application until
the discovery of polytetrafluorethylene (PTFE) in 1938.4° In addition to their hi gh-temper-
ature properties, fluoropolymers are known for their chemical resistance, very low coeffi-
cient of friction, and good dielectric properties. Their mechanical properties are not high
unless reinforcing fillers, such as glass fibers, are added.”® The compressive properties of
fluoropolymers are generally superior to their tensile properties. In addition to their high
temperature resistance, these materials have very good toughness and flexibility at low
temperatures.”!

A wide variety of fluoropolymers are available, including polytetrafluoroethylene
(PTFE), polychlorotrifluoroethylene (PCTFE), fluorinated ethylene propylene (FEP), eth-
ylene chlorotrifluoroethylene (ECTFE), ethylene tetrafluoroethylene (ETFE), polyvinylin-
dene fluoride (PVDF), and polyvinyl fluoride (PVF).

2.2.4.1 Copolymers. Fluorinated ethylene propylene (FEP) is a copolymer of tetrafluo-
roethylene and hexafluoropropylene. It has properties similar to PTFE but with a melt vis-
cosity suitable for molding with conventional thermoplastic processing techniques.52 The
improved processability is obtained by replacing one of the fluorine groups on PTFE with
a trifluoromethyl group as shown in Fig. 2.4.

FEP polymers were developed by DuPont, but other commercial sources are available,
such as Neoflon (Daikin Kogyo) and Teflex (Niitechem, USSR).54 FEP is a crystalline
polymer with a melting point of 290°C, and it can be used for long periods at 200°C with
good retention of properties.55 FEP has good chemical resistance, a low dielectric con-
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FIGURE 2.4 Structure of FEP.
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stant, low friction properties, and low gas permeability. Its 1mpact strength is better than
PTFE, but the other mechanical properties are similar to PTFE.”® FEP may be processed
by injection, compression, or blow molding. FEP may be extruded into sheets, films, rods
or other shapes. Typical processmg temperatures for injection molding and extrusion are
in the range of 300 to 380°C.>7 Extrusion should be done at low shear rates because of the
polymer’s high melt viscosity and melt fracture at low shear rates. Applications for FEP
include chemical process pipe linings, wire and cable, and solar collector glazing. 38 A ma-
terial similar to FEP, Hostaflon TFB (Hoechst), is a terpolymer of tetrafluoroethylene,
hexafluoropropene, and vinylidene fluoride.

Ethylene chlorotrifluoroethylene (ECTFE) is an alternating copolymer of chlorotrifluo-
roethylene and ethylene. It has better wear properties than PTFE along with good flame re-
sistance. Applications include wire and cable jackets, tank linings, chemical process valve
and pump components, and corrosion-resistant coatings.

Ethylene tetrafluoroethylene (ETFE) is a copolymer of ethylene and tetrafluoroethyl-
ene similar to ECTFE but with a higher use temperature. It does not have the ﬂame resm—
tance of ECTFE, however, and will decompose and melt when exposed to a flame.% The
polymer has good abrasion resistance for a fluorine containing polymer, along with good
impact strength. The polymer is used for wire and cable insulation, where its high temper-
ature properties are important. ETFE finds application in electrical systems for computers,
aircraft and heating systems.

2.2.4.2 Polychlorotrifluoroethylene (PCTFE). Polychlorotrifluoroethylene (PCTFE) is
made by the polymerization of chlorotrifluoroethylene, which is prepared by the dechlorlna-
tion of trichlorotrifluoroethane. The polymerization is initiated with redox initiators.®? The
replacement of one fluorine atom with a chlorine atom, as shown in Fig. 2.5, breaks up the
symmetry of the PTFE molecule, resulting in a lower melting point and allowing PCTFE to
be processed more easily than PTFE. The crystalline melting point of PCTFE at 218°C is
lower than PTFE. Clear sheets of PCTFE with no crystallinity may also be prepared.

FIGURE 2.5 Structure of PCTFE.
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PCTFE is resistant to temperatures up to 200°C and has excellent solvent resistance,
with the exceptlon of halogenated solvents or oxygen containing materials, which may
swell the polymer The electrical properties of PCTFE are inferior to PTFE, but PCTFE
is harder and has high tensile strength. The melt viscosity of PCTFE 1s low enough that it
may be processmg using most thermoplastic processmg techniques.%* Typical processing
temperatures are in the range of 230 to 290°C.6

PCTFE is higher in cost than PTFE, somewhat limiting its use. Applications include
gaskets, tubing, and wire and cable insulation. Very low vapor transmission films and
sheets may also be prepared. 66

2.2.4.3 Polytetrafluoroethylene (PTFE). Polytetraﬂuoroethylene (PTFE) is polymer-
ized from tetrafluoroethylene by free radical methods. 67 The reaction is shown below in
Fig. 2.6. Commercially, there are two major processes for the polymerization of PTFE,
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FIGURE 2.6 Preparation of PTFE.

one yielding a finer particle size dispersion polymer with lower molecular weight than the
second method, which yields a “granular” polymer. The wei§ht average molecular weights
of commercial materials range from 400,000 to 9,000,000. 8 PTFE is a linear crystalline
polymer with a melting point of 327°C.%° Because of the larger fluorine atoms, PTFE
takes up a twisted zigzag in the crystalline state, while polyethylene takes up the planar
zigzag form."" There are several crystal forms for PTFE, with some of the transitions from
one crystal form to another occurring near room temperature. As a result of these transi-
tions, volume changes of about 1.3 percent may occur.

PTFE has excellent chemical resistance but may go into solution near its crystalline
melting point. PTFE is resistant to most chemicals. Only alkali metals (molten) may attack
the polymer.71 The polymer does not absorb significant quantities of water, and it has low
permeability to gases and moisture vapor.72 PTFE is a tough polymer with good insulating
properties. It is also known for its low coefficient of friction, with values in the range of
0.02 to 0.10.73 PTFE, like other fluoropolymers, has excellent heat resistance and can
withstand temperatures up to 260°C. Because of the high thermal stability, the mechanical
and electrical properties of PTFE remain stable for long times at temperatures up to
250°C. However, PTFE can be degraded by high-energy radiation.

One disadvantage of PTFE is that it is extremely difficult to process by either molding
or extrusion. PFTE is processed in powder form by either sintering or compression mold-
ing. It is also available as a dispersion for coating or impregnating porous materials.”*
PTFE has very high viscosity, prohibiting the use of many conventional processing tech-
niques. For this reason, techniques developed for the processing of ceramics are often
used. These techniques involve preforming the powder, followed by sintering above the
melting point of the polymer. For granular polymers, the preforming is carried out with the
powder compressed into a mold. Pressures should be controlled, as too low a pressure may
cause voids, while too high a pressure may result in cleavage planes. After sintering, thick
parts should be cooled in an oven at a controlled cooling rate, often under pressure. Thin
parts may be cooled at room temperature. Simple shapes may be made by this technique,
but more detailed parts should be machined.”

Extrusion methods may be used on the granular polymer at very low rates. In this case
the polymer is fed into a sintering die that is heated. A typical sintering die has a length
about 90 times the internal diameter. Dispersion polymers are more difficult to process by
the techniques previously mentioned. The addition of a lubricant (15 to 25 percent) allows
the manufacture of preforms by extrusion. The lubricant is then removed and the part sin-
tered. Thick parts are not made by this process, because the lubricant must be removed.
PTFE tapes are made by this process; however, the polymer is not sintered, and a nonvola-
tile oil is used.”® Dispersions of PTFE are used to impregnate glass fabrics and to coat
metal surfaces. Laminates of the impregnated glass cloth may be prepared by stacking the
layers of fabric, followed by pressing at high temperatures.

Processing of PTFE requires adequate ventilation for the toxic gases that may be pro-
duced. In addition, PTFE should be processed under high cleanliness standards, because
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the presence of any organic matter during the sintering process will result in poor proper-
ties as a result of the thermal decomposition of the organic matter. This includes both poor
visual qualities and poor electrical properties. 77 The final properties of PTFE are depen-
dent on the processing methods and the type of polymer. Both particle size and molecular
weight should be considered. The particle size will affect the amount of voids and process-
ing ease, while crystallinity will be influenced by the molecular weight.

Additives for PTFE must be able to undergo the high processing temperatures required.
This limits the range of additives available. Glass fiber is added to improve some mechan-
ical properties. Graphite or molybdenum disulphide may be added to retain the low coeffi-
cient of friction while improving the dimensional stability. Only a few pigments are
available that can withstand the processing conditions. These are mainly inorganic pig-
ments such as iron oxides and cadmium compounds.78

Because of the excellent electrical properties, PTFE is used in a variety of electrical ap-
plications, such as wire and cable insulation and insulation for motors, capacitors, coils,
and transformers. PTFE is also used for chemical equipment such as valve parts and gas-
kets. The low friction characteristics make PTFE suitable for use in bearings, mold release
devices, and antistick cookware. Low-molecular-weight polymers may be used in aerosols
for dry lubrication.”®

2.2.4.4 Polyvinylindene Fluoride (PVDF) Polyvinylindene fluoride (PVDF) is crystal-
line with a melting point near 170°C.8° The structure of PVDF is shown in Fig. 2.7. PVDF
has good chemical and weather resistance, along with good resistance to distortion and
creep at low and high temperatures. Although the chemical resistance is good, the polymer
can be affected by very polar solvents, primary amines, and concentrated acids. PVDF has
limited use as an insulator, because the dielectric properties are frequency dependent. The
polymer is important because of its relatively low cost compared to other fluorinated poly-
mers.8! PVDF is unique in that the material has plezoelectrlc properties, meaning that it
will generate electric current when compressed 2 This unique feature has been utilized for
the generation of ultrasonic waves.

FIGURE 2.7 Structure of PVDF.
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PVDF can be melt processed by most conventional processing techniques. The poly-
mer has a wide range between the decomposmon temperature and the melting point. Melt
temperatures are usually 240 to 260°C. 83 Processing equipment should be extremely
clean, as any contaminants may affect the thermal stability. As with other fluorinated poly-
mers, the generation of HF is a concern. PVDF is used for applications in gaskets, coat-
ings, wire and cable jackets, and chemical process piping and seals.

2.2.4.5 Polyvinyl fluoride (PVF). Polyvinyl fluoride (PVF) is a crystalhne polymer
available in film form and used as a lamination on plywood and other panels 3 The film is
impermeable to many gases. PVF is structurally similar to polyvinyl chloride (PVC) ex-
cept for the replacement of a chlorine atom with a fluorine atom. PVF exhibits low mois-
ture absorption, good weatherability, and good thermal stability. Similar to PVC, PVF
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may give off hydrogen halides at elevated temperatures. However PVF has a greater ten-
dency to crystallize and better heat resistance than pvc?

2.2.5 Nylons

Nylons were one of the early polymers developed by Carothers. 87 Today, nylons are an
1mp0rtant thermoplastic, with consumption in the United States of about 1.2 billion 1b in
1997.8 Nylons also known as polyamides, are synthesized by condensation polymeriza-
tion methods, often an aliphatic diamine and a diacid. Nylon is a crystalline polymer with
high modulus, strength and impact properties, and low coefficient of friction and resis-
tance to abrasion.%’ Although the materials possess a wide range of propertles they all
contain the amide (-CONH-) linkage in their backbone. Their general structure is shown in
Fig. 2.8.

o

NH-(-CH 2)__ FIGURE 2.8 General structure of nylons.

n

There are five main methods to polymerize nylon. They are

* Reaction of a diamine with a dicarboxylic acid
* Condensation of the appropriate amino acid
* Ring opening of a lactam

* Reaction of a diamine with a dicarboxylic acid
¢ Reaction of a diisocyanate with a dicarboxylic acid®®

The type of nylon (nylon 6, nylon 10, etc.) is indicative of the number of carbon atoms
in the repeat unit. Many different types of nylons can be prepared, depending on the start-
ing monomers used. The type of nylon is determined by the number of carbon atoms in the
monomers used in the polymerization. The number of carbon atoms between the amide
linkages also controls the properties of the polymer. When only one monomer is used (lac-
tam or amino acid), the nylon is identified with only one number (nylon 6, nylon 12).

When two monomers are used 1n the preparation, the nylon will be identified using two
numbers (nylon 6,6, nylon 6,12).°! This is shown in Fig. 2.9. The first number refers to the
number of carbon atoms in the diamine used (a) and the second number refers to the num-
ber of carbon atoms in the diacid monomer (b + 2), due to the two carbons in the carbonyl
group.’

The amide groups are polar groups and significantly affect the polymer properties. The
presence of these groups allows for hydrogen bonding between chains, improving the in-
terchain attraction. This gives nylon polymers good mechanical properties. The polar na-
ture of nylons also improves the bondability of the materials, while the flexible aliphatic
carbon groups give nylons low melt viscosity for easy processing. 93 This structure also
gives polymers that are tough above their glass transition temperature.

Nylons are relatively insensitive to nonpolar solvents; however, because of the pres-
ence of the polar groups, nylons can be affected by polar solvents, particularly water.”
The presence of moisture must be considered in any nylon application. Moisture can cause
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FIGURE 2.9 Synthesis of nylon.

changes in part dimensions and reduce the properties, particularly at elevated tempera-
tures.”® As a result, the material should be dried before any processing operations. In the
absence of moisture, nylons are fairly good insulators but, as the level of moisture or the
temperature increases, the nylons are less insulating.97

The strength and stiffness will be increased as the number of carbon atoms between
amide linkages is decreased because there are more polar groups per unit length along the
polymer backbone.”® The degree of moisture absorption is also strongly influenced by the
number of polar groups along the backbone of the chain. Nylon grades with fewer carbon
atoms between the amide linkages will absorb more moisture than grades with more car-
bon atoms between the amide linkages (nylon 6 will absorb more moisture than nylon 12).
Furthermore, nylon types with an even number of carbon atoms between the amide groups
have higher melting points than those with an odd number of carbon atoms For example,
the melting point of nylon 6,6 is greater than either nylon 5,6 or nylon 7, 6. Ring opened
nylons behave similarly. This is due to the ability of the nylons with the even number of
carbon atoms to pack better in the crystalline state. 100

Nylon properties are affected by the amount of crystallinity. This can be controlled to a
great extent in nylon polymers by the processing conditions. A slowly cooled part will
have significantly greater Crystalhmty (50 to 60 percent) than a rapidly cooled, thin part
(perhaps as low as 10 percent) ! Not only can the degree of crystallinity be controlled,
but also the size of the crystallites. In a slowly cooled material, the crystal size will be
larger than for a rapidly cooled material. In injection molded parts where the surface is
rapidly cooled, the crystal size may vary from the surface to internal sections. 102 Nycleat-
ing agents can be utilized to create smaller spherulites in some applications. This creates
materials with higher tensile yield strength and hardness, but lower elongation and im-
pact. 103 The degree of crystallinity will also affect the moisture absorption, with less crys-
talline polyamides being more prone to moisture pickup. 104

The glass transition temperature of aliphatic polyamides is of secondary importance to
the crystalline melting behavior. Dried polymers have Tg values near 50°C, while those
with absorbed moisture may have Ts in the range of 0°C.1% The glass transition temper-
ature can influence the crystallization behavior of nylons. For example, nylon 6,6 may be
above its T, at room temperature, causing crystallization at room temperature to occur
slowly leading to post mold shrinkage. This is less significant for nylon 6. 106

Nylons are processed by extrusion, injection molding, blow molding, and rotational
molding, among other methods. Nylon has a very sharp melting point and low melt viscos-
ity, which is advantageous in injection molding but causes difficulty in extrusion and blow
molding. In extrusion applications a wide MWD is preferred, along with a reduced tem-
perature at the exit to increase melt Viscosity.107
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When used in injection molding applications, nylons have a tendency to drool, due to
their low melt V1scos1ty Special nozzles have been designed for use with nylons to reduce
this problem 10 Nylons show high mold shrinkage as a result of their crystallinity. Aver-
age values are about 0.018 cm/cm for nylon 6,6. Water absorption should also be consid-
ered for parts with tight dimensional tolerances. Water will act to plasticize the nylon,
relieving some of the molding stresses and causing dimensional changes. In extrusion, a
screw with a short compression zone is used, with cooling initiated as soon as the extru-
date exits the die.!?”

A variety of commercial nylons are available, including nylon 6, nylon 11, nylon 12,
nylon 6 6 nylon 6,10, and nylon 6,12. The most widely used nylons are nylon 6,6 and ny-
lon6.! Spe01alty grades with improved impact resistance, improved wear, or other prop-
erties are also available. Polyamides are used most often in the form of fibers, ananly
nylon 6,6 and nylon 6, although engineering applications are also of importance. 1

Nylon 6,6 is prepared from the polymerization of adipic acid and hexamethylenedi-
amine. The need to control a 1:1 stoichiometric balance between the two monomers can be
improved by the fact that adipic acid and hexamethylenediamine form a 1:1 salt that can
be isolated. Nylon 6,6 is known for high strength, toughness, and abrasron resistance. It
has a melting point of 265°C and can maintain properties up to 150°C.! Nylon 6,6 is
used extensively in nylon fibers that are used in carpets, hose and belt reinforcements, and
tire cord. Nylon 6,6 is used as an engineering resin in a variety of molding applications
such as gears, bearings, rollers, and door latches because of its good abrasion resistance
and self-lubricating tendencies.' 13

Nylon 6 is prepared from caprolactam. It has properties similar to those of nylon 6,6,
but a lower melting point (255°C). One of the major applications is in tire cord Nylon
6,10 has a melting point of 215°C and lower moisture absorption than nylon 6, 6.! Nylon
11 and nylon 12 have lower moisture absorption and also lower melting points than nylon
6,6. Nylon 11 has found applications in packaging films. Nylon 4,6 has found applications
in a variety of automotive applications due to its ability to Wrthstand high mechanical and
thermal stresses. It is used in gears, gearboxes, and clutch areas.' 1 Other applications for
nylons include brush bristles, fishing line, and packaging films.

Additives such as glass or carbon fibers can be incorporated to improve the strength
and stiffness of the nylon. Mineral fillers are also used. A variety of stabilizers can be
added to nylon to improve the heat and hydrolysis resistance. Light stabilizers are often
added as well. Some common heat stabilizers include copper salts, phosphoric acid esters,
and phenyl-f-naphthylamine. In bearing applications, self-lubricating grades are available
that may incorporate graphite fillers. Although nylons are generally impact resistant, rub-
ber is sometimes incorporated to improve the failure propertles Nylon fibers do have a
tendency to pick up a static charge, so antistatic agents are often added for carpeting and
other applications.

2.2.5.1 Aromatic Polyamides (Polyarylamides). A related polyamide is prepared when
aromatic groups are present along the backbone. This imparts a great deal of stiffness to
the polymer chain. One dlfﬁculty encountered in this class of materials is their tendency to
decompose before melting. 118 However, certain aromatic polyamides have gained com-
mercial importance. The aromatic polyamides can be classified into three groups: amor-
phous copolymers with a high 7', crystalline polymers that can be used as a thermoplastic,
and crystalline polymers used as fibers.

The copolymers are noncrystalline and clear. The rigid aromatic chain structure gives
the materials a high Tg One of the oldest types is poly(trimethylhexamethylene terephtha-
latamide) (Trogamid T®). This material has an irregular chain structure restricting the ma-
terial from crystallizing, but a T, near 150°C. 119 Grilamid TR55® is another polyamide
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copolymer with a T, about 160°C, and a lower water absorption and density than the Tro-
gamid T.'20 The aromatic polyamides are tough materials and compete with polycarbon-
ate, poly(methyl methacrylate) and polysulfone. These materials are used in applications
requiring transparency. They have been used for solvent containers, flow meter parts, and
clear housings for electrical equlpment U'In the 1980s, a polyarylamide marketed as
IXEF was introduced, and Solvay targets it for the injection molding market, particularly
high-temperature automotive applications.

An example of a crystallizable aromatic polyamide is poly-m-xylylene adipamide. It
has a T, near 85 to 100°C and a T, of 235 to 240°C. 123 To obtain high heat deflection tem-
perature the filled grades are normally sold. Applications include gears, electrical plugs,
and mowing machine components.

Crystalline aromatic polyamides are also used in fiber applications. An example of this
type of material is Kevlar®, a high-strength fiber used in bulletproof vests and comp051te
structures. A similar material, which can be processed more easily, is Nomex®. It can be
used to give flame retardance to cloth when used as a coating.125

2.2.6 Polyacrylonitrile

Polyacrylonitrile is prepared by the polymerization of acrylonitrile monomer using either
free radical or anionic initiators. Bulk, emulsion, suspension, solution, or slurry methods
may be used for the polymerization. The reaction is shown in Fig. 2.10.

C—=N C=—=N

n HZC=C|:H — +CH2—CIH+
n

FIGURE 2.10 Preparation of polyacrylonitrile.

Polyacrylonitrile will decompose before reaching its melting pomt making the materi-
als difficult to form. The decomposition temperature is near 300°C. 126 Suitable solvents,
such as dimethylformamide and tetramethylenesulphone, have been found for polyacry-
lonitrile, allowing the polymer to be formed into fibers by dry and wet spinning tech-
niques.

Polyacrylonitrile is a polar material, gwing the polymer good resistance to solvents,
high rigidity, and low gas permeablllty Although the polymer degrades before melting,
special techniques allowed a melting point of 317°C to be measured. The pure polymer is
difficult to dissolve, but the copolymers can be dissolved in solvents such as methyl ethyl
ketone, dioxane, acetone, dimethyl formamide, and tetrahydrofuran. Polyacrylonitrile ex-
hibits exceptional barrier properties to oxygen and carbon dioxide.'?

Copolymers of acrylonitrile with other monomers are widely used. Copolymers of vi-
nylidene chloride and acrylonitrile find application in low-gas-permeability films. Styrene-
acrylonitrile (SAN polymers) copolymers have also been used in packaging applications.
Although the gas permeability of the copolymers is higher than for pure polyacrylonitrile,
the acrylonitrile copolymers have lower gas permeability than many other packaging
films. A number of acrylonitrile copolymers were developed for beverage containers, but
the requirement for very low levels of residual acrylonltrlle monomer in this application
led to many products being removed from the market. 130 Ope copolymer currently avail-
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able is Barex (BP Chemicals). The copolymer has better barrier properties than both
polypropylene and polyethylene terephthalate Acrylomtrlle is also used with butadiene
and styrene to form ABS polymers. Unlike the homopolymer, copolymers can be zpro—
cessed by many methods, including extrusion, blow molding, and injection moldmg

Acrylonitrile is often copolymerized with other monomers to form fibers. Copolymer-
ization with monomers such as vinyl acetate, vinyl pyrrolidone, and vinyl esters gives the
fibers the ability to be dyed uilng normal textile dyes. The copolymer generally contains at
least 85 percent acrylonitrile. 133 Acrylic fibers have good abrasion resistance, flex life, and
toughness, and high strength. They have good resistance to stains and moisture.
Modacrylic fibers contain between 35 and 85 percent acrylonitrile.134

Most of the acrylonitrile consumed goes into the production of fibers. Copolymers also
consume large amounts of acrylonitrile. In addition to their use as fibers, polyacrylonitrile
polymers can be used as precursors to carbon fibers.

2.2.7 Polyamide-imide (PAIl)

Polyamide-imide (PAI) is a high-temperature amorphoui thermoplastic that has been
available since the 1970s under the trade name of Torlon.'3> PAI can be produced from the
reaction of trimellitic trichloride with methylenedianiline as shown in Fig. 2.11.
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FIGURE 2.11 Preparation of polyamide-imide.
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Polyamide-imides can be used from cryogenic temperatures to nearly 260°C. They
have the temperature resistance of the polyimides but better mechanical properties, includ-
ing good stiffness and creep resistance. PAI polymers are inherently flame retardant, with
little smoke produced when they are burned. The polymer has good chemlcal re31stance
but at high temperatures it can be affected by strong acids, bases, and steam.'3® PAT has a
heat deflection temperature of 280°C, along with good wear and friction propertles.m
Polyamide-imides also have good radiation resistance and are more stable than standard
nylons under different humidity conditions. The polg/mer has one of the highest glass tran-
sition temperatures, in the range of 270 to 285°C.!
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Polyamide-imide can be processed by injection molding, but special screws are needed
due to the reactivity of the polymer under molding conditions. Low-compression-ratio
screws are recommended. 3% The parts should be annealed after molding at gradually in-
creased temperatures.”o For injection molding, the melt temperature should be near
355°C, with mold temperatures of 230°C. PAI can also be processed by compression
molding or used in solution form. For compression molding, preheating at 280°C, fol-
lowed llay molding between 330 and 340°C with a pressure of 30 MPa, is generally
used.

Polyamide-imide polymers find application in gfdraulic bushings and seals, mechani-
cal parts for electronics, and engine components The polymer in solution has applica-
tion as a lamlnatlng resin for spacecraft, a decorative finish for kitchen equipment, and as
wire enamel.'*3 Low coefficient of friction materials may be prepared by blending PAI
with polytetrafluoroethylene and graphite. 144

2.2.8 Polyarylate

Polyarylates are amorphous, aromatic polg/esters. Polyarylates are polyesters prepared
from dicarboxylic acids and bis- phenols Bis-phenol A is commonly used along with
aromatic dicarboxylic acids, such as mixtures of isophthalic acid and terephthalic acid.
The use of two different acids results in an amorphous polymer. However, the presence of
the aromatic rings gives the polymer a high 7, and good temperature resistance. The tem-
perature resistance of polyarylates lies between polysulfone and polycarbonate The poly-
mer is flame retardant and shows good toughness and UV resistance. 146 Polyarylates are
transparent and have good electrical properties. The abrasion resistance of polyarylates is
superior to that of polycarbonate. In addition, the polymers show very high recovery from
deformation.

Polarylates are processed by most of the conventional methods. Injection molding
should be performed with a melt temperature of 260 to 382°C, with mold temperatures of
65 to 150°C. Extrusion and blow molding grades are also available. Polyarylates can react
with water at processing temperatures, and they should be dried prior to use.!

Polyarylates are used in automotive applications such as door handles, brackets, and
headlamp and mirror housings. Polyarylates are also used in electrical applications for
connectors and fuses. The polymer can be used in circuit board applications, because its
high temperature re51stance allows the part to survive exposure to the temperatures gener-
ated during solderlng 8 The excellent UV resistance of these polymers allows them to be
used as a coating for other thermoplastics for improved UV resistance of the part. The
good heat resistance of polyarylates allows them to be used in applications such as fire
helmets and shields.'#’

2.2.9 Polybenzimidazole (PBI)

Polybenzimidazoles (PBIs) are high-temperature-resistant polymers. They are prepared
from aromatic tetramines (for example tetra amino-biphenol) and aromatic dicarboxylic
acids (dlphenyllsophthalate) O The reactants are heated to form a soluble prepol mer
that is converted to the insoluble polymer by heating at temperatures above 300°C. 15T The
general structure of PBI is shown in Fig. 2.12.

The resulting polymer has high temperature stability, good chemical resistance, and
nonflammability. The polymer releases very little toxic gas and does not melt when ex-
posed to pyrolysis conditions. The polymer can be formed into fibers by drz/ spinning pro-
cesses. Polybenzimidazole is usually amorphous, with a Ty near 430°C.1>? Under certain
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FIGURE 2.12 General structure of polybenzimidazoles.

conditions, crystallinity may be obtained. The lack of many single bonds and the high
glass transition temperature give this polymer its superior high-temperature resistance. In
addition to the high-temperature resistance, the polymer exhibits good low-temperature
toughness. PBI polymers show good wear and frlctlonal properties along with excellent
compressive strength and high surface hardness.">3 The properties of PBI at elevated tem-
peratures are among the highest of the thermoplastics. In hot, aqueous solutions, the poly-
mer may absorb water, with a resulting loss in mechanical properties. Removal of
moisture will restore the mechanical properties. The heat deflection temperature of PBI is
higher than most thermoplastics, and this is coupled with a low coefficient of thermal ex-
pansion. PBI can withstand temperatures up to 760°C for short durations and exposure to
425°C for longer durations.

