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4.1 Introduction

 

The term 

 

plastics

 

 is an extremely broad term, covering approximately
three dozen basic materials and nearly 38,000 individual compounds.

 

1

 

That total changes daily as new compounds are added and old ones
are dropped. However, the bulk of these compounds were specially for-
mulated to compete for specific large-volume applications. Conse-
quently, the number of plastics that most design engineers actually
use is a small fraction of the total. 

It is necessary for the design engineers to familiarize themselves
with this family of materials, because the growth in their usage has
been phenomenal. The volume of plastics used surpassed that of steels
in 1979, and the gap has been increasing ever since. It is estimated to
be two and one-half times that of steels at the time of this writing
(2001). The advantages and disadvantages of plastics are as follows.

 

4.1.1 Advantages of Plastics

 

1.

 

Low product cost.

 

The principal reason engineers look to plastics
as the material for their applications is to achieve a lower product
cost. Note that the term 

 

product cost

 

 is used. That is because, with
the possible exception of a few of the lowest-cost resins, most plas-
tic materials are more expensive than their competitors. However,
the processes by which they are converted to usable parts are ex-
tremely efficient. Extrusion, thermoforming, blow molding and, in
some cases, injection molding can create extremely thin wall sec-
tions of less than 1 mm (0.040 in). Most of the remaining processes
can produce wall thicknesses less than 2 mm (0.080 in). The ther-
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moplastics processes can achieve nearly 100% utilization (there is
some small loss due to contamination) through recycling of the in-
process scrap. There are even some applications for thermoset
scrap, although at a lower value.

2.

 

Weight reduction.

 

Plastics generally weigh far less than natural
materials (except for a few woods, such as balsa). This has been
the driving force for many applications. The increased use of plas-
tics has enabled automobile manufacturers to reduce the weight of
each vehicle by approximately 25% in recent years, resulting in a
corresponding improvement in fuel economy. 

3.

 

Wide range of available properties.

 

The range of properties avail-
able with the various plastics ranges from values too low to test to
those that approach low-grade steels. Furthermore, there are plas-
tics materials that offer properties that are unique to this class of
materials. 

4.

 

Highly complex integral shapes.

 

The processing methods associ-
ated with traditional materials cannot create the kind of complex
integral shapes that the plastics processing methods can accom-
plish. From an assembly standpoint, that permits the combination
of many parts into one. In this way, many assembly operations are
completely eliminated. Changes in wall thickness can create some
variation in part stiffness, thereby providing additional opportuni-
ties for part consolidation. 

5.

 

Corrosion resistance.

 

Plastics do not corrode. Indeed, most of the
paints used to protect other materials are essentially plastics
themselves. Aside from the obvious benefits for outdoor applica-
tions, there are assembly advantages as well, as there need be no
concern for galvanic action between metal components.

6.

 

Integral coloring.

 

Painting is an expensive process and one in
which consistency is difficult to maintain. Nearly all of the plastics
materials and processes permit a vast spectrum of integral color-
ing. Not only is there a substantial cost savings, but surface abra-
sions do not remove the paint to reveal a different colored
substrate. Thus, over time, a product improvement is provided.
There are occasions, however, such as those where an identical
color match is required or a special effect is desired, when painting
is used on plastics. 

Integral coloring has some impact on assembly considerations as
well. Color matching between parts is readily accomplished when
they are of the same material, and with varying degrees of preci-
sion when they are of dissimilar materials. Multi-part injection
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molding permits parts of different colors or materials to be molded
together, thus eliminating an assembly operation. Co-extrusion
permits two-color extrusions that can be used alone, as in striped
soda straws, or in combination with another process such as blow
molding or thermoforming. This could create a product with clear
and opaque or different colored segments. 

7.

 

Transparency with flexibility.

 

Glass, the traditional transparent
material, is very brittle and breaks readily upon impact. It is also
quite stiff and cannot be readily bent without cracking it. Very high
temperatures are required to form it. There are a significant num-
ber of plastic materials in the acetate, polycarbonate, ABS, cellulo-
sic, polyester, vinyl, polyethylene and polypropylene families that
offer varying degrees of transparency with flexibility and/or ductil-
ity. Acrylic, while not flexible, is capable of offering even greater
transparency than the finest lead glass. 

These materials can be formed at relatively low temperatures
and by the group of processes unique to the plastics industry. They
can permit shapes that are impossible to duplicate with glass pro-
cesses. These attributes provide product design opportunities and
vastly increase the number of assembly techniques available to the
design engineer. 

8.

 

Compound customization.

 

The chemical composition of plastics
often allow them to be modified for specific characteristics for ap-
plications whose volume can warrant the cost. The most economi-
cal combination of properties can be combined to optimize the
material utilization. 

9.

 

New assembly techniques.

 

Parts made of thermoplastics can be
snap fitted, ultrasonically welded, induction welded, hot die
welded, hot gas welded, spin welded, vibration welded, laser
welded, and solvent welded. The traditional methods of assembly
such as press fits, adhesive joining, staking, swaging and the use
of fasteners can also be used for plastics. Threads and threaded in-
serts can be molded right into the part or can be added as a sec-
ondary operation. 

10.

 

Insulation qualities.

 

Plastics can provide both thermal and elec-
trical insulating properties. Many plastics provide both, permit-
ting the elimination of parts and assembly operations. 

These advantages of plastics have been the driving forces in the suc-
cess of the plastics industry. They have played a large part in the en-
hancement of mankind’s standard of living. While it is still possible to
purchase an automobile manufactured by traditional hand methods,
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the cost of such vehicles is 10 to 15 times that of the average car. Few
could afford the price of products made without plastics. Nonetheless,
they do have disadvantages.

 

4.1.2 Disadvantages of Plastics

 

1.

 

Variable properties.

 

Plastics’ physical and thermal properties can
vary considerably with changes in wall thickness, temperature,
humidity, processing parameters, gating locations, environmental
conditions and chemical exposures. Testing procedures cannot be-
gin to cope with the number of variables existing in product appli-
cations. Thus, the data is suspect and cannot be used empirically
in engineering computations with high levels of reliability. Experi-
enced plastics engineers rely on significant safety factors and test-
ing of actual assemblies for high-risk applications.

2.

 

Thermal characteristics.

 

Plastics’ properties are affected by much
smaller changes in temperature than are those of metals. This
characteristic can affect product applications at temperatures in
the range of normal human living conditions. Data sheets usually
list physical properties at 72°F. Properties such as tensile strength
and stiffness can drop off noticeably by the time the temperature
has reached 100°F. As temperatures drop, ductility declines such
that plastics that are normally thought of as relatively ductile at
room temperature may actually be quite brittle when the tempera-
ture drops below freezing. Experienced engineers learn to take
these characteristics into account when designing with plastics. 

The coefficient of linear thermal expansion (CLTE) for most plas-
tics is much higher than it is for metals. The difference in CLTE be-
tween plastics and between most plastics and metals can be quite
pronounced. This can lead to significant changes in the amount of
stress on a given joint over the functional temperature range. The
result may be stress cracks or disassembly of the product. 

Thermal degradation can cause plastics to lose their physical
properties with prolonged exposure to heat. While this can take
years at 23°C (72°F), it can occur in minutes at elevated tempera-
tures. Each time the temperature of a thermoplastic is elevated,
some degradation occurs. Therefore, some plastics can be reground
and reused only a limited number of times. For many critical appli-
cations, only fresh resin, known as 

 

virgin,

 

 must be used. This char-
acteristic must be taken into account when designing with plastics.
In certain cases, a form of heat shielding is required. 

3.

 

Chemical characteristics.

 

Plastics are essentially chemical in na-
ture. Consequently, most of them are significantly effected by
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chemical exposures and environments. This can lead to disaster
when the potential for chemical exposure is not taken into account.
Cleaning solutions, greases, oils, acids, bases, gases, and other
chemicals have led to the downfall of many plastics applications.
Many of these exposures occur in the field, far from the eyes of the
manufacturer’s engineers. The potential chemical exposures must
be thoroughly investigated for any product application. This can,
however, be a desirable quality, as many plastics can be joined by
solvent welding. 

4.

 

Design complexity.

 

Designing in plastic is more complex than de-
signing in other materials. Not only are there a staggering num-
ber of resin options and a variety of processes to choose from,
there are also tooling considerations to take into account. While
everyone is eager to enjoy the benefits of cost reductions achiev-
able through the use of plastics, many are unwilling to devote the
resources to the project necessary to ensure success. It is impor-
tant to recognize that one cannot take a design made of metal, for
example, and simply convert it to plastic. Most engineers schooled
in traditional engineering institutions find it difficult to fully un-
derstand the peculiarities of the plastics medium. Their projects
encounter development problems that could be avoided, or they
fail to take full advantage of the capabilities of the medium. Pres-
sure to speed a new product to market often results in failure to
fully investigate all the aspects of a given project. Each step
skipped incurs additional risk. In short, it is more work to design
in plastic.

5.

 

Flammability.

 

Flammability is defined as relative ease of igni-
tion and the ability to withstand combustion. Materials behave
quite differently when exposed to open flame, and standards for
flammability are difficult to establish. While a few polymers do not
support their own combustion, it is fair to state that, in general,
plastics burn—most of them quite readily. Flame retardants can
be used, but they are expensive, and they have an effect on the
other properties as well. For applications where there is the possi-
ble presence of an open flame, or where fire is a major risk, the
flammability of the selected resin must be carefully examined.

6.

 

Ultraviolet light sensitivity.

 

Ultraviolet light causes or catalyzes
chemical degradation in many plastics. The result is photo-oxida-
tion, which leads to the loss of color, transparency, and physical
properties over a period of time. Some polymers exhibit a natural
resistance to ultraviolet rays. Others require barrier coatings or
additives, such as ultraviolet stabilizers and antioxidants, for pro-
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longed life in environments where high concentrations of ultravio-
let light are present (i.e., outdoors).

 

4.2 The Nature of Plastics

 

Practically stated, a plastic is an organic polymer, available in some
resin form or some form derived from the basic polymerized resin.
These forms can be liquid or paste-like resins for embedding, coating,
and adhesive bonding; or they can be molded, laminated, or formed
shapes, including sheet, film, or larger mass bulk shapes. The primary
raw material sources of the major plastics are gas, coal, and crude oil.

 

4,5

 

The number of basic plastic materials is large, and the number of
variations and modifications to these basic plastic materials is also
quite large. Taken together, the resultant quantity of materials avail-
able is just too great to be completely understood and correctly applied
by anyone other than those whose day-to-day work puts them in direct
contact with a diverse selection of materials. The practice of mixing
brand names, trade names, and chemical names of various plastics
only makes the problem of understanding these materials more
troublesome.

Another variable that makes it difficult for those not versed in plas-
tics to understand and properly design with plastics is the large num-
ber of processes by which these materials can be fabricated.
Fortunately, there is an organized pattern on which an orderly presen-
tation of these variables can be based.

While there are numerous minor classifications for polymers, de-
pending on how one wishes to categorize them, nearly all can be
placed into one of two major classifications—thermosetting materials
(or thermosets) and thermoplastic materials.

 

3

 

 Likewise, foams, adhe-
sives, embedding resins, elastomers, and so on can be subdivided into
the thermoplastic and thermosetting classifications.

 

4.2.1 Thermosetting Plastics

 

As the name implies, thermosetting plastics, or 

 

thermosets,

 

 are cured,
set, or hardened into a permanent shape. Curing is an irreversible
chemical reaction known as

 

 cross-linking,

 

 which usually occurs under
heat. For some thermosetting materials, curing is initiated or com-
pleted at room temperature. Even here, however, it is often the heat of
the reaction, or the 

 

exotherm

 

, that actually cures the plastic material.
Such is the case, for instance, with a room-temperature-curing epoxy
or polyester compound.

The cross-linking that occurs in the curing reaction is brought about
by the linking of atoms between or across two linear polymers, result-
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ing in a three-dimensional rigidized chemical structure. One such re-
action is shown in Fig. 4.1.

 

4

 

 Although the cured part can be softened
by heat, it cannot be remelted or restored to the flowable state that ex-
isted before curing. Continued heating for long times leads to degrada-
tion or decomposition. None of the welding techniques used to join
thermoplastics can be used for thermosets. 

 

4.2.2 Thermoplastics

 

Thermoplastics differ from thermosets in that they do not cure or set
under heat as do thermosets. Thermoplastics merely soften or melt to
a flowable state when heated, and under pressure they can be forced
or transferred from a heated cavity into a cool mold. Upon cooling in a

Figure 4.1 Simplified diagrams showing how cross-linking reactions produce polyester
resin (styrene-polyester copolymer resin) from basic chemicals.
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mold, thermoplastics harden and take the shape of the mold. Since
thermoplastics do not cure or set, they can be remelted and then re-
hardened by cooling. Thermal aging, brought about by repeated expo-
sure to the high temperatures required for melting, causes eventual
degradation of the material and so limits the number of reheat cycles.
Most of the common thermoplastic materials are discussed in detail in
a following section of this chapter.

 

4.3 Polymer Structures and Polymerization Reactions

 

4.3.1 Polymer Structures

 

All polymers are formed by the creation of chemical linkages between
relatively small molecules, or 

 

monomers,

 

 to form very large molecules,
or 

 

polymers

 

. As mentioned, if the chemical linkages form a rigid, cross-
linked molecular structure, a thermosetting plastic results. If a some-
what flexible molecular structure is formed, either linear or branched,
a thermoplastic results. Illustrations of these molecular structures are
presented in Fig. 4.2.

 

2

 

4.3.2 Polymerization Reactions

 

Polymerization reactions may occur in a number of ways; four com-
mon techniques are bulk, solution, suspension, and emulsion polymer-
ization.

 

2,3

 

 Bulk polymerization involves the reaction of monomers or
reactants among themselves, without placing them in some form of ex-
traneous media as is done in the other types of polymerization.

Solution polymerization is similar to bulk polymerization except
that, whereas the solvent for the forming polymer in bulk polymeriza-
tion is the monomer, the solvent in solution polymerization is usually
a chemically inert medium. The solvents used may be complete, par-
tial, or nonsolvents for the growing polymer chains.

Suspension polymerization normally is used only for catalyst-initi-
ated or free-radical addition polymerizations. The monomer is dis-
persed mechanically in a liquid, usually water, which is a nonsolvent
for the monomer as well as for all sizes of polymer molecules that form
during the reaction. The catalyst initiator is dissolved in the monomer,
and it is preferable that it does not dissolve in the water so that it re-
mains with the monomer. The monomer and the polymer that is
formed from it stay within the beads of organic material dispersed in
the phase. Actually, suspension polymerization is essentially a finely
divided form of bulk polymerization. The main advantage of suspen-
sion polymerization over bulk is that it allows cooling of the exother-
mic polymerization reaction and maintains closer control over the
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chain-building process. By controlling the degree of agitation, mono-
mer-to-water ratios, and other variables, it is also possible to control
the particle size of the finished polymer, thus eliminating the need to
reform the material into pellets from a melt, as is usually necessary
with bulk polymerization.

Emulsion polymerization is a technique in which addition polymer-
izations are carried out in a water medium containing an emulsifier (a
soap) and a water-soluble initiator. Emulsion polymerization is much
more rapid than bulk or solution polymerization at the same tempera-
tures and produces polymers with molecular weights much greater
than those obtained at the same rate in bulk polymerizations.

In emulsion polymerization, the monomer diffuses into 

 

micelles,

 

which are small spheres of soap film. Polymerization occurs within the
micelles. Soap concentration, overall reaction-mass recipe, and reac-
tion conditions can be varied to provide control of the reaction rate and
yield.

Figure 4.2 Some possible molecular struc-
tures in polymers.
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4.4 Plastic-Processing Methods and Design Guidelines

 

Although most users of plastics buy parts from plastic processors, they
should still have some knowledge of plastic processing, as such infor-
mation can often be helpful in optimizing product design. Also, an in-
creasing number of user companies are doing some in-house
processing. For these reasons, some guideline information in plastic
processing and some guidelines on the design of plastic parts are pre-
sented here. 

It should be mentioned that the information presented at this point
applies broadly to all classes of plastics and types of processing. Most
plastic suppliers will provide very specific data and guidelines for
their individual products. This invaluable source of guidance is too of-
ten unused. It is strongly recommended that plastic suppliers be more
fully utilized for product-design guidance. However, the information
presented at this point will be valuable for making initial design and
process decisions.

Table 4.1

 

6

 

 explains the major ways in which plastic materials can be
formed into parts, and the advantages, limitations, and relative cost of
each processing method. In general, a plastic part is produced by a
combination of cooling, heating, flowing, deformation, and chemical
reaction. As noted previously, the processes differ, depending on
whether the material is a thermoplastic or a thermoset.

The usual sequence of processing a thermoplastic is to heat the ma-
terial so that it softens and flows, force the material in the desired
shape through a die or in a mold, and chill the melt into its final
shape. By comparison, a thermoset is typically processed by starting
out with partially polymerized material, which is softened and acti-
vated by heating (either in or out of the mold), forcing it into the de-
sired shape by pressure, and holding it at the curing temperature
until final polymerization reaches the point where the part hardens
and stiffens sufficiently to keep its shape when demolded.

The cost of the finished part depends on the material and the pro-
cess used. A very rough estimate of the finished cost of a part can be
obtained by multiplying the material cost by a factor ranging from 1.5
to 10. The cost factors shown in Table 4.1 are based on general indus-
try experience.

Table 4.2 gives guidelines on part design for the various plastic-pro-
cessing methods listed in Table 4.1. The design of a part frequently de-
pends on the processing method selected to make the part. Also, of
course, selection of the best processing method frequently is a function
of the part design. Major plastic-processing methods and their respec-
tive design capabilities, such as minimum section thicknesses and ra-
dii and overall dimensional tolerances, are listed in Table 4.2. The
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basic purpose of this guide is to show the fundamental design limits of
the many plastic-processing methods.

 

4.4.1 Plastic-Fabrication Processes and Forms

 

There are many plastic-fabrication processes, and a wide variety of
plastics can be processed by each of these processes or techniques.
Fabrication processes can be broadly divided into pressure processes
and pressureless or low-pressure processes. Pressure processes, which
constitute the bulk of plastics production, are either thermoplastic-
materials processes (such as injection molding, extrusion, and thermo-
forming) or thermosetting processes (such as compression molding,
transfer molding, and laminating). 