The polymer is not available as a resin and is generally not processed by conventional
thermoplastic processing techniques, but rather by a high-temperature and high-pressure
sintering process. 154 The polymer is available in fiber form, certain shaped forms, finished
parts, and solutions for composite impregnation. PBI is often used in ﬁber form for a vari-
ety of applications such as protective clothing and aircraft furnlshlnigs 5 Parts made from
PBI are used as thermal insulators, electrical connectors, and seals.

2.2.10 Polybutylene (PB)

Polybutylene polymers are prepared by the polymerization of 1 butene usmg Ziegler-
Natta catalysts The molecular weights range from 770,000 to 3,000, 000.13 Copolymers
with ethylene are often prepared as well. The chain structure is mainly isotactic and is
shown in Fig. 2. 13.1

+CH2—CH+
| /' n

CH, FIGURE 2.13 General structure for polybuty-

lene.

CH3

The glass transition temperature for this polymer ranges from —17 to —25°C. Polybuty-
lene resins are linear polymers exhibiting good re51stance to creep at elevated tempera-
tures and good resistance to environmental stress crackmg They also show high impact
strength, tear resistance, and puncture resistance. As with other polyolefins, polybutylene
shows good resistance to chemicals, good moisture barrier properties, and good electrical
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insulation properties. Pipes prepared from polybutylene can be solvent welded, yet the
polymer still exhibits good environmental stress cracking resistance. 160 The chemical re-
sistance is quite good below 90°C but, at elevated temperatures, the polymer may dissolve
in solvents such as toluene, decalin, chloroform, and strong oxidizing acids.

Polybutylene is a crystalline polymer with three crystalline forms. The first crystalline
form is obtained when the polymer is cooled from the melt. This first form is unstable and
will change to a second crystalline form upon standing over a period of 3 to 10 days. The
third crystalline form is obtained when polybutylene is crystallized from solution. The
meltinfg foint and density of the first crystalline form are 124°C and 0.89 g/cm3 respec-
tively. ™ On transformation to the second crystalhne form, the melting point increases to
135°C, and the density is increased to 0.95 g/cm The transformation to the second crys-
talline form increases the polymer’s hardness, stiffness, and yield strength.

Polybutylene can be processed on equipment similar to that used for low-density poly-
ethylene. Polybutylene can be extruded and injection molded. Film samples can be blown
or cast. The slow transformation from one crystalline form to another allows polybutylene
to undergo post forming techniques, such as cold forming of molded 6parts or sheeting.

A range of 160 to 240°C is typically used to process polybutylene The die swell and
shrinkage are generally greater for polybutylene than for polyethylene. Because of the
crystalline transformation, initially molded samples should be handled with care.

An important application for polybutylene is plumbing pipe for both commercial and
residential use. The excellent creep resistance of polybutylene allows for the manufacture
of thinner wall pipes compared to pipes made from polyethylene or polypropylene. Poly-
butylene pipe can also be used for the transport of abrasive fluids. Other applications for
polybutylene include hot melt adhesives and additives for other plastics. The addition of
polybutylene improves the environmental stress cracking resistance of polyethylene and
the impact and weld line strength of polypropylene 165 Polybutylene is also used in pack-
aging applications.l 6

2.2.11 Polycarbonate

Polycarbonate (PC) is often viewed as the quintessential engineering thermoplastic due to
its combination of toughness, high strength, high heat-deflection temperatures, and trans-
parency. The world wide growth rate, predicted in 1999 to be between eight and ten per-
cent, is hampered only by the resin cost and is paced by applications where PC can replace
ferrous or glass products. The polymer was discovered in 1898, and by 1958, both Bayer
in Germany and General Electric in the United States had commenced production. Two
current synthesis processes are commercialized, with the economically most successful
one said to be the “interface” process, which involves the dissolution of bisphenol A in
aqueous caustic soda and the introduction of phosgene in the presence of an inert solvent
such as pyridine. The bisphenol A monomer is dissolved in the aqueous caustic soda then
stirred with the solvent for phosgene. The water and solvent remain in separate phases.
Upon phosgene introduction, the reaction occurs at the interface, with the ionic ends of the
growing molecule being soluble in the catal}/tlc caustic soda solution and the remainder of
the molecule soluble in the organic solvent.””’ An alternative method involves transesteri-
fication of bisphenol A with diphenyl carbonate at elevated temperatures.168 Both reac-
tions are shown in Fig. 2.14. Molecular weights of between 30,000 and 50,000 g/mol can
be obtained by the second route, while the phosgenation route results in higher-molecular-
weight product.

The structure of PC, with its carbonate and bisphenolic structures, has many character-
istics that promote its distinguished properties. The para-substitution on the phenyl rings
results in a symmetry and lack of stereospecificity. The phenyl and methyl groups on the
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fr I
HO @— @ OH + CC, — oco + 2HCI
CH; CH3

FIGURE 2.14 Synthesis routes for PC: (a) interface process and (b) transesterification reaction.

(@

(b)

quartenary carbon promote a stiff structure. The ester-ether carbonate groups -OCOO- are
polar, but their degree of intermolecular polar bond formation is minimized due to the
steric hindrance posed by the benzene rings. The high level of aromaticity on the back-
bone, and the large size of the repeat structure, yield a molecule of very limited mobility.
The ether linkage on the backbone permits some rotation and flexibility, producing high
impact strength. Its amorphous nature with long, entangled chains contributes to the un-
usually high toughness. Upon crystallization, however, PC is brittle. PC is so reluctant to
crystallize that films must be held at 180°C for several days to impart enough flexibility
and thermal mobility required to conform to a structured three-dimensional crystalline lat-
tice.'%% The rigidity of the molecule accounts for strong mechanical properties, elevated
heat deflection temperatures, and high dimensional stability at elevated temperatures. The
relatively hlgh free volume results in a low-density polymer, with unfilled PC having a
1.22 g/cm density. A disadvantage includes the need for drying and elevated-temperature
processing. PC has limited chemical resistance to numerous aromatic solvents, including
benzene, toluene, and xylene and has a Weakness to notches. Selected mechanical and
thermal properties are given in Table 2. 3.1

TABLE 2.3 PC Thermal and Mechanical Properties

30% glass-filled Makroblend PR51,  Xenoy, CL101

Polycarbonate polycarbonate Bayer GE
Heat deflection 138 280 90 95
temperature, °C,
method A
Heat deflection 142 287 105 105
temperature, °C,
method B
Ultimate tensile >65 70 56 >100
strength, N/mm?
Ultimate 110 35 120 >100
elongation, %
Tensile modulus, 2300 5500 2200 1900

N/mm?
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Applications where PC is blended with ABS increase the heat distortion temperature of
the ABS and improve the low-temperature impact strength of PC. The favorable ease of
processing and improved economics make PC/ABS blends well suited for thin-walled
electronic housing applications such as laptop computers. Blends with PBT are useful for
improving the chemical resistance of PC to petroleum products and its low-temperature
impact strength. PC alone is widely used as vacuum cleaner housings, household appli-
ance housings, and power tools. These are arenas where PC’s high impact strength, heat
resistance, durability, and high-quality finish justify its expense. It is also used in safety
helmets, riot shields, aircraft canopies, traffic light lens housings, and automotive battery
cases. Design engineers take care not to design with tight radii where PC’s tendency to
stress crack could be a hindrance. PC cannot withstand constant exposure to hot water and
can absorb 0.2 percent of its weight of water at 33°C and 65 percent relative humidity.
This does not impair its mechanical properties but, at levels greater than 0.01 percent, pro-
cessing results in streaks and blistering.

2.2.12 Polyester Thermoplastics

The broad class of organic chemicals called polyesters are characterized by the fact that
they contain an ester linkage,

{t-op

and may have either aliphatic or aromatic hydrocarbon units. As an introduction, Table 2.4
offers some selected thermal and mechanical properties as a means of comparing polybu-
tylene terephthalate (PBT), polycyclohexylenedimethylene terephthalate (PCT), and
poly(ethylene terephthalate) (PET).

2.2.12.1 Liquid Crystal Polymers (LCPs). Liquid crystal polyesters, known as liquid
crystal polymers, are aromatic copolyesters. The presence of phenyl rings in the backbone
of the polymer gives the chain rigidity, forming a rod-like chain structure. Generally, the
phenyl rings are arranged in para linkages to give good rod-like structures. 171 This chain
structure orients itself in an ordered fashion, both in the melt and in the solid state, as
shown in Fig. 2.15. The materials are self-reinforcing with high mechanical properties, but

!'l||

Normal Melt Liquid Crystal Melt

FIGURE 2.15 Melt configurations.
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as a result of the oriented liquid crystal behavior, the properties will be amsotroplc The
designer must be aware of this to properly design the part and gate the molds. 172 The phe-
nyl ring also helps increase the heat distortion temperature. 173

The basic building blocks for liquid crystal polyesters are p-hydroxybenzoic acid,
terephthalic acid, and hydroquinone. Unfortunately, the use of these monomers alone
gives materials that are dlfﬁcult to process with very high melting points. The polymers
often degraded before meltlng 4 Various technlques have been developed to give materi-
als with lower melting points and better processing behavior. Some methods include the
incorporation of flexible units in the chain (copolymerizing with ethylene glycol), the ad-
dition l(%f5 nonlinear rigid structures, and the addition of aromatic groups to the side of the
chain.

Liquid crystal polymers based on these techniques include Victrex (ICI), Vectra (Hoe-
scht), and Xydar (Amoco). Xydar is based on terephthalic acid, p-hydroxybenzoic acid,
and p,p’-dihydrox yblphenyl while Vectra is based on p-hydroxybenzoic acid and hydrox-
ynaphthoic acid.!”® These materials are known for their high temperature resistance, and
particularly heat distortion temperature. The heat distortion temperature can vary from 170
to 350°C. They also have excellent mechanical properties, especially in the flow direction.
For example, the tensile strength varies from 165 to 230 Mpa, the ﬂexural strength varies
from 169 to 256 Mpa, and the flexural modulus varies from 9 to 12.5 Gpa 7 Filled mate-
rials exhibit even higher values. LCPs are also known for good solvent resistance and low
water absorption compared to other heat-resistant polymers. They have good electrical in-
sulation properties, low flammability w1th a limiting oxygen index in the range of 35 to 40,
but a high specific gravity (about 1. 40).178 LCPs show little dimensional change when ex-
posed to high temperatures and a low coefficient of thermal expansion. 17

These materials can be high priced and often exhibit poor abrasion resistance due to
the orlented nature of the polymer chains. 180" Surface fibrillation may occur quite eas-
1ly ! The materials are processable on a variety of conventional equipment. Process tem-
peratures are normally below 350°C, although some materials may need to be processed at
higher temperatures. They generally have low melt viscosity as a result of their ordered
melt and should be dried before use to avoid degradation. 182 1.CPs can be injection
molded on conventlonal equipment, and regrind may be used. Mold release is generally
not requlred 3 Part design for LCPs requires careful consideration of the anisotropic na-
ture of the polymer. Weld lines can be very weak if the melt meets in a “butt” type of weld
line. Other types of weld lines show better strength

Liquid crystal polymers are used in automotive, electrical, chemical processing, and
household applications. One application is for oven and microwave cookware. !> Because
of their higher costs, the material is used only in applications where its superior perfor-
mance justifies the additional expense.

2.2.12.2 Polybutylene Terephthalate (PBT). With the expiration of the original PET
patents, manufacturers pursued the polymerization of other polyalkene terephthalates, par-
ticularly polybutylene terephthalate (PBT). The polymer is synthesized by reacting tereph-
thalic acid with butane 1,4-diol to yield the structure shown in Fig. 2.16.

_< I|OC — 0—CH,CH,CH,CH, — o)—

FIGURE 2.16 Repeat structure of PBT.
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The only structural difference between PBT and PET is the substitution in PBT of four
methylene repeat units rather than two present in PET. This feature imparts additional flex-
ibility to the backbone and reduces the polarity of the molecule resulting in similar me-
chanical properties to PET (high strength, stiffness, and hardness). PBT growth is at least
ten percent annually, in large part due to automotive exterior and under-the-hood applica-
tions such as electronic stability control and housings that are made out of a PBT/ASA
(acrylonitrile/styrene/acrylic ester) blend. PBT/ASA blends are sold by BASF and GE
Plastics Europe. Another development involving the use of PBT is coextrusion of PBT and
a copolyester thermoplastic elastomer. This can then be blow molded into under-the-hood
applications to minimize noise vibration. Hiﬁghly filled PBTs are also making inroads into
the kitchen and bathroom tile industries.'8® As with PET, PBT is also often glass fiber
filled so as to increase its flexural modulus, creep resistance, and impact strength. PBT is
suitable for applications requiring dimensional stability, particularly in water, and resis-
tance to hydrocarbon oils without stress-cracking,187 Hence, PBT is used in pump hous-
ings, distributors, impellers, bearing bushings, and gear wheels.

To improve PBT’s poor notched impact strength, copolymerization with 5 percent eth-
ylene and vinyl acetate onto the polyester backbone improves its toughness. PBT is also
blended with PMMA, PET, PC, and polybutadiene to provide enhanced properties tailored
to specific applications.

2.2.12.3 Polycyclohexylenedimethylene Terephthalate (PCT). Another polyalkylene
terephthalate polyester of significant commercial importance is PCT—a condensation
product of the reaction between dimethyl terephthalate and 1,4-cyclohexylene glycol as
shown below in Fig. 2.17. This material is biaxially oriented into films and, while it is me-
chanically weaker than PET, it offers superior water resistance and weather resistance.' 88
As seen in the introductory Table 2.4, PCT differentiates itself from PET and PBT with its
high heat distortion temperature. As with PET and PBT, PCT has low moisture absorption,
and its good chemical resistance to engine fluids and organic solvents lends it to under-
the-hood applications such as alternator armatures and pressure sensors.!

CH=C

CH=C
H3CO(|(,‘r @ l(cfoqu3 + HO-Cé Ec&oa—»% E@EOCHZ c\g EHCHZO}

CH=CH CH=CH

FIGURE 2.17 Synthesis route of PCT.

Copolymers of PCT include PCTA, an acid-modified polyester, and PCTG, a glycol-
modified polyester. PCTA is used primarily for extruded film and sheet for packaging ap-
plications. PCTA has high clarity, tear strength, and chemical resistance, and when PCTA
is filled, it is used for dual ovenable cookware. PCTG is primarily injection molded, and
PCTG parts have notched Izod impact strengths similar to polycarbonate, against which it
often competes. It also competes with ABS, another clear polymer. It finds use in medical
and optical applications.lgo

2.2.12.4 Poly(ethylene Terephthalate) (PET). There are tremendous commercial appli-
cations for PET: as an injection-molding-grade material, for blow-molded bottles, and for
oriented films. In 1998, the U.S. consumption of PET was 4,330 million 1b, while domes-
tic consumption of PBT was 346 million 1b."°! PET, also known as poly(oxyethylene oxy-
terephthaloyl), can be synthesized from dimethyl terephthalate and ethylene glycol by a
two-step ester interchange process, as shown in Fig. 2.18.192 The first stage involves a so-
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N
CHa(?O@COCHs + 2 HOCH,CH,OH —»

R
HOCH,CH,CO @COCH2CHZOH + 2 CH;0H

FIGURE 2.18 Direct esterification of a diacid (dimethyl terephthalate) with
a diol(ethylene glycol) in the first stages of PET polymerization.

lution polymerlzatlon of one mole of dimethyl terephthalate with 2.1 to 2.2 moles of ethyl-
ene glycol. 193 The excess ethylene glycol increases the rate of formation of bis(2-
hydroxyethyl) terephthalate. Small amounts of trimer, tetramer, and other oligomers are
formed. A metal alkanoate, such as manganese acetate, is often added as a catalyst; this is
later deactiviated by the addition of a phosphorous compound such as phosphoric acid.
The antioxidant phosphate improves the thermal and color stability of the polymer during
the higher-temperature second-stage process. 194 The first stage of the reaction is run at
150 to 200°C with continuous methanol distillation and removal.!

The second step of the polymerization, shown in Fig. 2.19, is a melt polymerization as
the reaction temperature is ralsed to 260 to 290°C. This second stage is carried out under
either partial vacuum (0.13 kPa)'? to facilitate the removal of ethylene glycol or with an
inert gas being forced through the reaction mixture. Antimony trioxide is often used as a
polymerization catalyst for this stage. 197 It is critical that excess ethylene glycol be com-
pletely removed during this alcoholysis stage of the reaction so as to proceed to high-mo-
lecular-weight products; otherwise, equilibrium is established at an extent of reaction of
less than 0.7. This second stage of the reaction proceeds until a number-average-molecular
weight, M,,, of about 20,000 g/mol is obtained. The very high temperatures at the end of
this reaction cause thermal decomposition of the end groups to yield acetaldehyde. Ther-
mal ester scission also occurs, which competes with the polymer step-growth reactions. It
is this competition, which limits the ultimate M,,, that can be achieved through this melt
condensation reaction.!?8 Weight-average molecular weights of oriented films are around
35,000 g/mol.

Other commercial manufacturing methods have evolved to a direct esterification of
acid and glycol in place of the ester-exchange process. In direct esterification, terephthalic
acid and ethylene glycol are reacted rather than esterifying terephthalic acid with metha-
nol to produce the dimethyl terephthalate intermediate. The ester is easier to purify than
the acid, which sublimes at 300°C and is insoluble. However, better catalysts and purer

)
n HOCHZCHZCOO COCH;CH,OH ———

O
H*l OCHZCHZEOO &«} OCH,CH,O0H + (#-1) HOCH ,CH,OH
{2
FIGURE 2.19 Polymerization of bis(2-hydroxyethyl) terephthalate to PET.
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terephthalic acid offer the elimination of the intermediate use of methanol.'?® Generally,
PET resins made by direct esterification of terephthalic acid contain more diethylene gly-
col, which is generated by an intermolecular ether-forming reaction between B-hydroxy-
ethyl ester end groups. Oriented films produced from these resins have reduced
mechanical strength and meltlng points as well as decreased thermo-oxidative resistance
and poorer UV stablhty

The degree of crystallization and direction of the crystallite axis govern all of the
resin’s physical properties. The percentage of structure existing in crystalline domains is
primarily determined through density measurements or by thermal means uelngSa differen-
tial scanning calorimeter (DSC). The dens1ty of amorphous PET is 1.333 g/cm”, while the
density of a PET crystal is 1.455 g/cm 3 201 Once the density is known, the fraction of crys-
talline material can be determined.

An alternate means of measuring crystallinity involves comparing the ratio of the heat
of cold crystallization, AHCC, of amorphous polymer to the heat of fusion, AHy, of crystal-
line polymer. This ratio is 0.61 for an amorphous PET and a fully crystalline PET sample
should yield a value close to zero.202 After the sample with its initial morphology has
been run once in the DSC, the heat of fusion determined in the next run can be considered
as AH .. The lower the AH_/AHratio, the more crystalline the original sample was.

In the absence of nucleating agents and plasticizers, PET crystallizes slowly, which is a
hindrance in injection molding applications, as either hot molds or costly extended cooling
times are required. In the case of films, however, where crystallinity can be mechanically
induced, PET resins combine rheological properties that lend themselves to melt extrusion
with a well defined melting point, making them ideally suited for biaxially oriented film
applications. The attachment of the ester linkage directly to the aromatic component of the
backbone means that these linear, regular PET chains have enough flexibility to form
stress-induced crystals and achieve enough molecular orientation to form strong, ther-
mally stable films. %03

Methods for producing oriented PET films have been well documented and will be
only briefly discussed here. The process as described in the Encyclopedia of Pol 4ymer Sci-
ence and Engineering usually involves a sequence of five steps which include®®

* Melt extrusion and slot casting

* Quenching

* Drawing in the longitudinal machine direction (MD)
* Drawing in the transverse direction (TD)

¢ Annealing

Dried, highly viscous polymer melt is extruded through a slot die with an adjustable gap
width onto a highly polished quenching drum. If very high output rates are required, a cas-
cade system of extruders can be set up to first melt and homogenize the PET granules, then
to use the next in-line extruder to meter the melt to the die. Molten resin is passed through
filter packs with average pore sizes of 5 to 30 um. Quenching to nearly 100 percent amor-
phous morphology is critical to avoid embrittlement; films that have been allowed to form
spherulites are brittle and translucent, and are unable to be further processed.

The sheet is then heated to about 95°C (above the glass transition point of approxi-
mately 70°C), where thermal mobility allows the material to be stretched to three or four
times its original dimension in the MD. This uniaxially oriented film has stress-induced
crystals whose main axes are aligned in the machine direction. The benzene rings, how-
ever, are aligned parallel to the surface of the film in the <1,0,0> crystal plane. The film is
then again heated, generally to above 100°C, and stretched to three to four times its initial

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



THERMOPLASTICS
2.26 CHAPTER 2

dimension in the TD. This induces further crystallization, bringing the degree of crystal-
linity to 25 to 40 percent, and creates a film, which has isotropic tensile strength and elon-
gation properties in the machine and transverse directions. The film at this point is
thermally unstable above 100°C and must be annealed in the tenter frame to partially re-
lieve the stress.

The annealing involves heating to 180 to 220°C for several seconds to allow amor-
phous chain relaxation, partial melting, recrystallization, and crystal growth to occur.0
The resultant film is approximately 50 percent crystalline and possesses good mechanical
strength, a smooth surface that readily accepts a wide variety of coatings, and good wind-
ing and handling characteristics. PET films are produced from 1.5 pum thick as capacitor
films to 350 um thick for use as electrical insulation in motors and generators.206

Due to the chemically inert nature of PET, films that are used in coatings applications
are often treated with a variety of surface modifiers. Organic and inorganic fillers are often
incorporated in relatively thick films to improve handling characteristics by roughening
the surface slightly. For thin films, however, many applications require transparency,
which would be marred by the incorporation of fillers. Therefore, an in-line coating step of
either aqueous or solvent-based coatings is set up between the MD and TD drawing sta-
tions. The drawing of the film after the coating has been applied helps to achieve very thin
coatings.

2.2.12.5 Polytrimethylene Terephthalate (PTT). PTT has been produced and marketed
as three grades by Shell Chemicals under the trade name Corterra since the late 1990s,
when Shell was able to develop a low-cost method of producing the starting raw material
1,3-propanediol. Corterra is used in the textile and carpet industries, which take advantage
of its stain resistance, wearability as a result of high resilience and elastic recovery, color
fastness, and soft hand.

2.2.12.6 Polyethylene Napthalate (PEN). Polyethylene napthalate (PEN) gained com-
mercial importance in the late 1980s. Compared to PET, it has higher thermal resistance
and tensile strength as well as better barrier properties and UV resistance. This is a result
of the napthenic ring structures.2% Both the T, (124°C) and T, (270 to 273°C) of PEN are
higher compared to PET, while the crystalllzatlon rate of PEN is slower than PET. Cur-
rently, PEN is more expensive than PET, leading to the development of copolymers. Ap-
plications for PEN include fibers, films, and blow-molded products. Due to cost
considerations, the markets for PEN blow molded products are generally in the medical
arena.

2.2.13 Polyetherimide (PEI)

Polyetherimides (PEI) are a newer class of amorphous thermoplastics with high-tempera-
ture resistance, impact strength, creep resistance, and rigidity. They are transparent with an
amber color.”%8 The polymer is sold under the trade name of Ultem (General Electric) and
has the structure shown in Fig. 2.20. It is prepared from the condensation polymerization
of diamines and dianhydrides. 209

The material can be melt processed because of the ether linkages present in the back-
bone of the polymer, but it still maintains properties similar to the polylmldes 10 The
high-temperature resistance of the polymer allows it to compete with the polyketones,
polysulfones, and poly(phenylene sulfides). The glass transition temperature of PEI is
215°C. The polymer has very high tensile strength a UL temperature index of 170°C,
flame resistance, and low smoke emission.”!! The polymer is resistant to alcohols acids,
and hydrocarbon solvents but will dissolve in partially halogenated solvents.”!? Both
glass- and carbon-fiber-reinforced grades are available 213
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FIGURE 2.20 General structure of polyetherimide.
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The po lymer should be dried before processing, and typical melt temperatures are 340
to 425°C 2™ Polyetherimides can be processed by injection molding and extrusion. In ad-
dition, the high melt strength of the polymer allows it to be thermoformed and blow
molded. Annealing of the parts is not required.

Polyetherimide is used in a variety of applications. Electrical applications include
printed circuit substrates and burn-in sockets. In the automotive industry, PEI is used for
under-the-hood temperature sensors and lamp sockets. PEI sheet has also been used to
form an aircraft cargo vent.”!> The dimensional stability of this polymer allows its use for
large flat parts such in hard disks for computers.

2.2.14 Polyethylene (PE)

Polyethylene (PE) is the highest-volume polymer in the world. Its high toughness, ductil-
ity, excellent chemical resistance, low water vapor permeability, and very low water ab-
sorption, combined the ease with which it can be processed, make PE of all different
density grades an attractive choice for a variety of goods. PE is limited by its relatively low
modulus, yield stress, and melting point. PE is used to make containers, bottles, film, and
pipes, among other things. It is an incredibly versatile polymer with almost limitless vari-
ety due to copolymerization potential, a wide density range, a MW that ranges from very
low (waxes have a MW of a few hundred) to very high (6 x 106), and the ability to vary
MWD.

Its repeat structure is (-CH,CH,-),, which is written as polyethylene rather than poly-
methylene (-CH,), in deference to the various ethylene polymerization mechanisms. PE
has a deceptive simplicity. PE homopolymers are made up exclusively of carbon and hy-
drogen atoms and, just as the properties of diamond and graphite (which are also materials
made up entirely of carbon and hydrogen atoms) vary tremendously, different grades of
PE have markedly different thermal and mechanical properties. While PE is generally a
whitish, translucent polymer, it is available in grades of density that range from 0.91 to
0.97 g/cm The density of a particular grade is governed by the morphology of the back-
bone: long, linear chains with very few side branches can assume a much more three-di-
mensionally compact, regular, crystalline structure. Commercially available grades are
low-density PE (LDPE), linear low-density PE (LLDPE), high-density PE (HDPE), and
ultra-high-molecular-weight PE (UHMWPE). Figure 2.21 demonstrates figurative differ-
ences in chain configuration that govern the degree of crystallinity, which, along with
MW, determines final thermomechanical properties.

Four established production methods are (1) a gas phase method known as the Unipol
process practiced by Union Carbide, (2) a solution method used by Dow and DuPont B)a
slurry emulsion method practiced by Phillips, and (4) a high-pressure method.?!® Gener-
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FIGURE 2.21 Chain configurations of polyethylene.

ally, yield strength and melt temperature increase with density, while elongation decreases
with increased density.

2.2.14.1 Very-Low-Density Polyethylene (VLDPE). This material was introduced in
1985 by Union Carbide, is very similar to LLDPE, and is pr1nc1pally used in film applica-
tions. VLDPE grades vary in density from 0.880 to 0.912 g/cm 217 1t properties are
marked by high elongation, good environmental stress cracking resistance, and excellent
low-temperature properties, and it competes most frequently as an alternative to plasti-
cized polyvinyl chloride (PVC) or ethylene-vinyl acetate (EVA). The inherent flexibility in
the backbone of VLDPE circumvents plasticizer stability problems that can plague PVC,
and it avoids odor and stability problems that are often associated with molding EVAs. 218’

2.2.14.2 Low-Density Polyethylene (LDPE). LDPE combines high impact strength,
toughness, and ductility to make it the material of choice for packaging films, which is one
of its largest applications. Films range from shrink film, thin film for automatic packaging,
heavy sacking, and multilayer films (both laminated and coextruded), where LDPE acts as
a seal layer or a water vapor barrier.>' It has found stiff competition from LLDPE in these
film applications due to LLDPE’s higher melt strength. LDPE is still very widely used,
however, and is formed via free radical polymerization, with alkyl branch groups (given
by the structure -(CH,),CHj3) of two to eight carbon atom lengths. The most common
branch length is four carbons long. High reaction pressures encourage crystalline regions
The reaction to form LDPE is shown in Fig. 2.22, where “n” approximately varies in com-

mercial grades between 400 to 50,000. 220
200°C
20,000 - 35,000 psi
n CH,=—CH, > —(CHCHp)i—

small amounts of O; or
organic peroxide present

FIGURE 2.22 Polymerization of PE.

Medium-density PE is produced via the reaction above, carried out at lower polymer-
ization temperatures. 221 The reduced temperatures are postulated to reduce the randomiz-
ing Brownian motion of the molecules, and this reduced thermal energy allows crystalline
formation more readily at these lowered temperatures.

2.2.14.3 Linear Low-Density Polyethylene (LLDPE). This product revolutionized the
plastics industry with its enhanced tensile strength for the same density compared to
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LDPE. Table 2.5 compares mechanical properties of LLDPE to LDPE. As is the case with
LDPE, film accounts for approximately three-quarters of the consumption of LLDPE. As
the name implies, it is a long linear chain without long side chains or branches. The short
chains, which are present, disrupt the polymer chain uniformity enough to prevent crystal-
line formation and hence prevent the polymer from achieving high densities. Develop-
ments of the past decade have enabled production economies compared to LDPE due to
lower polymerization pressures and temperatures. A typical LDPE process requires
35,000 psi, which is reduced to 300 psi in the case of LLDPE, and reaction temperatures
as low as 100°C rather than 200 or 300°C are used. LLDPE is actually a copolymer con-
taining side branches of 1-butene most commonly, with 1-hexene or 1-octene also present.
Density ranges of 0.915 to 0.940 g/cm are polymerized with Ziegler catala/sts which ori-
ent the polymer chain and govern the tacticity of the pendant side groups.

TABLE 2.5 Comparison of Blown Film Properties of LLDPE and LDPE"

LLDPE LDPE

Density, g/cm’ 0.918 0.918
Melt index, g/10 min 2.0 2.0
Dart impact, g 110 110
Puncture energy, J/mm 60 25
Machine direction tensile strength, MPa 33 20
Cross direction tensile strength, MPa 25 18
Machine direction tensile elongation, % 690 300
Cross direction tensile elongation, % 740 500
Machine direction modulus, MPa 210 145
Cross direction modulus, MPa 250 175

"Source: Encyclopedia of Polymer Science, 2nd ed., vol. 6, Mark, Bikales, Overberger, Meng-
es,and Kroschwitz, Eds., Wiley Interscience, 1986, p. 433.

2.2.14.4 High-Density Polyethylene (HDPE). HDPE is one of the highest-volume
commodlty chemlcals produced in the world. In 1998, the worldwide demand was
1.8x 100 kg 3 The most common method of processing HDPE is blow molding, where
resin is turned into bottles (especially for milk and juice), housewares, toys, pails, drums,
and automotive gas tanks. It is also commonly injection molded into housewares, toys,
food containers, garbage pails, milk crates, and cases. HDPE ﬁlms are commonly found as
bags in supermarkets, department stores, and as garbage bags. 224 Two commercial poly-
merization methods are most commonly practiced. One involves Phillips catalysts (chro-
mium oxide), and the other involves Ziegler-Natta catalyst systems (supported
heterogeneous catalysts such as titanium halides, titanium esters, and aluminum alkyls on
a chemically inert support such as PE or PP). Molecular weight is governed primarily
through temperature control, with elevated temperatures resulting in reduced molecular
weights. The catalyst support and chemistry also play an important factor in controlling
molecular weight and molecular weight distribution.

2.2.14.5 Ultra-High-Molecular-Weight Polyethylene (UHMWPE). UHMWPE is iden-
tical to HDPE but, rather than having a MW of 50,000 g/mol, it typically has a MW of be-
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tween 3 x 10® and 6 x 10°. The high MW imparts outstanding abrasion resistance, high
toughness (even at cryogenic temperatures), and excellent stress cracking resistance, but it
does not generally allow the material to be processed conventionally. The polymer chains
are so entangled, due to their considerable length, that the conventionally considered melt
point doesn’t exist practically, as it is too close to the degradation temperature—although
an injection-molding grade is marketed by Hoechst. Hence, UHMWPE is often processed
as a fine powder that can be ram extruded or compression molded. Its properties are taken
advantage of in uses that include liners for chemical processing equipment, lubrication
coatings in railcar appllcatlons to protect metal surfaces, recreational equipment such as
ski bases, and medical devices.”>> A recent product has been developed by Allied Chemi-
cal that involves gel spinning UHMWPE into lightweight, very strong fibers that compete
with Kevlar in applications for protective clothing.

2.2.15 Polyethylene Copolymers

Ethylene is copolymerized with many nonolefinic monomers, particularly acrylic acid
variants and vinyl acetate, with EVA polymers being the most commercially significant.
All of the copolymers discussed in this section necessarily involve disruption of the regu-
lar, crystallizable PE homopolymer and as such feature reduced yield stresses and moduli,
with improved low-temperature flexibility.

2.2.15.1 Ethylene-Acrylic Acid (EAA) Copolymers. EAA copolymers, first identified
in the 1950s, have enjoyed a renewed interest since 1974, when Dow introduced new
grades characterized by outstanding adhesion to metallic and nonmetallic substrates.>2
The presence of the carboxyl and hydroxyl functionalities promotes hydrogen bonding,
and these strong intermolecular interactions are taken advantage of to bond aluminum foil
to polyethylene in multilayer extrusion-laminated toothpaste tubes and as tough coatings
for aluminum foil pouches.

2.2.15.2 Ethylene-Ethyl Acrylate (EEA) Copolymers. EEA copolymers typically con-
tain 15 to 30 percent by weight of ethyl acrylate (EA) and are flexible polymers of rela-
tively high molecular weight suitable for extrusion, injection molding, and blow molding.
Products made of EEA have high environmental stress cracking resistance, excellent resis-
tance to flexural fatigue, and low-temperature properties down to as low as —65°C. Appli-
cations include molded rubber-like parts, ﬂex1ble ﬁlm for disposable gloves and hospital
sheeting, extruded hoses, gaskets and bumpers Typlcal applications include polymer
modifications where EEA is blended with olefin polymers (since it is compatible with
VLDPE, LLDPE, LDPE, HDPE, and PP?%®) to yield a blend with a specific modulus, yet
with the advantages inherent in EEA’s polarity. The EA presence promotes toughness,
flexibility, and greater adhesive properties. EEA blending can cost effectively improve the
impact resistance of polyamides and polyesters.

The similarity of ethyl acrylate monomer to vinyl acetate predicates that these copoly-
mers have very similar properties, although EEA is considered to have h1 gher abrasion and
heat resistance, while EVA tends to be tougher and of greater clarlty OEEA copolymers
are FDA approved up to 8 percent EA content in food contact applications. 231

2.2.15.3 Ethylene-Methyl Acrylate (EMA) Copolymers. EMA copolymers are often
blown into film with very rubbery mechanical properties and outstanding dart-drop impact
strength. The latex-rubber-like properties of EMA film lend to its use in disposable gloves
and medical devices without the associated hazards to people with allergies to latex rub-
ber. Due to their adhesive properties, EMA copolymers, like their EAA and EEA counter-
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parts, are used in extrusion coating, coextrusions, and laminating applications as heat-seal
layers. EMA is one of the most thermally stable of this group, and as such it is commonly
used to form heat and RF seals as well in multiextrusion tie-layer applications. This copol-
ymer is also widely used as a blending compound with olefin homopolymers (VLDPE,
LLDPE, LDPE, and PP) as well as with polyamides, polyesters, and polycarbonate to im-
prove impact strength and toughness and to increase either heat seal response or to pro-
mote adhesion.”> EMA is also used in soft blow-molded articles such as squeeze toys,
tubing, disposable medical gloves, and foamed sheet. EMA copolymers and EEA copoly-
mer;sgontaining up to 8 percent ethyl acrylate are approved by the FDA for food packag-

ing.

2.2.15.4 Ethylene-n-Butyl Acrylate (EBA) Copolymers. EBA copolymers are also
widely blended with olefin homopolymers to improve impact strength, toughness, and
heat sealability and to promote adhesion. The polymerization process and resultant repeat
unit of EBA are shown in Fig. 2.23.

CH,CH, *+ CHy— CH _’-(—CHZCHzclHCHZ -

i ]
c=o0 IG: o
| CH,

FIGURE 2.23 Polymerization and structure of EBA.

2.2.15.5 Ethylene-Vinyl Acetate (EVA) Copolymers. EVA copolymers are given by the
structure shown in Fig. 2.24 and find commercial importance in the coating, laminating,
and film industries. EVA copolymers typically contain between 10 and 15 mole percent vi-
nyl acetate, which provides a bulky, polar pendant group to the ethylene and provides an
opportunity to tailor the end properties by optimizing the vinyl acetate content. Very low
vinyl-acetate content (approximately 3 mole gercent) results in a copolymer that is essen-
tially a modified low-density polyethylene,23 with an even further reduced regular struc-
ture. The resultant copolymer is used as a film due to its flexibility and surface gloss. Vinyl
acetate is a low-cost comonomer, which is nontoxic and allows for this copolymer to be

H,C=CH, + H,C==CH —» —éCHz—CHz—CH—CHz)—
(0]

|
[
CH3

FIGURE 2.24 Polymerization of EVA.
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used in many food packaging applications. These films are soft and tacky and therefore
appropriate for cling-wrap applications (they are more thermally stable than the PVDC
films often used as cling wrap) as well as interlayers in coextruded and laminated films.

EVA copolymers with approximately 11 mole percent vinyl acetate are widely used in
the hot-melt coatings and adhesives arena, where the additional intermolecular bonding
promoted by the polarity of the vinyl acetate ether and carbonyl linkages enhances melt
strength while still enabling low melt-processing temperatures. At 15 mole percent vinyl
acetate, a copolymer with very similar mechanical properties to plasticized PVC is
formed. There are many advantages to an inherently flexible polymer for which there is no
risk of plasticizer migration, and PVC-alternatives is the area of largest growth opportu-
nity. These copolymers have higher moduli than standard elastomers and are preferable in
that they are more easily processed without concern for the need to vulcanize.

2.2.15.6 Ethylene-Vinyl Alcohol (EVOH) Copolymers. Poly(vinyl alcohol) is pre-
pared through alcoholysis of poly(vinyl acetate). PVOH is an atactic polymer but, since
the crystal lattice structure is not disrupted by hydroxyl groups, the presence of residual
acetate groups greatly diminishes the crystal formation and the degree of hydrogen bond-
ing. Polymers that are highly hydrolyzed (have low residual acetate content) have a high
tendency to crystallize and for hydrogen bonding to occur. As the degree of hydrolysis in-
creases, the molecules will very readily crystallize, and hydrogen bonds will keep them as-
sociated if they are not fully dispersed prior to dissolution. At degrees of hydrolysis above
98 percent, manufacturers recommend a minimum temperature of 96°C to ensure that the
highest molecular weight components have enough thermal energy to go into solution.
Polymers with low degrees of residual acetate have high humidity resistance.

2.2.15.7 Ethylene-Carbon Monoxide Copolymers (ECOs).  These polymers are ran-
dom copolymers of ethylene and carbon monoxide, with properties similar to low-density
polyethylene.235 They are sold by Shell under the trade name Carilon. These polymers ex-
hibit low water absorption and good barrier properties, but they are susceptible to UV deg-
radation. They find application in packaging, fuel tanks, fuel lines, and in blends.

2.2.16 Modified Polyethylenes

The properties of PE can be tailored to meet the needs of a particular application by a vari-
ety of different methods. Chemical modification, copolymerization, and compounding can
all dramatically alter specific properties. The homopolymer itself has a range of properties
that depend on the molecular weight, the number and length of side branches, the degree
of crystallinity, and the presence of additives such as fillers or reinforcing agents. Further
modification is possible by chemical substitution of hydrogen atoms; this occurs preferen-
tially at the tertiary carbons of a branching point and primarily involves chlorination, sul-
phonation, phosphorylination, and intermediate combinations.

2.2.16.1 Chlorinated Polyeth{vlene (CPE). The first patent on the chlorination of PE
was awarded to ICI in 1938.2%6 CPE is polymerized by substituting select hydrogen atoms
on the backbone of either HDPE or LDPE with chlorine. Chlorination can occur in the
gaseous phase, in solution, or as an emulsion. In the solution phase, chlorination is ran-
dom, while the emulsion process can result in uneven chlorination due to the crystalline
regions. The chlorination process generally occurs by a free-radical mechanism, shown in
Fig. 2.25, where the chlorine free radical is catalyzed by ultraviolet light or initiators.
Interestingly, the properties of CPE can be adjusted to almost any intermediary posi-
tion between PE and PVC by varying the properties of the parent PE and the degree and
tacticity of chlorine substitution. Since the introduction of chlorine reduces the regularity
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Ccl, — 2CI

—(CHCHy— + 2Cl. — >~ —(CHzCIH)-n— + HC
Cl
FIGURE 2.25 Chlorination process of CPE.

of the PE, crystallinity is disrupted and, at up to a 20 percent chlorine level, the modified
material is rubbery (if the chlorine was randomly substituted). When the level of chlorine
reaches 45 percent (approaching PVC), the material is stiff at room temperature. Typically,
HDPE is chlorinated to a chlorine content of 23 to 48 percent. 237 Once the chlorine substi-
tution reaches 50 percent, the polymer is identical to PVC, although the polymerization
route differs. The largest use of CPE is as a blending agent with PVC to promote flexibility
and thermal stability for increased ease of processing. Blending CPE with PVC essentially
plasticizes the PVC without adding double-bond unsaturation prevalent with rubber-modi-
fied PVCs and results in a more UV-stable, weather-resistant polymer. While rigid PVC is
too brittle to be machined, the addition of as little as three to six parts per hundred CPE in
PVC allows extruded profiles such as sheets, films, and tubes to be sawed, bored and
nailed. > Higher CPE content blends result in improved impact strength of PVC and are
made into flexible films that don’t have plasticizer migration problems. These films find
applications in roofing, water and sewage-treatment pond covers, and sealing films in
building construction.

CPE is used in highly filled applications, often using CaCO5 as the filler, and finds use
as a homopolymer in industrial sheeting, wire and cable insulations, and solution applica-
tions. When PE is reacted with chlorine in the presence of sulfur dioxide, a chlorosulfonyl
substitution takes place, yielding an elastomer.

2.2.16.2 Chlorosulfonated Polyethylenes (CSPEs). Chlorosulfonation introduces the
polar, cross-linkable SO, group onto the polymer chain, with the unavoidable introduction
of chlorine atoms as well. The most common method involves exposing LDPE, which has
been solubilized in a chlorlnated hydrocarbon, to SO, and Cl in the presence of UV or
high-energy radiation.?3° Both linear and branched PEs are used, and CSPEs contain 29 to
43 percent chlorine and 1 to 1.5 percent sulfur.?40 As in the case of CPEs, the introduction
of Cl and SO, functionalities reduces the regularity of the PE structure, hence reducing the
degree of crystallinity, and the resultant polymer is more elastomeric than the unmodified
homopolymer. CSPE is manufactured by DuPont under the trade name Hypalon and is
used in protective coating applications such as the lining for chemical processing equip-
ment, as the liners and covers for waste-containment ponds, as cable jacketing and wire in-
sulation, as spark plug boots, as power steering pressure hoses, and in the manufacture of
elastomers.

2.2.16.3 Phosphorylated Polyethylenes. Phosphorylated PEs have higher ozone and
heat resistance than ethylene propylene copolymers due to the fire retardant nature pro-
vided by phosphor. 241

2.2.16.4 Ionomers. Acrylic acid can be copolymerized with polyethylene to form an
ethylene acrylic acid copolymer (EAA) through addition or chain growth polymerization.
It is structurally similar to ethylene vinyl acetate, but with acid groups off the backbone.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



THERMOPLASTICS

2.34 CHAPTER 2

The concentration of acrylic acid groups is generally in the range of 3 to 20 percent. 242

The acid groups are then reacted with a metal containing base, such as sodlum methoxide
or magnesium acetate, to form the metal salt as depicted in Fig. 2. 26.243 The ionic groups
can associate with each other, forming a cross-link between chains. The resulting materi-
als are called ionomers in reference to the ionic bonds formed between chains. They were
originally developed by DuPont under the trade name of Surlyn.

—G CH;—CHoH-CHy—CH
X

C——o0
o

o) FIGURE 2.26 Structure of an ionomer.

N

The association of the ionic groups forms a thermally reversible crosslink that can be
broken when exposed to heat and shear. This allows ionomers to be processed on conven-
tional thermoplastic processing eaulpment while still maintaining some of the behavior of
a thermoset at room temperature.””" The association of ionic groups is generally believed
to take two forms: multiplets and clusters.?® Multiplets are considered to be a small num-
ber of ionic groups dispersed in the matrix, whereas clusters are phase-separated regions
containing many ion pairs and also hydrocarbon backbone.

A wide range of properties can be obtained by varying the ethylene/methacrylic acid
ratios, molecular weight, and the amount and type of metal cation used. Most commercial
grades use either zinc or sodium for the cation. Materials using sodium as the cation gen-
erally have better optical properties and oil resistance, whereas those using zinc usually
have better adhesive properties, lower water absorption, and better impact strength. 246

The presence of the comonomer breaks up the crystallinity of the polyethylene so that
ionomer films have lower crystallinity and better clarity compared to polyethylene.24 Ion-
omers are known for their toughness and abrasion resistance, and the polar nature of the
polymer improves both its bondability and paintability. lonomers have good low-tempera-
ture flexibility and resistance to oils and organic solvents. Ionomers show a yield point
with considerable cold drawing. In contrast to PE the stress increases with strain during
cold drawing, giving a very high energy to break.>*

Tonomers can be processed by most conventional extrusion and molding techniques us-
ing conditions similar to other olefin Bolymers. For injection molding, the melt tempera-
tures are in the range 210 to 260°C. 249 The melts are highly elastic due to the presence of
the metal ions. Increasing temperatures rapidly decreases the melt viscosity, with the so-
dium and zinc based ionomers showing similar rheolo§1cal behavior. Typical commercial
ionomers have melt index values between 0.5 and 15.2°° Both unmodified and glass-filled
grades are available.

Ionomers are used in applications such as golf ball covers and bowling pin coatings,
where their good abrasion resistance is important. 251 The puncture resistance of films al-
lows these materials to be widely used 1n packaging applications. One of the early applica-
tions was the packaging of fishhooks.? They are often used in composite products as an
outer heat-seal layer Their ability to bond to aluminum foil is also utilized in packaging
apphcatlons.25 Tonomers also find application in footwear for shoe heels. 24
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2.2.17 Polyimide (PI)

Thermoplastic polyimides are linear polymers noted for their high-temperature proper-
ties. Polyimides are prepared by condensation polymerization of pyromellitic anhy-
drides and primary diamines. A polyimide contains the structure -CO-NR-CO as a part
of a ring structure along the backbone. The presence of ring structures along the back-
bone, as depicted in Fig. 2.27, gives the polymer good high-temperature properties.255
Polyimides are used in high-performance applications as replacements for metal and
glass. The use of aromatic diamines gives the polymer exceptional thermal stability. An
example of this is the use of di-(4-amino-phenyl) ether, which is used in the manufacture
of Kapton (Du Pont).

O:O
O==0

\
\

[

o

O=O

FIGURE 2.27 Structure of polyimide.

Although called thermoplastics, some polyimides must be processed in precursor
form, because they will degrade before their softening point. 236 Fully imidized injection-
molding grades are available, along with powder forms for compression molding and
cold forming. However, injection molding of polyimides requires experience on the part
of the molder. >’ Polyimides are also available as films and preformed stock shapes. The
polymer may also be used as a soluble prepolymer, where heat and pressure are used to
convert the polymer into the final, fully imidized form. Films can be formed by casting
soluble polymers or precursors. It is generally difficult to form good films by melt extru-
sion. Laminates of polyimides can also be formed by impregnating fibers such as glass or
graphite.

Polyimides have excellent physical properties and are used in applications where parts
are exposed to harsh environments. They have outstanding high- temperature properties
and their 0x1dat1ve stability allows them to withstand continuous service in air at tempera-
tures of 260°C.> Polylmldes will burn, but they have self-extinguishing properties. 259
They are resistant to weak acids and organic solvents but are attacked by bases The poly-
mer also has good electrical properties and resistance to ionizing radiation.”®” A disadvan-
tage of polyimides is their hydrolysis resistance. Exposure to water or steam above 100°C
may cause parts to crack.?%!

The first application of polyimides was for wire enamel. 262 Applications for polyim-
ides include bearings for appliances and aircraft, seals, and gaskets. Film versions are used
in flexible wirmg2 and electric motor insulation. Printed circuit boards are also fabricated
with polyimides.
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2.2.18 Polyarylether Ketones

The family of aromatic polyether ketones includes structures that vary in the location and
number of ketonic and ether linkages on their repeat unit and therefore include polyether
ketone (PEK), polyether ether ketone (PEEK), polyether ether ketone ketone (PEEKK), as
well as other combinations. Their structures are as shown in Fig. 2.28. All have very high
thermal properties due to the aromaticity of their backbones and are readily processed via
injection molding and extrusion, although their melt temperatures are very high—370°C
for unfilled PEEK and 390°C for filled PEEK, and both unfilled and filled PEK. Mold tem-
peratures as high as 165°C are also used.?0* Their toughness (surprisingly high for such
high-heat-resistant materials), high dynamic cycles and fatigue resistance capabilities, low
moisture absorption, and good hydrolytic stability lend these materials to applications
such as parts found in nuclear plants, oil wells, high-pressure steam valves, chemical
plants, and airplane and automobile engines.

o OG0 00f

FIGURE 2.28 Structures of PEK, PEEK, and PEEKK.

One of the two ether linkages in PEEK is not present in PEK, and the ensuing loss of
some molecular flexibility results in PEK having an even higher 7, and heat distortion
temperature than PEEK. A relatively higher ketonic concentration in the repeat unit results
in high ultimate tensile properties as well. A comparison of different aromatic polyether
ketones is given in Table 2.6.265266 Ag these properties are from different sources, strict
comparison between the data is not advisable due to likely differing testing techniques.

Glass and carbon fiber reinforcements are the most important filler for all of the PEK
family. While elastic extensibility is sacrificed, the additional heat resistance and moduli
improvements allow glass- or carbon-fiber formulations entry into many applications.

PEK is polymerized either through self-condensation of structure (a) in Fig. 2.29, or
via the reaction of intermediates (b) as shown below. Since these polymers can crystallize
and tend therefore to precipitate from the reactant mixture, they must be reacted in high-
boiling solvents close to the 320°C melt temperature.267

2.2.19 Poly(methylmethacrylate)

Poly(methyl methacrylate) is a transparent thermoplastic material of moderate mechanical
strength and outstanding outdoor weather resistance. It is available as sheet, tubes, and
rods, which can be machined, bonded, and formed into a variety of different parts. It is
also available in bead form, which can be conventionally processed via extrusion or injec-
tion molding. The sheet form material is polymerized in situ by casting a monomer that
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FIGURE 2.29 Routes for PEK synthesis.

has been partly prepolymerized by removing any inhibitor, heating, and adding an agent to
initiate the free radical polymerization. This agent is typically a peroxide. This mixture of
polymer and monomer is then poured into the sheet mold, and the plates are brought to-
gether and reinforced to prevent bowing to ensure that the final product will be of uniform
thickness and flatness. This bulk polymerization process generates such high-molecular-
weight material that the sheet or rod will decompose prior to melting. As such, this tech-
nique is not suitable for producing injection molding-grade resin, but it does aid in produc-
ing material that has a large rubbery plateau and has high enough elevated temperature
strength to allow for bandsawing, drilling, and other common machinery practices as long
as the localized heating doesn’t reach the polymer’s decomposition temperature.

Suspension polymerization provides a final polymer with low enough molecular
weight to allow for typical melt processing. In this process, methyl methacrylate monomer
is suspended in water, to which the peroxide is added along with emulsifying/suspension
agents, protective colloids, lubricants, and chain transfer agents to aid in molecular weight
control. The resultant bead can then be dried and is ready for injection molding, or it can
be further compounded with any desired colorants, plasticizers, or rubber-modifier as re-
qulred 8 Number- average molecular weights from the suspension process are approxi-
mately 60,000 g/mol, while the bulk polymerization Brocess can result in number average
molecular weights of approximately 1 million g/mol.

Typically, applications for PMMA optimize use of its clarity, with an up to 92 percent
light transmission, depending upon the thickness of the sample. Again, because it has such
strong weathering behavior, it is well suited for applications such as automobile rear-light
housings, lenses, aircraft cockpits, helicopter canopies, dentures, steering wheel bosses,
and windshields. Cast PMMA is used extensively as bathtub materials, in showers, and in
whirlpools. 270

Since the homopolymer is fairly brittle, PMMA can be toughened via copolymeriza-
tion with another monomer (such as polybutadiene) or blended with an elastomer in the
same way that high-impact polystyrene is, to enable better stress distribution via the elas-
tomeric domain.

2.2.20 Polymethylpentene (PMP)

Polymethylpentene was introduced in the mid-1960s by ICI and is now marketed under
the same trade name, TPX, by Mitsui Petrochemical Industries. The most significant com-
mercial polymerization method involves the dimerization of propylene, as shown in
Fig. 2.30.

As a polyolefin, this material offers chemical resistance to mineral acids, alkaline solu-
tions, alcohols, and boiling water. It is not resistant to ketones or aromatic and chlorinated
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CH; CH;
,CH + CH—CH=CH, —  CH—CH;~CH=CH,
CH, CH,

FIGURE 2.30 Polymerization route for polymethylpentene.

hydrocarbons. Like polyethylene and polypropylene, it is susceptible to environmental
stress cracking " and requires formulation with antioxidants. Its use is primarily in injec-
tion molding and thermoforming applications, where the additional cost incurred com-
pared to other polyolefins is justified by its high melt point (245°C), transparency, low
density, and good dielectric properties. The high degree of transparency of polymethyl-
pentene is attributed both to the similarities of the refractive indices of the amorphous and
crystalline regions, as well as to the large coil size of the polymer due to the bulky
branched four carbon side chain. The free-volume regions are large enough to allow light
of visible-region wavelengths to pass unimpeded. This degree of free volume is also re-
sponsible for the 0.83 g/cm low density. As typically cooled, the polymer achleves about
40 percent crystallinity, although with annealing can reach 65 percent crystalhmty % The
structure of the polymer repeat unit is shown in Fig. 2.31.

— CH2|CH—)—

CH
C FIGURE 2.31 Repeat structure of polymethyl-
/ % pentene.
CH; CH;

Voids are frequently formed at the crystalline/amorphous region interfaces during in-
jection molding, rendering an often undesirable lack of transparency. To counter this,
polymethylpentene is often copolymerized with hex-1-ene, oct-1-ene, dec-1-ene, and oc-
tadec-1-ene, which reduces the voids and concomitantly reduces the melting point and de-
gree of crystalhmty Typlcal products made from polymethylpentene include
transparent pipes and other chemical plant applications, sterilizable medical equipment,
light fittings, and transparent housings.