 

Compression molding and transfer molding.

 

Compression molding and
transfer molding are the two major processes used for forming molded
parts from thermosetting raw materials. The two can be carried out in
the same type of molding press, but different types of molds are used.
The thermosetting materials are normally molded by the compression
or transfer process, but it is also possible to mold thermoplastics by
these processes, since the heated thermoplastics will flow to conform
to the mold-cavity shape under suitable pressure. These processes are
usually impractical for thermoplastic molding, however, since, after
the mold cavity is filled to its final shape, the heated mold would have
to be cooled to solidify the thermoplastic part. Since repeated heating
and cooling of this large mass of metal and the resultant long cycle
time per part produced are both objectionable, injection molding is
commonly used to process thermoplastics.

 

Compression molding.

 

In compression molding, the open mold is
placed between the heated platens of the molding press, filled with a
given quantity of molding material, and closed under pressure, caus-
ing the material to flow into the shape of the mold cavity. The actual
pressure required depends on the molding material being used and
the geometry of the mold. The mold is kept closed until the plastic ma-
terial is suitably cured. Then the mold is opened, the part ejected, and
the cycle repeated. The mold is usually made of steel with a polished
or plated cavity. However, special grades of aluminum are sometimes
used with low-pressure molding compounds.

 

Transfer molding.

 

In transfer-molding sequence, the molding material
is first placed in a heated pot, separate from the mold cavity. The hot
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plastic material is then transferred under pressure from the pot
through the runners into the closed cavity of the mold.

The advantage of transfer molding lies in the fact that the mold
proper is closed at the time the material enters. Parting lines that
might give trouble in finishing are held to a minimum. Inserts are
positioned, and delicate steel parts of the mold are not subject to
movement. Vertical dimensions are more stable than in straight com-
pression. Also, delicate inserts can often be molded by transfer mold-
ing, especially with the low-pressure molding compounds.

 

Injection molding.

 

Injection molding is the most practical process for
molding thermoplastic materials. The operating principle is simple,
but the equipment is not.

A material with thermoplastic qualities—one that is viscous at
some elevated temperature and stable at room temperature without
appreciable deterioration during the cycle—is maintained in a heated
reservoir. This hot, soft material is forced from the reservoir into a cool
mold. The mold is opened as soon as the material has cooled enough to
hold its shape on demolding. The cycle speed is determined by the ra-
pidity with which the temperature of the material used can be re-
duced, which in turn depends on the thermal conductivity of that
material. Acrylics are slow performers, and styrenes are among the
fastest.

The machine itself is usually a horizontal cylinder, the bore of which
determines the capacity. Within the bore is a screw. Plastic resin en-
ters the cylinder through a hole in the top of the cylinder to replace
the charge shot into the mold. The cylinder is heated by electric bands
that permit temperature variation along its length. Inside the cylin-
der, there is a screw similar to that of an extruder. The screw turns,
forcing the resin down the cylinder and melting it as it goes. For a shot
to enter the mold, the entire screw moves forward, forcing the plastic
through the nozzle into the mold. After a delay to permit the part to
cool enough to withstand the forces of ejection, the finished part is
ejected from the mold. The mold opens and closes automatically, and
the whole cycle is controlled by timers.

 

Thermoset injection molding.

 

Because of the chemical nature of the
plastic materials, injection molding has traditionally been the primary
molding method for thermoplastics, and compression and transfer
molding have been the primary molding methods for thermosetting
plastics. Because of the greater molding cycle speeds and lower mold-
ing costs in injection molding, thermoplastics have had a substantial
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molding cost advantage over thermosets. As a result, advances in
equipment and in thermosetting molding compounds have resulted in
a rapid transition to screw-injection, in-line molding. This has been es-
pecially prominent with phenolics, but other thermosets are also in-
cluded to varying degrees. The growth in screw-injection molding of
phenolics has been extremely rapid. The development of this tech-
nique allows the molder to automate further, reduce labor costs, im-
prove quality, reduce rejects, and gain substantial overall molding
cycle efficiency.

 

Extrusion and pultrusion.

 

The process of extrusion consists basically of
forcing heated, melted plastic continuously through a die that has an
opening shaped to produce a desired finished cross section. Normally,
it is used for processing thermoplastic materials, but it can also be
used for processing thermosetting materials. The main application of
extrusion is the production of continuous lengths of film, sheeting,
pipe, filaments, wire jacketing, and other useful forms and cross sec-
tions. After the plastic melt has been extruded through the die, the ex-
truded material is hardened by cooling, usually by air or water.

Extruded thermosetting materials are used increasingly in wire and
cable coverings. The main object here is the production of shapes,
parts, and tolerances not obtainable in compression or transfer mold-
ing. Pultrusion is a special, increasingly used technique for pulling
resin-soaked fibers through an orifice, at it offers significant strength
improvements. Any thermoset, B-stage, granular molding compound
can be extruded, and almost any type of filler may be added to the
compound. In fiber-filled compounds, the length of fiber is limited only
by the cross-sectional thickness of the extruded piece.

A metered volume of molding compound is fed into the die feed zone,
where it is slightly warmed. As the ram forces the compound through
the die, the compound is heated gradually until it becomes semifluid.
Before leaving the die, the extruded part is cured by controlling the
time it takes to travel through a zone of increasing temperature. The
cured material exits from the die at temperatures of 300 to 350°F and
at variable rates.

 

Thermoforming.

 

Thermoforming is a relatively simple basic process
that consists of heating a plastic sheet and forming it to conform to the
shape of the mold, either by differential air pressure or by some me-
chanical means. By this processing technique, thermoplastic sheets
can be converted rapidly and efficiently to a myriad of shapes, the
thicknesses of which depend on the thickness of the film being used
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and the processing details of the individual operations. Although there
are many variations of this process, they generally involve heating the
plastic sheet and making it conform to the contour of a male or female
form, either by air pressure or a matching set of male and female
molds.

 

4.5 Thermosetting Plastics

 

Plastic materials included in the thermosetting plastic category and
discussed separately in this section are alkyds, diallyl phthalates, ep-
oxies, melamines, phenolics, polyesters, silicones, and ureas. In gen-
eral, unfilled thermosetting plastics tend to be harder, more brittle,
and not as tough as thermoplastics. Thus, it is common practice to add
fillers to thermosetting materials. A wide variety of fillers can be used
for varying product properties. For molded products, usually compres-
sion or transfer molding, mineral or cellulose fillers are often used as
lower-cost, general-purpose fillers, and glass fiber fillers are often used
for optimum strength or dimensional stability. There are always prod-
uct and processing trade-offs, but a general guide to the application of
fillers is given in Seymour.

 

7

 

 It should be added that filler form and
filler surface treatment can also be major variables. Thus, it is impor-
tant to consider fillers along with the thermosetting material, espe-
cially for molded products. Other product forms may be filled or
unfilled, depending on requirements.

 

4.5.1 Alkyds—Thermosets 

 

Alkyds are available in granular, rope, and putty form, some suitable
for molding at relatively low pressures and at temperatures in the
range of 300 to 400°F. They are formulated from polyester-type resins,
in general reactions as shown in Fig. 4.1. Other possible monomers,
aside from styrene, are diallyl phthalate and methyl methacrylate.
Alkyd compounds are chemically similar to the polyester compounds
but make use of higher-viscosity, or dry, monomers. Alkyd compounds
often contain glass fiber filler but may include clay, calcium carbonate,
or alumina, for example.

These unsaturated resins are produced through the reaction of an
organic alcohol with an organic acid. The selection of suitable poly-
functional alcohols and acids permits selection of a large variation of
repeating units. Formulating can provide resins that demonstrate a
wide range of characteristics involving flexibility, heat resistance,
chemical resistance, and electrical properties. Typical properties of
alkyds are shown in Harper

 

2

 

 and Ref. 8.
Alkyds are easy to mold and economical to use. Molding dimen-

sional tolerances can be held to within ±0.001 in/in. Postmolding
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shrinkage is small, as shown in Fig. 4.3.

 

8

 

 Their greatest limitation is
in extremes of temperature (above 350°F) and humidity. Silicones and
diallyl phthalates are superior here, silicones especially with respect
to temperature and diallyl phthalates with respect to humidity.

 

4.5.2 Diallyl Phthalate (Allyl) (DAP, DAIP)—Thermosets

 

Diallyl phthalates, or allyls, are among the best of the thermosetting
plastics with respect to high insulation resistance and low electrical
losses, which are maintained up to 400°F or higher, and in the pres-
ence of high-humidity environments. Also, diallyl phthalate resins of-
fer high heat and chemical resistance and are easily molded and
fabricated. The coefficient of linear thermal expansion for some DAP
compounds is low enough to be comparable to steel.

There are several chemical variations of diallyl phthalate resins,
but the two most commonly used are diallyl phthalate (DAP) and dial-
lyl isophthalate (DAIP). The primary application difference is that
DAIP will withstand somewhat higher temperatures than will DAP.
Typical properties of DAP and DAIP molding compounds are shown in
Harper

 

2

 

 and Ref. 9. The excellent dimensional stability of DAPs is

Figure 4.3 Stability of alkyds. Postmolding shrinkage variation of several molding com-
pounds over a period of weeks.8
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demonstrated in Fig. 4.4,

 

10

 

 which compares them to other plastic ma-
terials at various temperatures. 

DAPs are extremely stable, (most stable of all thermosets) having
very low after-shrinkage, on the order of 0.1 percent, based on the
MIL-M-14F dimensional stability test. The ultimate in electrical prop-
erties is obtained by the use of the synthetic fiber fillers. However,
these materials are expensive and have high mold shrinkage and a
strong, flexible flash that is extremely difficult to remove from the
parts. Consequently, the largest commercial volume is in the short-
glass-fiber-filled materials, which combine moldability in thin sections
with extremely high tensile and flexural strengths. Molded parts are
typically joined with adhesives and fasteners.

 

4.5.3 Epoxies (EP)—Thermosets

Types of epoxies.

 

Epoxy resins are characterized by the epoxide group
(oxirane rings).

 

11,12

 

 The most widely used resins are diglycidyl ethers
of bisphenol A (Fig. 4.5). These are made by reacting epichlorohydrin
with bisphenol A in the presence of an alkaline catalyst. By controlling
operating conditions and varying the ratio of epichlorohydrin to
bisphenol A, products of different molecular weights can be made. For
liquid resins, the n of Fig. 4.5 is generally less than 1; for solid resins,
n is 2 or greater. Solids with very high melting points have n values as
high as 20.

Figure 4.4 Shrinkage of various thermosetting molding materials as a result of heat
aging.10
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Another class of epoxy resins is the novolacs, particularly the epoxy
cresols (Fig. 4.6) and the epoxy phenol novolacs. These are produced
by reacting a novolac resin, usually formed by the reaction of o-cresol
or phenol and formaldehyde with epichlorohydrin. These highly func-
tional materials are particularly recommended for transfer-molding
powders, electrical laminates, and parts where superior thermal prop-
erties, high resistance to solvents and chemicals, and high reactivity
with hardeners are needed.

Another group of epoxy resins, the cycloaliphatics (Fig. 4.6), are par-
ticularly important when superior arc-track and weathering resis-
tance are necessary requirements.

A distinguishing feature of cycloaliphatic resins is the location of the
epoxy group(s) on a ring structure rather than on the aliphatic chain.
Cycloaliphatics can be produced by the peracetic epoxidation of cyclic

Figure 4.5 General structure of epoxy (diglycidyl ether of bisphenol A).

Figure 4.6 General structures of novolac and cycloaliphatic and
brominated epoxies.

 

04Rotheiser  Page 21  Wednesday, May 23, 2001  10:04 AM



 

4.22 Chapter 4

 

olefins and by the condensation of an acid such as tetrahydrophthalic
anhydrite with epichlorohydrin, followed by dehydrohalogenation.

Epoxy resins must be cured with cross-linking agents (hardeners) or
catalysts to develop desirable properties. The epoxy and hydroxyl
groups are the reaction sites through which cross-linking occurs. Use-
ful agents include amines, anhydrides, aldehyde condensation prod-
ucts, and Lewis acid catalysts. Careful selection of the proper curing
agent is required to achieve a balance of application properties and
initial handling characteristics.

 

11,12

 

 Major types of curing agents are
aliphatic amines, aromatic amines, catalytic curing agents, and acid
anhydrides, as shown in Table 4.3.

Aliphatic amine curing agents produce a resin-curing agent mixture
that has a relatively short working life but that cures at room temper-
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ature or at low baking temperatures in relatively short time. Resins
cured with aliphatic amines usually develop the highest exothermic
temperatures during the curing reaction; thus, the amount of material
that can be cured at one time is limited because of possible cracking,
crazing, or even charring of the resin system if too large a mass is
mixed and cured. Also, physical and electrical properties of epoxy res-
ins cured with aliphatic amines tend to degrade as the operating tem-
perature increases. Epoxies cured with aliphatic amines find their
greatest usefulness where small masses can be used, where room-tem-
perature curing is desirable, and where the operating temperature re-
quired is below 100°C.

Epoxies cured with aromatic amines have a considerably longer
working life than do those cured with aliphatic amines, but they re-
quire curing at 100°C or higher. Resins cured with aromatic amines
can operate at a temperature considerably above the temperature nec-
essary for those cured with aliphatic amines. However, aromatic
amines are not so easy to work with as aliphatic amines, because of
the solid nature of the curing agents and the fact that some (such as
metaphenylene diamine) sublime when heated, causing stains and
residue deposition.

Catalytic curing agents also have longer working lives than the ali-
phatic amine materials and, like the aromatic amines, catalytic curing
agents normally require curing of the epoxy system at 100°C or above.
Resins cured with these systems have good high-temperature proper-
ties as compared with epoxies cured with aliphatic amines. With some
of the catalytic curing agents, the exothermic reaction becomes high
as the mass of the resin mixture increases, as shown in Fig. 4.7.

Acid anhydride curing agents are particularly important for epoxy
resins, especially the liquid anhydrides. The high-temperature proper-

Figure 4.7 Exothermic curves as a function of
resin mass for bisphenol epoxy and 5 percent pi-
peridene curing agent (catalytic type) cured at
60°C.
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ties of resin systems cured with these materials are better than those
of resin systems cured with aromatic amines. Some anhydride-cured
epoxy-resin systems retain most electrical properties to 150°C and
higher and are little affected physically, even after prolonged heat ag-
ing at 200°C. In addition, the liquid anhydrides are extremely easy to
work with; they blend easily with the resins and reduce the viscosity
of the resin system. Also, the working life of the liquid acid anhydride
systems is long compared with that of mixtures of aliphatic amine and
resin, and odors are slight. Amine promoters such as benzyl dimethy-
lamine (BDMA) or DMP-30 are used to promote the curing of mixtures
of acid anhydride and epoxy resin. The thermal stability of epoxies is
improved by anhydride curing agents, as shown in Fig. 4.8.

 

Applications of Epoxies.

 

Epoxies are among the most versatile and
widely used plastics in the electronics field. This is primarily because
of the wide variety of formulations possible and the ease with which
these formulations can be made and utilized with minimal equipment
requirements. Formulations range from flexible to rigid in the cured
state and from thin liquids to thick pastes and molding powders in the
uncured state. Conversion from uncured to cured state is made by use
of hardeners or heat, or both. The largest application of epoxies is in
embedding applications (potting, casting, encapsulating, and impreg-
nating), in molded parts, and in laminated constructions such as
metal-clad laminates for printed circuits and unclad laminates for
various types of insulating and terminal boards. 

Molded parts have excellent dimensional stability, as shown in
Fig. 4.4, and some compounds have a coefficient of linear thermal ex-

Figure 4.8 Weight-loss data at 200°C for Epon
828 cured with various curing agents. DETA,
TETA = aliphatic amines; MPDA, DDS = aro-
matic amines; NMA = liquid acid anyhdride.
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pansion as low as steel. Applications include ignition coils, high-volt-
age insulators, bushings, switch gear, and semiconductors. Molded
epoxy parts are typically joined with adhesives and fasteners. 

Epoxies are used in prototype and short-run molds for several plas-
tics processes.

 

4.5.4 Melamine (MF, MPF) and Urea (UF) (Aminos)—Thermosets

 

As compared with alkyds, diallyl phthalates, and epoxies, which are
polymers created by addition reactions and hence have no reaction by-
products, melamines and ureas (also commonly referred to as 

 

aminos

 

)
are polymers that are formed by condensation reactions and do give
off by-products. Another example of this type of reaction is the poly-
merization reaction, which produces phenolics. A typical condensation
reaction is shown in Sec. 4.5.5 on phenolics. Melamines and ureas are
a reaction product of formaldehyde with amino compounds containing
NH

 

2 groups. Hence, they are often also referred to as melamine form-
aldehydes and urea formaldehydes. Their general chemical structure
is shown in Fig. 4.9.

Amino resins have found applications in the fields of industrial and
decorative laminating, adhesives, protective coatings, textile treat-
ment, paper manufacture, and molding compounds. Their clarity per-
mits products to be fabricated in virtually any color. Finished products
having an amino-resin surface exhibit excellent resistance to mois-
ture, greases, oils, and solvents; are tasteless and odorless; are self-ex-
tinguishing; offer excellent electrical properties; and resist scratching
and marring. The melamine resins offer better chemical, heat, and
moisture resistance than do the ureas.13

Amino molding compounds can be fabricated by economical molding
methods. They are hard, rigid, and abrasion-resistant, and they have
high resistance to deformation under load. These materials can be ex-
posed to subzero temperatures without embrittlement. Under tropical
conditions, the melamines do not support fungus growth.

Amino materials are self-extinguishing and have excellent electrical
insulation characteristics. They are unaffected by common organic sol-
vents, greases and oils, and weak acids and alkalis. Melamines are su-
perior to ureas in resistance to acids, alkalis, heat, and boiling water,
and are preferred for applications involving cycling between wet and
dry conditions or rough handling. Aminos do not impart taste or odor
to foods.

Addition of alpha cellulose filler, the most commonly used filler for
aminos, produces an unlimited range of light-stable colors and high
degrees of translucency. Colors are obtained without sacrifice of basic
material properties. Shrinkage characteristics with cellulose filler are
shown in Fig. 4.3.
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Melamines and ureas provide excellent heat insulation and resis-
tance; temperatures up to the destruction point will not cause parts
to lose their shape. Amino resins exhibit relatively high mold shrink-
age and also shrink on aging. Cracks develop in urea moldings sub-
jected to severe cycling between dry and wet conditions. Prolonged
exposure to high temperature affects the color of both urea and
melamine products.