2.2.21 Polyphenylene Oxide

The term polyphenylene oxide (PPO) is a misnomer for a polymer that is more accurately
named poly-(2,6-dimethyl-p-phenylene ether), and which in Europe is more commonly
known as a polymer covered by the more generic term polyphenyleneether (PPE). This en-
gineering polymer has high-temperature properties due to the large degree of aromaticity
on the backbone, with dimethyl-substituted benzene rings joined by an ether linkage, as
shown in Fig. 2.32.

The stiffness of this repeat unit results in a heat-resistant polymer with a T, of 208°C
and a T,, of 257°C. The fact that these two thermal transitions occur within such a short
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CH,

FIGURE 2.32 Repeat structure of PPO.

CH,

temperature span of each other means that PPO does not have time to crystallize while it
cools before reaching a glassy state and as such is typically amorphous after process-
ing.274 Commercially available as PPO from General Electric, the polymer is sold in mo-
lecular weight ranges of 25,000 to 60,000 g/mol.275 Properties that distinguish PPO from
other engineering polymers are its high degree of hydrolytic and dimensional stabilities,
which enable it to be molded with precision, although high processing temperatures are re-
quired. It finds application as television tuner strips, microwave insulation components,
and transformer housings, which take advantage of its strong dielectric properties over
wide temperature ranges. It is also used in applications that benefit from its hg/drolytic sta-
bility including pumps, water meters, sprinkler systems, and hot water tanks. 76 Its greater
use is limited by the often-prohibitive cost, and General Electric responded by commer-
cializing a PPO/PS blend marketed under the trade name Noryl. GE sells many grades of
Noryl based on different blend ratios and specialty formulations. The styrenic nature of
PPO leads one to surmise very close compatibility (similar solubility parameters) with PS,
although strict thermodynamic compatibility is questioned due to the presence of two dis-
tinct T, peaks when measured by mechanical rather than calorimetric means.?’” The
blends present the same high degree of dimensional stability, low water absorption, excel-
lent resistance to hydrolysis, and good dielectric properties offered by PS, yet with the el-
evated heat distort temperatures that result from PPO’s contribution. These polymers are
more cost competitive than PPO and are used in moldings for dishwashers, washing ma-
chines, hair dryers, cameras, and instrument housings, and as television accessories.

2.2.22 Polyphenylene Sulphide (PPS)

The structure of PPS, shown in Fig. 2.33, clearly indicates high temperature, high
strength, and high chemical resistance due to the presence of the aromatic benzene ring
on the backbone linked with the electronegative sulfur atom. In fact, the melt point of PPS
is 288°C, and the tensile strength is 70 MPa at room temperature. The brittleness of PPS,
due to the highly crystalline nature of the polymer, is often overcome by compounding
with glass fiber reinforcements. Typical properties of PPS and a commercially available
40 percent glass-filled polymer blend are shown in Table 2.7.27° The mechanical proper-
ties of PPS are similar to other engineering thermoplastics such as polycarbonate and
polysulphones except that, as mentioned, the PPS suffers from the brittleness arising from

S FIGURE 2.33 Repeat structure of polyphe-
nylene sulphide.
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TABLE 2.7 Selected Properties of PPS and GF PPS

Property, units PPS 40% glass-filled PPS
T,,°C 85 -
Heat distortion temperature, method A, °C 135 265

Tensile strength

21 °C MPa 64-77 150

204 °C, MPa 33 33
Elongation at break, % 3 2
Flexural modulus, MPa 3,900 10,500
Limiting oxygen index, % 44 47

its crystallinity. But it does, however, offer improved resistance to environmental stress
cracking.280

PPS is of most significant commercial interest as a thermoplastic, although it can be
crosslinked into a thermoset system. Its strong inherent flame retardance puts this polymer
in a fairly select class of polymers, including polyethersulphones, liquid crystal polyesters,
polyketones, and polyetherimides.281 As such, PPS finds application in electrical compo-
nents, printed circuits, and contact and connector encapsulation. Other uses take advan-
tage of the low mold shrinkage values and strong mechanical properties even at elevated
temperatures. These include pump housings, impellers, bushings, and ball valves.?8?

2.2.23 Polyphthalamide (PPA)

Polyphthalamides were originally developed for use as fibers and later found application
in other areas as high-temperature thermoplastics. They are semiaromatic polyamides
based on the polymerization of terephthalic acid or isophthalic acid and an amine. 83 Both
amorphous and crystalline grades are available. Solvay sells a semicrystalline grade
polyphthalamide under the trade name Amodel®, available in both reinforced and nonrein-
forced grades, as a lower-cost, high-temperature plastic alternative to PPS and PEIL
Amodel finds applications as automotive halogen lamp sockets and fog lamp assemblies,
fuel system flanges, and fuel line connectors as well as vacuum cleaner impellers and lawn
mower components. Polyphthalamides are polar materials with a melting point near
310°C and a glass transition temperature of 127°C .28 The material has good strength and
stiffness along with good chemical resistance. Polyphthalamides can be attacked by strong
acids or oxidizing agents and are soluble in cresol and phenol.285 Polyphthalamides are
stronger, less moisture sensitive, and possess better thermal properties when compared to
the aliphatic polyamides such as nylon 6,6. However, polyphthalamide is less ductile than
nylon 6,6, although impact grades are available. 8 Polyphthalamides will absorb mois-
ture, decreasing the glass transition temperature and causing dimensional changes. The
material can be reinforced with glass and has extremely good high-temperature perfor-
mance.28R76inforced grades of polyphthalamides are able to withstand continuous use at
180°C.

The crystalline grades are generally used in injection molding, while the amorphous
grades are often used as barrier materials.”8® The recommended mold temperatures are
135 to 165°C, with recommended melt temperatures of 320 to 340°C.2%° The material
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should have a moisture content of 0.15 percent or less for proc&ssing.290 Because mold
temperature is important to surface finish, higher mold temperatures may be required for
some applications.

Both crystalline and amorphous grades are available under the trade name Amodel
(Amoco); amorphous grades are available under the names Zytel (Dupont) and Trogamld
(Dynamit Nobel). Crystalline grades are available under the trade name Arlen (Mitsui). 291

Polyphthalamides are used in automotive applications where their chemical resistance
and temperature stability are important. 292 Examples include sensor housings, fuel line
components, headlamp reflectors, electrical components, and structural components. Elec-
trical components attached by infrared and vapor phase soldering are applications utilizing
PPA’s high-temperature stability. Switching devices, connectors, and motor brackets are
often made from PPA. Mineral-filled grades are used in applications that require plating,
such as decorative hardware and plumbing. Impact modified grades of unreinforced PPA
are used in sporting goods, oil field parts, and military applications.

2.2.24 Polypropylene (PP)

Polypropylene is a versatile polymer used in applications from films to fibers, with a
worldwide demand of over 21 million 1b.2%3 It is similar to polyethylene in structure ex-
cept for the substitution of one hydrogen group with a methyl group on every other car-
bon. On the surface, this change would appear trivial, but this one replacement changes the
symmetry of the polymer chain. This allows for the preparation of different stereoisomers,
namely, syndiotactic, isotactic, and atactic chains. These configurations are shown in the
introduction.

Polypropylene (PP) is synthesized by the polymerization of propylene, a monomer de-
rived from petroleum products through the reaction shown in Fig. 2.34. It was not until
Ziegler-Natta catalysts became available that polypropylene could be polymerized into a
commercially viable product. These catalysts allowed the control of stereochemistry dur-
ing polymerization to form polypropylene in the isotactic and syndlotactlc forms, both ca-
pable of crystallizing into a more rigid, useful polymeric material.>>* The first commercial
method for the production of polypropylene was a suspension process. Current methods of
production include a gas phase process and a liquid slurry process. 295 New grades of
polypropylene are now being polymerized using metallocene catalysts % The range of
molecular weights for PP is M,, = 38,000 to 60,000 and M,, = 220, 000 to 700,000. The
molecular weight distribution (M /M,,) can range from 2 to about 112

CHs CH3

n HyC==CH -~ ‘PCHz—CH«}—

FIGURE 2.34 The reaction to prepare polypropylene.

Different behavior can be found for each of the three stereoisomers. Isotactic and syn-
diotactic polypropylene can pack into a regular crystalline array, giving a polymer with
more rigidity. Both materials are crystalhne However, syndiotactic polypropylene has a
lower T, than the isotactic polymer. 298 The isotactic polymer is the most commercially
used form, with a melting point of 165°C. Atactic polypropylene has a very small amount
of crystallinity (5 to 10 percent), because its irregular structure prevents crystallization;
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thus, it behaves as a soft flexible material.”%° It is used in applications such as sealing
strips, paper laminating, and adhesives.

Unlike polyethylene, which crystallizes in the planar zigzag form, isotactic polypropy-
lene cr(y)/stalhzes in a helical form because of the presence of the methyl groups on the
chain.3%® Commercial polymers are about 90 to 95 percent isotactic. The amount of isotac-
ticity present in the chain will influence the properties. As the amount of isotactic material
(often quantified by an isotactic index) increases, the amount of crystallinity will also in-
crease, resulting in increased modulus, softening point, and hardness.

Although in many respects polypropylene is similar to polyethylene, both being satu-
rated hydrocarbon polymers, they differ in some significant properties. Isotactic polypro-
pylene is harder and has a higher softening point than polyethylene, so it is used where
higher stiffness materials are required. Polypropylene is less resistant to degradation, par-
ticularly high-temperature oxidation, than polyethylene, but it has better environmental
stress cracking resistance. 301 The decreased degradatlon resistance of PP is due to the
presence of a tertiary carbon in PP, allowing for easier hydrogen abstraction compared to
PE.302 As a result, antioxidants are added to polypropylene to improve the oxidation resis-
tance. The degradation mechanisms of the two polymers are also different. PE cross-links
on oxidation, while PP undergoes chain scission. This is also true of the polymers when
exposed to high-energy radiation, a method commonly used to cross-link PE.

Polypropylene is one of the lightest plastics, with a density of 0.905.39 The nonpolar
nature of the polymer gives PP low water absorption. Polypropylene has good chemical
resistance, but liquids such as chlorinated solvents, gasoline, and xylene can affect the ma-
terial. Polypropylene has a low dielectric constant and is a good insulator. Difficulty in
bonding to polypropylene can be overcome by the use of surface treatments to improve the
adhesion characteristics.

With the exception of UHMWPE, polypropylene has a higher 7, and melting point
than polyethylene. Service temperature is increased, but PP needs to be processed at
higher temperatures. Because of the higher softening, PP can withstand boiling water and
can be used in applications requiring steam sterilization. 304 Polypropylene is also more re-
sistant to cracking in bending than PE and is preferred in applications that require toler-
ance to bending. This includes applications such as ropes, tapes, carpet fibers, and parts re-
quiring a living hinge. L1v1ng hinges are integral parts of a molded piece that are thinner
and allow for bending." 305 One weakness of polypropylene is its low-temperature brittle-
ness behavior, with the polymer becoming brittle near 0°C. 306 This can be improved
through copolymerization with other polymers such as ethylene.

Comparing the processing behavior of PP to PE, it is found that polypropylene i 1s more
non-Newtonian than PE and that the specific heat of PP is lower than polyethylene 7 The
melt viscosity of PE is less temperature sensitive than PP. 308 Mold shrinkage is generally
less than for PE but is dependent on the actual processing conditions.

Unlike many other polymers, an increase in molecular weight of polypropylene does
not always translate into improved properties. The melt viscosity and impact strength will
increase with molecular weight but often with a decrease in hardness and softening point.
A decrease in the ability of the polymer to crystallize as molecular weight increases is of-
ten offered as an explanation for this behavior.3%

The molecular weight distribution (MWD) has important implications for processing.
A PP grade with a broad MWD is more shear sensitive than a grade with a narrow MWD.
Broad MWD materials will generally process better in injection molding applications. In
contrast, a narrow MWD may be preferred for fiber formation. 9 Various grades of
polypropylene are available tailored to particular application. These grades can be classi-
fied by flow rate, which depends on both average molecular weight and MWD. Lower-
flow-rate materials are used in extrusion applications. In injection molding applications,
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low-flow-rate materials are used for thick parts, and high-flow-rate materials are used for
thin-wall molding.

Polypropylene can be processed by methods similar to those used for PE. The melt
temperatures are generally in the range of 210 to 250°C3! Heating times should be mini-
mized to reduce the possibility of oxidation. Blow molding of PP requires the use of
higher melt temperatures and shear, but these conditions tend to accelerate the degradation
of PP. Because of this, blow molding of PP is more difficult than for PE. The screw meter-
ing zone should not be too shallow so as to avoid excessive shear. For a 60-mm screw, the
flights depths are typically about 2.25 mm, and they are 3.0 mm for a 90-mm screw.312

In film applications, film clarity requires careful control of the crystallization process
to ensure that small crystallites are formed. This is accomplished in blown film by extrud-
ing downwards into two converging boards. In the Shell TQ process, the boards are cov-
ered with a film of flowing, cooling water. Oriented films of PP are manufactured by
passing the PP film into a heated area and stretching the film both transversely and longi-
tudinally. To reduce shrinkage, the film may be annealed at 100°C while under tension. 13
Highly oriented films may show low transverse strength and a tendency to fibrillate. Other
manufacturing methods for polypropylene include extruded sheet for thermoforming ap-
plications and extruded profiles.

If higher stiftness is required, short glass reinforcement can be added. The use of a cou-
pling agent can dramatically improve the properties of glass filled PP314 Other fillers for
polypropylene include calcium carbonate and talc, which can also improve the stiffness of
PP.

Other additives such as pigments, antioxidants, and nucleating agents can be blended
into polypropylene to give the desired properties. Carbon black is often added to polypro-
pylene to impart UV resistance in outdoor applications. Antiblocking and slip agents may
be added for film applications to decrease friction and prevent sticking. In packaging ap-
plications, antistatic agents may be incorporated.

The addition of rubber to polypropylene can lead to improvements in impact resis-
tance. One of the most commonly added elastomers is ethylene-propylene rubber. The
elastomer is blended with polypropylene, forming a separate elastomer phase. Rubber can
be added in excess of 50 percent to give elastomeric compositions. Compounds with less
than 50 percent added rubber are of considerable interest as modified thermoplastics. Im-
pact grades of PP can be formed into films with good puncture resistance.

Copolymers of polypropylene with other monomers are also available, the most com-
mon monomer being ethylene. Copolymers usually contain between 1 and 7 weight per-
cent of ethylene randomly placed in the polypropylene backbone. This disrupts the ability
of the polymer chain to crystallize, giving more flexible products. This improves the im-
pact resistance of the polymer, decreases the melting point, and increases flexibility. The
degree of flexibility increases with ethylene content, eventually turning the polymer into
an elastomer (ethylene propylene rubber). The copolymers also exhibit increased clarity
and are used in blow molding, injection molding, and extrusion.

Polypropylene has many applications. Injection molding applications cover a broad
range from automotive uses such as dome lights, kick panels, and car battery cases to lug-
gage and washing machine parts. Filled PP can be used in automotive applications such as
mounts and engine covers. Elastomer-modified PP is used in the automotive area for
bumpers, fascia panels, and radiator grills. Ski boots are another application for these ma-
terials.3!> Structural foams, prepared with glass-filled PP, are used in the outer tank of
washing machines. New grades of high-flow PPs are allowing manufacturers to mold
high-performance housewares.>10 Polypropylene films are used in a variety of packaging
applications. Both oriented and nonoriented films are used. Film tapes are used for carpet
backing and sacks. Foamed sheet is used in a variety of applications including thermo-
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formed packaging. Fibers are another important application for polypropylene, particu-
larly in carpeting, because of its low cost and wear resistance. Fibers prepared from
polypropylene are used in both woven and nonwoven fabrics.

2.2.25 Polyurethane (PUR)

Polyurethanes are very versatile polymers. They are used as flexible and rigid foams, elas-
tomers, and coatings. Polyurethanes are available as both thermosets and thermoplastics.
In addition, their hardnesses span the range from rigid material to elastomer. Thermoplas-
tic polyurethanes will be the focus of this section. The term pol{urethane is used to cover
materials formed from the reaction of isocyanates and polyols.3 7 The general reaction for
a polyurethane produced through the reaction of a diisocyanate with a diol is shown in
Fig. 2.35.

—R—OH 4+ n OTZ—CT—/N—R —N=ZZ=cT—o0
|O| Iol
_ R 0 C N R N C—
H H
FIGURE 2.35 Polyurethane reaction.
[—A—B—A—B—A—B, Polyurethanes are phase separated block copoly-

mers as depicted in Fig. 2.36, where the A and B por-
FIGURE 2.36 Block structure of tions represent different polymer segments. One
polyurethanes. segment, called the hard segment, is rigid, while the

other, the soft segment, is elastomeric. In polyure-
thanes, the soft segment is prepared from an elastomeric long-chain polyol, generally a
polyester or polyether, but other rubbery polymers end-capped with a hydroxyl group
could be used. The hard segment is composed of the diisocyanate and a short-chain diol
called a chain extender. The hard segments have high interchain attraction due to hydro%en
bonding between the urethane groups. In addition, they may be capable of crystallizing. 18
The soft elastomeric segments are held together by the hard phases, which are rigid at
room temperature and act as physical cross-links. The hard segments hold the material to-
gether at room temperature but, at processing temperatures, the hard segments can flow
and be processed.

The properties of polyurethanes can be varied by changing the type or amount of the
three basic building blocks of the polyurethane: diisocyanate, short-chain diol, or long-
chain diol. Given the same starting materials, the polymer can be varied simply by chang-
ing the ratio of the hard and soft segments. This allows the manufacturer a great deal of
flexibility in compound development for specific applications. The materials are typically
manufactured by reacting a linear polyol with an excess of diisocyanate. The polyol is
end-capped with isocyanate groups. The end-capped polyol and free isocyanate are then
reacted with a chain extender, usually a short--chain diol to form the polyurethane.319
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There are a variety of starting materials available for use in the preparation of polyure-
thanes, some of which are listed below.

Diisocyanates

* 4.4’-diphenylmethane diisocyanate (MDI)

* Hexamethylene diisocyanate (HDI)

* Hydrogenated 4,4 -diphenylmethane diisocyanate (HMDI)

Chain Extenders
¢ 1,4 butanediol
* Ethylene glycol
* 1,6 hexanediol

Polyols
* Polyesters
* Polyethers

Polyurethanes are generally classified by the type of polyol used—for example, poly-
ester polyurethane or polyether polyurethane. The type of polyol can affect certain proper-
ties. For example, polyether polyurethanes are more resistant to hydrolysis than polyester-
based urethanes, while the polyester polyurethanes have better fuel and oil resistance.>
Low-temperature flexibility can be controlled by proper selection of the long-chain polyol.
Polyether polyurethanes generally have lower glass transition temperatures than polyester
polyurethanes. The heat resistance of the polyurethane is governed by the hard segments.
Polyurethanes are noted for their abrasion resistance, toughness, low-temperature impact
strength, cut resistance, weather resistance, and fungus resistance. ! Specialty polyure-
thanes include glass-reinforced products, fire-retardant grades, and UV-stabilized grades.

Polyurethanes find application in many areas. They can be used as impact modifiers for
other plastics. Other agplications include rollers or wheels, exterior body parts, drive belts,
and hydraulic seals.3>? Polyurethanes can be used in film applications such as textile lam-
inates for clothing and protective coatings for hospital beds. They are also used in tubing
and hose in both unreinforced and reinforced forms because of their low-temperature
properties and toughness. Their abrasion resistance allows them to be used in applications
such as athletic shoe soles and ski boots. Polyurethanes are also used as coatings for wire
and cable.’?3

Polyurethanes can be processed by a variety of methods, including extrusion, blow
molding, and injection molding. They tend to pick up moisture and must be thoroughly
dried prior to use. The processing conditions vary with the type of polyurethane; higher
hardness grades usually require higher processing temperatures. Polyurethanes tend to ex-
hibit shear sensitivity at lower melt temperatures. Post-mold heating in an oven, shortly af-
ter processing, can often imE)rove the properties of the finished product. A cure cycle of 16
to 24 hr at 100°C is typical >>*

2.2.26 Styrenics

The styrene family is well suited for applications where rigid, dimensionally stable
molded parts are required. PS is a transparent, brittle, high-modulus material with a multi-
tude of applications, primarily in packaging, disposable cups, and medical ware. When the
mechanical properties of the PS homopolymer are modified to produce a tougher, more
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ductile blend, as in the case of rubber-modified high-impact grades of PS (HIPS), a far
wider range of applications becomes available. HIPS is preferred for durable, molded
items including radio, television, and stereo cabinets as well as compact disc jewel cases.
Copolymerization is also used to produce engineering-grade plastics of higher perfor-
mance as well as higher price, with acrylonitrile-butadiene-styrene (ABS) and styrene-
acrylonitrile (SAN) plastics being of greatest industrial importance.

2.2.26.1 Acrylonitrile Butadiene Styrene (ABS) Terpolymer. As with any copolymers,
there is tremendous flexibility in tailoring the properties of ABS by varying the ratios of
the three monomers: acrylonitrile, butadiene, and styrene. The acrylonitrile component
contributes heat resistance, strength, and chemical resistance. The elastomeric contribu-
tion of butadiene imparts higher impact strength, toughness, low-temperature property re-
tention, and flexibility, while the styrene contributes rigidity, glossy finish, and ease of
processability. As such, worldwide usage of ABS is surpassed only by that of the “big
four” commodity thermoplastics (polyethylene, polypropylene, polystyrene, and polyvi-
nyl chloride). Primary drawbacks to ABS include opacity, poor weather resistance, and
poor flame resistance. Flame retardance can be improved by the addition of fire- retardant
additives or by blending ABS with PVC, with some reduction in ease of processablhty

As its use is widely prevalent as equipment housings (such as telephones, televisions, and
computers), these disadvantages are tolerated. Figure 2.37 shows the repeat structure of

ABS.
—é CH,CH= THCH%
X
(cracn )—(CH2C|H +—
2

= ]

N
FIGURE 2.37 Repeat structure of ABS.

Most common methods of manufacturing ABS include graft polymerization of styrene
and acrylonitrile onto a polybutadiene latex, blending with a styrene-acrylonitrile latex,
and then coagulating and drying the resultant blend. Alternatively, the graft polymer of
styrene, acrylonitrile, and polybutadiene can be manufactured ieparately from the styrene
acrylonitrile latex and the two grafts blended and granulated after drymg

Its ease of processing by a variety of common methods (including injection molding,
extrusion, thermoforming, compression molding, and blow molding), combined with a
good economic value for the mechanical properties achieved, results in widespread use of
ABS. It is commonly found in under-the-hood automotive applications, refrigerator lin-
ings, radios, computer housings, telephones, business machine housings, and television
housings.

2.2.26.2 Acrylonitrile-Chlorinated Polyethylene-Styrene (ACS) Terpolymer. While ABS
itself can be readily tailored by modifying the ratios of the three monomers and by modi-
fying the lengths of each grafted segment, several companies are pursuing the addition of a
fourth monomer, such as alpha-methylstyrene for enhanced heat resistance and methyl-
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methacrylate to produce a transparent ABS. One such modification involves using chlori-
nated polyethylene in place of the butadiene segments. This terpolymer, ACS, has very
similar properties to the engineering terpolymer ABS, but the addition of chlorinated poly-
ethylene imparts improved flame retardance, weatherability, and resistance to electrostatic
deposition of dust without the addition of antistatic agents. The addition of the chlorinated
olefin requires more care when injection molding to ensure that the chlorine does not de-
hydrohalogenate. Mold temperatures are recommended to be kept at between 190 and
210°C and not to exceed 220°C. As with other chlorinated polymers, such as golyvinyl
chloride, residence times should be kept relatively short in the molding machine. 27

Applications for ACS include housings and parts for office machines such as desktop
calculators, copying machines, and electronic cash registers, as well as housings for televi-
sion sets and video cassette recorders.28

2.2.26.3 Acrylic Styrene Acrylonitrile (ASA) Terpolymer. Like ACS, ASA is a spe-
cialty product with similar mechanical properties to ABS, but which offers improved out-
door weathering properties. This is due to the grafting of an acrylic ester elastomer onto
the styrene-acrylonitrile backbone. Sunlight usually combines with atmospheric oxygen to
result in embrittlement and yellowing of thermoplastics, and this process takes a much
longer time in the case of ASA. Therefore, ASA finds applications in gutters, drain pipe
fittings, signs, mail boxes, shutters, window trims, and outdoor furniture.’

2.2.26.4 General-Purpose Polystyrene (PS). PS is one of the four plastics whose com-
bined usage accounts for 75 percent of the worldwide usage of plastics.330 These four
commodity thermoplastics are PE, PP, PVC, and PS. Although it can be polymerized via
free-radical, anionic, cationic, and Ziegler mechanisms, commercially available PS is pro-
duced via free-radical addition polymerization. PS’s popularity is due to its transparency,
low density, relatively high modulus, excellent electrical properties, low cost, and ease of
processing. The steric hindrance caused by the presence of the bulky benzene side groups
results in brittle mechanical properties, with ultimate elongations only around 2 to 3 per-
cent, depending on molecular weight and additive levels. Most commercially available PS
grades are atatic, and in combination with the large benzene groups, result in an amor-
phous polymer. The amorphous morphology provides not only transparency but, in addi-
tion, the lack of crystalline regions means that there is no clearly defined temperature at
which the plastic melts. PS is a glassy solid until its 7, of ~100°C is reached, whereupon
further heating softens the plastic gradually from a glass to a liquid. Advantage is taken of
this gradual transition by molders who can eject parts that have cooled to beneath the rela-
tively high Vicat temperature. Also, the lack of a heat of crystallization means that high
heating and cooling rates can be achieved, which reduces cycle time and also promotes an
economical process. Lastly, upon cooling, PS does not crystallize the way PE and PP do.
This gives PS low shrinkage values (0.004 to 0.005 mm/mm) and high dimensional stabil-
ity during molding and forming operations.

Commercial PS is segmented into easy-flow, medium-flow, and high-heat-resistance
grades. Comparison of these three grades is made in Table 2.8. The easy-flow grades are
the lowest molecular weight, to which 3 to 4 percent mineral oil has been added. The min-
eral oil reduces melt viscosity, which is well suited for increased injection speeds while
molding inexpensive thin-walled parts such as disposable dinnerware, toys, and packag-
ing. The reduction in processing time comes at the cost of a reduced softening temperature
and a more brittle polymer. The medium-flow grades are of slightly higher molecular
weight and contain only 1 to 2 percent mineral oil. Applications include injection molded
tumblers, medical ware, toys, injection-blow-molded bottles, and extruded food packag-
ing. The high-heat-resistance plastics are of the highest molecular weight and have the
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TABLE 2.8 Properties of Commercial Grades of General-Purpose PS”

High-heat-
Property Easy-flow PS Medium-flow PS resistance PS

M, 218,000 225,000 300,000
M, 74,000 92,000 130,000
Melt flow index, g/10 min 16 7.5 1.6
Vicat softening temperature, °C 88 102 108
Tensile modulus, MPa 3,100 2,450 3,340
Ultimate tensile strength, MPa 1.6 2.0 2.4

*Source: Encyclopedia of Polymer Science, 2nd ed., vol. 6, Mark, Bikales, Overberger, Menges,and Kroschwitz,
Eds., Wiley Interscience, 1986, p. 65.

least level of additives such as extrusion aids. These products are used in sheet extrusion
and thermoforming, and extruded film applications for oriented food packaging.331

2.2.26.5 Styrene-Acrylonitrile Copolymers (SAN). Styrene-acrylonitrile polymers are
copolymers prepared from styrene and acrylonitrile monomers. The polymerization can be
done under emulsion, bulk, or suspensmn conditions.>3? The polymers generally contain
between 20 to 30 percent acrylomtrlle 3 The acrylonitrile content of the polymer influ-
ences the final properties with tensile strength, elongation, and heat distortion temperature
increasing as the amount of acrylonitrile in the copolymer increases.

SAN copolymers are linear, amorphous materials with improved heat resistance over
pure polystyrene 334 The polymer is transparent but may have a yellow color as the acry-
lonitrile content increases. The addition of a polar monomer, acrylonitrile, to the backbone
gives these polymers better resistance to oils, greases, and hydrocarbons when compared
to polystyrene. 33 Glass-reinforced grades of SAN are available for applications requiring
higher modulus combined with lower mold shrinkage and lower coefficient of thermal ex-
pansion.

As the polymer is polar, it should be dried before processing. It can be processed by in-
jection molding into a variety of parts. SAN can also be processed by blow molding, ex-
trusion, casting, and thermoforming.

SAN competes with polystyrene, cellulose acetate, and polymethyl methacrylate. Ap-
plications for SAN include injection-molded parts for medlcal devices, PVC tubing con-
nectors, dishwasher-safe products, and refrigerator shelvmg 8 Other applications include
packaging for the pharmaceutical and cosmetics markets, automotive equipment, and in-
dustrial uses.

2.2.26.6 Olefin-Modified SAN. SAN can be modified with olefins, resulting in a poly-
mer that can be extruded and injection molded. The polymer has good weatherability and
is often used as a capstock to 3%rowde weatherability to less expensive parts such as swim-
ming pools, spas, and boats.

2.2.26.7 Styrene-Butadiene Copolymers. Styrene-butadiene polymers are block copol-
ymers prepared from styrene and butadlene monomers. The polymerization is performed
using sequential anionic polymerization. 340 The copolymers are better known as thermo-
plastic elastomers, but copolymers with high styrene contents can be treated as thermo-
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plastics. The polymers can be prepared as either a star block form or as a linear,
multiblock polymer. The butadiene exists as a separate dispersed phase in a continuous
matrix of polystyrene. 341 The size of the butadiene phase is controlled to be less than the
wavelength of light, resulting in clear materials. The resulting amorphous polymer is
tough with good flex life and low mold shrinkage. The copolymer can be ultrasonically
welded, solvent welded, or vibration welded. The copolymers are available in injection-
molding grades and thermoforming grades. The injection-molding grades generally con-
tain a higher styrene content in the block copolymer. Thermoforming grades are usually
mixed with pure polystyrene. Styrene-butadiene copolymers can be processed by injection
molding, extrusion, thermoforming, and blow molding. The polymer does not need to be
dried prior to use.3#?
Stgrene—butadiene copolymers are used in toys, housewares, and medical applica-
tions.”"” Thermoformed products include disposable food packaging such as cups, bowls,
“clam shells,” deli containers, and lids. Blister packs and other display packaging also use
styrene-butadiene copolymers. Other packaging applications include shrink wrap and veg-
etable wrap.

2.2.27 Sulfone-Based Resins

o Sulfone resins refer to polymers containing SO, groups
“ along the backbone as depicted in Fig. 2.38. The R groups are
generally aromatic. The polymers are usually yellowish, trans-

R—§—R parent, amorphous materials and are known for their high stiff-
ness, strength, and thermal stability. 343 The polymers have low
fe) creep over a large temperature range. Sulfones can compete

against some thermoset materials in performance, while their
FIGURE 2.38 General ability to be injection molded offers an advantage.
structure of a polysulfone. The first commercial polysulfone was Udel (Union Carbide,

now Amoco), followed by Astrel 360 (Minnesota Mining and
Manufacturmg) which is termed a polyarylsulfone, and finally Victrex (ICI), a polyether-
sulfone.34% The different polysulfones vary by the spacing between the aromatic groups,
which in turn affects their Tgs and their heat distortion temperatures. Commercial polysul-
fones are linear with high T& values in the range of 180 to 250°C, allowing for continuous
use from 150 to 200°C.3*7"As a result, the processing temperatures of polysulfones are
above 300°C.348 Although the polymer is polar, it still has good electrical insulating prop-
erties. Polysulfones are resistant to high thermal and ionizing radiation. They are also re-
sistant to most aqueous acids and alkalis but may be attacked by concentrated sulfuric
acid. The polymers have good hydrolytic stability and can withstand hot water and
steam. >4 Polysulfones are tough materials, but they do exhibit notch sensitivity. The pres-
ence of the aromatic rings causes the polymer chain to be rigid. Polysulfones generally do
not require the addition of flame retardants and usually emit low levels of smoke.

The properties of the main polysulfones are generally similar, although polyethersul-
fones have better creep resistance at high temperatures and higher heat distortion tempera-
ture, but more water absorption and higher density than the Udel-type materials.>>° Glass-
fiber-filled grades of polysulfone are available, as are blends of polysulfone with ABS.

Polysulfones m 3y absorb water, leading to potential processing problems such as
streaks or bubbling.””" The processing temperatures are quite high, and the melt is very
viscous. Polysulfones show little change in melt viscosity with shear. Injection molding
melt temperatures are in the range of 335 to 400°C, and mold temperatures are in the
range of 100 to 160°C. The high viscosity necessitates the use of large cross-sectional run-
ners and gates. Purging should be done periodically, as a layer of black, degraded polymer
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may build up on the cylinder wall, yielding parts with black marks. Residual stresses may
be reduced by higher mold temperatures or by annealing. Extrusion and blow-molding
grades of polysulfones are higher molecular weight, with blow molding melt temperatures
in the range of 300 to 360°C and mold temperatures between 70 and 95°C.

The good heat resistance and electrical properties of polysulfones allows them to be
used in applications such as circuit boards and TV components. 352 Chemical and heat re-
sistance are important properties for automotive applications. Hair dryer components can
also be made from 5%olysulfones. Polysulfones find application in ignition components and
structglsrfl foams.3>3 Another important market for polysulfones is microwave cook-
ware.

2.2.27.1 Polyaryl Sulfone (PAS). This polymer differs from the other polysulfones in
the lack of any aliphatic groups in the chain. The lack of aliphatic groups gives this poly-
mer excellent oxidative stability, as the aliphatic groups are more susceptible to oxidative
degradation. 355 Polyaryl sulfones are stiff, strong, and tough polymers with very good
chemical resistance. Most fuels, lubricants, cleaning agents, and hydraulic fluids will not
affect the polymer. 356 However, methylene chloride, dimethyl acetamide, and dimethyl
formamide will dissolve the polymer. 57 The glass transition temperature of these poly-
mers is about 210°C, with a heat deflection temperature of 205°C at 1.82 MPa.>>% PAS
also has good hydrolytic stability. Polyarylsulfone is avallable in filled and reinforced
grades as well as both opaque and transparent versions. > This polymer finds application
in electrical applications for motor parts, connectors, and lamp housings.

The polymer can be injection molded, provided the cylinder and nozzle are capable of
reachlng 425°C. 301 1t may also be extruded. The polymer should be dried prior to process-
ing. Injection molding barrel temperatures should be 270 to 360°C at the rear, 295 to
390°C in the middle, and 300 to 395°C at the front.®>

2.2.27.2 Polyether Sulfone (PES). Polyether sulfone is a transparent polymer with high
temperature resistance and self-extinguishing properties. 363 1 gives off little smoke when
burned. Polyether sulfone has the basic structure as shown in Fig. 2.39.

[e}—— o)
o

FIGURE 2.39 Structure of polyether sulfone.

Polyether sulfone has a T, near 225°C and is dimensionally stable over a wide range of
temperatures. 364 1t Can withstand long term use up to 200°C and can carry loads for long
times up to 180°C.3% Glass-fiber-reinforced grades are available for increased properties.
It is resistant to most chemicals with the exception of polar, aromatic hydrocarbons. 366

Polyether sulfone can be processed by injection molding, extrusion, blow molding or
thermoforming. 367 It exhibits low mold shrinkage. For injection molding, barrel tempera-
tures of 340 to 380°C with melt temperatures of 360°C are recommended.>®® Mold tem-
peratures should be in the range of 140 to 180°C. For thin-walled molding, higher
temperatures may be required. Unfilled PES can be extruded into sheets, rods, films, and
profiles.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



THERMOPLASTICS
2.52 CHAPTER 2

PES finds application in aircraft interior parts due to its low smoke emission. 399 Elec-
trical applications include switches, integrated circuit carriers, and battery parts. 370 The
high-temperature oil and gas resistance allow polyether sulfone to be used in the automo-
tive markets for water pumps, fuse housings, and car heater fans. The ability of PES to en-
dure repeated sterilization allows PES to be used in a variety of medical applications, such
as parts for centrifuges and root canal drills. Other applications include membranes for
kidney dialysis, chemical separation, and desalination. Consumer uses include cooking
equipment and lighting fittings. PES can also be vacuum metallized for a high-gloss mir-
ror finish.

2.2.27.3 Polysulfone (PSU). Polysulfone is a transparent thermoplastic prepared from
bisphenol A and 4,4° dlchlorodlphenylsulfone 371 The structure is shown below in
Fig. 2.40. It is self-extinguishing and has a hl%h heat distortion temperature. The polymer
has a glass transition temperature of 185°C.3 Polysulfones have impact resistance and
ductility below 0°C. Polysulfone also has good electrical properties. The electrical and
mechanical properties are maintained to temperatures near 175°C. Polysulfone shows
good chemical resistance to alkali, salt, and acid solutions. 373 1t has resistance to oils, de-
tergents, and alcohols, but polar organic solvents and chlorinated aliphatic solvents may
attack the polymer. Glass- and mineral-filled grades are available. 374

CH

o—uw—o0
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FIGURE 2.40 Structure of polysulfone.

Propertres such as physical aging and solvent crazing can be improved by annealing
the parts 73 This also reduces molded-in stresses. Molded-in stresses can also be reduced
by using hot molds during injection molding. As mentioned above, runners and gates
should be as large as possible due to the high melt viscosity. The polymer should hit a wall
or pin shortly after entering the cavity of the mold, as polysulfone has a tendency toward
jetting. For thin-walled or long parts, multiple gates are recommended. For injection
molding, barrel temperatures should be in the range of 310 to 400°C, with mold tempera-
tures of 100 to 170°C.37® In blow molding, the screw type should have a low compression
ratio, 2.0:1 to 2.5:1. Higher compression ratios will generate excessive frictional heat.
Mold temperatures of 70 to 95°C with blow air pressures of 0.3 to 0.5 MPa are generally
used. Polysulfone can be extruded into films, pipe, or wire coatings. Extrusion melt tem-
peratures should be from 315 to 375°C. High-compression-ratio screws should not be used
for extrusion. Polysulfone shows high melt strength, allowing for good drawdown and the
manufacture of thin films. Sheets of polysulfone can be thermoformed, with surface tem-
peratures of 230 to 260°C recommended. Sheets may be bonded by heat sealing, adhesive
bonding, solvent fusion, or ultrasonic welding.

Polysulfone is used in applications requiring good high-temperature remtance such as
coffee carafes, piping, sterilizing equipment, and microwave oven cookware.3”” The good
hydrolytic stability of polysulfone is important in these applications. Polysulfone is also
used in electrical applications for connectors switches, and circuit boards and in reverse
osmosis applications as a membrane support.>
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2.2.28 Vinyl-based Resins

2.2.28.1 Polyvinyl Chloride (PVC). Polyvinyl chloride polymers (PVC), generally re-
ferred to as vinyl resins, are prepared by the polymerization of vinyl chloride in a free rad-
ical addition polymerization reaction. Vinyl chloride monomer is prepared by reacting
ethylene with chlorine to form 1,2-dichloroethalne.379 The 1,2 dichloroethane is then
cracked to give vinyl chloride. The polymerization reaction is depicted in Fig. 2.41.

n CH,=CHCl = -(CH,-CHCI),-

FIGURE 2.41 Synthesis of polyvinyl chloride.

The polymer can be made by suspension, emulsion, solution, or bulk polymerization
methods. Most of the PVC used in calendering, extrusion, and molding is prepared by
suspension polymerization. Emulsion polymerized vinyl resins are used in plastisols and
organisols.3 0 Only a small amount of commercial PVC is prepared by solution polymer-
ization. The microstructure of PVC is mostly atactic, but a sufficient quantity of syndio-
tactic portions of the chain allow for a low fraction of crystallinity (about 5 percent). The
polymers are essentially linear, but a low number of short-chain branches may exist.
The monomers are predominantly arranged head to tail along the backbone of the chain.
Due to the presence of the chlorine group, PVC polymers are more polar than polyethyl-
ene. The molecular weg%hts of commercial polymers are M,, = 100,000 to 200,000;
M, = 45,000 to 64,000.3 M, /M, =2 for these polymers.

The polymeric PVC is insoluble in the monomer; therefore, bulk polymerization of PVC
is a heterogeneous process.383 Suspension PVC is synthesized by suspension polymeriza-
tion. These are suspended droplets approximately 10 to 100 nm in diameter of vinyl chlo-
ride monomer in water. Suspension polymerizations allow control of particle size, shape,
and size distribution by varying the dispersing agents and stirring rate. Emulsion polymer-
ization results in much smaller particle sizes than suspension polymerized PVC, but soaps
used in the emulsion polymerization process can affect the electrical and optical properties.

The glass transition temperature of PVC varies with the polymerization method but
falls within the range of 60 to 80°C.3%PVCisa self-extinguishing polymer and therefore
has application in the field of wire and cable. PVC’s %ood flame resistance results from re-
moval of HCI from the chain, releasing HCI gas.38 Air is restricted from reaching the
flame, because HCI gas is more dense than air. Because PVC is thermally sensitive, the
thermal history of the polymer must be carefully controlled to avoid decomposition. At
temperatures above 70°C, degradation of PVC by loss of HCI can occur, resulting in the
generation of unsaturation in the backbone of the chain. This is indicated by a change in
the color of the polymer. As degradation proceeds, the polymer changes color from yellow
to brown to black, visually indicating that degradation has occurred. The loss of HCI ac-
celerates the further degradation and is called autocatalytic decomposition. The degrada-
tion can be significant at processing temperatures if the material has not been heat
stabilized, so thermal stabilizers are often added at additional cost to PVC to reduce this
tendency. UV stabilizers are also added to protect the material from ultraviolet light,
which may also cause the loss of HCI.

There are two basic forms of PVC: rigid and plasticized. Rigid PVC, as its name sug-
gests, is an unmodified polymer and exhibits high rigidity.386 Unmodified PVC is stronger
and stiffer than PE and PP. Plasticized PVC is modified bg/ the addition of a low-molecu-
lar-weight species (plasticizer) to flexibilize the polymer. 87 Plasticized PVC can be for-
mulated to give products with rubbery behavior.
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PVC is often compounded with additives to improve the properties. A wide variety of
applications for PVC exist, because one can tailor the properties by proper selection of ad-
ditives. As mentioned above, among the principal additives are stabilizers. Lead com-
pounds are often added for this purpose, reacting with the HCI released during
degradation. 388 Among the lead compounds commonly used are basic lead carbonate or
white lead and tribasic lead sulphate. Other stabilizers include metal stearates, ricino-
leates, palmitates, and octoates. Of particular importance are the cadmium-barium systems
with synergistic behavior. Organo-tin compounds are also used as stabilizers to give clear
compounds. In addition to stabilizers, other additives such as fillers, lubricants, pigments,
and plasticizers are used. Fillers are often added to reduce cost and include talc, calcium
carbonate, and clay. 389 These fillers may also impart additional stiffness to the compound.

The addition of plasticizers lowers the T, of r1g1d PVC, making it more flexible. A
wide range of products can be manufactured ﬁy using different amounts of plasticizer. As
the plasticizer content increases, there is usually an increase in toughness and a decrease in
the modulus and tensile strength.” 390 Many different compounds can be used to plasticize
PVC, but the solvent must be miscible with the polymer. A compatible plasticizer is con-
sidered a nonvolatile solvent for the polymer. The absorption of solvent may occur auto-
matically at room temperature or may require the addition of slight heat and mixing. PVC
plasticizers are divided into three groups, depending on their compatibility with the poly-
mer: primary plasticizers, secondary plasticizers, and extenders. Primary plasticizers are
compatible (have similar solubility parameters) with the polymer and should not exude. If
the plasticizer and polymer have differences in their solubility parameters, they tend to be
incompatible or have limited compatibility and are called secondary plasticizers. Second-
ary plasticizers are added along with the primary plasticizer to meet a secondary perfor-
mance requirement (cost, low-temperature properties, permanence). The plasticizer can
still be used in mixtures with a primary plasticizer, provided the mixture has a solubility
parameter within the desired range. Extenders are used to lower the cost and are generally
not compatible when used alone. Common plasticizers for PVC include dioctyl phthalate,
di-iso-octyl phthalate, and dibutyl phthalate, among others.>!

The plasticizer is normally added to the PVC before processing. Since the plasticizers
are considered solvents for PVC they will normally be absorbed the polymer with only a
slight rise in temperature % This reduces the time the PVC is exposed to high tempera-
tures and potential degradation. In addition, the plasticizer reduces the 7, and 7,,, there-
fore lowering the processing temperatures and thermal exposure. Plasticized PVC can be
processed by methods such as extrusion and calendering into a variety of products.

Rigid PVC can be processed using most conventional processing equipment. Because
HCI can be given off in small amounts during processing, corrosion of metal parts is a
concern. Metal molds, tooling, and screws should be inspected regularly. Corrosion-resis-
tant metals and coatings are available but add to the cost of manufacturing.

Rigid PVC products include house siding, extruded pipe, thermoformed, and injection-
molded parts. Rigid PVC is calendered into credit cards. Plasticized PVC is used in appli-
cations such as flexible tubing, floor mats, garden hose, shrink wrap, and bottles.

PVC joints can be solvent welded rather than heated so as to fuse the two part together.
This can be an advantage when heating the part is not feasible.

2.2.28. 2 Chlormated PVC. Post-chlorination of PVC was practiced during World
War I1.3%3 Chlorinated PVC (CPVC) can be prepared by passing chlorine through a solu-
tion of PVC. The chlorine adds to the carbon that does not already have a chlorine atom
present. Commercial materials have chlorine contents around 66 to 67 percent. The materi-
als have a higher softening point and higher viscosity than PVC. They are known for good
chemical resistance. Compared to PVC, chlorinated PVC has higher modulus and tensile
strength. Compounding processes are similar to those for PVC but are more difficult.
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Chlorinated PVC can be extruded, calendered, or injection molded.3** Extrusion
screws should be chrome plated or stainless steel. Dies should be streamlined. Injection
molds should be chrome or nickel plated or stainless steel. CPVC is used for water distri-
bution piping, industrial chemical liquid piping, outdoor skylight frames, automotive inte-
rior parts, and a variety of other applications.

2.2.28.3 Copolymers. Vinyl chloride can be copolymerized, with V1ny1 acetate giving a
polymer with a lower softening point and better stability than pure PVC.3% The composi-
tions can vary from 5 to 40 percent vinyl acetate content. This material has application in
areas where PVC is too rigid and the use of plasticized PVC is unacceptable. Flooring is
one application for these copolymers. Copolymers with about 10 percent vinylidene chlo-
ride and copolymers with 10 to 20 percent diethyl fumarate or diethyl maleate are also
available.

2.2.28.4 Dispersion PVC. If a sufficient quantity of solvent is added to PVC, it can be-
come suspended in the solvent, giving a fluid that can be used in coating applications.396
This form of PVC is called a plastisol or oganisol. PVC in the fluid form can be processed
by methods such as spread coating, rotational casting, dipping, and spraying. The parts are
then dried with heat to remove any solvent and fuse the polymer. Parts such as handles for
tools and vinyl gloves are produced by this method.

The plastlsol or organisols are prepared from PVC produced through emulsion poly-
merization.>®” The latex is then spray dried to form particles from 0.1 to 1 pm. These par-
ticles are then mixed with plasticizers to make plastisols or with plasticizers and other
volatile organic liquids to make organisols. Less plasticizer is required with the organisols
so that harder coatings can be produced. The polymer particles are not dissolved in the lig-
uid but remain dispersed until the material is heated and fused. Other additives such as sta-
bilizers and fillers may be compounded into the dispersion.

As plasticizer is added, the rmxture goes through different stages as the voids between
the polymer particles are filled. 398 Once all the voids between particles have been filled,
the material is considered a paste. In these materials, the size of the particle is an important
variable. If the particles are too large, they may settle out, so small particles are preferred.
Very small particles have the disadvantage that the particles will absorb the plasticizer
with time, giving a continuous increase in viscosity of the mixture. Paste polymers have
particle sizes in the range of 0.2 to 1.5 um. Particle size distribution will also affect the
paste. It is usually better to have a wide particle size distribution so that particles can pack
efficiently. This reduces the void space that must be filled by the plasticizer, and any addi-
tional plasticizer will act as lubricant. For a fixed particle-to-plasticizer ratio, a wide distri-
bution will generally have lower viscosity than for a constant particle size. In some cases,
very large particles are added to the paste, as they will take up volume, again reducing the
amount of plasticizer required. These particles are made by suspension polymerization.
With the mixture of particle sizes, these larger particles will not settle out as they would if
used alone. Plastisols and organisols require the addition of heat to fuse. Temperatures in
the range of 300 to 410°F are used to form the polymer.

2.2.28.5 Polyvinylidene Chloride (PVDC). Polyvinylidene chloride (PVDC) 19 §1m11ar
to PVC except that two chlorine atoms are present on one of the carbon groups 9 Like
PVC, PVDC is also polymerized by addition polymerization methods. Both emulsion and
suspension polymerization methods are used. The reaction is shown below in Fig. 2.42.
The emulsion polymers are either used directly as a latex or dried for use in coatings or
melt processing.

This material has excellent barrier properties and is frequently used in food packaging
applications. Films made from PVDC have good cling properties, which is an advantage
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FIGURE 2.42 Preparation of vinylidene chlo-
ride polymers.

for food wraps. Commercial polymers are all copolymers of vinylidene chloride with vi-
nyl chloride, acrylates, or nitriles. Copolymerization of vinylidene chloride with other
monomers reduces the melting point to allow easier processing. Corrosion-resistant mate-
rials should be considered for use when processing PVDC.

2.3 ADDITIVES

There is a broad range of additives for thermoplastics. Some of the more important addi-
tives include plasticizers, lubricants, anti-aging additives, colorants, flame retardants,
blowing agents, cross-linking agents, and UV protectants. Fillers are also considered addi-
tives but are covered in Chap. 1.

Plasticizers are considered nonvolatile solvents.*? They act to soften a material by
separating the polymer chains, allowing them to be more flexible. As a result, the plasti-
cized polymer is softer, with greater extensibility. Plasticizers reduce the melt viscosity
and glass transition temperature of the polymer. For the plasticizer to be a “solvent” for the
polymer, it is necessary for the solubility parameter of the plasticizer to be similar to the
polymer. As a result, the plasticizer must be selected carefully so it is compatible with the
polymer. One of the primary applications of plasticizers is for the modification of PVC. In
this case, the plasticizers are divided into three classes, namely, primary and secondary
plasticizers and extenders.*0! Primary plasticizers are compatible, can be used alone, and
will not exude from the polymer. They should have a solubility parameter similar to that of
the polymer. Secondary plasticizers have limited compatibility and are generally used with
a primary plasticizer. Extenders have limited compatibility and will exude from the poly-
mer if used alone. They are usually used along with the primary plasticizer. Plasticizers are
usually in the form of high-viscosity liquids. The plasticizer should be capable of with-
standing the high processing temperatures without degradation and discoloration, which
would adversely affect the end product. The plasticizer should be capable of withstanding
any environmental conditions that the final product will see. This might include UV expo-
sure, fungal attack, or water. In addition, it is important that the plasticizer show low vola-
tility and migration so that the properties of the plasticized polymer will remain relatively
stable over time. There is a wide range of plasticizer types. Some typical classes include
phthalic esters, phosphoric esters, fatty acid esters, fatty acid esters, polyesters, hydrocar-
bons, aromatic oils, and alcohols.

Lubricants are added to thermoplastics to aid in processing. High-molecular-weight
thermoplastics have high viscosity. The addition of lubricants acts to reduce the melt vis-
cosity to minimize machine wear and energy consumption.‘“)2 Lubricants may also be
added to prevent friction between molded products. Examples of these types of lubricants
include graphite and molybdenum disulphide.403 Lubricants that function by exuding
from the polymer to the interface between the polymer and machine surface are termed ex-
ternal lubricants. Their presence at the interface between the polymer and metal walls acts
to ease the processing. They have low compatibility with the polymer and may contain po-
lar groups so that they have an attraction to metal. Lubricants must be selected based on
the thermoplastic used. Lubricants may cause problems with clarity, ability to heat seal,
and printing on the material. Examples of these lubricants include stearic acid or other car-
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boxylic acids, paraffin oils, and certain alcohols and ketones for PVC. Low-molecular-
weight materials that do not affect the solid properties, but act to enhance flow in the melt
state, are termed internal lubricants. Internal lubricants for PVC include amine waxes,
montan wax ester derivatives, and long-chain esters. Polymeric flow promoters are also
examples of internal lubricants. They have solubility parameters similar to the thermoplas-
tic, but lower viscosity at processing temperatures. They have little effect on the mechani-
cal properties of the solid polymer. An example is the use of ethylene-vinyl acetate
copolymers with PVC.

Anti-aging additives are incorporated to improve the resistance of the formulation. Ex-
amples of aging include attack by oxygen, ozone, dehydrochlorination, and UV degrada-
tion. Aging often results in changes in the structure of the polymer chain such as cross-
linking, chain scission, addition of polar groups, or the addition of groups that cause dis-
coloration. Additives are used to help prevent these reactions. Antioxidants are added to
the polymer to stop the free-radical reactions that occur during oxidation. Antioxidants in-
clude compound such as phenols and amines. Phenols are often used because they have
less of a tendency to stain.*** Peroxide decomposers are also added to improve the aging
properties of thermoplastics. These include mecaptans, sulfonic acids, and zinc dialkylth-
iophosphate. The presence of metal ions can act to increase the oxidation rate, even in the
presence of antioxidants. Metal deactivators are often added to prevent this from taking
place. Chelating agents are added to complex with the metal ion.

The absorption of ultraviolet light by a polymer may lead to the production of free rad-
icals. These radicals react with oxygen resulting in what is termed photodegradation. This
leads to the production of chemical groups that tend to absorb ultraviolet light, increasing
the amount photodegradation. To reduce this effect, UV stabilizers are added. One way to
accomplish UV stabilization is by the addition of UV absorbers such as benzophenones,
salicylates, and carbon black. 403 They act to dissipate the energy in a harmless fashion.
Quenching agents react with the activated polymer molecule. Nickel chelates and hindered
amines can be used as quenching agents. Peroxide decomposers may be used to aid in UV
stability.

In certain a%)lications, flame resistance can be important. In this case, flame retarders
may be added. 6 They act by one of four possible mechanisms. They may act to chemi-
cally interfere with the propagation of flame, react or decompose to absorb heat, form a fire
resistant coating on the polymer, or produce gases that reduce the supply of air. Phosphates
are an important class of flame retarders. Tritolyl phosphate and trixylyl phosphate are of-
ten used in PVC. Halogenated compounds such as chlorinated paraffins may also be used.
Antimony oxide is often used in conjunction to obtain better results. Other flame retarders
include titanium dioxide, zinc oxide, zinc borate, and red phosphorus. As with other addi-
tives, the proper selection of a flame retarder will depend on the particular thermoplastic.

Colorants are added to produce color in the polymeric part. They are separated into
pigments and dyes. Pigments are insoluble in the polymer, while dyes are soluble in the
polymer. The particular color desired and the type of polymer will affect the selection of
the colorants.