A loss of certain strength characteristics also occurs when amino
moldings are subjected to prolonged elevated temperatures. Some

Figure 4.9 General characteristics of urea formaldehyde and malamine formaldehyde.13
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electrical characteristics are also adversely affected; the arc resistance
of some industrial types, however, remains unaffected after exposure
at 500°F. Fillers are used to improve strength and hardness of amino
resins.

Ureas are unsuitable for outdoor exposure. Melamines experience
little degradation in electrical or physical properties after outdoor ex-
posure, but color changes may occur.

Typical physical properties of amino plastics are shown in Table
4.414 and typical mechanical and electrical properties in Table 4.5.14

Product applications for amino resins include dinnerware, buttons,
toilet seats, knobs, handles, ashtrays, food utensils, mixing bowls, and
military equipment. Parts are typically joined with adhesives and fas-
teners.1

4.5.5 Phenolic (Phenol-Formaldehydes) (PF)—Thermosets

Like melamines and ureas, phenolic resin precursors are formed by a
condensation reaction, the general nature of which is shown in
Fig. 4.10. The general chemical structure of a cross-linked phenol-
formaldehyde resin is given in Fig. 4.11.

 Phenolics are among the oldest and best known general-purpose
molding materials. They provide an excellent combination of high
physical strength, high temperature resistance, scratch resistance,
and good dimensional stability, electrical properties, and chemical re-
sistance. Phenolics are also among the lowest plastics in cost and the
easiest to mold. An extremely large number of phenolic materials are
available, based on the many resin and filler combinations, and they

Figure 4.10 General nature of condensation reaction.
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can be classified in many ways. One common way of classifying them
is by type of application or grade. Typical properties for some of these
common molding-material classifications are shown in Harper15 and
Grafton.16 Molded phenolics are used for electrical devices, pulleys,
commutators, pumps, closures, and automotive ignition components.1 

In addition to molding materials, phenolics are used to bond friction
materials for automotive brake linings, clutch parts, and transmission
bands. They serve as binders for wood particle board used in building
panels and core material for furniture, as the water-resistant adhesive
for exterior-grade plywood, and as the bonding agent for converting
both organic and inorganic fibers into acoustical and thermal insula-
tion pads, batts, or cushioning for home, industrial, and automotive
applications. They are used to impregnate paper for electrical or deco-
rative laminates and as special additives to tackify, plasticize, rein-
force, or harden a variety of elastomers.

Although it is possible to obtain different molding grades of pheno-
lics for various applications, as discussed, phenolics, generally speak-
ing, are not equivalent to diallyl phthalates and epoxies in resistance
to humidity and retention of electrical properties in extreme environ-
ments. Phenolics are, however, quite adequate for a large percentage
of electrical applications. Grades have been developed that yield con-
siderable improvements in humid environments and at higher tem-
peratures. The glass-filled, heat-resistant grades are outstanding in
thermal stability up to 400°F and higher, with some being useful up to
500°F. Shrinkage in heat aging varies over a fairly wide range, de-
pending on the filler used. Glass-filled phenolics are the more stable,
as shown in Fig. 4.4. Martin17 and Carswell18 give considerable back-
ground on phenolic resin chemistry and applications.

4.5.6 Polybutadienes (PBS, PBAN)—Thermosets

Polybutadiene polymers that vary in 1,2 microstructure from 60 to 90
percent offer potential as moldings, laminating resins, coatings, and
cast-liquid and formed-sheet products. These materials, which are es-

Figure 4.11 General chemical structure of
phenol formaldehyde.
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sentially pure hydrocarbon, have outstanding electrical and thermal
stability properties. The chemical structure is as shown in Fig. 4.12.

Polybutadienes are cured by peroxide catalysts,
which produce carbon-to-carbon bonds at the double
bonds in the vinyl groups.19 The final product is 100
percent hydrocarbon except where the starting poly-
mer is the }OH or }COOH terminated variety. The na-
ture of the resultant product may be more readily
understood if the structure is regarded as polyethyl-
ene with a cross-link at every other carbon in the
main chain.

Use of the high-temperature peroxides maximizes the opportunity
for thermoplastic-like processing, because even the higher-molecular-
weight forms become quite fluid at temperatures well below the cure
temperature. Compounds can be injection-molded in an in-line ma-
chine with a thermoplastic screw.

4.5.7 Polyester (Unsaturated) (UP)—Thermoset

Unsaturated thermosetting polyesters are produced by addition poly-
merization reactions, as shown in simplified form in Fig. 4.1. Polyes-
ter resins can be formulated to have a range of physical properties
from brittle and hard to tough and resistant to soft and flexible. Vis-
cosities at room temperature may range from 50 to more than
25,000 cP. Polyesters can be used to fabricate a myriad of products by
many techniques—open-mold casting, hand lay-up, spray-up, vac-
uum-bag molding, matched-metal-die molding, filament winding, pul-
trusion, encapsulation, centrifugal casting, and injection molding.20

By the appropriate choice of ingredients, particularly to form the
linear polyester resin, special properties can be imparted. Fire retar-
dance can be achieved through the use of one or more of the following:
chlorendic anhydride, tetrabromophthalic anhydride, tetrachlo-
rophthalic anhydride, dibromoneopentyl glycol, and chlorostyrene.
Chemical resistance is obtained by using neopentyl glycol, isophthalic
acid, hydrogenated bisphenol A, and trimethyl pentanediol. Weather-
ing resistance can be enhanced by the use of neopentyl glycol and me-
thyl methacrylate. Appropriate thermoplastic polymers can be added
to reduce or eliminate shrinkage during curing and thereby minimize
one of the disadvantages historically inherent in polyester systems.20 

Thermosetting polyesters are the workhorse of the reinforced plas-
tics industry. They are widely used for moldings, laminated or rein-
forced structures, surface gel coatings, liquid castings, furniture
products, and structures. Cast products include furniture, bowling
balls, simulated marble, gaskets for vitrified-clay sewer pipe, pistol

Figure 4.12 Poly-
butadiene
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grips, pearlescent shirt buttons, and implosion barriers for television
tubes.

By lay-up and spray-up techniques, large- and short-run items are
fabricated. Examples include boats of all kinds (pleasure sailboats and
powered yachts, commercial fishing boats and shrimp trawlers, and
small military vessels), dune buggies, all-terrain vehicles, custom auto
bodies, truck cabs, horse trailers, motor homes, housing modules, con-
crete forms, and playground equipment.20

Molding is also performed with premix compounds, which are
dough-like materials generally prepared by the molder shortly before
they are to be molded by combining the premix constituents in a
sigma-blade mixer or similar equipment. Premix, using conventional
polyester resins, is used to mold automotive-heater housings and air-
conditioner components. Low-shrinkage resin systems permit the fab-
rication of exterior automotive components such as fender extensions,
lamp housings, hood scoops, and trim rails.

Wet molding of glass mats or preforms is used to fabricate such
items as snack-table tops, food trays, tote boxes, and stackable chairs.
Corrugated and flat paneling for room dividers, roofing and siding,
awnings, skylights, fences, and the like is a very important outlet for
polyesters. Pultrusion techniques are used to make fishing-rod stock
and profiles from which slatted benches and ladders can be fabricated.
Chemical storage tanks are made by filament winding.20

Polyesters are typically joined with adhesives or fasteners. Thread
cutting self-tapping screws are feasible. Threaded inserts can be
molded in or emplaced with adhesives. Expansion inserts are also
used.1

4.5.8 Silicone (SI)—Thermosets

Silicones are a family of unique synthetic polymers that are partly or-
ganic and partly inorganic.21 They have a quartz-like polymer struc-
ture, being made up of alternating silicon and oxygen atoms rather
than the carbon-to-carbon backbone, which is a characteristic of the
organic polymers. Silicones have outstanding thermal stability.

Typically, the silicon atoms will have one or more organic side
groups attached to them, generally phenyl (C6H5}), methyl (CH3}), or
vinyl (CH2 = CH}) units. Other alkyl, aryl, and reactive organic
groups on the silicon atom are also possible. These groups impart
characteristics such as solvent resistance, lubricity and compatibility,
and reactivity with organic chemicals and polymers.21

Silicone polymers may be filled or unfilled, depending on properties
desired and application. They can be cured by several mechanisms, ei-
ther at room temperature (by room-temperature vulcanization, or
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RTV) or at elevated temperatures. Their final form may be fluid, gel,
elastomeric, or rigid.21

Some of the properties that distinguish silicone polymers from their
organic counterparts are (1) relatively uniform properties over a wide
temperature range, (2) low surface tension, (3) high degree of slip or
lubricity, (4) excellent release properties, (5) extreme water repellency,
(6) excellent electrical properties over a wide range of temperatures
and frequencies, (7) inertness and compatibility, both physiologically
and in electronic applications, (8) chemical inertness, and (9) weather
resistance.

Flexible silicone resins. Flexible two-part, solvent-free silicone resins
are available in filled and unfilled forms. Their viscosities range from
3000 cP to viscous thixotropic fluids of greater than 50,000 cP.21 The
polymer base for these resins is primarily dimethylpolysiloxane. Some
vinyl and hydrogen groups attached to silicon are also present as part
of the polymer.

These products are cured at room or slightly elevated temperatures.
During cure, there is little if any exotherm, and there are no by-prod-
ucts from the cure. The flexible resins have Shore A hardnesses of 0 to
60 and Bashore resiliencies of 0 to 80. Flexibility can be retained from
–55°C or lower to 250°C or higher.

Flexible resins find extensive use in electrical and electronic appli-
cations where stable dielectric properties and resistance to harsh envi-
ronments are important. They are also used in many industries to
make rubber molds and patterns.

Rigid silicone resins. Rigid silicone resins exist as solvent solutions or
as solvent-free solids. The most significant uses of these resins are as
paint intermediates to upgrade thermal and weathering characteris-
tics of organic coatings, as electrical varnishes, glass tape, and circuit-
board coatings.

Glass cloth, asbestos, and mica laminates are prepared with silicone
resins for a variety of electrical applications. Laminated parts can be
molded under high or low pressures, vacuum-bag-molded, or filament-
wound.

Thermosetting molding compounds made with silicone resins as the
binder are finding wide application in the electronic industry as en-
capsulants for semiconductor devices. Inertness toward devices, stable
electrical and thermal properties, and self-extinguishing characteris-
tics are important reasons for their use. Typical properties are given
in Ref. 22, and thermal stability is shown in Fig. 4.13.
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Similar molding compounds containing refractory fillers can be
molded on conventional thermoset equipment. Molded parts are then
fired to yield a ceramic article. High-impact, long-glass-fiber-filled
molding compounds are also available for use in high-temperature
structural applications.

In general, silicone resins and composites made with silicone resins
exhibit outstanding long-term thermal stabilities at temperatures ap-
proaching 300°C, and excellent moisture resistance and electrical
properties.

4.6 Thermoplastics

The general nature of thermoplastics has been discussed earlier in this
chapter, and specific data for a variety of thermoplastics can be found
in Ref. 23. In general, thermoplastic materials tend to be tougher and
less brittle than thermosets so that they can be applied without the
use of fillers. This permits certain thermoplastic formulations to be
used in food, packaging, and medical applications that are closed to
thermosets. Also, several thermoplastics are available in transparent
or translucent formulations (styrene, polycarbonate, acrylic, cellulosic,
polyester, vinyl, polyethylene, and polypropylene). 

Traditionally, by virtue of their basic polymer structure, thermo-
plastics have been much less dimensionally and thermally stable than
thermosetting plastics. Hence, thermosets have offered an advantage
for high-performance applications, although the lower processing costs
for thermoplastics have given the latter a cost advantage and opened
many new markets to plastics. In addition, there are a variety of weld-
ing techniques (hot plate, vibration, ultrasonic, spin, resistance, in-
duction, laser, and hot gas) that can be used only with thermoplastics.
Finally, thermoplastics can be overmolded with a second, and even a
third, resin in some cases, thereby eliminating a joining operation.

Four major trends tend to put both thermoplastics and thermosets
on a performance-consideration basis. First, much has been done in

Figure 4.13 Retention of flexural strength
with heat aging for silicone and organic
molding compounds.22 All samples aged
250 h and tested at room temperature.
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the development of reinforced, fiber-filled thermoplastics, greatly in-
creasing stability in many areas. Second, much has been achieved in
the development of so-called engineering thermoplastics, or high-sta-
bility, higher-performance plastics, which can also be reinforced with
fiber fillers to increase their stability further. Third, advances in ther-
moplastic molding and joining technologies have increased the overall
capabilities of these materials and their processes. Fourth, and coun-
tering these gains in thermoplastics, has been the development of
lower-cost processing of thermosetting plastics, especially the screw
injection molding and low-pressure compression molding technologies.
All these options should be considered in optimizing the design, fabri-
cation, and performance of plastic parts.

Specific data for a variety of formulations is given in Ref. 23. Some
of the more common classes of thermoplastics are discussed in this
section.

4.6.1 Acrylonitrile-Butadiene-Styrene (ABS)—Amorphous Thermoplastic

ABS plastics are derived from acrylonitrile, butadiene, and styrene.
They have the general chemical structure shown in Fig. 4.14.

This class possesses hardness and rigidity without brittleness, at
moderate costs. ABS materials have a good balance of tensile strength,
impact resistance, surface hardness, rigidity, heat resistance, low-tem-
perature properties, and electrical characteristics24 and can be tai-
lored to suit an application. They can be joined with snap fits, press
fits, fasteners, adhesives, solvents, staking, and virtually all the ther-
moplastic welding techniques.1 There are many ABS modifications
and many blends of ABS with other thermoplastics. A list of trade
names and suppliers is given in Ref. 23 with general data on a variety
of ABS-based plastics.

ABS resins are used for drain and pipe fittings, appliance housings,
automobile kick panels and headlight housings, refrigerator door lin-
ers, luggage, camper tops, sporting goods, and power tool housings.
They are the most widely used engineering (as opposed to commodity)
thermoplastics in the world.1

Figure 4.14 Acrylonitrile-butadiene styrene
copolymer.
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Polymer properties. The most
outstanding mechanical proper-
ties of ABS plastics are impact
resistance and toughness. A wide
variety of modifications are
available for improved impact re-
sistance, toughness, and heat re-
sistance. Impact resistance does
not fall off rapidly at lower tem-
peratures. Stability under lim-
ited load is excellent, as shown in
Fig. 4.15.25 Heat-resistant ABS
is equivalent to or better than ac-
etals, polycarbonates, and
polysulfones in room-tempera-

ture creep at 3000 lb/in2. The Izod impact strength at 75°F is in the
range of 3 to 5 ft-lb/in notch. This value is gradually reduced to 1 ft-lb/
in notch at –40°F. When impact failure does occur, the failure is duc-
tile rather than brittle. The modulus of elasticity versus temperature
is shown in Fig. 4.16.26 Physical properties are little affected by mois-
ture, which contributes greatly to the dimensional stability of ABS
materials.

Figure 4.15 Tensile creep strength of ABS
under various loads.25

Figure 4.16 Modulus of elasticity of several thermoplastic materials as a function of
temperature.26
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ABS alloys and electroplating grades. Much work has been done to
modify ABS plastics by alloying to improve certain properties, and by
modifying to enhance adhesion of electroplated coatings.23 ABS al-
loyed or blended with polycarbonate combines some of the best quali-
ties of both materials, resulting in a thermoplastic that is easier to
process, has high heat and impact resistance, and sells for consider-
ably less than polycarbonate.

The impact strength of the ABS-polycarbonate alloy, 10.7 ft-lb/in
notch, is well above average for the high-impact engineering thermo-
plastics but still not as high as that of polycarbonate. However, unlike
polycarbonate, the alloy does not have critical thicknesses with re-
spect to notched impact strength. Its notched Izod value drops by only
2 to 4 ft-lb/in in the 1/8- to 1/4-in range. The notched Izod value for a
polycarbonate 1/8 in thick is about 16 ft-lb/in but only 3 to 4 ft-lb/in at
thicknesses greater than 1/4 in. The flexural modulus of the ABS-poly-
carbonate alloy is about 15 percent greater than that of polycarbonate
alone. The alloy remains more rigid than polycarbonate up to about
200°F, as shown in Fig. 4.17.27

The 264-lb/in2 heat-deflection temperature of the alloy is 245°F, and
the 66-lb/in2 value is 260°F. These values are 35 and 30°F, respec-
tively, lower than those of polycarbonate. However, the maximum rec-
ommended continuous (no-load) temperature of the alloy is only 10°F
lower than that of polycarbonate. The good creep resistance of polycar-
bonate, one of its biggest advantages and shown in Fig. 4.18,27 is
maintained after alloying.

In addition to the polycarbonate alloy, ABS can be alloyed with other
plastics to obtain special properties. Furthermore, ABS has been mod-
ified to gain improved adhesion of electroplated metals. Advances
have been so great in this area that ABS is perhaps the most widely

Figure 4.17 Flexural modulus of ABS-polycarbon-
ate alloy and base materials.27
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used material for producing electroplated plastic parts. Electroplated
ABS is used extensively for many electrical and mechanical products
in many forms and shapes. Adhesion of the electroplated metal is ex-
cellent.

4.6.2 Acetal (Polyoxymethylene) (POM)—Semicrystalline Thermoplastic

Acetals are among the group of high-perfor-
mance engineering thermoplastics that re-
semble nylon somewhat in appearance but
not in properties. The general repeating
chemical structural unit is shown in
Fig. 4.19.

Acetals are strong and rigid (but not brittle) and have good mois-
ture, heat, and chemical resistance. They have a high melt point and
excellent resistance to creep under load. Glass-filled acetals provide
higher stiffness, lower creep, higher heat deflection temperature, bet-
ter arc resistance, and greater dimensional stability. They can be
joined with snap fits, press fits, fasteners, adhesives, staking and vir-
tually all the thermoplastic welding techniques.1 There are two basic
types of acetals: the homopolymers by DuPont and the copolymers by
Ticona. Reference 23 further identifies these materials and gives typi-
cal properties. 