Blowing agents are added to the polymer to produce a foam or cellular structure.*
They may be chemical blowing agents that decompose at certain temperatures and release
a gas, or they may be low boiling liquids that become volatile at the processing tempera-
tures. Gases may be introduced into the polymer under pressure and expand when the
polymer is depressurized. Mechanical whipping and the incorporation of hollow glass
spheres can also be used to produce cellular materials.

Peroxides are often added to produce cross-linking in a system. Peroxides can be se-
lected to decompose at a particular temperature for the application. Peroxides can be used
to cross-link saturated polymers.

07
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2.4 POLYMER BLENDS

There is considerable interest in polymer blends. This is driven by consideration of the dif-
ficulty in developing new polymeric materials from monomers. In many cases, it can be
more cost effective to tailor the properties of a material through the blending of existing
materials. One of the most basic questions in blends is whether the two polymers are mis-
cible or exist as a single phase. In many cases, the polymers will exist as two separate
phases. In this case, the morphology of the phases is of great importance. In the case of a
miscible sin§le phase blend, there is a single T, which is dependent on the composition of
the blend.**® Where two phases exist, the blend will exhibit two separate T s—one for
each of the phases present. In the case where the polymers can crystallize, the crystalline
portions will exhibit a melting point (7,,,), even in the case where the two polymers are a
miscible blend.

Although miscible blends of polymers exist, most blends of high-molecular-weight
polymers exist as two-phase materials. Control of the morphology of these two-phase sys-
tems is critical to achieve the desired properties. A variety of morphologies exist, such as
dispersed spheres of one polymer in another, lamellar structures, and co-continuous
phases. As a result, the properties depend in a complex manner on the types of polymers in
the blend, the morphology of the blend, and the effects of processing, which may orient
the phases by shear.

Miscible blends of commercial importance include PPO-PS, PVC-nitrile rubber, and
PBT-PET. Miscible blends show a single 7, that is dependent on the ratios of the two com-
ponents in the blend and their respective T,s. In immiscible blends, the major component
has a large effect on the final properties of the blend. Immiscible blends include toughened
polymers in which an elastomer is added, existing as a second phase. The addition of the
elastomer phase dramatically improves the toughness of the resulting blend as a result of
the crazing and shear yielding caused by the rubber phase. Examples of toughed polymers
include high-impact polystyrene (HIPS), modified polypropylene, ABS, PVC, nylon, and
others. In addition to toughened polymers, a variety of other two-phase blends are com-
mercially available. Examples include PC-PBT, PVC-ABS, PC-PE, PP-EPDM, and PC-
ABS.
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CHAPTER 3
THERMOSETS

Rudolph D. Deanin

University of Massachusetts
Lowell, Massachusetts

Plastics are organic polymers that can be poured or squeezed into the shape we want and
then solidified into a finished product. Thermoplastics are linear polymer molecules that
soften or melt when heated and solidify again when cooled. This is a reversible physical
process that can be repeated many times. Thus, it is a simple low-cost process that ac-
counts for 85 percent of the plastics industry.

Thermosetting plastics are low-molecular-weight monomers and oligomers with multi-
ple reactive functional groups, which can be poured, melted, or squeezed into the shape
we want and then solidified again by chemical reactions forming multiple primary cova-
lent bonds that cross-link them into three-dimensional molecules of almost infinite molec-
ular weight. These are irreversible chemical processes that cannot be repeated. They
account for 15 percent of the plastics industry, they include a great variety of chemical re-
actions and conversion processes, and they go into a very broad range of final products.

Thus, there is a great difference between thermoplastics and thermosets, both in terms
of materials chemistry and applications, and in terms of the mechanical processes used to
produce finished products.

3.1 MATERIALS AND APPLICATIONS

The major thermosetting plastics, in order of decreasing market volume, are polyure-
thanes, phenol-formaldehyde, urea-formaldehyde, and polyesters. More specialized ther-
mosets include melamine-formaldehyde, furans, “vinyl esters,” allyls, epoxy resins,
silicones, and polyimides. While they may sometimes compete with each other and with
thermoplastics, for the most part, each of them has unique properties and fills unique mar-
kets and applications.

3.1.1 Polyurethanes

With a U.S. market of 6 billion pounds per year, polyurethanes are the leading family of
thermosetting plastics. Of the 100 or so families of commercial plastics, they are the most

3.1
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versatile, finding use in rigid plastics, flexible plastics, elastomers, rigid foams, flexible
foams, fibers, coatings, and adhesives. They offer unique qualities in processability,
strength, abrasion resistance, energy absorption, adhesion, recyclability, and resistance to
oxygen, ozone, gasoline, and motor oil. Thus, they find major use in appliances, autos,
building, furniture, industrial equipment, packaging, textiles, and many other fields.

Their versatility comes from the range of liquid monomers and oligomers that can be
mixed, poured, polymerized, and cured in a minute or so at room temperature. Thus, we
start with a look at their basic chemistry.

3.1.1.1 Polyurethane Chemistry (Figure 3.1)

HO
R-N=C=0 + H-O-R'—»R-N-C-0-R' Urethane
HQ o
R-N=C=0 + HyN-R'— R—N—&-N-R' Urea

R-N=C=0 + H,0 = R-NH, + CO,

FIGURE 3.1 Polyurethane chemistry.

Isocyanates and alcohols react readily to form urethanes. When the alcohols and isocyan-
ates are multifunctional,

Polyols R(OH),,
Polyisocyanates R(NCO),,

they form polyurethane polymers. If they are difunctional, they form linear thermoplastic
polyurethanes, which are useful in spandex fibers and thermoplastic elastomers. More of-
ten, they have higher functionality and form cross-linked thermoset polyurethanes. Most
often, the polyols are trifunctional or higher, typically 3-6 OH groups. Less often, the poly-
isocyanates may be trifunctional or higher, typically 3-7 NCO groups. The liquid mono-
mers are easy to mix, and the polymerization/cure reactions take a few minutes or less at
room temperature. The combination of polarity, hydrogen bonding, and cross-linking in
thermoset polyurethanes gives them high strength, adhesion, and chemical resistance.

Isocyanates react even more readily with amines to form ureas. So when the amines
and isocyanates are multifunctional,

Polyamines R(NH,),
Polyisocyanates RINCO),,

they form polyurea polymers. The urea groups give even stronger hydrogen bonding than
the urethane groups, so they make the polymers even stronger. Many polyurethane proces-
sors use polyamines to speed the polymerization/cure reactions and to build greater
strength into the finished polymer. Thus, many “polyurethanes” are actually urethane/urea
copolymers, even though the manufacturers rarely mention the fact.
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Isocyanates also react with water. The intermediate carbamic acid is so unstable that it
decomposes immediately to form amine plus carbon dioxide. This reaction is important
for two reasons: (1) carbon dioxide bubbles foam the polyurethane as it forms; this is the
leading process for making foam, and (2) the amine by-product reacts to form more urea
groups, which therefore strengthen the final polymer.

Isocyanates have several more reactions that are important in some more specialized
applications (Fig. 3.2). Cyclotrimerization produces the isocyanurate ring, which is ex-
tremely stable, and can be used to build more heat resistance into polyurethanes. Excess
isocyanate can react with the N-H group in polyurethanes to produce allophanate cross-
links, which add to the cure of the polyurethane. And excess isocyanate can similarly react
with the N-H groups in polyureas to produce biuret cross-links, which add to the cure of
the polyurea.

R
|
O N_DO
3 R-N=C=0 —»>» Y Y Isocyanurate

R/N\EN\ R

H O c=0
R-N-&-0-R' + R"-N=C=0 »R-N-C-

R"
|
NH

|

HOH c=0

R-N-&-N-R' + R"-N=C=0 = R-N-C-N-R' Biuret
O H

O-R' Allophanate

FIGURE 3.2 Specialized isocyanate reactions.

3.1.1.2 Raw Materials. The versatility of polyurethanes is due to the variety of raw ma-
terials that can be used to build different structures into the polymers.

3.1.1.2.1 Isocyanates (Figure 3.3). Toluene diisocyanate (TDI) is a mixture of
mostly 2,4- plus some 2,6-isomer. Two commercial ratios are 80/20 and 65/35. The 4- po-
sition is more reactive; the 2- and 6- positions are sterically hindered. This gives the pro-
cessor the ability to make prepolymers (oligomers) and run two-stage reactions.

Methylene diisocyanate (MDI) in the pure form gives a symmetrical structure that per-
mits the processor to build some crystallinity, and thus greater strength, into the polymer.
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CH3 CH3
—N=C=0 0=C=N N=C=0 TDI

N=C=0

O=C=N—© CH, ®—N=C=O MDI

O=C=N‘CH2CH2CH2CH2CH2CH2'N=C=o HDI

FIGURE 3.3 Isocyanates.

Polymeric MDI is a cruder mixture with 2-7 isocyanate groups, which offers lower cost
and higher cross-linking for rigid products.

Hexamethylene diisocyanate (HDI) is completely aliphatic, which offers better UV sta-
bility against outdoor weathering. Because of its toxicity, it must be handled carefully in
polymeric form.

Hydrogenated MDI (HMDI) is also completely aliphatic and therefore useful for UV
stability against outdoor weathering.

A variety of other isocyanates are mentioned occasionally in the literature. The extent
of their use is unclear.

3.1.1.2.2 Polyols (Figure 3.4). Polyoxypropylene gives flexibility and water resis-
tance. Since the secondary OH end group is slow to react with isocyanate, it is usually
end-capped with ethylene oxide to give primary OH groups of higher reactivity.

Polyoxybutylene is more expensive but gives stronger rubbery products.

Polyesters such as poly(ethylene adipate) are more expensive and less stable toward
hydrolysis but give stronger products.

These polyols build flexibility into the polymer molecule. For flexible foam and rubber,
typically n = 50 to 60. For rigid products, n is a much lower value such as 8.

For cross-linking, there must be at least three OH groups in the polyol molecule. For
flexible products, light cross-linking is introduced by a few glycerol or trimethylol pro-
pane units in the molecule. For rigid products, high cross-linking is introduced by higher
polyols such as pentaerythritol or sorbitol.

Natural polyols such as castor oil are also used to some extent.

3.1.1.2.3 Catalysts (Figure 3.5). Isocyanate + polyol reactions go quite rapidly at
room temperature. Isocyanate + amine reactions go rapidly at room temperature. However,
most processors add catalysts to make the polymerization/cure reactions even faster and to
control the foaming process.

They generally use a combination of two synergistic catalysts: tertiary amine and orga-
notin. Tertiary amines such as triethylene diamine promote the isocyanate-water reaction,
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HOCH,CH,O(CH,CHO),CH,CH,0OH Polyoxypropylene
|

CH3
HO(CH,CH,CH,CH,0)H Polyoxybutylene

0 o)

Il Il i
HO(CH,CH,0CCH,CH,CH,CH,CO),,CH,CH,OH Polyethylene Adipate
CH,0H CIHZOH
EHOH  Glycerol CH5CH,CCH,OH  Trimethylol Propane

i
CH,OH CH,OH
CH,OH ClinOH
I -
HOCH,CCH,0H  Pentaerythritol (CH5)4  Sorbitol
1 i
CH,OH CH,0H

FIGURE 34 Polyols.

NN Triethylene Diamine
n_/

0
it
Sn(OCC5H;5)>,  Stannous Octoate

0
Il

(C4Hg)>SN(OCCy1H,3),  Dibutyl Tin Dilaurate

FIGURE 3.5 Polyurethane catalysts.

whereas organotin compounds such as stannous octoate or dibutyl tin dilaurate promote
the isocyanate-polyol reaction. They balance these against each other to optimize the pro-
cess.

For cyclotrimerization to isocyanurate, various tertiary amines, quaternary ammonium
compounds, and other basic salts are mentioned in the literature.

3.1.1.2.4 Stoichiometry. Theoretically, the processor should use exactly equivalent
amounts of isocyanate groups and active hydrogen groups (polyol + amine) to favor high
molecular weight. Practically, the processor varies the isocyanate/active hydrogen ratio
(isocyanate index) to find the ratio that gives him the best properties. In most cases, the op-
timum isocyanate index is 1.05 to 1.10. There are two reasons for this: (1) ambient mois-
ture wastes some isocyanate (see Fig. 3.1 above), and (2) excess isocyanate may give
beneficial side-reactions (see Fig. 3.2 above).

3.1.1.2.5 One-Shot vs. Prepolymerization Reactions. 1If isocyanate and active hydro-
gen compounds can be mixed all at once, this “one-shot” process is simpler and more
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economical. In large-scale commodity production, this is usually the ultimate develop-
ment.

The alternative is a two-stage process. In the first stage, polyol is mixed with excess
isocyanate to form a low-molecular-weight polyurethane with isocyanate end-groups. In
the second stage, the isocyanate end-groups are reacted with the stoichiometric amount of
polyol to finish the polymerization reaction, or with water to link them into polyurea
groups.

A more extreme two-stage process is called “quasi-prepolymer.” Here, all the isocyan-
ate is mixed with a small amount of polyol in the first stage. Then, the remaining polyol is
added for the second-stage polymerization to high molecular weight.

These two-stage processes give the processor more control over the reaction and the
product.

3.1.1.3 Polyurethane Products (Table 3.1)

TABLE 3.1 Polyurethane Markets

Material % %

Flexible foam 51
Furniture 18
Transportation 13
Rug underlay 11
Bedding 5
Other 4

Rigid foam 26

—

N = NN B A

Building insulation

Home and commercial refrigeration
Industrial insulation

Packaging

Transportation

Other

Reaction injection molding 6
Transportation 4
Other 2

Cast elastomers 2

Other (sealants, adhesives, coatings, etc.) 15

Total 100

3.1.1.3.1 Flexible Foam. Compared to foam rubber, polyurethane is stronger and
much more resistant to oxidative aging and embrittlement. Compressive stress-strain be-
havior can be matched to that of natural rubber, which established the preferred “feel”
long ago. The largest amount of flexible foam is used for cushions in furniture, auto seat-
ing and crash-padding, rug underlay, and mattresses. Smaller amounts are used in shoe
soles, winter clothing, and packaging.

Most flexible foam is manufactured by mixing 80/20 TDI with a high-molecular-
weight polyether polyol, a small amount of triol for cross-linking, amine and organotin
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catalysts, polyol/silicone surfactant, and a measured amount of water in a one-step pro-
cess, and it is then poured onto a moving belt. Foam rise takes about 1 min. Optimum soft
properties depend on open (interconnecting) cells; these are produced by choice of surfac-
tant, gas expansion while the molecular weight (melt strength) is still low, and mechanical
crushing and re-expansion. This produces continuous slab stock, which is then cut into the
desired individual products. About 70 percent of flexible foam is made in this way. The
other 30 percent is poured into molds to make the finished products directly. This is used
especially for auto and furniture seating. (See Table 3.2.)

TABLE 3.2 Flexible Polyurethane
Foams: Typical Properties

Density 2 pef
Modulus 1-10 psi
Tensile strength 28 psi
Elongation 300%

CLD/25% 0.7 psi

3.1.1.3.2 Rigid Foam. Rigid foam is used primarily for thermal insulation. Whereas
polystyrene foam must be molded and/or cut to shape before it can be used in finished
products, liquid polyurethane ingredients are mixed, poured or sprayed in place, and poly-
merize/cure directly to the finished insulation. In addition, polyurethane foam has high ad-
hesion to most surfaces in which it is used so, when it is poured into a sandwich structure
and cured, it contributes to mechanical strength as well. Its largest use is in building, and
the second largest in refrigeration. Other applications include pipes, tanks, trucks, railcars,
packaging, and filling empty space in shipbuilding for flotation purposes.

Rigid foam is produced by mixing polymeric MDI with low-molecular-weight poly-
ether polyol, high-functionality polyol for cross-linking, catalysts, and surfactants as
above. Chlorofluorocarbons are technically the best foaming agents, but, because of their
negative effect on the environment, they have been replaced by hydrocarbons or carbon di-
oxide.

Optimum insulation is achieved by low-density, small, closed cells. This foam struc-
ture is produced by choice of surfactants and by control of the temperature and the balance
between rate of polymerization/cure (viscosity = melt strength) versus the rate of gas evo-
lution. (See Table 3.3.)

TABLE 3.3 Rigid Polyurethane Foams:

Typical Properties
Density 2 pef
Flexural modulus 70 psi
Tensile strength 50 psi
Flexural strength 60 psi
Compressive strength 50 psi
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Medium-density and semi-rigid foam is produced by polyols of medium molecular
weight and medium functionality, and less foaming agent. These foams are used for crash
padding and packaging.

3.1.1.3.3 Reaction Injection Molding (RIM). This high-speed low-cost process
mixes liquid polyisocyanate and liquid polyol, injects them into a light-weight mold, and
polymerizes/cures rapidly to form large, tough, durable products. It is used to make auto
bumpers, front ends, and other auto parts; furniture and other imitation wood products; ap-
pliance cabinets; and shoe soles.

The process pumps liquid polyisocyanate, liquid polyol, and auxiliary ingredients in-
cluding catalysts, foaming agents, and polyamine for faster cure, through an impingement
mixer at 2000 to 3000 psi, at viscosity up to 3000 Cp, and injects them rapidly into a mold
at 50 to 100 psi, where they polymerize/cure rapidly to structural foam or tough elastic
products. (See Table 3.4.) For rubber tires on industrial equipment, the addition of glass fi-
bers gives reinforced RIM (RRIM) with greater durability under rough conditions.

TABLE 3.4 RIM: Typical Properties

Density 60 pcf

Shore D hardness 60

Flexural modulus 25 kpsi
Tensile strength 6 kpsi
Elongation 250%

Elastomers. Polyurethane elastomers are outstanding for their strength and for resis-
tance to abrasion, oxygen, ozone, and gasoline. This combination of properties has proved
particularly useful in shoe soles and heels, oil seals, industrial tires and wheels, chute lin-
ings, drive belts, shock absorption and vibration damping, medical products, and miscella-
neous industrial applications.

They are made from long, flexible polyols with a light degree of cross-linking. They
may be cast as liquids and polymerized/cured directly to solid rubber products, or they can
be polymerized to linear, melt-processable rubber and then cross-linked by polyurethane
chemistry or conventional rubber vulcanization chemistry. (More recently, they have also
been produced as thermoplastic elastomers, in which hydrogen-bonding and/or crystallin-
ity provide thermoplastic “cross-links,” but that is another story.) This range of process-
ability is attractive to both the thermoset plastics and rubber industries. Cast polyurethanes
give the best properties (see Table 3.5).

3.1.1.3.4 Coatings. Coatings based on polyurethanes can be applied from solution,
from emulsion, or as self-curing liquid systems. The use of low-solvent or nonsolvent sys-
tems is a big help to the coatings industry in meeting the demand for better protection of
the environment. In addition to simple polyurethane homopolymers, their cure reactions
permit coatings technologists to copolymerize them with alkyds, epoxies, and other estab-
lished coatings polymers to produce improved balance of properties.

Their adhesion, mechanical strength, flexibility, abrasion resistance, and chemical and
aging resistance make them particularly useful in steel and industrial products for corro-
sion resistance, on wood for decoration and preservation of furniture and flooring, on ships
for salt-water resistance, and on leather and textiles to upgrade their appearance and dura-
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TABLE 3.5 Polyurethane Elastomers: Typical Properties

Property Polyurethane  Natural rubber
Shore A hardness 81 71
300% modulus, psi 2000 2200
Tensile strength, psi 6300 3800
Elongation,% 600 440

bility. In aerospace, they offer resistance to rain erosion. And in cloth coating, the are su-
perior to PVC for adhesion and freedom from plasticizers.

Adhesives and Sealants. Polyurethanes can be conveniently applied in liquid or
paste form and then polymerized/cured in place without evolution of volatile by-products,
a very convenient feature in making enclosed adhesive bonds. Their mechanical strength,
flexibility, adhesion, and chemical resistance make them attractive in many applications.
Typical applications of polyurethane sealants are in expansion joints, aerospace, architec-
tural, electronic, and marine products.

3.1.2 Formaldehyde Copolymers

Formaldehyde reacts readily with several types of active-hydrogen monomers (phenol,
urea, and melamine) to form highly cross-linked thermoset plastics. They form a family in
their fundamental chemistry, and they form complementary families in terms of materials
properties, markets, and practical applications.

3.1.2.1 Phenol-Formaldehyde. Phenol-formaldehyde resins were the first commercial
synthetic plastics. Since their invention in 1908, they have grown and matured into the
second most important family of thermoset plastics, with a U.S. market volume of 4 bil-
lion Ib/yr (see Table 3.6).

TABLE 3.6 Phenolic Resin Markets

Market %

Plywood 49
Adhesives and bonding 30
Laminates 6
Molding compounds 5
Protective coatings 1
Other 9

3.1.2.1.1 Chemistry (Figure 3.6). The phenolic hydroxyl group activates the ortho-
and para-hydrogens. Formaldehyde adds readily to these positions, forming methylol
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FIGURE 3.6 Phenol-formaldehyde chemistry.

groups. These are very reactive. They can condense with each other, with the ortho- or
parahydrogens on other phenol molecules, or with active hydrogens in cellulose or other
materials.

Since the condensation evolves volatiles and heat, it must be controlled to give useful
products. The reaction is controlled by monomer ratio, pH, and temperature. It is generally
run in several separate successive stages. First, it goes to low-molecular-weight “A-stage”
resin, which is soluble and fusible. Then, it is compounded with fillers and additives and
reacted further to moderate-molecular-weight, somewhat cross-linked “B-stage” resin,
which is hard and less soluble but still fusible. Finally, the resin is formed into the shape of
the desired product and thermally cured into fully cross-linked thermoset “C-stage” resin,
which is rigid, insoluble, and infusible.
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3.1.2.1.2 Resoles and Novolacs . There are two types of phenolic A-stage resins: re-
soles and novolacs (Fig. 3.7). Resoles have many methylol groups that make them water
soluble and highly reactive; novolacs are stable oligomers, which can be cross-linked by
adding more formaldehyde. Therefore, they are sometimes referred to as “one-step” and
“two-step” resins, respectively.

OH OH OH
HOCH, CH;0CH; CH, CH,0H
Resole
H>
|
OH
OH OH

@ (CH2© n Novolac

CeHi2N4  Hexamethylene Tetramine

FIGURE 3.7 Resoles and novolacs.

Resoles are typically prepared from 1.1 to 1.5 mols of aqueous formaldehyde + 1 mol
of phenol, with an alkaline catalyst, by heating 1 hr at 100°C and then cooling to stop the
reaction as an aqueous solution of A-stage resin. This is highly reactive, so shelf life is
usually less than 60 days. It is useful in laminating, bonding, and adhesive applications.
On heating, it is self-curing, giving off water and excess formaldehyde.

Novolacs are typically prepared from 0.8 mol of formaldehyde + 1 mol of phenol, with
(sulfuric or oxalic) acid catalyst, by refluxing 2 to 4 hr, up to 160°C to remove water of
condensation. The molten resin is poured into steel tubs or onto a concrete floor, cooled to
solidify, crushed to a powder, and blended with hexamethylene tetramine curing agent
(Fig. 3.8) for use in molding powder. This has almost infinite shelf life.

3.1.2.1.3 Adhesive and Bonding Applications. Adhesives and bonding applications
make up 89 percent of the phenolic resin market.

OH OH OH OH
@ (CH2© } + CgHioNg — M‘@ CH2© CH; @OH + NH;
CH,
CH2 CH2
), @ CHy e
CH,
. OH

FIGURE 3.8 Novolac: cure by hexamethylene tetramine.
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Plywood. Wood is skived into thin layers of veneer. Paper is impregnated with aque-
ous resole resin. Alternating layers of wood and paper-phenolic are stacked to the desired
thickness and pressed at 100 to 150°C and 700 to 6000 psi to make weatherproof exterior
plywood for building, autos, boats, ships, trucks, and trains (Table 3.7). This uses 49 per-
cent of the total phenolic resin market.

TABLE 3.7 Plywood: Typical Properties

Flexural modulus 1,450,0000 psi
Tensile strength 2,750 psi
Flexural strength 5,000 psi
Compressive strength 4,000 psi
Thermal expansion 6 x 107%°C

Particle board. A mixture of 90 percent wood chips + 10 percent resole resin is pre-
pressed at room temperature then hot pressed at 160 to 220°C and 290 to 590 psi. Cure is
finished by hot-stacking in storage. Wafer board is made from larger chips. These boards
are used for furniture core, floor underlay, prefab housing, freight cars, and ships.

Fiber board is made from wood filaments. Pressing at low pressure gives low-density
boards for heat and sound insulation. Pressing at high pressure gives decorative and struc-
tural board.

These particle boards use 16 percent of the phenolic resin market.

Insulation materials. Fiberglass wool insulation is bonded by spraying with 10 per-
cent of aqueous resole and curing at 200°C. This is used for thermal insulation in housing
and appliances. It is good up to 260°C. For higher-temperature industrial insulation—
pipes, boilers, and reactors—mineral-based rock wool is used instead of glass wool; it is
good up to 385°C.

Textile fiber mats are bonded by phenolic resin and used for sound insulation in autos,
offices, auditoriums, and industrial plants.

These applications use 12 percent of the phenolic resin market.

“Laminates.” Kraft paper is impregnated with low-molecular-weight (300) phe-
nolic resin, bonded with medium-molecular-weight phenolic resin, then cut and stacked to
the desired thickness and pressed at 170 to 190°C and 200 psi, or wound onto a mandrel
and cured to form a tube (Table 3.8). This uses 6 percent of the phenolic resin market.
Such “high-pressure laminates” are used for furniture and counter tops (3 and 2 percent of
the market, respectively), and electrical and mechanical applications (1 percent) such as
printed circuit boards, switches, transformers, pulleys, bobbins, guide rolls for paper and
textile machinery, gears, bearings, bushings, and gaskets.

Filters are made by impregnating paper with 20 to 30 percent of phenolic resin and cur-
ing in a 180°C oven. Battery separator plates are made the same way.

Synthetic fabric laminates are made by impregnating with phenolic resin and are used
for helmets, aircraft interiors, and ablative nose cones for rockets. Recent research on such
ablative nose cones showed that 28 percent loading with carbon nanofibers gave the lowest
erosion rate at 2200°C.

Foundry moldings. In the auto, construction, machine parts, and steel industries,
molten metal is poured into sand molds to produce the shapes of the products. The sand is
bonded by phenolic resin, cured at 270°C. In the cold box process, the binder is phenolic
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TABLE 3.8 Laminated Phenolics: Typical Properties

Property Kraft paper Cotton fabric
Specific gravity 1.34 1.34
Tensile strength, psi 11,400 10,800
Compressive strength, psi 17,500 18,800
Impact strength, fpi 2.1 4.1

resin copolymerized with polyurethane, which cures simply at room temperature. This
uses 3 percent of the phenolic resin market.

Friction materials. Brake linings and clutch facings use 2 percent of the phenolic
resin market. The resin is compounded with rubber for toughness; mica, talc, and glass for
friction; and powdered metal for thermal conductivity to prevent over-heating.

Abrasives. Grinding wheels (bonded abrasives) and sandpaper (coated abrasives) are
made from abrasive grit bonded by phenolic resin. The abrasive grit may be alumina for
cutting and polishing steel, or silicon carbide for handling glass, ceramics, and stone. This
uses 1 percent of the phenolic resin market.

3.1.2.1.4 Molding Applications. Novolac resins are compounded with hexamethyl-
ene tetramine curing agent and about an equal volume of filler to produce thermosetting
molding powders (Table 3.9). Wood flour is the most common filler; the short cellulose fi-
bers are low cost, permit easy melt processing, and prevent cracking and brittleness. For
higher strength, and especially impact strength, cotton flock, paper, fabric, cord, and espe-
cially glass fiber offer higher performance (Table 3.10), and fiber length is a major factor
(Table 3.11). For maximum thermal, electrical, and chemical resistance, silica, clay, talc,
mica, and glass are commonly used. In general, phenolic molding powders offer easy
molding, low mold shrinkage, high modulus (1 to 3 million psi), superior creep resistance
(Table 3.12), and good resistance to heat and chemical attack. Their main limitation is
dark color, limited to dark brown to black; this may be overcome by copolymerization
with melamine or soybean protein.

Compression molding is most common, because it minimizes fiber damage and
warpage and gives high strength and dimensional stability. The molding powder is pre-
heated by infrared or radio frequency, and moldings are pressed at 2 to 20 kpsi and 140 to
200°C. Transfer molding is better for thin walls and delicate inserts. Injection molding is
faster, at 10 to 20 kpsi, with the melt at 104 to 116°C and the mold at 160 to 194°C. A
newer method is runnerless injection compression, in which the melt is injected into a par-
tially open mold (1/4 to 1/2 in), and then the mold is closed for compression; this is fast,
easy venting, and gives less scrap and good dimensional stability.

Typical applications are appliances, closures, housewares, bottle caps, knobs, utensil
handles, refrigerator switch boxes, sealed switches, steam irons, and sterilizable hospital
equipment. High-impact grades are used for autos, industrial pulleys, electrical switch
gear and switch blocks, fuse holdings, and motor housings. Electrical grades (high dielec-
tric strength) are used for auto ignition, wiring devices, circuit breakers, commutators,
brush holders, and electrical connectors. Heat-resistant grades are used for stove tops,
toasters, thermostats, switch cases, terminal blocks, and many auto under-the-hood appli-
cations. This uses 5 percent of the phenolic resin market.
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TABLE 3.9 Phenolic Moldings: Typical Properties

Property Wood flour Glass fiber
Specific gravity 1.33 1.85
Tensile strength, kpsi 7 13
Flexural strength, kpsi 11 38
Compressive strength, kpsi 28 48
Impact strength, fpi 0.4 9
Elongation, % 0.6 0.2
Heat deflection temp., °C 168 246
Thermal expansion, 107%/°C 38 15
Linear mold shrinkage, % 0.7 0.3
Dissipation factor 0.17 0.055
Water absorption, % 0.9 0.6

TABLE 3.10 Fillers for High-Impact-Strength Phenolics

Filler Notched Izod impact strength, fpi
None 0.25
Wood flour 0.3
Fabric 2.4
Cord 7.0

TABLE 3.11 Effect of Fiber Length on Phenolic Impact Strength

Fiber Notched Izod impact strength, fpi
Ramie fiber, 1 in 1.0
Ramie fiber, 4 in 2.4
Sisal fiber, 1/8 to 1/4 in 3.9
Sisal fiber, 1-2 in 10.0
Tire cord, 1/2 in 10.1
Tire cord, 1 in 17.0
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TABLE 3.12 Phenolics: Creep
Resistance, 200 psi, 23°C, 400 Hours

Phenolic <0.1 %
Polycarbonate >0.4%
Polyphenylene ether >0.6%
Acetal >1.4%

3.1.2.1.5 Coatings. Phenolic coatings are used on metals for heat and corrosion re-
sistance and electrical insulation. They are good for continuous use at 145°C and short-
term heat to 350°C. Often, they are blended with other coating polymers for combined
properties. Typical applications are autos, heat exchangers, pipelines, boilers, reaction ves-
sels, storage tanks, brine tanks, solvent containers, food containers, railroad cars, beer and
wine tanks, beer cans, pail and drum linings, water cans, rotors, blower fans and ducts in
HVAC, boats, ships, wood, and paper. These use 1 percent of the phenolic resin market.

3.1.2.1.6 Rubber Compounding. Specialty phenolic resins are used as processing
aids, tackifiers, adhesives to fabric, and for reinforcement.

3.1.2.2 Urea-Formaldehyde. Urea-formaldehyde resins are one of the oldest families of
commercial plastics; with a U.S. market volume of 3 billion 1b/yr, they are the third largest
thermosetting resin. Urea and melamine have similar polymer chemistry, so they are often
discussed together as “amino resins;” but their markets and applications are quite different
and are best studied separately.

3.1.2.2.1 Polymerization Chemistry. The amine groups of urea react very readily
with formaldehyde, forming methylol ureas (Fig. 3.9). The A-stage reaction is controlled
by the urea/formaldehyde ratio (1/1.3 to 1/2.2), an alkaline buffer at pH 7.5-8.0, and re-
fluxing up to 8 hr, to produce a mixture of mono-, di-, and trimethylol ureas. These con-
dense to form oligomers and finally, with acid catalysis and heat, highly cross-linked
thermoset polymers.

For different applications, there are different U/F ratios and B-stage oligomers. They
can be stabilized by hexamethylene tetramine to keep them alkaline, or they can be revers-
ibly etherified with methanol or butanol to make them stable and soluble in organic sol-
vents (Fig. 3.10). They may be compounded and processed in water or organic solution or
as solid powders for different applications. For final cure, they are compounded with latent
acid catalysts such as ammonium sulfamate, ammonium phenoxyacetate, ethylene sulfite,
and trimethyl phosphate and generally heated to accelerate the cross-linking reaction.

3.1.2.2.2 Adhesion and Bonding. 'The dominating application of urea-formaldehyde
resins (85 percent) is the bonding of fibrous and granulated wood for doors, furniture, and
flooring. Typical process conditions are 24 hr at 200 psi and room temperature (“cold
press”). Hot pressing may not need any catalyst. The resin penetrates the pores of the
wood and bonds the particles together to form strong isotropic boards. Another 4 percent
is used to make plywood. Since urea-formaldehyde is moisture sensitive, it is used only
for indoor applications. (Phenolic resin, which is more expensive, must be used for out-
door applications.)
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FIGURE 3.9 Urea-formaldehyde chemistry.
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FIGURE 3.10 Etherification of methylol ureas.

3.1.2.2.3 Coatings. Urea-formaldehyde resins (5 percent) are used to treat paper to
give it wet strength. They are also used (2 percent) to treat cotton and wool cloth to pro-
duce permanent press and increase strength, shrink resistance, and wrinkle resistance.

3.1.2.2.4 Molding Powders. Urea-formaldehyde resins are compounded with alpha-
cellulose cotton fiber reinforcement to produce molding powders (4 percent) for compres-
sion, transfer, and injection molding. Typical molding conditions are 127 to 182°C and
2000 to 8000 psi. They are superior to phenolics in white color, electrical resistance, and
low cost, but are limited by moisture sensitivity (Table 3.13). They are used primarily in
electrical wiring devices such as wall outlets, receptacles, electric blanket controls, circuit
breakers, and knob handles. Smaller amounts are used in bottle caps, housewares, buttons,
and sanitary ware.
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TABLE 3.13 Urea-Formaldehyde Moldings: Typical

Properties
Specific gravity 1.5
Tensile modulus 1,300,000 psi
Flexural modulus 1,450,000 psi
Tensile strength 8,250 psi
Flexural strength 13,000 psi
Impact strength 0.31 fpi
Thermal expansion 29 x 1079/°C
Heat deflection temperature 133°C
Dielectric constant 6.8
Volume resistivity 10 Q-cm
Water absorption 0.6%

3.1.2.3 Melamine-Formaldehyde. Melamine-formaldehyde and urea-formaldehyde
have similar polymerization chemistry, so they are often referred to as “amino resins.”
However, they differ in properties, applications, economics, and market volume, so they
are best studied independently. Melamine offers superior resistance to heat, weather, and
moisture, but it is more expensive than urea, so it is used only when its superior perfor-
mance is required. The U.S. market volume is about 350 million Ib/yr.

3.1.2.3.1 Polymerization Chemistry. Melamine has six amine hydrogens, all of
which can react readily with formaldehyde to produce methylol melamines (Fig. 3.11).
For different applications, the degree of methylolation is controlled by the melamine/
formaldehyde ratio, pH, temperature, and time. Polymerization reactions are buffered at
pH 8 to 10 by use of sodium carbonate or borax, and polymerization temperature 80 to
100°C. Lower pH and higher temperature produce faster reaction. Trimethylol melamine
is most common, but hexamethoxymethyl melamine (HMMM) is popular for coatings, be-
cause it is more stable and soluble in organic solvents (Fig. 3.12).

3.1.2.3.2 Coatings. The largest use of melamine-formaldehyde resins (79 percent) is
for cross-linking acrylic automotive coatings, polyester appliance coatings, and occasion-
ally epoxy coatings as well. These polymers are designed with hydroxyl groups, and the

NH, NHCH,OH
NT SN NN
| + CH,0 — | Etc.
== =
NH; N NH; HOCH,NH N NHCH,O0H

FIGURE 3.11 Melamine-formaldehyde chemistry.
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FIGURE 3.12 Hexamethoxymethyl melamine.

methylol melamine reacts with them (Fig. 3.13) to produce cross-linked thermoset coat-
ings of excellent appearance and durability.

3.1.2.3.3 Laminates. While phenol-formaldehyde-kraft-paper laminates are used for
counters, cabinets, walls, and panels in public transportation, the dark brown-black color
requires a decorative overlay to make it attractive. Colored and printed paper is impreg-
nated with melamine-formaldehyde resin and applied as the surface layer to these lami-
nates, providing decoration along with resistance to scratches, heat, ultraviolet, water,
solvents, and stains. The laminating resin is made with melamine/formaldehyde ratios of
1/2 to 3 and press-cured at 125 to 150°C. This uses 14 percent of the melamine-formalde-
hyde market.

3.1.2.3.4 Moldings. Melamine-formaldehyde resin (M/F = 1/2) is reinforced with al-
pha-cellulose cotton fiber, catalyzed with phthalic anhydride, and molded at 145 to 165°C
and 4000 to 8000 psi (Table 3.14). Moldings have the highest hardness and scratch resis-

FIGURE 3.13 Melamine-formaldehyde cure of coatings.
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TABLE 3.14 Melamine-Formaldehyde Moldings: Typical

Properties
Specific gravity 1.5
Rockwell hardness M120
Tensile modulus 1,300,000 psi
Flexural modulus 1,100,000 psi
Tensile strength 10,000 psi
Flexural strength 15,000 psi
Compressive strength 39,000 psi
Notched Izod impact strength 0.3 fpi
Mold shrinkage 0.9%
Coefficient of thermal expansion 43 x 107%°C
Heat deflection temperature 185°C
Volume resistivity 101 Q-cm
Dielectric constant 7
Water absorption 0.5

tance of any plastic, along with resistance to heat and staining. Their major use is in house-
hold dinnerware (plates, bowls, cups, and glasses), where they are much lighter and more
impact resistant than china. Market volume of 7 percent also includes a number of minor
items such as buttons, handles, knobs, small appliances, sinks, and toilets.

3.1.2.4 Furan Resins. Furfuryl alcohol is an agricultural by-product, which is polymer-
ized and cured by acid catalysts, producing a very hard plastic that is very resistant to heat,
flame (low smoke), water, and chemical attack (Table 3.15). Limitations are black color
and brittleness.

Initial polymerization is catalyzed by acid, and very exothermic, so it must be cooled
and neutralized to produce liquid dimers and trimers (Fig. 3.14). These are then cured by
strong acid such as 4 percent of p-toluene sulfonic acid. They may also be copolymerized
with phenol-formaldehyde.

Reported uses include sand molds for metal foundries and linings for chemical plant
equipment such as reaction vessels, tanks, pipes, fume ducts, and sewers.

3.1.3 Vinyl Polymers

Several families of thermosetting plastics are based on cross-linking through the C=C vi-
nyl group. The earliest, of course, were the vegetable oils used in paint for thousands of
years, but their cure by atmospheric oxygen was limited to thin coatings and too slow to be
useful in plastics. The leading family is the unsaturated polyesters, which form the basis of
most reinforced plastics. More specialized families are the so-called “vinyl esters” and the
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FIGURE 3.14 Furan polymerization.

TABLE 3.15 Reinforced Furan Properties

Specific gravity 1.75
Rockwell hardness R110

Tensile modulus 1,580,000 psi
Tensile strength 3,800 psi
Flexural strength 4,800 psi
Compressive strength 11,500 psi
Water absorption 0.1%

allyl resins. They are all cross-linked (= cured) by organic peroxides, which initiate poly-
merization of the vinyl group.

3.1.3.1 Unsaturated Polyesters. Unsaturated polyesters are the fourth largest family of
thermosetting plastics, with a U.S. market volume of 2 billion 1b/yr. They are often called
thermosetting polyesters or alkyds. In commercial use for 60 yr and now fairly mature,
they are the largest class of reinforced plastics (Table 3.16), popularly used in building
panels, chemical equipment, boats, cars, buses, trains, and planes.

3.1.3.1.1 Chemistry. Their chemistry is a fairly complex two-stage process. Typi-
cally, in the first stage, propylene glycol is mixed with maleic anhydride and phthalic an-
hydride (Table 3.17), and cooked 8 to 28 hr at 204 to 232°C to produce a molten
prepolymer of Mn = 800 to 3000 (Fig. 3.15). This is mixed with styrene monomer to pro-
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TABLE 3.16 Unsaturated Polyester Markets

Market %
Building and construction 26
Corrosion-resistant equipment 20
Shipbuilding and marine 17
Automotive and railroad 13
Consumer products in general 8
Appliances and business machines 6
Electrical 4
Aircraft and aerospace 2
Other 4
Total 100

TABLE 3.17 Polyester Typical Recipe

Material Mols Pounds/pound of resin
Propylene glycol 2.7 0.2564
Maleic anhydride 1.0 0.1225
Phthalic anhydride 1.5 0.2774
Styrene 0.4000
Hydroquinone 0.0001

duce a viscous liquid (50 to 6000 cP), stabilized by hydroquinone. In the second stage, it is
“catalyzed” by organic peroxide + activators, combined with glass fiber reinforcement,
shaped by a variety of mechanical processes, and cross-linked to produce the finished
product.

In greater detail, during the first-stage reaction, cis-maleic ester isomerizes into trans-
fumaric ester, which luckily is 40x more reactive in the second-stage cross-linking. Propy-
lene glycol may be replaced by neopentyl glycol, trimethylpentane diol, propoxylated or
hydrogenated bisphenol A to increase water and chemical resistance. Maleic/phthalic ratio
may be increased to increase cure rate, hardness, and heat deflection temperature. Phthalic
anhydride may be replaced by isophthalic acid to improve toughness, heat deflection tem-
perature, and water and chemical resistance; or by tetrabromo- or tetrachloro-phthalic an-
hydride or chlorendic acid to increase flame retardance. And styrene may be replaced by
vinyl toluene or diallyl phthalate to reduce volatility; or by triallyl cyanurate or isocyanu-
rate to increase heat deflection temperature.
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FIGURE 3.15 Unsaturated polyester chemistry.

The second-stage cross-linking (cure) reaction is initiated by organic peroxides: MEK
peroxide for room-temperature cure, and benzoyl peroxide or t-butyl perbenzoate or other
stabler peroxides for higher-temperature cure processes. Peroxide action may be speeded
by heat and/or activators such as cobalt soaps and tertiary amines. (Nonchemists are apt to
use the terms “catalyst” and “activator” rather loosely, which can be confusing or even
dangerous in practice.)

3.1.3.1.2 Additives. The most important additive is, of course, the glass fiber rein-

forcement, which increases modulus, strength, and impact strength (Table 3.18). In gen-
eral, processes that use longer glass fiber give superior properties (Table 3.19).

TABLE 3.18 Polyester Reinforcement by Glass Fiber

Flexural Flexural Notched Izod

modulus, strength, impact strength,
1/4 in. glass fiber kpsi psi fpi
0 550 0.3
10 1530 9,800 3.7
20 1640 16,000 6.1
30 1660 19,600 74
40 1720 22,300 10.7

The other, almost universal, additive is inorganic powdered fillers, used to increase vis-
cosity, hardness, modulus, thermal conductivity, heat deflection temperature, opacity, and
UV resistance, and to decrease exotherm, cure shrinkage, coefficient of thermal expan-
sion, and cost. Calcium carbonate is the least expensive and most widely used. Clay gives
higher electrical and chemical resistance. Talc gives high viscosity for gel coats and auto
body repair. Alumina trihydrate gives flame retardance.
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TABLE 3.19 Polyester Properties Increase with Glass Fiber Length

Process BMC SMC Layup Filament winding
Fiber length 1/4 in lin Woven fabric ~ Continuous filament
Flexural modulus 1750 1600 2000 6000 kpsi
Flexural strength 16 26 60 175 kpsi
Impact strength 7 15 18 50 fpi

Viscosity must be controlled for most processes. For fluid processes like spraying and
impregnation, it can be decreased by using lower molecular weight or higher styrene con-
tent. For many processes, it is increased by adding 0.1 to 2.0 percent of thixotropes such as
silica, clay, and polyols. For leather-like tack-free BMC and SMC compounds, the polyes-
ters are made with acid end-groups and then reacted with CaO or MgO to link them into
higher-MW organometallic oligomers.

Profile is a problem when cure and shrinkage of the polymer matrix leave glass fibers
at the surface, giving a rough profile. This is reduced by dissolving thermoplastic poly-
mers such as polyvinyl acetate in the liquid system; since it does not react, it reduces the
overall shrinkage of the system and thus retains a smoother profile.

Ultraviolet stability for outdoor use can be improved by opaque pigments that reflect
the UV light before it can penetrate the polymer; titanium dioxide and aluminum flake are
frequently used for this purpose. Ultraviolet absorbers (UVAs) such as hydroxybenzotriaz-
oles and hydroxybenzophenones are sometimes used, and hindered amine light stabilizers
(HALS) are becoming more popular.

3.1.3.1.3 Processes. Unsaturated polyesters are usually reinforced by glass fibers.
This complicates conventional plastic processing, and has led to a great variety of special-
ized processes.

Viscosity. Different processes require different viscosity. This is most easily lowered
by adding styrene monomer to the polyester oligomer (Table 3.20). It is raised by increas-
ing polyester molecular weight and by adding thixotropic fillers. In addition, it is raised to
the point of gelation by adding group II metal oxides to react with the acid end groups of
the polyester, thus dramatically increasing molecular weight.

TABLE 3.20 Polyester Viscosity Is
Controlled by Styrene Content

Styrene monomer  Viscosity, cP

25 5500
30 2000
35 550
40 200
43 100
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Casting. Unreinforced polyester is poured into an open mold, typically silicone rub-
ber, and cured to produce bathroom sinks, counters, tubs, showers, and toilets; giftware,
art objects, and “cultured marble and onyx” (Table 3.21). Appearance is controlled by
choice of fillers.

TABLE 3.21 Polyester Casting Formulas

Ingredients Cultured marble ~ Cultured onyx
Polyester 100 100
30-mesh CaCOg 200
80-mesh CaCO3 100
Alumina trihydrate 200
MEK peroxide 0.6 1.5
Colorants “To suit” “To suit”

Cast monolithic flooring is seamless, resistant to wear and chemicals, and easy to clean.
“Polymer concrete” is polyester filled with aggregate.

Hand layup. The oldest method is a purely manual operation. (1) The open female
mold is first treated with mold release. (2) Optionally, a pigmented gel coat is applied 15
to 20 mils thick and partly cured. (3) Glass fiber mat, or woven or knitted cloth, is hand-
laid into the mold or onto the gel coat. (4) Thixotropic polyester/styrene liquid, containing
MEK peroxide and activator, is impregnated into the cloth. (5) The assembly stands and
cures at room temperature. This gives a product with one good surface and somewhat ir-
regular thickness.

Spray layup. The layup process is partly mechanized by spraying. (1) Mold release is
applied first. (2) Gel coat is sprayed onto the mold surface and partly cured. (3) Glass rov-
ing and catalyzed liquid resin are fed through a gun, which chops the roving, mixes it with
resin, and sprays the mixture into the mold.

Improvements on hand and spray layup. A better gel coat is an acrylic sheet,
which is vacuum formed to fit into the mold. This is used to make tubs, showers, spas, and
toilets.

Styrene monomer emissions sometimes cause occupational and environmental health
concerns. Evaporation of styrene can be reduced by adding wax to the formulation; it is
immiscible and comes to the surface, forming a barrier layer. Another method of reducing
volatilization is to use a less volatile monomer such as methyl styrene.

Vacuum and pressure bag molding. A plastic film can be used to cover the layup. If
a vacuum is used to pull it down onto the molding, this prevents styrene evaporation and
air inhibition of the cure reaction, and it helps to compress the impregnated fiber and elim-
inate empty spots. If air pressure is further applied above the film, this increases the per-
formance still more.

Resin transfer molding (RTM). This uses a closed mold. (1) Gel coat is first applied
to one or both mold halves. (2) The mold is filled with reinforcing fibers and clamped shut.
(3) Low-viscosity catalyzed liquid resin is pumped through a tube into the mold, impreg-
nating the fibers, until the excess resin comes out of a vent in the top of the mold. Resin
“transfer” can be assisted by attaching a vacuum line to the vent. (4) Cure is usually at
room temperature. A low-exotherm resin is usually preferred.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2006 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



THERMOSETS

THERMOSETS 3.25

Matched die molding. This uses matched male and female dies in a hydraulic press.
The material may be introduced in several ways. (1) Glass fiber mat is impregnated with
catalyzed resin and then pressed; this only permits small simple shaping such as cafeteria
trays. (2) Glass fiber perform is made by spraying chopped fibers onto a screen prototype
of the desired product then placing the impregnated perform in the mold and pressing it;
this can make anything from small products up to boat hulls and auto bodies. (3) Premix is
doughy molding compound of polyester, catalyst, short fibers, and fillers; this permits
more versatile shaping.

Mat and perform use long glass fibers, which give better properties; premix uses
shorter fibers that give easier processing. Concentrations are typically 35 to 40 glass fiber
+ 30 to 65 CaCOs filler.

High-temperature initiators are typically benzoyl peroxide, t-butyl peroctoate, or t-bu-
tyl perbenzoate. Molding pressures are 100 to 300 psi. Molding temperatures are 107 to
121°C for mat and perform, and 135 to 149°C for premix. Cure times are 2 min or longer.

Bulk molding compound (BMC). Polyester and low-profile resin, organic peroxide
initiator, 0.25-in glass fiber, calcium carbonate filler, mold release agent, and alkaline
thickener are blended into a doughy mass (Table 3.22). This is compression molded and
cured. High flow permits complicated features such as ribs, bosses, and inserts. Major ap-
plications are electrical parts, dinnerware, small tools and appliances. Bulk molding com-
pound can also be injection molded, but this requires more skill and care than simple
thermoplastic injection molding.

TABLE 3.22 Bulk Molding Compound

Formulation
Polyester 32.9%
Dicumyl peroxide 0.8%
Glass fiber 14.5%
CaCO5 49.3%
Zn stearate 0.8%
MgO 1.7%

Sheet molding compound (SMC). (1) Polyester resin, low-profile resin, organic per-
oxide initiator, filler, mold release agent, and alkaline thickener form a paste (Table 3.23),
which is spread onto a moving continuous carrier film. (2) Glass fiber roving is chopped
(e.g. 1 in long) and spread over the paste. (3) Another layer of paste, with a top carrier
film, is laid on top of the glass fiber. (4) The entire sandwich, encased between the two car-
rier films, is passed between pairs of rolls that knead and squeeze it to complete impregna-
tion of the paste into the chopped fiber. (5) The sandwich is rolled up and stored until it is
used. Shelf life is limited, so it is best made in house where it can be used more promptly.

Compression molding temperature is typically 135 to 149°C. Major uses are automo-
tive body parts, business machine housings, and seating.

Pultrusion. Continuous reinforcement (fiber or fabric) is pulled continuously through
liquid catalyzed resin to impregnate it and then through heated dies to shape and cure it.
Properties are excellent in the machine direction but limited in the transverse direction.

Filament winding. The highest modulus and strength of any plastic material are
achieved by filament winding. Continuous roving is pulled continuously through liquid
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TABLE 3.23 Sheet Molding Compound
Formulation

Polyester 26.2%
Low-profile resin 4.6%
t-butyl perbenzoate 0.3%
CaCOs 6.2%
Zn stearate 0.9%
MgO 1.8%
Glass fiber 60.0%

resin and then wound onto a mandrel to form the shape of the desired product. The angle
of winding can be calculated to maximize properties. It is then oven cured, and the man-
drel is removed. This is obviously limited to hollow products of fairly simple shape, but
mechanical properties can rival metals. Typical uses are tanks, pipes, boat hulls, and mod-
ular housing.

Market importance of different processes. The major processes for unsaturated
polyesters may be ranked in descending order as follows:

* Sprayup

* Sheet molding compound
* Continuous laminating

* Filament winding

* Hand layup

¢ Bulk molding compound
* Pultrusion

¢ Injection molding

3.1.3.1.4 Properties. Properties of cured reinforced polyesters result from the com-
bined effects of (1) the process technique and (2) the type of formulation used in each pro-
cess (Table 3.24). Cast polyester lacks the benefits of fibrous reinforcement. Sprayup is
easy but uses short fiber and achieves limited compaction. Bulk molding premix uses short
fiber and high filler loading. Sheet molding compound uses longer fiber and less filler. Pre-
form uses fairly long fiber and does not suffer shear degradation during molding. Hand
layup can benefit from use of woven fabric, which contributes to higher reinforcement.
Pultrusion achieves very high reinforcement in the machine direction. And filament wind-
ing packs the maximum concentration of reinforcing fiber, and orients it to maximize its
reinforcing effect.

3.1.3.2 Vinyl Esters. The so-called “vinyl ester resins” are analogous to polyesters.
They are more expensive but more resistant to hydrolysis, so they are popular for chemi-
cal-resistant equipment (e.g., tanks, pipes, ducts, scrubbers, and towers) because they are
less expensive and more durable than stainless steel. Some other advantages are faster
cure, higher elongation and impact strength, adhesion to glass fiber reinforcement, and re-
sistance to heat aging.
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TABLE 3.24 Reinforced Polyester Properties

Flexural Flexural Notched Izod Heat deflection

Process modulus, kpsi strength, kpsi impact strength fpi  temperature, °C
Cast 550 16 0.3 132
Sprayup 1000 20 10 >177
Premix/BMC 1650 16 8 >205
SMC 1600 26 15 225
Preform 1900 29 14 >205
Layup 2250 54 18 >205
Pultrusion 4500 138 >177
Filament wound 6000 175 50 >177

3.1.3.2.1 Chemistry. They are made by reaction of methacrylic acid with epoxy res-
ins (Fig. 3.16). The reaction is catalyzed by benzyl trimethyl ammonium chloride, or oxo-
nium or phosphonium salts (Table 3.25). Like polyesters, they are dissolved in liquid
styrene monomer and stabilized by hydroquinone. And, like polyesters, they are cured by
organic peroxides =+ activators, at room temperature to 150°C.

GHs
CH2=CCOM + A cH,0 @‘?_@ ocH, A
C 3 CH3
0 CHs 0
CH,= CCOCHZCHCHzo @'C —@ OCHZCHCHZOCC CH,
C 3 H3

FIGURE 3.16 Vinyl ester chemistry.

3.1.3.2.2 Properties . Vinyl esters cure more easily than polyesters, because the
acrylic C=C group in vinyl esters is much more reactive than the fumaric C=C group in
polyesters. Vinyl esters have lower modulus, strength, and heat deflection temperature,
and higher elongation and impact strength, because the bisphenol/propylene ether blocks
in vinyl esters put a longer chain between cross-links, giving more molecular flexibility
(Table 3.26). Vinyl esters have more adhesion to glass fiber reinforcement, because their
—OH groups hydrogen-bond to the silanol surface of glass fibers. And most important, vi-
nyl esters are more resistant to hydrolysis because (1) their ester groups are sterically
hindered by the alpha-methyl groups, and (2) their polymer backbone has more C-C
bonds and less ester bonds.