The homopolymers are harder, have higher resistance to fatigue,
are more rigid, and have higher tensile and flexural strengths with
lower elongation. In addition, they are the strongest and stiffest of un-
reinforced thermoplastics. References made to acetals without identi-
fication of polymer type usually imply the homopolymer materials. 

The copolymers are more stable in long-term, high-temperature ser-
vice and more resistant to hot water. Neither type of acetal is resistant

Figure 4.18 Creep resistance of ABS-polycarbonate
alloy and heat-resistant ABS.27

Figure 4.19 Polyacetal resin.
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to strong mineral acids, but the copolymers are resistant to strong
bases. They can handle pH values from 4 to 14 and can be immersed
in common solvents, lubricants, and gas.1 They are among the most
creep resistant semicrystalline thermoplastics. 

Polymer properties. The most outstanding properties of acetals are
high tensile strength and stiffness, resilience, good recovery from de-
formation under load, and toughness under repeated impact. They ex-
hibit excellent long-term load-carrying properties and dimensional
stability and can be used for precision parts. Acetals have low static
and dynamic coefficients of friction and are usable over a wide range of
environmental conditions. The plastic surface is hard, smooth, and
glossy. A fluorocarbon fiber-filled acetal, Delrin AF, is available and of-
fers even better low-friction and resistance properties.

The modulus of elasticity as a function of temperature for acetals
and several other thermoplastic materials is shown in Fig. 4.16.26 The
tensile yield strength of acetals is compared in Fig. 4.2028 with that of
some other thermoplastics. The deflection under load for Delrin acetal
is compared in Fig. 4.2128 with that of other thermoplastics.

Effect of moisture. Because acetals absorb a small amount of water,
the dimensions of molded parts are affected by their water content.
Figure 4.2229 presents the relationship of dimensional changes with
changes in moisture content. The dimensional change resulting from
an environmental change is found by subtracting the “percent in
length” found at the first humidity-temperature condition from the
“percent in length” at the final condition. For example, to go from 77°F
(25°C) and 0 percent water (as-molded condition) to 100°F (38°C) and

Figure 4.20 Tensile yield strength of several thermo-
plastic materials as a function of temperature.28
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100 percent humidity, a change of 0.45 percent will occur. Figure 4.2329

shows the rate of water absorption of acetals at various conditions.

Effect of space and radiation. Acetal resin will be stable in the vacuum
of space under the same time-temperature conditions it can with-
stand in air.29 Exposure to vacuum alone causes no loss of the engi-
neering properties. The principal result is slight outgassing of small
amounts of moisture and free formaldehyde. In a vacuum, as in air,

Figure 4.21 Deflection of several thermo-
plastic materials as a function of time at
90% RH and 150°F.28

Figure 4.22 Dimensional changes of Delrin acetal with vari-
ations of temperature and moisture.29
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prolonged exposure to elevated temperatures results in the liberation
of increasing amounts of formaldehyde due to thermal degradation of
the polymer.

Particulate radiation, such as the protons and electrons of the Van
Allen radiation belts, is damaging to acetal resins and will cause a loss
of engineering properties.28 For example, acetals should not be used in
a radiation environment where the total electron dose is likely to ex-
ceed 1 Mrad. When irradiated with 2-MeV electrons, a 1-Mrad dose
causes only slight discoloration, while 2.3 Mrad causes considerable
embrittlement. At 0.6 Mrad, however, acetals are still mechanically
sound except for a moderate decrease in impact strength.

The regions of the electromagnetic spectrum that are most damag-
ing to acetal resins are ultraviolet light and gamma rays.29 In space,
the deleterious effects of ultraviolet light are of prime consideration.
This is due to the absence of the protective air atmosphere, which nor-
mally filters out much of the sun’s ultraviolet energy. Therefore, the
amount of ultraviolet light may be 10 to 100 times as intense in space
as on Earth.

Fluorocarbon fiber-filled acetal. This is a modified acetal homopolymer
developed to meet the need for a thermoplastic injection-molding ma-
terial to be used in moving parts in which low friction and exceptional
wear resistance are the principal requirements. This resin consists of
oriented tetrafluoroethylene (TFE) fluorocarbon fibers uniformly dis-
persed in a matrix of acetal resin. The result is an injection-molding

Figure 4.23 Rate of water absorption of Delrin acetal
under various conditions.29
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and extrusion resin that combines the strength, toughness, dimen-
sional stability, and fabrication economy of acetals with the unusual
surface and low frictional characteristics of the fluorocarbons.

The outstanding properties of TFE fiber-filled acetal are those asso-
ciated with sliding friction. Bearings made from this material sustain
high loads when operating at high speeds and show little wear. In ad-
dition, such bearings are essentially free of slipstick behavior because
their static and dynamic coefficients are almost equal. Comparative
properties of the filled and unfilled acetal are given in Refs. 23 and 30.

Automotive applications for acetals include fuel system components,
seat belts and steering columns. Other uses are gears, bearings,
plumbing fixture components, hardware items, butane lighter hous-
ings, zippers, mechanical couplings and pulleys.

4.6.3 Acrylic (Polymethylmethacrylate) (PMMA)—Amorphous 
Thermoplastics

The general properties of acrylics are presented in Ref. 31. Acrylics are
based on polymethyl methacrylate, and their chemical structure is as
shown in Fig. 4.24.

Acrylics have exceptional optical clarity and
basically good weather resistance, strength,
electrical properties, and chemical resistance.
Acrylics are known for their hardness (Rock-
well M85-105) and good electrical insulation
properties. They do not discolor or shrink after
fabrication; they have low water-absorption
characteristics, a slow burning rate, and will

not flash-ignite. Acrylics are attacked by strong solvents, gasoline,
acetone, and other similar fluids.

Acrylics can be injection molded, extruded, cast, vacuum and pres-
sure formed, and machined, although molded parts for load bearing
should be carefully analyzed, especially for long-term loading. They
can be joined with press fits, fasteners, adhesives, solvents, staking,
and virtually all the thermoplastic welding techniques.1

Optical properties. Parts molded from acrylic powders in their natural
state may be crystal clear and nearly optically perfect. The index of re-
fraction ranges from 1.486 to 1.496. The total light transmittance is as
high as 92 percent, and haze measurements average only 1 percent.
Transmittance at various wavelengths is shown in Fig. 4.25.32 Light
transmittance and clarity can be modified by the addition of a wide
range of transparent and opaque colors, most of these being formu-
lated for long outdoor service.

Figure 4.24 Polymethyl
methacrylate.
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Dimensional stability and aging. The amount of dimensional change for
a given application is determined from the coefficient of linear thermal
expansion of the material. In the case of an exterior glazing unit,
which is 1 × 1 ft (30.4 × 30.4 cm) and is subjected to a temperature
variation of 32 to 100°F (0 to 38°C), the space to be provided in the
frame for expansion is calculated as follows (assuming no thermal ex-
pansion of the frame material):

where ∆L = change in length, in or cm
α = coefficient of thermal expansion [= 4 × 10–5 in/in°F (7.2 × 

10–5 cm/cm°C)]
L = initial length [= 12 in (30.4 cm)]
T = temperature variation [= 68°F (38°C)]

Figure 4.25 Percent transmittance as a function
of wavelength for acrylic resin. Crystal, 1/8-in.
(3.2-mm) thickness, grades 129, 130, 140, 147,
148, molded only.32 (a) <700 µm, (b) >700 µm.

∆L αLT=
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Therefore,

This indicates the need for an expansion space of approximately
0.0165 in (0.0419 cm) at each end for the direction in which this calcu-
lation was made (in this case the major length).

The moisture level in acrylics will depend on the relative humidity
of the environment. Figure 4.2632 shows the equilibrium moisture con-
tent of acrylics versus the relative humidity in the surrounding air at
room temperature.

When the relative humidity of the air changes from a lower value to
a higher one, acrylics will absorb moisture, which in turn causes a
slight dimensional expansion. Depending on the thickness of the part,
the equilibrium moisture level may be reached in a couple of weeks or
in months.

Figure 4.2732 shows the dimensional changes taking place in a
1/8-in. (3.2-mm) thick sheet as a function of time and the environmen-
tal relative humidity at room temperature. The flat horizontal part of
the curves corresponds to the equilibrium conditions at the specific en-
vironmental relative humidity.

For example, assume that a 1/8-in (3.2-mm) thick lighting panel as
molded from dry resin is initially 24 in (61 cm) long. This panel, in-
stalled in a 50 percent RH atmosphere, will expand approximately
0.1 percent, or 0.024 in (0.61 mm).

Because of their chemical structure, acrylic resins are inherently re-
sistant to discoloration and loss of light transmission. They are unsur-

∆L 4 10
5–

12 68××× 0.033 in.= =

7.2 10
5–

30.4 38××× 0.083 cm= =

Figure 4.26 Equilibrium moisture con-
tent in acrylic resins versus percent RH
at 73°F.32

Figure 4.27 Dimensional changes versus
time for acrylics under various environ-
mental moisture conditions. Test sam-
ples 1/8 in (3.2 mm) thick.32
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passed in this respect by any other transparent plastic. Their
outstanding weatherability has been proved by their long-time perfor-
mance in such products as automotive lenses, fluorescent street lights,
outdoor signs, and boat windshields. They are also used for auto
lenses, dials, instrument panels, nameplates, windows, appliance pan-
els, knobs and housings. 

4.6.4 Cellulosics: Cellulose Acetate (CA), Cellulose Acetate Butyrate (CAB), 
Cellulose Acetate Proprionate (CAP), Ethyl Cellulose (EC)—Semicrystalline 
Thermoplastics

Cellulosics are among the toughest of plas-
tics. They are generally economical and ba-
sically good insulating materials. However,
they are temperature limited and are not
as resistant to extreme environments as
many other thermoplastics. Their general
structure is shown in Fig. 4.28.2

Cellulosics have similar properties that
vary in degree. The four most prominent

industrial cellulosics are cellulose acetate, cellulose acetate butyrate,
cellulose propionate, and ethyl cellulose. A fifth member of this group
is cellulose nitrate. Cellulose materials are available in a great num-
ber of formulas and flows and are manufactured to offer a wide range
of properties. They are formulated with a wide range of plasticizers for
specific plasticized properties.

Cellulose butyrate, proprionate, and acetate provide a range of
toughness and rigidity that is useful for many applications, especially
where clarity, outdoor weatherability, and aging characteristics are
needed. The materials are fast-molding plastics and can be provided
with hard, glossy surfaces over the full range of color and texture.

Butyrate, propionate, and acetate are rated in that order in dimen-
sional stability in relation to the effects of water absorption and plasti-
cizers. The materials are slow burning, although self-extinguishing
forms of acetate are available. Special formulations of butyrate and
propionate are serviceable outdoors for long periods. Acetate is gener-
ally considered unsuitable for outdoor uses. From an application
standpoint, the acetates generally are used where tight dimensional
stability, under anticipated humidity and temperature, is not re-
quired. Hardness, stiffness, and cost are lower than for butyrate or
propionate. Butyrate is generally selected over propionate where
weatherability, low-temperature impact strength, and dimensional
stability are required. Propionate is often chosen for hardness, tensile
strength, and stiffness, combined with good weather resistance.

Figure 4.28 Cellulose (natural
polymer)
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Ethyl cellulose, best known for its toughness and resiliency at sub-
zero temperatures, also has excellent dimensional stability over a
wide range of temperature and humidity conditions. Alkalis or weak
acids do not affect this material, but cleaning fluids, oils, and solvents
are very harmful.

Cellulose acetate is mainly an extrusion (film and sheet) material,
but injection applications include premium toys, tool handles, appli-
ance housings, shields, lenses, and eyeglass frames. Cellulose acetate
butyrate is used for pen barrels, steering wheels, tool handles, ma-
chine guards and skylights. Cellulose acetate propionate applications
include lighting fixtures, safety goggles, motor covers, brush handles,
face shields, and steering wheels. Ethyl cellulose is used for flashlight
cases, fire extinguisher parts, and electrical appliance parts.1

4.6.5 Fluorocarbons

Tetrafluoroethylene (TFE) and fluorinated ethylene propylene (FEP). For
practical purposes, there are eight types of fluorocarbons, as summa-
rized in Table 4.62 and discussed hereafter. Suppliers and trade names
are also given in Table 4.6. Like other plastics, each type is available
in several grades. The original, basic fluorocarbon, and perhaps still
the most widely known one, is TFE fluorocarbon. It has the optimum
of electrical and thermal properties and almost complete moisture re-
sistance and chemical inertness, but it does have the disadvantage of
cold flow or creep under mechanical loading. TFE hardness as a func-
tion of temperature is shown in Fig. 4.29.33

Stronger, filled modifications exist, as do newer, more cold-flow-re-
sistant grades. FEP fluorocarbon is quite similar to TFE in most prop-
erties, except that its useful temperature is limited to about 400°F.
FEP is much more easily processed, and molded parts are possible

Figure 4.29 Hardness of TFE fluorocarbon as
a function of temperature.33
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with FEP, which might not be possible with TFE. Linear thermal-ex-
pansion curves for both are shown in Fig. 4.30.34

‘Ethylene-tetrafluoroethylene (ETFE) copolymer. ETFE, a high-tempera-
ture thermoplastic fluoropolymer, is readily processed by conventional
methods, including extrusion and injection molding. As a copolymer of
ethylene and tetrafluoroethylene, it is closely related to TFE. It has
good thermal properties and abrasion resistance, and excellent im-
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pact strength, resistance to chemicals, and electrical-insulation char-
acteristics.

ETFE can be described best as a rugged thermoplastic with an out-
standing balance of properties. Mechanically, it is tough and has me-
dium stiffness (200,000 lb/in2) and excellent flex life, impact, cut-
through, and abrasion resistance. The glass-fiber-reinforced com-
pound has even higher tensile strength (12,000 lb/in2), stiffness
(950,000 lb/in2), and creep resistance, but it is still tough and impact-
resistant.

Thermally, ETFE has a continuous temperature rating of 300°F
(150°C). It can be used intermittently up to 200°C, depending on expo-
sure time, load, and environment. Glass-fiber-reinforced ETFE ap-
pears capable of useful service at 392°F (200°C).

ETFE is weather-resistant, inert to most solvents and chemicals,
and hydrolytically stable. It has excellent resistance to high-energy
radiation and is ultraviolet-resistant.

The dielectric constant of the fluoropolymer is 2.6, and the dissipa-
tion factor is 0.0006, making it an excellent low-loss dielectric. These
values are not affected by changes in temperature and other environ-
mental conditions. Dielectric strength is high; resistivity is excellent.

The molding characteristics of the resin are excellent. It exhibits
good melt flow, allowing the filling of thin sections (10 mil for small
parts). Cycle times are equivalent to those of other thermoplastics.

EFTE is the first fluoroplastic that can be reinforced—not merely
filled—with glass fiber. Because the resin will bond to the fibers,
strength, stiffness, creep resistance, heat-distortion temperature,
and dimensional stability are enhanced. Electrical and chemical
properties approach those of the unreinforced resin, while the coeffi-
cient of friction is actually lower. Tests indicate that the service tem-
perature limit is approximately 400°F. The fluoropolymer, reinforced

Figure 4.30 Linear thermal expansion of
TFE and FEP fluorocarbons as a function of
temperature.34
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with glass, can be molded by conventional methods with rapid mold-
ing cycles.

Perfluoroalkoxy (PFA) resins. PFA resins, a class of melt-processible
fluoroplastics, combine the ease and economics of thermoplastic pro-
cessing with high-temperature performance in the range of TFE fluo-
rocarbon resins. PFA resins resemble FEP fluorocarbon resins in
having a branched polymer chain that provides good mechanical prop-
erties at melt viscosities much lower than those of TFE. However, the
unique branch in PFA is longer and more flexible, leading to improve-
ments in high-temperature properties, higher melting point, and
greater thermal stability.

In use, PFA resins have the desirable properties typical of fluorocar-
bons, including resistance to virtually all chemicals, anti-stick charac-
teristics, low coefficient of friction, excellent electrical characteristics,
low smoke, excellent flammability resistance, ability to perform in
temperature extremes, and excellent weatherability. Their strength
and stiffness at high operating temperatures are at least equivalent to
those of TFE, while their creep resistance appears to be better over a
wide temperature range. They should perform successfully in the
500°F area.

Film and sheet are expected to find use as electrical insulations in
flat cables and circuitry and in laminates used in electrical and me-
chanical applications.

Chlorotrifluoroethylene (CTFE). The CTFE resins, like the FEP materi-
als, are melt processible and can be injection, transfer, and compres-
sion molded or screw extruded. Compared with TFE, CTFE has
greater tensile and compressive strength within its service-tempera-
ture range. However, at the temperature extremes, CTFE does not
perform as well as TFE for parts such as seals. At the low end of the
range, TFE has somewhat better physical properties; at the higher
temperatures, CTFE is more prone to stress cracking and other diffi-
culties.

The electrical properties of CTFE are generally excellent, but dielec-
tric losses are higher than those of TFE. Chemical resistance is poorer
than that of TFE, but radiation resistance is better. CTFE does not
have the low-friction and bearing properties of TFE.

Ethylene-chlorotrifluoroethylene (E-CTFE) copolymer. E-CTFE copoly-
mer, a copolymer of ethylene and CTFE, is a strong, highly impact-
resistant material that retains useful properties over a broad
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temperature range. E-CTFE is available in pellet and powder form
and can be readily extruded, injection, transfer, and compression
molded, rotocast, and powder coated. Its tensile strength, impact re-
sistance, hardness, creep properties, and abrasion resistance at am-
bient temperature are comparable with those of nylon 6. E-CTFE
retains its strength and impact resistance down to cryogenic temper-
atures.

E-CTFE also exhibits excellent ac loss properties. Its dielectric con-
stant measures 2.5 to 2.6 over the frequency range of 102 to 106 Hz
and is unaffected by temperature over the range of –80 to 300°F. Its
dissipation factor is low, ranging from 0.0008 to 0.015, depending on
temperature and frequency. It has a dielectric strength of 2000 V/mil
in 10-mil wall thickness and a volume resistivity of 1016 Ω-cm.

Vinylidene fluoride (PVF2). PVF2 is another melt processible fluorocar-
bon capable of being injection and compression molded and screw ex-
truded. Its 20 percent lower specific gravity compared with that of
TFE and CTFE and its good processing characteristics permit econ-
omy and provide excellent chemical and physical characteristics. The
useful temperature range is from –80 to +300°F. Although it is stiffer
and has higher resistance to cold flow than TFE, its chemical resis-
tance, useful temperature range, antistick properties, lubricity, and
electrical properties are lower. Polyvinylidene polymers have seen
some use in piezoelectric devices as sensors.35

Polyvinyl fluoride (PVF). PVF is manufactured as a film, the combina-
tion of excellent weathering and fabrication properties of which has
made it widely accepted for surfacing industrial, architectural, and
decorative building materials. It has outstanding weatherability, sol-
vent resistance, chemical resistance, abrasion resistance, and color re-
tention. It is supplied with a variety of surfaces for different bonding
and antistick objectives.

4.6.6 Ionomers (IOM) 

Outstanding advantages of this polymer class are combinations of
toughness, transparency, low-temperature impact, and solvent resis-
tance.36 Ionomers have high melt strength for thermoforming and ex-
trusion-coating processes, and a broad processing-temperature range.
There are resin grades for extrusion, films, injection molding, blow
molding, and other thermoplastic processes.

Limitations of ionomers include low stiffness, susceptibility to creep,
low heat-distortion temperature, and poor ultraviolet resistance un-
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less stabilizers are added where these properties are important. Most
ionomers are very transparent. In 60-mil sections, internal haze
ranges from 5 to 25 percent. Light transmission ranges from 80 to 92
percent over the visible region and, in specific compositions, high
transmittance extends into the ultraviolet region.

Basically, commercial ionomers are nonrigid, unplasticized plastics.
Outstanding low-temperature flexibility, resilience, high elongation,
and excellent impact strength typify the ionomer resins.

Deterioration of mechanical and optical properties can occur when
ionomers are exposed to ultraviolet light and weather. Some grades
are available with ultraviolet stabilizers that provide up to one year of
outdoor exposure with no loss in mechanical properties. Formulations
containing carbon black provide ultraviolet resistance equal to that of
black polyethylene.

Most ionomers have good dielectric characteristics over a broad fre-
quency range. The combination of these electrical properties, high
melt strength, and abrasion resistance qualifies these materials for in-
sulation and jacketing of wire and cable. Their excellent mechanical
and optical properties make them specially useful for thermoformed
packaging and abrasion- and impact-resistant shoe parts. Typical ma-
terial properties are given in Ref. 31.

The most important applications for ionomers are films and sheets,
primarily for food packaging. Injection molded products include golf
ball covers, ski-boot shells, bowling pin covers and bumper guards for
automobiles.

4.6.7 Nylon (Polyamide) (PA)—Semicrystalline Thermoplastics

Also known as polyamides, nylons are strong, tough thermoplastics
with good impact, tensile, and flexural strengths from freezing tem-
peratures up to 300°F; excellent low-friction properties; and good elec-
trical resistivities. They also have excellent chemical and wear
resistance and a low coefficient of friction. Nylons are known for the
fact that they are extremely hygroscopic and their mechanical prop-
erty values can drop substantially with increasing moisture content.
Nylons have very low viscosities at elevated temperatures, allowing
them to mold mechanical parts with very thin sections. They can be
joined with snap fits, press fits, fasteners, staking, and virtually all
the thermoplastic welding techniques.1

The structures of four common nylons are shown in Fig. 4.31.2 Since
all nylons absorb some moisture from environmental humidity, mois-
ture-absorption characteristics must be considered in designing with
these materials. They will absorb from 0.5 to nearly 2 percent mois-
ture after a 24-h water immersion. There are low-moisture-absorption
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grades, however; hence moisture-absorption properties do not have to
limit the use of nylons, especially for the lower moisture-absorption
grades. Typical materials and properties are shown in Ref. 23.

Regarding the identification of the various grades of nylon, certain
nylons are identified by the number of carbon atoms in the diamine and
dibasic acid used to produce that particular grade. For instance, nylon
6/6 is the reaction product of hexamethylenediamine and adipic acid,
both of which are materials containing six carbon atoms in their chem-
ical structure. Some common commercially available nylons are 6/6, 6,
6/10, 8, 11, and 12. Grades 6 and 6/6 are the strongest structurally;
grades 6/10 and 11 have the lowest moisture absorption, best electrical
properties, and best dimensional stability; and grades 6, 6/6, and 6/10
are the most flexible. Grades 6, 6/6, and 8 are heat-sealable, with nylon
8 being capable of cross-linking. Another grade, nylon 12, offers advan-
tages similar to those of grades 6/10 and 11 but lower cost possibilities
due to being more easily and economically processed. Also a high-tem-
perature type of nylon exists. It is discussed separately hereafter.

In situ polymerization of nylon permits massive castings. Cast ny-
lons are readily polymerized directly from the monomer material in
the mold at atmospheric pressure. The method finds application
where the size of the part required or the need for low tooling cost pre-
cludes injection molding. Cast nylon displays excellent bearing and fa-
tigue properties as well as the other properties characteristic of other
basic nylon formulations, with the addition of size and short-run flexi-
bility advantages of the low-pressure casting process.

One special process exists in which nylon parts are made by com-
pressing and sintering, thereby creating parts having exceptional

Figure 4.31 Chemical structures for four nylons.

04Rotheiser  Page 52  Wednesday, May 23, 2001  10:04 AM



Plastics 4.53

wear characteristics and dimensional stability. Various fillers, such as
molybdenum disulfide and graphite, can be incorporated into nylon to
give special low-friction properties. Also, nylon can be reinforced with
glass fibers, thus giving it considerable additional strength. These
variations are further discussed in a later part of this chapter dealing
with glass-fiber-reinforced thermoplastic materials.

Effect of temperature on nylon. One of the major advantages of nylon
resins is that they retain useful mechanical properties over a range of
temperatures from –60 to +400°F. Both long-term and short-term ef-
fects of temperature must, however, be considered. In the short term,
there are effects on such properties as stiffness and toughness. There
is also the possibility of stress relief and its effect on dimensions. Of
most concern in long-term applications at high temperature is gradual
oxidative embrittlement. For such cases, the use of heat-stabilized res-
ins is recommended.

The important consideration for design work with nylon resins is
that exposure to high temperatures in air for a period of time will re-
sult in a permanent change in properties due to oxidation. The degree
of change in properties depends on the temperature level, the time ex-
posed, and the composition of the nylon used. The effect on the tensile
strength, as measured at room temperature and 2.5 percent moisture
content, is that a 25 percent strength reduction can occur in 3 months
at 185°F, and 50 percent reduction can occur in 3 months at 250°F.
Stabilized nylon does not change appreciably at 250°F aging.

High-temperature oxidation reduces the impact strength even more
than the static-strength properties. For instance, the impact strength
and elongation of nylon are reduced considerably after several days at
250°F.

A similar change in properties is encountered on exposure to high-
temperature water for long periods of time. In this case a reaction
with water takes place. There is no significant reaction up to 120°F.
This has been confirmed by molecular-weight measurements on 15-
year-old samples.

In boiling water, the tensile strength is slowly reduced until, after
2500 h, it levels off at 6000 lb/in2 (tested at room temperature and 2.5
percent moisture content). The elongation drops rapidly after 1500 h;
hence, this time has been taken as the limit for the use of basic nylon.
Some compositions are especially resistant to hot-water exposure,
however.

Effect of moisture on dimensional control. Freshly molded objects nor-
mally contain less than 0.3 percent of water, since only dry molding
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powder can be molded successfully. These objects will then absorb
moisture when they are exposed to air or water. The amount of ab-
sorbed water will increase in any environment until an equilibrium
condition based on relative humidity (RH) is reached. Equilibrium
moisture contents for two humidity levels are approximately as shown
in Table 4.7.37

These equilibrium moisture contents are not affected by tempera-
ture to any significant extent. Thus, the final water content at equilib-
rium will be the same whether objects of nylon are exposed to water at
room temperature or at boiling temperature.

The time required to reach equilibrium, however, is dependent on
the temperature, the thickness of the specimen, and the amount of
moisture present in the surroundings. Nylon exposed in boiling water
will reach the equilibrium level, 8.5 percent, much sooner than nylon
in cool water.

When nylon that contains some moisture is exposed to a dry atmo-
sphere, the loss of water will be the reverse of the changes described,
and it will take about the same length of time for a corresponding
change to occur.

In the most common exposure, an environment of constantly vary-
ing humidity, no true equilibrium moisture content can be established.
However, moldings of nylon will gradually gain in moisture content in
such an environment until a balance is obtained with the midrange
humidities. A slow cycling of moisture content near this value will
then occur. In all but very thin moldings, the day-to-day or week-to-
week variations in relative humidity will have little effect on the total
moisture content. The long period changes, such as between summer
and winter, will have some effect, depending on the thickness and the
relative-humidity range. The highest average humidity for a month
will not generally be above 70 percent. In cold weather, heated air may
average as low as 20 percent relative humidity. Even at these ex-
tremes, the change in the moisture content of nylon is small in most
cases, because of the very low rate of both absorption and desorption.

There are two significant dimensional effects that occur after mold-
ing. In some cases, these oppose each other so that critical dimensions

TABLE 4.7 Equilibrium Moisture Contents for Nylon

Zytel 101 Zytel 31

50% RH air 2.5% 1.4%

100 RH air (or water) 8.5% 3.5%
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may change very little in a typical air environment. The first is a
shrinkage in the direction of flow due to the relief of molded-in
stresses. The second is an increase due to moisture absorption. In ap-
plications where dimensions are critical to performance, and one of
these effects predominates, it may be necessary to anneal or moisture-
condition the parts to obtain the best performance. For example, a
part that will be exposed to high temperatures might require anneal-
ing, and an object in water service might be moisture-conditioned to
effect dimensional changes before use.

The magnitude of the dimensional change due to molded-in stresses
depends on molding conditions and part geometry. This change in size
can be determined in a given case only by measuring and annealing a
few pieces. In general, long dimensions (in the direction of flow) will
shrink, but the short dimensions will increase in an amount that is of-
ten too small to measure.

The effect of the moisture content on the dimensions of a molding
can be predicted more accurately than the effect of annealing. The
changes in dimension at various water contents for Zytel 101 and Zy-
tel 31 are shown in Fig. 4.32.37 These data are for the annealed or
stress-free condition. For most applications in air, the dimensions
corresponding to those obtained in equilibrium with 50 percent rela-
tive-humidity air are usually chosen as the average size expected
when a moisture balance is established. As shown, Zytel 101 will in-
crease 0.006 in/in from the dry condition to equilibrium with 50 per-
cent relative humidity. Zytel 31 under similar conditions will increase
0.0025 in/in. In many applications, these changes are small enough
and occur so slowly that they do not affect the operation of the fin-
ished parts.

Figure 4.32 Changes in dimensions with mois-
ture content for two nylon materials in stress-
free, annealed conditions.37
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Stress-free objects of Zytel 101 and Zytel 31 will increase approxi-
mately 0.026 and 0.007 in/in, respectively, during the change from dry
conditions to completely saturated with water. In water service, if di-
mensions are critical, the molding can be moisture conditioned before
assembly to allow for this change. Once a part is at or near saturation,
little dimensional change can occur unless it is allowed to dry for long
periods.

Applications. Gears, bearings, and other anti-friction parts are often
made of a nylon. Automotive uses include exhaust canisters, transmis-
sion covers, headlamp housings, fender extensions, cowl vents, exterior
parts, and under-hood mechanical components. Electrical applications
include plugs, connectors, computer parts, and bobbins. Other applica-
tions include springs, drapery hardware brush bristles, bike wheels,
mallet heads, and hot comb and brush handles.1

Aramid (high-temperature nylon). In addition to conventional nylon
molding resins, there is a high-temperature nylon now called aramid.
This high-temperature nylon retains about 60 percent of its strength
at temperatures of 475 to 500°F, which would melt conventional ny-
lons. It has good dielectric strength (constant to 400°F and 95 percent
relative humidity) and volume resistivity and a low dissipation factor.
Fabricated primarily in sheet, fiber, and paper form, this material is
being used in wrapped electrical-insulation constructions such as
transformer coils and motor stators. It retains high tensile strength,
resistance to wear, and electrical properties after prolonged exposure
at temperatures up to 500°F.

4.6.8 Parylene

Parylene is the generic name for members of a thermoplastic-polymer
series developed by Union Carbide. They are unique among plastics in
that they are produced as thin films by vapor-phase polymerization.38

The polymers are highly crystalline, high-molecular-weight, straight-
chain compounds that are known as tough materials with excellent di-
electric characteristics.

Parylene is extremely resistant to chemical attack, exceptionally
low in trace-metal contamination, and compatible with all organic sol-
vents used in the cleaning and processing of electronic circuits and
systems. Although parylene is insoluble in most materials, it will
soften in solvents having boiling points in excess of 150°C.

The basic member of this thermoplastic polymer family, parylene N
or poly-para-xylylene, exhibits superior dielectric strength, exception-

04Rotheiser  Page 56  Wednesday, May 23, 2001  10:04 AM



Plastics 4.57

ally high surface and volume resistivities, and electrical properties
that vary remarkably little with changes in temperature. Its chemical
structure is shown in Fig. 4.33.

Since its melting point far exceeds that of many other thermoplas-
tics, parylene N can even be used at temperatures exceeding 220°C in
the absence of oxygen. Because parylene can be deposited in very thin
coatings, heat generated by coated components is easier to control,
and differences in thermal expansions are less of a problem than with
conventional coatings.

The other commercially available member of the group, parylene
C, is poly-mono-chloro-para-xylylene. Its chemical structure is shown
in Fig. 4.34. Parylene C offers significantly lower permeability to
moisture and gases, such as nitrogen or oxygen, while retaining ex-
cellent electrical properties.

The parylene process. Unlike most plastics, parylene is not produced
and sold as a polymer. It is not practical to melt, extrude, mold, or cal-
ender it as with other thermoplastics. Nor can it be applied from sol-
vent systems, since it is insoluble in conventional solvents.

The advantages that characterize this rugged, intractable material
are made possible by a fast, relatively simple vacuum-application sys-
tem. While it is a unique system, it is often less cumbersome, less com-
plex, and easier to use and maintain than many techniques devised
for more conventional plastic-coating systems.

The parylene processor starts with a dimer rather than a polymer
and polymerizes it on the surface of an object. To achieve this, the dimer
must first go through a two-step heating process. The solid dimer is con-
verted to a reactive vapor of the monomer. When passed over room-tem-
perature objects, the vapor will rapidly coat them with polymer.

This process of polymerization on the object surface has much to rec-
ommend it, particularly when the goal is coating uniformity. Unlike
dip or spray coating, condensation coating does not run off or sag. It is
not “line of sight” as in vacuum metallizing; the vapor coats
evenly—over edges, points, and internal areas. The vapor is pervasive,
but it coats without bridging so that holes can be jacketed evenly.
Masking tape can be used if it is desired that some areas not be coated.
Moreover, with parylene, the object to be coated remains at or near

Figure 4.33 Parylene N. Figure 4.34 Parylene C.
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room temperature, eliminating all risk of thermal damage. The coating
thickness is controlled easily and very accurately simply by regulating
the amount of dimer to be vaporized.

Deposition chambers of virtually any size can be constructed. Those
currently in use range from 500 to 28,000 in3. Large parts (up to 5 ft
long and 18 in high) can be processed in this equipment. The versatil-
ity of the process also enables the simultaneous coating of many small
parts of varying configurations. Because of this, a time savings in la-
bor requirements can readily be achieved.

Parylenes can also be deposited onto a cold condenser and then
stripped off as a free film, or they can be deposited onto the surface of
objects as a continuous, adherent coating in thicknesses ranging from
1000 Å (about 0.004 mil) to 3 mil or more. The deposition rate is nor-
mally about 0.5 mm/min (about 0.02 mil). On cooled substrates, the
deposition rate can be as high as 1.0 mil/min.

Parylene properties. The material can be used at both elevated and
cryogenic temperatures. The 1000-h service life for the N and the C
members is 200 to 240°F. Corresponding 10-year service in air is lim-
ited to 140 to 175°F. Parylenes are excellent in having low gas perme-
ability, low moisture-vapor transmission, and low-temperature
ductility. Dimensional stability is reported as better than that of poly-
carbonate, and overall barrier properties to most gases are reported
superior to those of many other barrier films. Important properties of
this unique material are listed in Tables 4.8 and 4.9.38

4.6.9 Polyaryl Sulfone (PASU)—Amorphous Thermoplastic

Polyaryl sulfone offers the unique combination of thermoplasticity and
retention of structurally useful properties at 500°F.39 It offers high
long-term stability, creep resistance, stress crack resistance and elec-
trical properties. It can withstand the heat of soldering and can be
joined with snap fits, press fits, fasteners, adhesives, staking, and vir-
tually all the thermoplastic welding techniques, although with some
difficulty due to the high melting point of the resin.1 This material is
supplied in both pellet and powder form.

Polyaryl sulfone consists mainly of phenyl and biphenyl groups
linked by thermally stable ether and sulfone groups. It is distin-
guished from polysulfone polymers by the absence of aliphatic groups,
which are subject to oxidative attack. This aromatic structure gives it
excellent resistance to oxidative degradation and accounts for its re-
tention of mechanical properties at high temperatures. The presence
of ether-oxygen linkages gives the polymer chain flexibility to permit
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fabrication by conventional melt-processing techniques. Typical prop-
erties are given in Ref. 40.

Thermal properties. Polyaryl sulfone is characterized by a very high
heat-deflection temperature, 535°F at 264 lb/in2, which is approxi-
mately 150°F higher than many other commercially available thermo-
plastics, as shown in Fig. 4.35. This is a consequence of its high glass-

TABLE 4.8 Thermal, Physical, and Mechanical Properties of Parylenes38

Parylene N Parylene C

Typical thermal properties

Melting temperature, °C
Linear coefficient of expansion, 

mm/mm/°C
Thermal conductivity, 

10–4 cal/s/(cm2) (°C/cm)

405
6.9

~3

280
3.5

Typical physical and mechanical properties

Tensile strength, lb/in.2

Yield strength, lb/in.2

Elongation to break, %
Yield elongation, %
Density, g/cm3

Coefficient of friction:
Static
Dynamic

Water absorption, 24 h
Index of refraction, nD 23°C

6,500
6,100

30
2.5
1.11

0.29
0.29
0.06 (0.029 in)
1.661

10,000
8,000

200
2.9
1.289

0.25
0.25
0.01 (0.019 in)
1.639

Data recorded following appropriate ASTM method.