3.1.3.2.3 Variations. The basic vinyl ester can be modified in various ways to im-
prove specific properties. Increasing the length of the bisphenol epoxy chain increases mo-
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TABLE 3.25 Vinyl Ester Formulations

Ingredients Standard  Acid-modified = Rubber-modified
Epoxy resin 1032 1032 609
Methacrylic acid 195 171 76
Maleic acid 32
CTBN 228
Styrene 970 970
Hydroquinone 0.45 0.45 0.17

TABLE 3.26 Vinyl Ester Properties

Cast Reinforced
Tensile modulus, kpsi 460 1590
Tensile strength, kpsi 11 24
Ultimate elongation, % 6 1
Impact strength, fpi 0.4 28
Heat deflection temperatures, °C 102 260

lecular flexibility, increasing elongation and impact strength, at the expense of modulus,
strength, and heat deflection temperature. Conversely, novolac epoxy gives much higher
cross-linking, increasing modulus, strength, and heat deflection temperature (148°C) at the
expense of elongation and impact strength. Acrylic acid is used instead of methacrylic acid
to produce vinyl esters for UV-cured coatings. Tetrabromobisphenol A builds flame-retar-
dance into the polymer. Use of some maleic acid in place of methacrylic acid builds some
acid groups onto the ends of the vinyl ester molecule; this permits MgO gelation for sheet
molding compound. Use of some carboxy-terminated butadiene-nitrile oligomer (CTBN)
in place of methacrylic acid builds nitrile rubber structure into the polymer, increasing im-
pact strength. And the —OH groups of the epoxy resin can be cross-linked by diisocyanate
to build some polyurethane structure and properties into the cured polymer. A number of
these variations are available commercially.

3.1.3.2.4 Processing. Reinforcement, shaping, and cure of vinyl esters is quite simi-
lar to processes described earlier for polyesters (Sec. 3.1.3.1.3).

3.1.3.3 Allyls. The allyl group CH,=CH-CH,- is less reactive than conventional vinyl
monomers CH,=CH-X, which offers both advantages and disadvantages. Several allyl
monomers have found unique applications in plastics: diallyl phthalate, triallyl cyanurate,
and diethylene glycol bis(allyl carbonate).

3.1.3.3.1 Diallyl phthalate. Glass-fiber-reinforced diallyl phthalate (DAP) is supe-
rior to unsaturated polyesters in shelf life and especially resistance to heat and moisture
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aging, leading to electrical and electronic insulation applications such as connectors for
communications equipment, computers, aerospace, potentiometers, circuit boards, potting
vessels, trim pots, coil forms, switches, and TV.

The liquid monomer (Fig. 3.17) is stable at
room temperature, even when “catalyzed” by
peroxides. Conversely, it requires high-temper-
ature peroxides, such as t-butyl perbenzoate
and dicumyl peroxide, higher temperatures
(135 to 177°C), and longer times (0.5 to 4.0
min) to polymerize and cure. It is prepolymer-
ized to solid oligomers and compounded with
fillers and reinforcements to make molding
powders. Cured moldings are best with glass fi-
ber reinforcement (Table 3.27), and long glass fibers give superior strength and impact
strength. They are superior to unsaturated polyester primarily in shelf life and resistance to
hydrolysis and heat aging. Their limitations are cost of monomer and slow cure reactions.

i
CH2=CHCH20C COCH2CH=CH2

FIGURE 3.17 Diallyl phthalate.

TABLE 3.27 Diallyl Phthalate Molded Properties

Glass fiber reinforcement Short Long
Mold shrinkage, % 0.3 0.2
Flexural modulus, kpsi 1200 1300
Flexural strength, kpsi 12 16
Tensile strength, kpsi 7 10
Compressive strength, kpsi 25 25
Notched Izod impact strength, fpi 0.6 6.0
Heat deflection temperature, °C 204 200
Continuous heat resistance, °C 191 191
Dielectric constant 4.4 4.2
Dissipation factor 0.007 0.006
Water absorption, % 0.2 0.25

In addition to the conventional diallyl ortho-phthalate, diallyl iso-phthalate (DIAP) is
also available commercially. It is more expensive but offers higher heat deflection temper-
ature and heat aging resistance (Table 3.28).

Another use of diallyl phthalate monomer is the replacement of styrene monomer in
unsaturated polyesters. DAP is superior to styrene in lower volatility and longer shelf life
but is limited by higher cost and slower cure.

3.1.3.3.2 Triallyl cyanurate. The triazine ring (Fig. 3.18) is stabilized by heterocy-
clic resonance, giving it high heat resistance. This monomer can be used in place of sty-
rene in unsaturated polyesters. It is less volatile than styrene. Being less reactive, it gives
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TABLE 3.28 Advantages of Diallyl Iso-Phthalate

DAP  DIAP

Heat deflection temperature, °C 204 260+

Continuous heat resistance, °C 191 232
N
CH2=CHCH20( ﬁ OCH,CH=CH,
NG
OCH,CH=CH,

FIGURE 3.18 Triallyl cyanurate.

better shelf life but requires higher temperatures and times for the cure reaction. In the
cured polyester, it gives higher heat resistance. Its use is limited by its higher price.

3.1.3.3.3 Diethylene glycol bis(allyl carbonate). This liquid monomer can be poly-
merized by peroxide and heat (Fig. 3.19). When carefully cast, polymerized, and cured, it
gives transparent, colorless castings of high refractive index, high hardness, and therefore
scratch resistance. It is used for spectacle lenses.

0] 0
] I

CH,=CHCH,0COCH,;CH,0CH,CH,0COCH,CH=CH,

FIGURE 3.19 Diethylene glycol bis(allyl carbonate).

3.1.4 Epoxy Resins

Epoxy resins enjoy a combination of fast, easy cure, high adhesion to many surfaces, and
heat and chemical resistance, which leads to a U.S. market of 600 million Ib/yr with a
wide range of uses in plastics, coatings, and adhesives.

The name “epoxy resins” is applied loosely both to
epoxy monomers and prepolymers, and also to the
cured thermoset final products. To be more precise, the
epoxy (or oxirane) group (Fig. 3.20) in the monomer or
H,C CHCH, vwnnn prepolymer is reacted with a comonomer (curing agent

or hardener) to form the cross-linked thermoset final
FIGURE 3.20 Epoxy or oxirane Product. The bond angles in the triangular epoxy ring
group. are much smaller than the normal C-C and C-O bond
angles, so the epoxy ring is strained and therefore very
reactive, which accounts for the fast, easy cross-linking
cure reactions. Furthermore, since there is no change in the number of bonds during the
cure reaction, there is very little shrinkage, which permits better dimensional control than

0]
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in other polymerization and cure reactions. Choice of a range of epoxy monomers and cur-
ing agents, as well as additives, leads to a wide range of final properties for different appli-
cations.

3.1.4.1 Monomers and Prepolymers. The leading type of epoxy resin is made by reac-
tion of bisphenol A with epichlorohydrin (Fig. 3.21). This can produce either the basic
diglycidyl ether of bisphenol A (DGEBPA), or higher oligomers (n = 1 through 10) by in-
creasing the BPA/ECH ratio and alkalinity (Table 3.29), producing a range from fluid lig-
uids to soluble fusible solids (Table 3.30).

CH3 CH3
0 I 0 ! 0
£ CHLCl + HO@-C—@ OH-—» 22 CHzO@—C-@OCHZ 2
| |
CHs CHs

FIGURE 3.21 Reaction of bisphenol A with epichlorohydrin.

TABLE 3.29 Diglycidyl Ethers of Bisphenol A: Theory

n  Molecular weight  Epoxy equivalent weight

0 340 170
1 624 312
2 908 454
3 1192 596
4 1476 738
5 1760 880
6 2044 1022
7 2328 1164
8 2612 1306
9 2896 1448
10 3180 1590

A second type of epoxy resin is made by reaction of phenol-formaldehyde novolacs
with epichlorohydrin (Fig. 3.22). Using novolacs of DP 2-6 gives solid resins and permits
much higher cross-linking, giving cured products of higher heat and chemical resistance.

A third type of epoxy resin is cycloaliphatic (Fig. 3.23). These are harder to cure but
offer better electrical resistance and resistance to sunlight.

A great variety of other epoxy monomers have been suggested for specialized uses
(Fig. 3.24).
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TABLE 3.30 Diglycidyl Ethers of Bisphenol A: Commercial

Molecular weight  Epoxy equivalent weight ~ Viscosity, cP Softening point, °C

356 178 5,750

378 189 13,000

388 194 19,750

980 490 70
1060 530 80
3984 1992 124

0
OH o OCH, &

W©CH2 w + C|CH2L\‘ — vv@ CH; v

FIGURE 3.22 Reaction of novolac with epichlorohydrin.

?
OOCHZOC 00

3.1.4.2 Curing Agents. The epoxy ring is so strained that it opens and reacts to poly-
merize and cross-link very readily. It can react with a variety of basic and acidic reagents.
Some of them catalyze the polymerization reaction (Fig. 3.25). Most of them are actually
comonomers which then form the cross-links between the epoxy units. The epoxy resin/
curing agent ratio can be precalculated stoichiometrically but must still be adjusted exper-
imentally to give the best balance of properties.

FIGURE 3.23 Cycloaliphatic epoxy resin.

3.1.4.2.1 Amines. Tertiary amines R3N are catalysts that open the epoxy ring and
thus catalyze the polymerization reaction. They may be used with hydroxyl-containing
molecules to catalyze homopolymerization (Fig. 3.26), but more often they are used to
catalyze copolymerization of epoxy resins with amine or acid curing agents. Several more
specialized amines are also mentioned as catalysts (Fig. 3.27).

Primary and secondary amines react very readily with epoxy resins (Fig. 3.28). Poly-
ethylene polyamines H,N(CH,CH,NH),H with n = 2 to 4 are particularly useful, because
every N-H group reacts with a different epoxy group to produce a highly cross-linked
cured thermoset product. They are particularly useful for fast room-temperature cure reac-
tions of coatings and adhesives.

They may cause problems of volatility, toxicity, shelf life, and exothermic reaction.
These can be avoided in several ways. (1) Polyamine can be prereacted with part of the ep-
oxy resin to form an adduct (Fig. 3.29), which reduces volatility and reactivity. (2)
Polyamine can be blocked temporarily by prereacting with a ketone to form a ketimine,
which acts as a latent curing agent; when this is exposed to atmospheric moisture, it hy-
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FIGURE 3.24 Miscellaneous epoxy monomers.

0
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r1CHT$H — m»(CHr?Hoxyw
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FIGURE 3.25 Homopolymerization of epoxy
resins.

/ \ + - + -
R3N + n(CH2—$H) — R3N'CH2"C|:H'O —— R3N(CH2CHO)n
R' R' R'

FIGURE 3.26 Tertiary amine catalysis of epoxy polymerization.

drolyzes gradually, unblocking the amine, which can then react gradually with the epoxy
resin. (3) Polyamine can be reacted with fatty dibasic acid such as dimer acid, to form an
amine-terminated polyamide oligomer (Fig. 3.30), which is nonvolatile, nontoxic, and less
reactive. Epoxy/polyamide ratio is much less critical than the stoichiometric epoxy/
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(CoHs)3N
(CHs),NCH,CH,0H
CH,;N(CH3);
OH
(CH53),NCH, CHN(CH3);
FIGURE 3.27 Amine catalysts for cure of ep-
OXy resins.
CH5N(CH3),
0 0 HH  OH OH

ANNA
HoNRNH, + CH,CHR'CHCH, +“W‘”NRNCH2CHR CHCHz

FIGURE 3.28 Polyamine cure of epoxy resins.

0 0 o oo
2 Hy;NRNH, + L\CHZR|CHZL\ — H,NRNCH,CHCH,R'CH,CHCH,;NRNH, Adduct

RNH2 + O=CR'2 = RN=CR'2 + Hzo Ketimine Blocking

FIGURE 3.29 Amine adducts for cure of epoxy resins.

l|1 <I? O H H
[
HZNCHZCHZN(CC34H68C NCHZCHZN)n

FIGURE 3.30 Amine-terminated fatty polyamides
for cure of epoxy resins.

polyamine reaction. The long-chain fatty acid builds molecular flexibility into the cured
epoxy resin, thus reducing its inherent brittleness. And the nonpolar hydrocarbon chains
also increase moisture resistance.

Aromatic amines (Fig. 3.31) are less reactive, so they increase pot life and require heat
cure. They give cured epoxies of higher heat deflection temperature and chemical resis-
tance (Table 3.31).

Cycloaliphatic amines (Fig. 3.32) are intermediate between aliphatic and aromatic
amines, in both reactivity and cured properties.
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o
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Il FIGURE 3.31 Aromatic amines for cure of ep-
H5N @ S@ NH, OXy resins.
I
0]
TABLE 3.31 HDT of Amine-Cured
Epoxy Resins
Polyethylene polyamines 111°C
Methylene dianiline 144°C
Metaphenylene diamine 150°C
Diamino diphenyl sulfone ~ 190°C
SN . . .
H>NCH,CH>N  NH N-Aminoethyl Piperazine
ot
H3C<:> CNH, Menthane Diamine
H,N |
CH;

HZNCH2©CH2NH2 m-Xylylene Diamine
FIGURE 3.32 Cycloaliphatic amines for cure of epoxy resins.

3.1.4.2.2 Acids. Acids can open the epoxy ring and thus produce polymerization and
cure (Fig. 3.33). Some acids function primarily as catalysts, while others function as
comonomers that build the cross-links into the cured epoxy resins.

Lewis acids such as ZnCl,, AICl;, FeCl;, and BF5 adducts act as latent catalysts for
one-part systems with good shelf life, which become active in heat cure. Phenols and or-
ganic acids also act as catalysts for cure reactions.
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O
c\0+ ROH —> cor 0
COR i
0
3 i QCR
|| RCOCH,CHR'
0 . 0 yy RCOH oH
RCOM + 23R! —= REOCH,CHR' \ 0 ocn-iz(l:HR'

R RCOCHZCHR'

FIGURE 3.33 Acid polymerization/cure of epoxy resins.

Cyclic anhydrides are the second most important class of comonomers for cure of ep-
oxy resins (Fig. 3.34). Whereas amine cure usually leaves linear segments and hydrophilic
—OH groups, anhydride cure can also react with the —OH groups to produce many more
cross-links, thus increasing molecular rigidity and water resistance. These cure reactions
generally require heat and catalysis.

Conversely, the brittleness of cured epoxy resins can be ameliorated by copolymerizing
with flexible curing agents. The two most popular types are carboxyl-terminated nitrile
rubber and mercaptan-terminated polysulfide rubber oligomers (Fig. 3.35).

3.1.4.2.3 Relative Pot Life and Reactivity of Curing Agents. Curing agents for differ-
ent formulations and processes can be chosen according to their relative shelf-life/pot-life
at room temperature and corresponding need for higher catalysis and heat to cure them
(Table 3.32).

o} 0
1] 1
OE:O Phthalic Anhydride Og :O Hexahydrophthalic Anhydride
Hl
o} 0
0]
g: (0]
| "0 Nadic Methyl CizHas 0 Dodecenyl Succinic Anhydride
%/ Anhydride
cl 0o
o) O It
Il '(l: Cl C\
0: E@C"‘O Pyromellitic 0 Chlorendic Anhydride
i Dianhydride al % /
(0]
a O

FIGURE 3.34 Cyclic anhydrides for cure of epoxy resins.
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i 9
HOC(CHZCH=CHCH2)m(CH2(‘IH)nCOH Carboxyl-Terminated Nitrile Rubber
CN

HS(CH,CH50CH,0CH,CH,SS),CH,CH,0CH,0CH,CH,SH
Mercaptan-Terminated Polysulfide Rubber Oligomer

FIGURE 3.35 Flexible curing agents for epoxy resins.

TABLE 3.32 Pot Life of Epoxy/Curing

Agent Systems
Aliphatic amines 1 hr
Amine-terminated polyamides 3 hr
Aromatic amines 18 hr
Acid anhydrides 84 hr
Lewis acids 6 mo

3.1.4.3 Other Formulating Ingredients. A number of classes of additives are often
used by individual formulators to modify or introduce new properties into the epoxy sys-
tem.

3.1.4.3.1 Diluents. 'When epoxy resins are too viscous or too exothermic for a partic-
ular process, they can be modified by addition of low-molecular-weight aliphatic ep-
oxides. Diepoxides can copolymerize directly into the curing process without reducing
cross-linking. Monoepoxides can also copolymerize but do reduce the degree of cross-
linking and thus soften properties. The literature also mentions nonreactive diluents such
as plasticizers, but these would raise serious questions about degradation of properties.

3.1.4.3.2 Polymer Blends. A number of polymers are mentioned as modifiers for ep-
oxy resins. Coal tar, phenol-formaldehyde, and polyurethane combine readily to produce
intermediate properties. Silicones can add more unique properties. Polyesters and
melamine-formaldehyde are also mentioned in the literature.

3.1.4.3.3 Flame Retardants. Flame retardance can be built into the epoxy resin by
use of tetrabromobisphenol A or anhydride curing agents containing phosphorus or halo-
gen. It can also be helped by nonreactive additives such as alumina trihydrate or organo-
halogens + antimony oxide.

3.1.4.3.4 Functional Fillers. A variety of fillers can be used to add specific proper-
ties. Metals, and beryllium and aluminum oxides, can be added to increase thermal con-
ductivity (Table 3.33). Metals can be added to increase electrical conductivity
(Table 3.34). Graphite increases lubricity and electrical conductivity. Mica increases elec-
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TABLE 3.33 Thermal Conductivity of Filled
Epoxy Resins, Btu/| [(ftz-hr-"F)/ft]

Silver 240
Copper 220
Beryllium oxide 130
Aluminum 110
Steel 40
Solder 25
Aluminum oxide 20
Silver-filled epoxy 4
Aluminum-filled epoxy 2
Aluminum oxide-filled epoxy 1
Unfilled epoxy 0.1
Air 0.015

TABLE 3.34 Electrical Conductivity of Filled
Epoxy Resins, Q-m

Silver 1.6x107°
Copper 1.8
Gold 2.3
Aluminum 2.9
Nickel 10.0
Platinum 21.5
Solder 25.0
Silver-filled epoxy 1.0x 1073
Unfilled epoxy 1.0x 10"
Polystyrene 1.0x 10'°
Mica 1.0x 106

trical resistance. Alumina trihydrate increases arc resistance. Microballoons produce
structural foam of high compressive strength.

3.1.4.3.5 Reinforcing Fibers. Reinforcing fibers greatly increase epoxy modulus,
strength, impact strength, heat deflection temperature, and dimensional stability
(Table 3.35).
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TABLE 3.35 Properties of Reinforced Epoxy Resins

Epoxy resin BPA Novolac
Reinforcing fiber None Glass Graphite Graphite
Flex. modulus, kpsi 350 2500 5000 5500
Tensile str., kpsi 8.5 27.5 45 20
Flexural str., kpsi 17 60 85 40
Compressive str., kpsi 20 25 35 28
Impact str., fpi 0.6 35 18 10
Thermal exp., 10~%/°C 55 12 3 1
HDT, °C 167 288 288 260
H,0 abs., % 0.1 1.4 1.6 0.8

3.1.4.4 Markets and Applications. The largest use of epoxy resins is in coatings, com-
prising 53 percent of the total U.S. market (Table 3.36). They do not require solvents, so
they protect the environment. They have high adhesion and chemical resistance, so they
give durable protection. They are particularly useful in marine maintenance.

TABLE 3.36 Epoxy Resins, Market Analysis

Coatings
Can and drum lining 15%
Plant maintenance 11
Auto primers 7
Pipe coating 4
Appliances 2
Trade sales and other 14
Printed circuit boards 12
Adhesives 8
Flooring and paving 8
Reinforced plastics 7
Tooling, casting, molding 4
Other 8
Total 100

Reinforced epoxy resins are the basis of printed circuit boards, tanks, pipes, and aero-
space materials. Cast epoxies are very useful in electrical potting and encapsulation of
transistors, switches, coils, integrated circuits, transformers, and switchgears.

Performance in adhesives is outstanding. Polarity, reactivity, low shrinkage, high mod-
ulus and strength, heat and chemical resistance all contribute to wide use in auto, aero-
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space, appliance, and mechanical construction. The total U.S. market is 600 million Ib/yr,
and growth rate has still not reached maturity.

3.1.5 Silicones

Silicone chemistry is a marriage of organic polymers and inorganic ceramics, which has
produced synergistic benefits in abhesion, low-temperature flexibility, high-temperature
stability, flame-retardance, electrical resistance, water resistance, and physiological inert-
ness, leading to a family of elastomers and thermoset plastics with a wide variety of spe-
cialized applications.

3.1.5.1 Chemistry. Silica sand is electrothermally reduced to silicon metal.

Si0, + C — Si + CO,

This is mixed with copper catalyst and reacted with methyl chloride at 250 to 280°C to
produce a mixture of methyl chlorosilanes.

9% CH3SiCly b.p. 66°C  designated T for trifunctional
74% (CHj3),SiCl, b.p. 70°C  designated D for difunctional
6% (CHj3)3SiCl b.p. 57°C  designated M for monofunctional

These are separated by fractional distillation.

The chlorosilane Si-Cl bond hydrolyzes rapidly in water to form silanol Si-OH, which
condenses instantly to form siloxane Si-O-Si (Fig. 3.36). Thus, (CH3),SiCl, (D) produces
linear silicone rubber. Introducing CH;SiCl5 (T) produces branching and cross-linking; at
high concentrations, it produces a thermoset plastic. Conversely, introducing (CH3)3SiCl
(M) caps the ends of the growing chains and lowers the molecular weight of the rubber.

G o g
Cl = Si — Cl + H;0 —= HO — Si— OH —= v (85I —0)q¥

| |

CH3 CH3 CH3

FIGURE 3.36 Silicone synthesis.

The most common alkyl group is methyl. Introducing some phenyl groups prevents
crystallization at low temperatures and thus keeps silicone rubber flexible down to lower
temperatures; phenyl groups also increase heat stability at high temperatures, thus creating
a wider useful temperature range for silicone rubber. CF;CH,CH,- and NCCH,CH,-
groups are used to increase resistance to fuels, oils, and organic solvents. CH,=CH-
groups provide reactivity for vulcanization/cure of the rubber. CH30- and CH3CO,-
groups hydrolyze more slowly than Cl- and are used to provide controlled reactivity for
cross-linking, coating, and adhesive bonding.

3.1.5.2 Properties. Unlike most elastomers, silicone rubber does not contain C=C
groups, so it is much more resistant to oxygen and ozone.
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The Si-O and Si-C bonds in silicones are very stable, giving them high resistance to
heat, electrical, and chemical attack.

The large size of the Si atom, and the oblique (150°) angle of the Si-O-Si bonds, give
very little steric hindrance and very free rotation. This makes the silicone molecule very
flexible and rubbery, even down to very low temperatures. On the down side, it also pro-
duces low mechanical strength and low solvent resistance.

The sheath of primary hydrogen atoms, on the methyl groups surrounding the polymer
main-chain, gives low intermolecular attraction, which also contributes to rubbery behav-
ior and low mechanical strength, and especially to low surface energy and low surface ten-
sion, which produce abhesion (nonstick) and water-repellent performance.

3.1.5.3 Rubber. Silicone rubber can be heat-cured by fairly conventional techniques. It
can also be cast and cured at room temperature, producing what is called room-tempera-
ture vulcanized (RTV) rubber.

3.1.5.3.1 Heat-Cured Rubber. High-molecular-weight (500,000) linear silicone rub-
ber is very soft and has no strength or creep resistance. It can be cross-linked by heating
with peroxides (Table 3.37). The reaction of peroxide with the methyl group (Fig. 3.37) is
not very efficient and levels off at 0.4 to 0.7 cross-links per 1000 Si atoms—too low to
give good strength and resistance to compression set. Therefore, the rubber is usually
made with a fraction of a percent of vinyl side-groups; these react readily with peroxide,
giving a 90 percent yield of predicted cross-links and much better strength and compres-
sion-set resistance. If vinyl side-groups are increased up to 4 to 5 percent, silicone rubber
can even be cured by conventional sulfur vulcanization.

TABLE 3.37 Peroxides for Cross-Linking Silicone Rubber

Bis(2,4-dichlorobenzoyl) peroxide 104-132°C
Benzoyl peroxide 116-138°C
Dicumyl peroxide 154-177°C

2,5-dimethyl-2,5-di(t-butylperoxy) hexane =~ 166-182°C

Most rubber is reinforced by carbon black; silicone rubber is not. Instead, it is rein-
forced by fine-particle-size fumed silica. This definitely improves tensile strength, though
it still cannot equal most other types of elastomers (Table 3.38). Other fillers do not in-
crease strength but may be used to improve processability, increase hardness and reduce
tack and compression set. Carbon black is used to increase electrical conductivity.

Small production runs are processed by compression or transfer molding at 800 to
3,000 psi and 104 to 188°C; mold shrinkage is 2 to 4 percent. Long production runs are
more economical by injection molding at 5,000 to 20,000 psi, 188 to 252°C, and a 25 to
90 sec cycle. Extrusion requires post-cure in a 316 to 427°C hot-air oven, typically
60 ft/min; steam post-cure can run 1200 ft/min. Calendering typically runs 5 to 10 ft/
min.

Specific formulations can aim at various product needs (Table 3.39). Particularly out-
standing is their wide useful temperature range (Table 3.40).

3.1.5.3.2 Room-Temperature Vulcanized (RTV) Silicones. Low-molecular-weight
liquid silicone oligomers, with reactive functional groups, can be poured or spread with
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FIGURE 3.37 Peroxide cross-linking of silicone rubber.

TABLE 3.38 Fillers for Silicone Rubber

Filler Particle size, um  Tensile strength, psi
Fumed silica 7-10 600-1800
Precipitated silica 18-20 600-1100
Diatomaceous silica 1-5 400-800
Calcined kaolin 1-5 400-800
Calcium carbonate 1-4 400-600
Titanium dioxide 3 200-500
Iron oxide 1 200-500

little or no equipment and cross-linked (cured) at room temperature without damage to
delicate electronics or other systems. They are very useful in caulking, sealants, adhesives,
and arts and crafts. They are available as one- or two-part systems.

One-part systems are packaged in dry sealed cans and are perfectly stable in this state.
When they are poured or spread to form products, they are activated by atmospheric mois-
ture, and the cross-linking reaction occurs. The stable packaged oligomer has acetoxy or
methoxy end-groups. When these are exposed to atmospheric moisture, they hydrolyze to
hydroxyl end-groups, which condense with each other very rapidly to polymerize to high
molecular weight and cross-link to thermoset rubbery products (Fig. 3.38). Acetoxy is
more reactive, becoming tack-free in 1/4 to 1/2 hr and fully-cured in 12 to 24 hr; but it re-
leases acetic acid, which can corrode copper and steel. Methoxy is slower, becoming tack-
free in 2 to 4 hr and fully-cured in 24 to 72 hr; it does not cause corrosion, and it gives
higher-strength products (Table 3.41). Since one-part systems depend on diffusion of at-
mospheric moisture, they are limited to 1/4-in thickness; thicker products require two-part
systems.

Two-part systems are stable until they are mixed. The pairs are very specific chemi-
cally and must be mixed in the proper stoichiometric ratio, so the supplier specifies the
procedure, and the processor simply needs to follow it. The two parts may react