TABLE 4.9 Film-Barrier Properties of Parylenes38

Gas permeability,
cm3-mil/100 in2, 24 h-atm (23°C) Moisture-vapor 

transmission,
g-mil/100 in2, 24 h, 

37°C, 90% RHPolymer N2 O2 CO2

H2
S SO2 Cl2

Parylene N
Parylene C
Epoxies
Silicones
Urethanes

7.7
1.0
4

…
80

39.2
7.2

5–10
50,000

200

214
7.7
8

300,000
3,000

795
13
…
…
…

1,890
11
…
…
…

74
0.35

…
…
…

1.6
0.5
1.8–2.4
4.4–7.9
2.4–8.7

Data recorded following appropriate ASTM method.
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transition temperature, 550°F, rather than the effect of filler reinforce-
ment or a crystalline melting point. At 500°F, it maintains a tensile
strength in excess of 4000 lb/in2 and a flexural modulus of 250,000 lb/
in2. The resistance to oxidative degradation is indicated by the ability
of polyaryl sulfone to retain its tensile strength after 2000-h exposure
to 500°F air-oven aging.

Chemical resistance. Polyaryl sulfone has good resistance to a wide
variety of chemicals, including acids, bases, and common solvents. It
is unaffected by practically all fuels, lubricants, hydraulic fluids, and
cleaning agents used on or around electrical components. Highly polar
solvents such as N,N-dimethylformamide, N,N-dimethylacetamide,
and N-methylpyrrolidone are solvents for the material.

Applications. PASU is used in electrical components and printed cir-
cuit boards. It has extreme service environment applications.1

4.6.10 Polycarbonate (PC)—Amorphous Thermoplastic

This group of plastics is also among those
classified as engineering thermoplastics be-
cause of their high-performance characteris-
tics in engineering designs. The generalized
chemical structure is shown in Fig. 4.36.

Polycarbonates are especially outstanding
in impact strength, having strengths several times higher than other
engineering thermoplastics. Polycarbonates are tough, rigid, and di-

Figure 4.35 Approximate heat-deflection
temperatures for some engineering ther-
moplastics at 264 lb/in2.

Figure 4.36 Polycarbonate.
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mensionally stable and are available as transparent or colored parts.
They have excellent outdoor dimensional stability but are vulnerable
to grease and oils. Polycarbonates are easily fabricated with reproduc-
ible results, using molding or machining techniques. An important
molding characteristic is the low and predictable mold shrinkage
(0.005 to 0.007 in/in), which sometimes gives polycarbonates an ad-
vantage over nylons and acetals for close-tolerance parts. They can be
joined with snap fits, press fits, fasteners, adhesives, solvents, stak-
ing, and virtually all the thermoplastic welding techniques.1 As with
most other plastics containing aromatic groups, radiation stability is
high. 

The most commonly useful properties of polycarbonates are creep
resistance, high heat resistance, dimensional stability, good electrical
properties, self-extinguishing properties, product transparency, and
exceptional impact strength, which compares favorably with that of
some metals and exceeds that of many competitive plastics. In fact,
polycarbonate is sometimes considered to be competitive with zinc and
aluminum castings. Although such comparisons have limits, the fact
that the comparisons are sometimes made in material selection for
product design indicates the strong performance characteristics possi-
ble in polycarbonates.

In addition to their performance as engineering materials, polycar-
bonates are also alloyed with other plastics in order to increase the
strength and rigidity of these plastics. Notable among the plastics
with which polycarbonates have been alloyed are the ABS plastics. In
addition to standard grades of polycarbonates, a special film grade ex-
ists for high-performance capacitors.41

Moisture-resistance properties. Oxidation stability on heating in air is
good, and immersion in water and exposure to high humidity at tem-
peratures up to 212°F have little effect on dimensions. Steam steril-
ization is another advantage that is attributable to the resin’s high
heat stability. However, if the application requires continuous expo-
sure in water, the temperature should be limited to 140°F. Polycarbon-
ates are among the most stable plastics in a wet environment, as
shown in Figs. 4.37 and 4.38.42,43

Applications. Automotive uses include tail and side marker lights,
headlamp support fixtures, instrument panels, trim strips, and exte-
rior body components. It is also used in traffic light housings, optical
lenses, glazing, and signal lenses. Food uses include returnable milk
containers and microwave ovenware, mugs, ice cream dishes, food
storage containers, microwave oven applications, and water cooler bot-
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tles. Other applications are intravenous and blood processing equip-
ment, appliance and tool housings, telephone, televisions, and boat
and conveyor components.1

4.6.11 Polyesters—Polybutylene Terephthalate (PBT), Polyethylene 
Terephthalate (PET)—Semicrystalline Thermoplastics

Thermoplastic polyesters have been and are currently used exten-
sively in the production of film and fibers. These materials are denoted
chemically as polyethylene terephthalate. During the past few years,
a new class of high-performance molding and extrusion grades of ther-
moplastic polyesters has been made available and is becoming in-
creasingly competitive among plastics. These polymers are denoted
chemically as poly(1,4-butylene terephthalate) and poly(tetramethyl-
ene terephthalate). These thermoplastic polyesters are highly crystal-
line, with a melting point of about 430°F. They are fairly translucent
in thin molded sections and opaque in thick sections, but they can be
extruded into transparent thin film. Both unreinforced and reinforced
formulations are extremely easy to process and can be molded in very
fast cycles. Typical properties are shown in Ref. 44.

The unreinforced resin offers the following characteristics: (1) good
tensile strength, toughness and impact resistance; (2) high abrasion
resistance, low coefficient of friction; (3) good chemical resistance,
very low moisture absorption and resistance to cold flow; (4) good
stress crack and fatigue resistance; (5) good electrical properties; and
(6) good surface appearance. Electrical properties are stable up to
the rated temperature limits. The material can be joined with snap
fits, press fits, fasteners, adhesives, staking, and virtually all the

Figure 4.37 Water absorption of
several thermoplastics.42,43

Figure 4.38 Dimensional changes of several
thermoplastics due to absorbed moisture.42,43
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thermoplastic welding techniques (with limitations) except hot gas
welding.1

The glass-reinforced polyester resins are unusual in that they can
compare with, or are better than, thermosets in electrical, mechanical,
dimensional, and creep properties at elevated temperatures (approxi-
mately 300°F), while having superior impact properties.

The glass-fiber concentration usually ranges from 10 to 30 percent
in commercially available grades. In molded parts, the glass fibers re-
main slightly below the surface so that finished items have a very
smooth surface finish as well as an excellent appearance.

Unreinforced resins are primarily used in housings requiring excel-
lent impact and in moving parts such as gears, bearings, and pulleys,
in packaging applications, and in writing instruments. The flame-re-
tardant grades are primarily aimed at television, radio, and electrical
and electronics parts as well as business-machine and pump compo-
nents. Reinforced resins are being used in automotive (hardware, un-
der-hood components), electrical (switches, relays, coil bobbins, light
sockets) electronic (sensors), and general industrial (conveyors) area,
where they are replacing thermosets, other thermoplastics, and met-
als. Electrical and mechanical properties coupled with low finished-
part cost are enabling reinforced thermoplastic polyesters to replace
phenolics, alkyds, DAP, and glass-reinforced thermoplastics in many
applications.

4.6.12 Polyethersulfone (PES)—Amorphous Thermoplastic

Polyethersulfone is a high-temperature engineering thermoplastic with
excellent tensile strength, electrical properties, and chemical resis-
tance. It has outstanding long-term resistance to creep at temperatures
up to 150°C,45 and it is capable of being used continuously under load
at temperatures of up to about 180°C (and, in some low-stress applica-
tions, up to 200°C). Other grades are capable of operating at tempera-
tures above 200°C and for specialized adhesive and lacquer
applications. Polyethersulfone is a premium material usually used for
high-heat aerospace, automotive, chemical, and electrical components.
It can be joined with snap fits, press fits, fasteners, adhesives, solvents,
staking, and virtually all the thermoplastic welding techniques.1

The polyethersulfone chemical structure shown in Fig. 4.39 gives
an amorphous polymer, which possesses only bonds of high thermal
and oxidative stability. While the sulfone group confers high-tempera-
ture performance, the ether linkage contributes toward practical pro-

Figure 4.39 Polyethersulfone.
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cessing by allowing mobility of the polymer chain when in the melt
phase.

Polyethersulfone exhibits low creep. A constant stress of 3000 lb/in2

at 20°C for 3 years produces a strain of 1 percent, while a stress of
6,500 lb/in2 results in a strain of only 2.6 percent over the same period
of time. Higher modulus values are obtained with polyethersulfone at
150°C than with polysulfone, phenylene oxide-based resins, or poly-
carbonate at considerably lower temperatures.

Although its load-bearing properties are reduced above 150°C, poly-
ethersulfone can still be considered for applications at temperatures
up to 180°C. It remains form-stable to above 200°C and has a heat-de-
flection temperature of 203°C at 264 lb/in2.

Polyethersulfone is especially resistant to acids, alkalis, oils,
greases, and aliphatic hydrocarbons and alcohols. It is attacked by ke-
tones, esters, and some halogenated and aromatic hydrocarbons. 

4.6.13 Polyethylene (PE), Polypropylene (PP), and Polyallomer 
(PAL)—Semicrystalline Thermoplastics

This large group of polymers is basically divided into the three sepa-
rate polymer groups listed under this heading; all belong to the broad
chemical classification known as polyolefins. Polyethylene and
polypropylene can be considered as the first two members of a large
group of polymers based on the ethylene structure. Their structures
are shown in Fig. 4.40.

Molecular changes beyond these two structures give quite different
polymers and properties and are covered separately in other parts of
this chapter. The chemical changes result from the replacement of the
methyl group (}CH3) in polypropylene with substituents such as chlo-
rine (polyvinyl chloride), }OH (polyvinyl alcohol), F (polyvinyl fluo-
ride), and }CN (polyacrylonitrile). There are many categories or types
even within each of the three polymer groups discussed in this section.
Although property variations exist among these three polymer groups
and among the subcategories within these groups, there are also many
similarities. The differences or unique features of each are discussed
in this section. 

The similarities are, broadly speaking, appearance, general chemi-
cal characteristics, and electrical properties. The differences are more

Figure 4.40 (a) Polyethylene and (b) polypropylene.

(a) (b)
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notably in physical and thermal-stability properties. Basically, poly-
olefins are all wax-like in appearance and extremely inert chemically,
and they exhibit decreases in physical strength at somewhat lower
temperatures than the higher-performance engineering thermoplas-
tics. Polyethylenes were the first of these materials developed and,
hence, for some of the original types, have the weakest mechanical
properties. The later-developed polyethylenes, polypropylenes, and
polyallomers offer improvements. They can be joined with snap fits,
press fits, fasteners, hot-melt adhesives, staking, and virtually all the
thermoplastic welding techniques, although ultrasonic welding poses
some challenges.1 The unique features of each of these three polymer
groups are outlined in the following paragraphs. Typical properties
are given in Ref. 23.

Polyethylenes. Polyethylenes are among the most widely used plastics
and are regarded as low-cost, commodity plastics. They are available
in three main classifications based on density: low, medium, and high.
These density ranges are 0.910 to 0.925, 0.925 to 0.940, and 0.940 to
0.965, respectively. These three density grades are also sometimes
known as types I, II, and III. All polyethylenes are relatively soft, and
hardness increases as density increases. Generally, the higher the
density, the better are the dimensional stability and physical proper-
ties, particularly as a function of temperature. The thermal stability of
polyethylenes ranges from 190°F for the low-density material up to
250°F for the high-density material. Toughness is maintained to low
negative temperatures.

Polyethylenes are used for toys, lids, closures, packaging, rotation-
ally molded tanks, and medical apparatus. Other applications are
pipe, gas tanks, large containers, institutional seating, luggage, out-
door furniture, pails, containers and housewares. Polyethylene is the
work horse of the rotational molding industry.1

Polypropylenes. Polypropylenes are also among the most widely used
plastics and regarded as low-cost, commodity plastics. They are chem-
ically similar to polyethylenes but have somewhat better physical
strength at a lower density. The density of polypropylenes is among
the lowest of all plastic materials, ranging from 0.900 to 0.915.
Polypropylenes offer more of a balance of properties than a single
unique property, with the exception of flex-fatigue resistance. These
materials have an almost infinite life under flexing, and hinges made
of polypropylenes are often referred to as “living hinges.” Use of this
characteristic is widespread in the form of plastic hinges. Polypropy-
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lenes are perhaps the only thermoplastics surpassing all others in
combined electrical properties, heat resistance, rigidity, toughness,
chemical resistance, dimensional stability, surface gloss, and melt
flow, at a lower cost than that of competing resins.

Because of their exceptional quality and versatility, polypropylenes
offer outstanding potential in the manufacture of products through in-
jection molding. Mold shrinkage is significantly less than that of other
polyolefins; uniformity in and across the direction of flow is apprecia-
bly greater. Shrinkage is therefore more predictable, and there is less
susceptibility to warpage in flat sections.

Polypropylenes are among the fastest-growing resins. They are used
for tubs, agitators, dispensers, pump housings, and filters in appli-
ances, and in automotive applications (fan shrouds, fan blades, ducts,
housings, batteries, door panels, trim glove boxes, seat frames, lou-
vers, and seat belt retractor covers). They are also used in medical,
luggage, toy, packaging and housewares applications.

Polyallomers. Polyallomers are also polyolefin-type thermoplastic
polymers produced from two or more different monomers, such as pro-
pylene and ethylene, which would produce a propylene-ethylene poly-
allomer. The monomers, or base chemical materials, are similar to
those of polypropylene or polyethylene. Hence, as was mentioned, and
as would be expected, many properties of polyallomers are similar to
those of polyethylenes and polypropylenes. Having a density of about
0.9, they, like polypropylenes, are among the lightest plastics.

Polyallomers have a brittleness temperature as low as –40°F and a
heat-distortion temperature as high as 210°F at 66 lb/in2. The excel-
lent impact strength plus exceptional flow properties of polyallomer
provide wide latitude in product design. Notched Izod impact
strengths run as high as 12 ft-lb/in notch.

Although the surface hardness of polyallomers is slightly less than
that of polypropylenes, resistance to abrasion is greater. Polyallomers
are superior to linear polyethylene in flow characteristics, moldability,
softening point, hardness, stress-crack resistance, and mold shrink-
age. The flexural-fatigue-resistance properties of polyallomers are as
good as or better than those of polypropylenes.

Polyallomer applications include shoe lasts, automotive body com-
ponents, closures, and a variety of cases such as tackle boxes, office
machine cases, and bowling ball bags.

Cross-linked polyolefins. While polyolefins have many outstanding
characteristics, they, like all thermoplastics to some degree, tend to
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creep or cold-flow under the influence of temperature, load, and time.
To improve this and some other properties, considerable work has
been done on developing cross-linked polyolefins, especially polyethyl-
enes. The cross-linked polyethylenes offer thermal performance im-
provements of up to 25°C or more.

Cross-linking has been achieved primarily by chemical means and
by ionizing radiation. Products of both types are available. Radiation-
cross-linked polyolefins have gained particular prominence in a heat-
shrinkable form. This is achieved by cross-linking the extruded or
molded polyolefin using high-energy electron-beam radiation, heating
the irradiated material above its crystalline melting point to a rubbery
state, mechanically stretching to an expanded form (up to four or five
times the original size), and cooling the stretched material. Upon fur-
ther heating, the material will return to its original size, tightly
shrinking onto the object around which it has been placed. Heat-
shrinkable boots, jackets, and tubing are widely used. Also, irradiated
polyolefins, sometimes known as irradiated polyalkenes, are impor-
tant materials for certain wire and cable jacketing applications.

4.6.14 Polyimide (PI) and Poly(amide-Imide) (PA-I)—Amorphous 
Thermoplastics

Among the commercially available plastics generally considered as
having high heat resistance, polyimides can be used at the highest
temperatures, and they are the strongest and most rigid. Polyimides
have a useful operating range to about 900°F (482°C) for short dura-
tions and 500 to 600°F (260 to 315°C) for continuous service in air.
Prolonged exposure at 500°F (260°C) results in moderate (25 to 30
percent) loss of original strength and rigidity.

These materials, which can be used in various forms including
moldings, laminates, films, coatings, and adhesives, have high me-
chanical properties, wear resistance, chemical and radiation inert-
ness, and excellent dielectric properties over a broad temperature
range. They can be joined with snap fits, press fits, fasteners, adhe-
sives, solvents, staking, and virtually all the thermoplastic welding
techniques (some, with difficulty).1 Material properties are given in
Ref. 23. The thermal stability is compared with that of other engineer-
ing plastics in Fig. 4.35.

Chemical structures. Polyimides are heterocyclic polymers, having a
noncarbon atom of nitrogen in one of the rings in the molecular
chains.23 The atom is nitrogen and it is in the inside ring as shown in
Fig. 4.41.
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The fused rings provide chain stiffness essential to high-tempera-
ture strength retention. The low concentration of hydrogen provides
oxidative resistance by preventing thermal degradative fracture of the
chain.

The other resins considered as members of this family of polymers
are the poly(amide-imide)s. These compositions contain aromatic
rings and the characteristic nitrogen linkages, as shown in Fig. 4.42.

There are two basic types of polyimides: (1) condensation and (2) ad-
dition resins. The condensation polyimides are based on a reaction of
an aromatic diamine with an aromatic dianhydride. A tractable (fus-
ible) polyamic acid intermediate produced by this reaction is converted
by heat to an insoluble and infusible polyimide, with water being
given off during the cure. Generally, the condensation polyimides re-
sult in products having high void contents that detract from inherent
mechanical properties and result in some loss of long-term heat-aging
resistance.

The addition polyimides are based on short, preimidized polymer-
chain segments similar to those comprising condensation polyimides.
These prepolymer chains, which have unsaturated aliphatic end
groups, are capped by termini that polymerize thermally without the
loss of volatiles. The addition polyimides yield products that have
slightly lower heat resistance than the condensation polyimides.

The condensation polyimides are available as either thermosets or
thermoplastics, and the addition polyimides are available only as
thermosets. Although some of the condensation polyimides technically
are thermoplastics, which would indicate that they can be melted,
this is not the case, since they have melting temperatures that are
above the temperature at which the materials begin to decompose
thermally.

Figure 4.41 Polyimides.

Figure 4.42 Poly(amide-imide).
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Properties. Polyimides and polyamide-imides exhibit some outstand-
ing properties due to their combination of high-temperature stability
(up to 500 to 600°F continuously and to 900°F for intermediate use),
excellent electrical and mechanical properties that are also relatively
stable from low negative temperatures to high positive temperatures,
dimensional stability (low cold flow) in most environments, excellent
resistance to ionizing radiation, and very low outgassing in high vac-
uum. They have very low coefficients of friction, which can be further
improved by use of graphite or other fillers. Materials and properties
are shown in Ref. 23.

Polyamide-imides and polyimides have very good electrical proper-
ties, although not as good as those of TFE fluorocarbons, but they are
much better than TFE fluorocarbons in mechanical and dimensional-
stability properties. This provides advantages in many high-tempera-
ture electronic applications. All these properties also make polyamide-
imides and polyimides excellent material choices in extreme environ-
ments of space and temperature. These materials are available as
solid (molded and machined) parts, films, laminates, and liquid var-
nishes and adhesives. Since the data are relatively similar, except for
the form factor, the data presented are for solid polyimides unless in-
dicated otherwise. Films are quite similar to Mylar except for im-
proved high-temperature capabilities.

Applications. These materials have been used in extreme service appli-
cations in aerospace, automotive under-hood, and transmission elements
and in electrical, nuclear, business machine, and military components.
They are also used for industrial hydraulic equipment, jet engines, auto-
mobiles, recreation vehicles, machinery, pumps, valves, and turbines.

4.6.15 Polymethylpentene (PMP)—Semicrystalline Thermoplastic

Another thermoplastic based on the ethylene structure, polymethyl-
pentene, has special properties due to its combination of transparency
and relatively high melting point. This polymer has four combined
properties of (1) a high crystalline melting point of 464°F, coupled with
useful mechanical properties at 400°F, and retention of form stability
to near melting; (2) transparency with a light-transmission value of 90
percent in comparison with 88 to 92 percent for polystyrene and 92
percent for acrylics; (3) a density of 0.83, which is close to the theoreti-
cal minimum for thermoplastics materials; and (4) excellent electrical
properties with power factor, dielectric constant (2.12) and volume re-
sistivity of the same order as PTFE fluorocarbon. It can be joined with
snap fits, press fits, fasteners, staking, and virtually all the thermo-
plastic welding techniques (some, with difficulty).1
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Polymethylpentene properties are given in Ref. 23. Applications for
polymethylpentene have been developed in the field of lighting and in
the automotive, appliance, and electrical industries. It is used for lab-
oratory and medical ware (syringes, connectors, hollowware, dispos-
able curettes), lenses, food (freezing to cooking range), and liquid level
and flow indicators.

4.6.16 Polyphenylene Oxide (PPO)—Amorphous Thermoplastics

A patented process for oxidative coupling of
phenolic monomers is used in formulating
Noryl phenylene oxide-based thermoplastic
resins.46 The basic phenylene oxide struc-
ture is shown in Fig. 4.43.

This family of engineering materials is
characterized by outstanding dimensional
stability at elevated temperatures, tough-

ness, broad temperature-use range, outstanding hydrolytic stability,
and excellent dielectric properties over a wide range of frequencies
and temperatures. They can be joined with snap fits, press fits, fasten-
ers, adhesives, solvents, staking, and virtually all the thermoplastic
welding techniques.1 Several grades are available that have been de-
veloped to provide a choice of performance characteristics to meet a
wide range of engineering-application requirements.

Among their principal design advantages are (1) excellent mechani-
cal properties over temperatures from below –40°F to above 300°F; (2)
self-extinguishing, nondripping characteristics; (3) excellent dimen-
sional stability with low creep, high modulus, and low water absorp-
tion; (4) good electrical properties; (5) excellent resistance to aqueous
chemical environments; (6) ease of processing with injection-molding
and extrusion equipment; and (7) excellent impact strength. Proper-
ties are shown in Ref. 23. Thermal stability and moisture absorption
are compared with those of other engineering thermoplastics in Figs.
4.35 and 4.37, respectively. 

These materials are used for automobile dashboards, electrical con-
nectors, grilles, and wheel covers. They are also used for hot water
pumps, underwater components, shower heads, appliances, and elec-
trical and appliance housings.1

4.6.17 Polyphenylene Sulfide (PPS)—Semicrystalline Thermoplastic

Polyphenylene sulfide (PPS), has a symmetrical, rigid backbone chain
consisting of recurring para-substituted benzene rings and sulfur at-
oms. Its chemical structure is shown in Fig. 4.44.

Figure 4.43 Phenylene oxide.
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This chemical structure is responsible for
the high melting point (550°F), outstanding
chemical resistance, thermal stability, and
nonflammability of the polymer. The poly-
mer is characterized by high stiffness, im-

pact resistance, and good retention of mechanical properties at
elevated temperatures, which provide utility in coatings as well as in
molding compounds. Polyphenylene sulfide is available in a variety of
grades suitable for slurry coating, fluidized-bed coating, flocking, elec-
trostatic spraying, and injection and compression molding.47 The
properties of unfilled and glass-filled varieties of this material are de-
tailed in Ref. 23.

At normal temperatures, the unfilled polymer is a hard material
with high tensile and flexural strengths. Substantial increases in these
properties are realized by the addition of fillers, especially glass. Ten-
sile strength and flexural modulus decrease with increasing tempera-
ture, leveling off at about 250°F, with good tensile strength and rigidity
retained up to 500°F. With increasing temperature, there is a marked
increase in elongation and a corresponding increase in toughness.

The mechanical properties of PPS are unaffected by long-term expo-
sure in air at 450°F. For injection-molding applications, a 40 percent
glass-filled grade is recommended. Coatings of PPS require a baking
operation. Nonstick formulations can be prepared when a combination
of hardness, chemical inertness, and release behavior is required.

Polyphenylene sulfide can be joined with snap fits, press fits, fasten-
ers, adhesives, staking, and virtually all the thermoplastic welding
techniques.1 There are no known solvents below 375 to 400°F. Good
adhesion to aluminum requires grit blasting and degreasing treat-
ment. Good adhesion to steel is obtained by grit blasting and degreas-
ing, followed by treatment at 700°F in air. Polyphenylene sulfide
adheres well to titanium and to bronze after the metal surface has
been degreased.

Molded items have applications where chemical resistance and
high-temperature properties are of prime importance. Polyphenylene
sulfide is used for electrical (connectors, coil forms, bobbins), mechani-
cal (chemical processing equipment and pumps, including submersi-
bles), and automotive (under hood) applications.

4.6.18 Polystyrene (PS)—Amorphous Thermoplastics

Polystyrenes are commodity plastics that are very easy to process and
low in cost with good rigidity and dimensional stability. They have low
moisture absorption, glossy surface, good clarity, and are easy to deco-
rate. General-purpose styrene is brittle without a modifier; butadiene

Figure 4.44 Polyphenylene 
sulfide
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is added to improve impact resistance. Clear is not ultraviolet light re-
sistant. Weather exposure discolors the material and reduces its
strength. Improvement can be gained with pigments (finely disbursed
carbon black). Limit outdoor use to applications where parts can be re-
placed or exposure is intermittent. Polystyrene is available in heat re-
sistant, ultraviolet-light-resistant and flame-retardant grades.1

Commercial polystyrene is produced by
continuous bulk, suspension, and solution
polymerization techniques or by combining
various aspects of these techniques.2,48 Its
structure is shown in Fig. 4.45

The polymerization is a highly exother-
mic, free-radical reaction. The homopolymer

is characterized by its rigidity, sparkling clarity, and ease of processi-
bility; however, it tends to be brittle. Impact properties are improved
by copolymerization or grafting polystyrene chains to unsaturated
rubbers such as polybutadiene. Rubber levels typically range from 3 to
12 percent. Commercially available impact-modified polystyrene is not
as transparent as the homopolymers, but it has a marked increase in
toughness.

The versatility of the styrene polymerization processes allows man-
ufacturers to produce products with a wide variety of properties by
varying the molecular-weight characteristics, additives, plasticizer
content, and rubber levels. Heat resistance ranges from 170 to 200°F.
Polystyrenes with tensile elongations from near zero to over 50 per-
cent are produced. Various melt viscosities are also available.

Since properties can be varied so extensively, polystyrene is used in
sheet and profile extrusion, thermoforming, injection and extrusion
blow molding, heavy and thin-wall injection molding, direct-injection
foam-sheet extrusion, biaxially oriented sheet extrusion, and extru-
sion of structural foam, and rotational molding. Polystyrenes can be
printed; painted; vacuum-metallized and hot-stamped; sonic, solvent,
adhesive, and spin welded; and screwed, nailed, and stapled. Polysty-
renes are most attractive when considered on a cost-performance com-
parison with other thermoplastics. Limitations of polystyrene include
poor weatherability, loss of clarity with impact modification, limited
heat resistance, and flammability. The properties of these polymers
are shown in Ref. 36.

Polystyrenes represent an important class of thermoplastic materi-
als in the electronics industry because of very low electrical losses.
Mechanical properties are adequate within operating-temperature
limits, but polystyrenes are temperature-limited with normal temper-
ature capabilities below 200°F. Polystyrenes can, however, be cross-
linked to produce a higher-temperature material.

Figure 4.45 Polystyrene.
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Cross-linked polystyrenes are actually thermosetting materials and
hence do not remelt, even though they may soften. The improved ther-
mal properties, coupled with the outstanding electrical properties,
hardness, and associated dimensional stability, make cross-linked
polystyrenes the leading choice of dielectric for many high-frequency-
radar-band applications.

Conventional polystyrenes are essentially polymerized styrene
monomer alone. By varying manufacturing conditions or by adding
small amounts of internal and external lubrication, it is possible to
vary such properties as ease of flow, speed of setup, physical strength,
and heat resistance. Conventional polystyrenes are frequently re-
ferred to as normal, regular, or standard polystyrenes.

Since conventional polystyrenes are somewhat hard and brittle and
have low impact strength, many modified polystyrenes are available.
Modified polystyrenes are materials in which the properties of elonga-
tion and resistance to shock have been increased by incorporating into
their composition varying percentages of elastomers, as was de-
scribed. Hence, these types are frequently referred to as high-impact
(HIPS), high-elongation, or rubber-modified polystyrenes. The so-
called superhigh-impact types can be quite rubbery. Electrical proper-
ties are usually degraded by these rubber modifications.

Polystyrenes are subject to stresses in fabrication and forming oper-
ations and often require annealing to minimize such stresses for opti-
mized final-product properties. Parts can usually be annealed by
exposing them to an elevated temperature approximately 5 to 10°F
lower than the temperature at which the greatest tolerable distortion
occurs.

Polystyrenes generally have good dimensional stability and low
mold shrinkage and are easily processed at low costs. They have poor
weatherability and are chemically attacked by oils and organic sol-
vents. Resistance is good, however, to water, inorganic chemicals, and
alcohols.

General-purpose polystyrene is used for home furnishings (mirror
and picture frames and moldings), housewares (personal care, flower
pots, toys, cutlery, bottles, combs, disposables such as tumblers, dishes
and trays), consumer electronics (cassettes, reels, and housings), and
medical uses (sample collectors, petri dishes, test tubes). Impact sty-
rene (with flame retardants) is used for televisions, smoke detectors,
and small appliance housings.

4.6.19 Polysulfone (PSU)—Amorphous Thermoplastics

Polysulfones offer good transparency and high mechanical strengths,
heat resistance, and electrical strengths. They have unusual resis-
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tance to strong mineral acids and alkalis and retention of properties
on heat aging; however, weatherability is poor without coating.1

In the natural and unmodified form, polysulfone is a rigid, strong
thermoplastic23 that can be molded, extruded, or thermoformed (in
sheets) into a wide variety of shapes. Characteristics of special signifi-
cance to the design engineer are their heat-deflection temperature of
345°F at 264 lb/in2 and long-term use temperature of 300 to 340°F.
This is compared with some other engineering thermoplastics in Fig.
4.35. The properties of these polymers are shown in Ref. 23.

Thermal gravimetric analyses show polysulfone to be stable in air
up to 500°C. This excellent thermal resistance of polysulfones, along
with outstanding oxidation resistance, provides a high degree of melt
stability for molding and extrusion.

Some flexibility in the polymer chain is derived from the ether link-
age, thus providing inherent toughness. Polysulfone has a second, low-
temperature glass transition at –150°F, similar to other tough, rigid
thermoplastic polymers. This minor glass transition is attributable to
the ether linkages. The linkages connecting the benzene rings are hy-
drolytically stable in polysulfones. These polymers therefore resist hy-
drolysis and aqueous acid and alkaline environments.

Polysulfone is produced by the reaction between the sodium salt of
2,2-bis(4-hydroxyphenol) propane and 4,4'-dichlorodiphenyl sulfone.49

The sodium phenoxide end groups react with methyl chloride to termi-
nate the polymerization. The molecular weight of the polymer is
thereby controlled and thermal stability is assisted. Polysulfone has
found markets in high-temperature automotive, office machine, con-
sumer electronics, appliance, and medical applications. 

4.6.20 Vinyls—Polyvinyl Acetal, Polyvinyl Acetate (PVAC), Polyvinyl Alcohol 
(PVOH), Polyvinyl Carbazole (PVK), Polyvinyl Chloride (PVC), Polyvinyl 
Chloride-Acetate (PVAC), and Polyvinylidene Chloride 
(PVDC)—Semicrystalline Thermoplastics

Vinyls are structurally based on the ethylene molecule through substi-
tution of a hydrogen atom with a halogen or other group. The mate-
rial’s properties are outlined in Ref. 23. Basically, the vinyl family
comprises the seven major types listed above. 

Polyvinyl acetals consist of three groups, namely polyvinyl formal,
polyvinyl acetal, and polyvinyl butyral. These materials are available
as molding powders, sheet, rod, and tube. Fabrication methods include
molding, extruding, casting, and calendering. Polyvinyl chloride
(PVC) is perhaps the most widely used and highest-volume type of the
vinyl family. PVC and polyvinyl chloride-acetate are the most com-
monly used vinyls for electronic and electrical applications.
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Vinyls are basically tough and strong. They resist water and abra-
sion and are excellent electrical insulators. Special tougher types pro-
vide high wear resistance. Excluding some nonrigid types, vinyls are
not degraded by prolonged contact with water, oils, foods, common
chemicals, or cleaning fluids such as gasoline or naphtha. Vinyls are
affected by chlorinated solvents.

Generally, vinyls will withstand continuous exposure to tempera-
tures ranging up to 130°F; flexible types, filaments, and some rigids
are unaffected by even higher temperatures. Some of these materials,
in some operations, may be health hazards. These materials also are
slow-burning, and certain types are self-extinguishing—but direct
contact with an open flame or extreme heat must be avoided.

PVC is a material with a wide range of rigidity or flexibility. One of
its basic advantages is the way it accepts compounding ingredients.
For instance, PVC can be plasticized with a variety of plasticizers to
produce soft, yielding materials to almost any desired degree of flexi-
bility. Without plasticizers, it is a strong, rigid material that can be
machined, heat formed, or welded by solvents or heat. It is tough, with
high resistance to acids, alcohol, alkalis, oils, and many other hydro-
carbons. It is available in a wide range of colors. Molded rigid vinyl is
used for pipe fittings, toys, dinnerware, sporting goods, toys, shoe
heels, credit cards, gate ball valves, and electrical applications in ap-
pliances, television sets, and electrical boxes.

Flexible PVC is easier to process but offers lower heat resistance
and lesser physical and weathering properties. It provides the un-
usual combination of transparency with flexibility. Typical uses in-
clude profile extrusions, film, and wire insulation. 

PVC raw materials are available as resins, latexes, organosols, plas-
tisols, and compounds. Fabrication methods include injection, com-
pression, blow or slush molding, extruding, calendering, coating,
laminating, rotational and solution casting, and thermoforming.

4.7 Glass-Fiber-Reinforced Thermoplastics

Basically, thermoplastic molding materials are developed and can be
used without fillers, as opposed to thermosetting molding materials,
which are more commonly used with fillers incorporated into the
compound. This is primarily because shrinkage, hardness, brittleness,
and other important processing and use properties require the use of
fillers in thermosets. 

Thermoplastics, on the other hand, do not suffer from the same
shortcomings as thermosets and hence can be used as molded prod-
ucts without fillers. However, thermoplastics do suffer from creep and
dimensional stability problems, especially under elevated tempera-
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ture and load conditions. Because of this weakness, most designers
find difficulty in matching the techniques of classical stress-strain
analysis with the nonlinear, time-dependent strength-modulus proper-
ties of thermoplastics. Glass-fiber-reinforced thermoplastics (FRTPs)
help to simplify these problems. For instance, 40 percent glass-fiber-re-
inforced nylon outperforms its unreinforced version by exhibiting two
and one-half times greater tensile and Izod impact strengths, four
times greater flexural modulus, and only one-fifth of the tensile creep.
There is, however, a drop in impact resistance and the cost of the glass
reinforced material is greater than that of the neat resin.

Thus, FRTPs fill a major materials gap in providing plastic materi-
als that can be used reliably for strength purposes, and which in fact
can compete with metal die castings. Strength is increased with glass-
fiber reinforcement, as are stiffness and dimensional stability. The
thermal expansion of the FRTPs is reduced, creep is substantially re-
duced, and molding precision is much greater.

The dimensional stability of glass-reinforced polymers is invariably
better than that of the nonreinforced materials. Mold shrinkages of
only a few mils per inch are characteristic of these products; however,
part distortion may be increased, because the glass cools at different
rate from the polymer. Low moisture absorption of reinforced plastics
ensures that parts will not suffer dimensional increases under high-
humidity conditions. Also, the characteristic low coefficient of thermal
expansion is close enough to that of such metals as zinc, aluminum,
and magnesium that it is possible to design composite assemblies
without fear that they will warp or buckle when cycled over tempera-
ture extremes. In applications where part geometry limits maximum
wall thickness, reinforced plastics almost always afford economies for
similar strength or stiffness over their unreinforced equivalents. A
comparison of some important properties for unfilled and glass-filled
(20 and 30 percent) thermoplastics is given in Ref. 23.

Chemical resistance is essentially unchanged, except that environ-
mental stress-crack resistance of such polymers as polycarbonate and
polyethylene is markedly increased by glass reinforcement.

4.8 Plastic Films and Tapes

4.8.1 Films

Films are thin sections of the same polymers described previously in
this chapter. Most films are thermoplastic in nature because of the
great flexibility of this class of resins. Films can be made from most
thermoplastics.
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Films are made by extrusion, casting, calendering, and skiving. Cer-
tain of the materials are also available in foam form. The films are
sold in thicknesses from 0.5 to 10 mil. (0.0005 to 0.010 in). Thick-
nesses in excess of 10 mil are more properly called sheets.

4.8.2 Tapes

Tapes are films slit to some acceptable width and are frequently
coated with adhesives. The adhesives are either thermosetting or
thermoplastic. The thermoset adhesives consist of rubber, acrylic, sili-
cones, and epoxies, whereas the thermoplastic adhesives are generally
acrylic or rubber. Tackifying resins are generally added to increase the
adhesion. The adhesives all deteriorate with storage. The deteriora-
tion is marked by loss of tack or bond strength and can be inhibited by
storage at low temperature.

4.8.3 Film Properties

Films differ from similar polymers in other forms in several key prop-
erties but are identical in all others. Since an earlier section of this
chapter described in detail most of the thermoplastic resins, this sec-
tion will be limited to film properties. The properties of common films
are presented in Ref. 50. To aid in the selection of the proper films, the
most important features are summarized in Table 4.10.

TABLE 4.10 Film Selection Chart
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VL = low, L = low, M = medium, H = high, VH = very high.
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Films differ from other polymers chiefly in improved electric
strength and flexibility. Both of these properties vary inversely with
the film thickness. Electric strength is also related to the method of
manufacture. Cast and extruded films have higher electric strength
than skived films. This is caused by the greater incidence of holes in
the latter films. Some films can be oriented, which improves their
physical properties substantially. Orientation is a process of selec-
tively stretching the films, thereby reducing the thickness and causing
changes in the crystallinity of the polymer. This process is usually ac-
complished under conditions of elevated temperature, and the benefits
are lost if the processing temperatures are exceeded during service.

Most films can be bonded to other substrates with a variety of adhe-
sives. Films that do not readily accept adhesives can be surface-
treated for bonding by chemical and electrical etching. Films can also
be combined to obtain bondable surfaces. Examples of these combined
films are polyolefins laminated to polyester films and fluorocarbons
laminated to polyimide films.

4.9 Plastic Surface Finishing

While the greatest majority of plastic parts can be, and often are, used
either with their as-molded natural-colored surface or with colors ob-
tained by use of precolored resins, color concentrate, or dry powder
molded into the resin, competitive design factors may require surface
finishing of plastics after molding to provide color or metallization.
Some important points related to painting and plating are presented
in the following sections.

4.9.1 Painting of Plastics

Plastics are often difficult to paint, and proper consideration must be
given to all the important factors involved. In Harper2 (Tables 37 and
38), a selection guide to paints for plastics is presented, and applica-
tion ratings are given for various paints. Some important consider-
ations related to painting plastics are given in the following.

� Heat-distortion point and heat resistance. This determines
whether a bake-type paint can be used and, if so, the maximum bak-
ing temperature the plastic can tolerate.

� Solvent resistance. The susceptibility of the plastic to solvent at-
tack dictates the choice of paint system. Some softening of the sub-
strate is desirable to improve adhesion, but a solvent that attacks
the surface aggressively and results in cracking or crazing obviously
must be avoided.
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� Residual stress. Molding operations often produce parts with local-
ized areas of stress. Application of coating to these areas may swell
the plastic and cause crazing. Annealing of the part before coating
will minimize or eliminate the problem. Often, it can be avoided en-
tirely by careful design of the molded part to prevent locked-in stress.

� Mold-release residues. Excessive amounts of mold-release agents
often cause surface-finishing adhesion problems. To ensure satisfac-
tory adhesion, the plastic surface must be rinsed or otherwise
cleaned to remove the release agents.

� Plasticizers and other additives. Most plastics are compounded
with plasticizers and chemical additives. These materials usually
migrate to the surface and may eventually soften the coating, de-
stroying adhesion. A coating should be checked for short- and long-
term softening or adhesion problems for the specific plastic formula-
tion on which it will be used.

� Other factors. Stiffness or rigidity, dimensional stability, and coeffi-
cient of expansion of the plastic are factors that affect the long-term
adhesion of the coating. The physical properties of the paint film
must accommodate those of the plastic substrate.

4.9.2 Plating on Plastics

The advantages of metallized plastics in many industries, coupled
with major advances in both platable plastic materials and plating
technology, have resulted in a continuing and rapid growth of metal-
lized plastic parts. Some of the major problems have been adhesion of
plating to plastic, differential expansion between plastics and metals,
failure of plated part in thermal cycling, heat distortion and warpage
of plastic parts during plating and in system use, and improper design
for plating. The major plastics that are plated, and their characteris-
tics for plating, are identified in Table 4.11.51 Improvements are being
made continuously, especially in ABS and polypropylene, that yield
generally lower product costs. Thus, the guidelines of Table 4.11
should be reviewed at any given time and for any given application.
Aside from the commercial plastics described in Table 4.11, excellent
plated plastics can be obtained with other resins. Notable is the plat-
ing of TFE fluorocarbon, where otherwise unachievable electrical
products of high quality are reproducibly made. Examples are corona-
free capacitors and low-loss high-frequency electronic components.52

Design considerations. Proper design is extremely important in pro-
ducing a quality plated-plastic part, and some important design con-
siderations are presented in Ref. 53.
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Appearance. Because most plated-plastic parts now being produced
are decorative (such as washer end caps, escutcheons) rather than
functional (such as copper-plated conductive plastic automotive dis-
tributor parts), appearance is extremely critical. For a smooth, even
finish, one-piece or integral parts should be designed. Mechanical
welds are difficult to plate. If they are necessary, they should be hid-
den on a noncritical surface. Gates should be hidden on noncritical
surfaces or should be disguised in a prominent feature. Gate design
should minimize flow and stress lines, which may impair adhesion.

4.10 Material Selection

This section looks at material selection from the design engineer’s per-
spective. The vast number of plastics compounds on the market is
enough to stagger the mind of the designer trying to make a material
selection. Fortunately, only a small percentage of these are actually
serious contenders for any given application. Some of them were de-
veloped specifically for a single product, particularly in the packaging
industry. Others became the material of choice for certain applications
because of special properties they offer that are required for that prod-
uct or process. For example, the vast majority of rotomolded parts are
made of polyethylene, while glass-fiber-reinforced polyester is the
workhorse of the thermoset industry. A bit of research should reveal if
there is a material of choice for any given product application. 

First, a bit of a review of the basic categories of plastics materials.
In general, they fall into one of two categories: thermosets and ther-
moplastics. Thermosets undergo a chemical reaction when heated and

TABLE 4.11 Characteristics of Major Plated Plastics65

ABS Polypropylene Polysulfone Polyarylether
Modified

PPO

Flow
Heat distortion under load
Platability
Thermal cycling
Warpage
Mold definition
Coefficient of expansion
Water absorption
Material cost
Finishing cost
Peel strength

AA
A

AA
BA
A

AA
A

BA
A

AA
A

AA
BA
A
A

BA
BA
A

AA
AA
BA
AA

BA
AA
BA
AA
A
A
A
A

BA
BA
AA

BA
AA
AA
AA
A
A
A

BA
BA
AA
BA

A
A

BA
AA
A
A
A

AA
BA
BA
BA

Polymers are rated according to relative desirability of various characteristics: AA = above average,
A = average, BA = below average.
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cannot return to their original state. Consequently, they are chemical
resistant and do not burn. Cross-linked plastics are thermosets. Ther-
moplastics constitute the bulk of the polymers available. Although
some degradation does occur, they can be remelted. Most are readily
attacked by chemicals, and they burn readily. 

Thermoplastics can also be broken down into two basic categories:
amorphous and semicrystalline (hereafter referred to as crystalline).
The names refer to their structures; amorphous having molecular
chains in random fashion, and crystalline having molecular chains in
a regular structure. Polymers are referred to as semicrystalline be-
cause they are not completely crystalline in nature. Amorphous resins
soften over a range of temperatures, whereas crystallines have a defi-
nite point at which they melt. Amorphous polymers can have greater
transparency and lower, more uniform post-molding shrinkage. Chem-
ical resistance is, in general, much greater for crystalline resins than
for amorphous resins, which are sufficiently affected to be solvent
welded. The triangle illustrated in Figure 4.4655 provides an easy way
to categorize the thermoplastics.

The cost of plastics generally increases with a corresponding im-
provement in thermal properties. (Other properties typically go up as
well.) The lowest-cost plastics are the most widely used. The triangle
is organized with the least temperature-resistant plastics at the base
and those with the highest temperature resistance at the top. There-
fore, the plastics designated Standard at the base of the triangle, of-
ten referred to as commodity plastics, are the lowest in cost and most
widely used. They can be used in applications with temperatures up to
150°F. (Note: These are very loose groupings, and the precise proper-
ties of a specific resin must be evaluated before specifying it.)

The next level shows the Engineering plastics, which can be used for
applications ranging up to 250°F. ABS is often considered an engineer-
ing plastic for its other properties, although it cannot withstand this
temperature level. For applications requiring temperature resistance
up to 450°F, there is the next step, the Advanced Engineering level.
The amorphous plastics at this level are often used in steam environ-
ments, and the crystalline plastics have improved chemical resistance.
The top level, the Imidized plastics, can withstand temperatures up to
800°F and have excellent stress and wear properties as well.

There has been considerable development work done on high-tem-
perature plastics in recent years. Table 4.1254 lists the properties of
these materials.

Table 4.1355 lists many of the other principal properties and some of
the polymers that are noted for those properties. While incomplete,
this table should at least provide a beginning. They are listed in their
natural state without reinforcements, such as glass or carbon fibers.
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TABLE 4.12 Properties of Representative High-Temperature Thermoplastics54

Polymer
Common

designation Morphology*

*A = amorphous, SC = semicrystalline, C = crystalline.

Glass
transition, 

°F

Tensile
strength, 

ksi

Tensile
modulus, 

ksi
Elongation, 

%

Fracture
toughness, GIC, 

in•lb/in2

Notched
Izod, 

ft•lb/in

Polyimide
Polyimide
Polyimide
Polyetherimide
Polyamide-imide
Polyarylimide
Polyimidesulfone
Polysulfone
Polyarylsulfone
Polyarylene sulfide
Polyphenylene sulfide

Polyether sulfone

Polyetherketone
Polyetherketoneketone
Polyetheretherketone
Poly(EKEKK)
Polyarylene ketone
Liquid crystal polymer

N†

LARC-TPI
K-III†

PEI
PAI
J-2†

PISO2

PSF
PASF
PAS
PPS

PES
HTA‡

PEK
PEKK
PEEK
PEKEKK
PAK, HTK‡

LCP, SRP‡

†Trade name of E.I. du Pont.
‡Trade name of ICI.

A
A
A
A
A
A
A
A
A
SC
SC

A

SC
SC
SC
SC
SC
C

700
507
484

423–518
527
320
523
374
428
419
194

446–500

329
311
289
343
509
662

16.0
17.3
14.8
15.2

9.2–13.0
15.0
9.1

10.2
10.4
14.5
12.0

12.2

16.0
–

14.5
–

12.7
20.0

580
540
546
430

400–66
7

460
719
360
310
470
630

380

580
–

450
–

360
2400

6
4.8
14
60

1.4–30
25
1.3
>50
60
7.3
5

>40

–
–

>40
–
13
4.9

–
–
11
19

19.4
–
8
14
20
–
–

11

–
–

>23
–
–

6.9

–
1.0
–

1.0
2.7
–
–

1.2
1.2
0.8
3.0

1.6

1.52
–

1.6
–
–

2.4
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Plastics 4.83

These reinforcements can be used to increase mechanical strength,
maximum use temperature, impact resistance, stiffness, mold shrink-
age, and dimensional stability. 

Generally, the resin prices increase with improved mechanical and
thermal properties. When there is no clear-cut material of choice, plas-
tics designers generally follow the practice of looking for the lowest-cost
material that will meet the product’s requirements. If there is a reason
that polymer is not acceptable, designers start working up the cost lad-
der until they find one that will fulfill their needs. In thermoplastics,
there are the so-called commodity resins. These are the low-cost resins

Figure 4.46 Classification of thermoplastics. (Source: Laura Pugliese,
Defining Engineering Plastics, Plastics Machining and Fabrication,
Jan.–Feb. 1999, courtesy of ESM Engineering Plastic Products.)
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TABLE 4.13 Recommended Materials 

Property Recommendation

Abrasion, resistance to (high) Nylon

Cost:weight (low) Urea, phenolics, polystyrene, polyethylene, polypro-
pylene, PVC

Compressive strength Polyphthalamide, phenolic (glass), epoxy, 
melamine, nylon, thermoplastic polyester (glass), 
polyimide

Cost:volume (low) Polystyrene, polyethylene, urea, phenolics, polypro-
pylene, PVC

Dielectric constant (high) Phenolic, PVC, fluorocarbon, malamine, alkyd, 
nylon, polyphthalamide, epoxy

Dielectric strength (high) PVC, fluorocarbon, polypropylene, polyphenylene 
ether, phenolic, TP polyester, nylon (glass), poly-
olefin, polyethylene

Dissipation factor (high) PVC, fluorocarbon, phenolic, TP polyester, nylon, 
epoxy, diallyl phthalate, polyurethane

Distortion, resistance to
under load (high)

Thermosetting laminates

Elastic modulus (high) Melamine, urea, phenolics

Elastic modulus (low) Polyethylene, polycarbonate, fluorocarbons

Electrical resistivity (high) Polystyrene, fluorocarbons, polypropylene

Elongation at break (high) Polyethylene, polypropylene, silicone, ethylene 
vinyl acetate

Elongation at break (low) Polyether sulfone, polycarbonate (glass), nylon 
(glass), polypropylene (glass), thermoplastic poly-
ester, polyetherimide, vinyl ester, polyetherether-
ketone, epoxy, polyimide

Flexural modulus (stiffness) Polyphenylene sulfide, epoxy, phenolic (glass), 
nylon (glass) polyimide, diallyl phthalate, polyph-
thalamide, TP polyester

Flexural strength (yield) Polyurethane (glass), epoxy, nylon (carbon fiber) 
(glass), polyphenylene sulfide, polyphthalamide, 
polyetherimide, polyetheretherketone, polycar-
bonate (carbon fiber)
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Friction, coefficient of (low) Fluorocarbons, nylon, acetal

Hardness (high) Melamine, phenolic (glass) (cellulose), polyimide, 
epoxy

Impact strength (high) Phenolics, epoxies, polycarbonate, ABS

Moisture resistance (high) Polyethylene, polypropylene, fluorocarbon, polyphe-
nylene sulfide, polyolefin, thermoplastic polyester, 
polyphenylene ether, polystyrene, polycarbonate 
(glass or carbon fiber)

Softness Polyethylene, silicone, PVC, thermoplastic elas-
tomer, polyurethane, ethylene vinyl acetate

Tensile strength, break 
(high)

Epoxy, nylon (glass or carbon fiber), polyurethane, 
thermoplastic polyester (glass), polyphthalamide, 
polyetheretherketone, polycarbonate (carbon 
fiber), polyetherimide, polyether-sulfone

Tensile strength, yield (high) Nylon (glass or carbon fiber), polyurethane, thermo-
plastic polyester (glass), polyetheretherketone, 
polyetherimide, polyphthalamide, polyphenylene 
sulfide (glass or carbon fiber)

Temperature (maximum use) Ref. Table 4.12

Thermal conductivity (low) Polypropylene, PVC, ABS, polyphenylene oxide, 
polybutylene, acrylic, polycarbonate, thermoplas-
tic polyester, nylon

Thermal expansion, coeffi-
cient of (low)

Polycarbonate (carbon fiber or glass), phenolic 
(glass), nylon (carbon fiber or glass), thermoplas-
tic polyester (glass), polyphenylene sulfide (glass 
or carbon fiber), polyetherimide, polyetherether-
ketone, polyphthalamide, alkyd, melamine

Transparency, permanent 
(high)

Acrylic, polycarbonate

Weight (low) Polypropylene, polyethylene, polybutylene, ethyl-
ene vinyl acetate, ethylene methyl acrylate

Whiteness retention (high) Melamine, urea

TABLE 4.13 Recommended Materials (Continued)

Property Recommendation
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used in great volume for housewares, packaging, toys and so on. This
group is made up of polyethylene, polypropylene, polystyrene and PVC.
Reinforcements can improve the properties of these resins at moderate
additional cost. A lower-priced resin with reinforcement will often pro-
vide properties comparable to a more expensive resin.

Table 4.1455 is a list of the approximate cost of a number of plastics
in increasing order of cost per cubic inch. This is regarded as a more
useful figure than cost per pound in selecting a plastic material.

Thermosets usually provide higher mechanical and thermal proper-
ties at a lower material cost than do thermoplastics—“more bang for
the buck,” so to speak. However, most of the processes used to fabri-
cate thermoset parts are slower and more limited in design freedom
than the thermoplastic processes. Furthermore, the opportunity to
utilize 100% of the material that thermoplastics provide is simply not
available with thermosets, because the regrind cannot be reused. Re-
cycling possibilities are far more limited for thermosets for the same
reason. Nonetheless, glass-fiber-reinforced thermoset polyester is the
material of choice for many severe environment outdoor applications
such as boats and truck housings. 

4.10.1 About the Data

Comparison of resins is usually done with data sheets supplied by the
resin manufacturers. It is extremely important that the plastics de-
sign engineer understand the limitations of this data. Since the prop-
erties of polymers change with temperature, the data sheet does not
provide the total picture of a given compound. Instead, think of it as a
“snapshot” of the material taken at 72°F. As the temperature goes
down from this point, the material becomes harder and more brittle.
Increasing the temperature makes the polymer softer and more duc-
tile. These are general statements and the effect of temperature will
vary widely between resins. For one material, tensile strength at
140°F may be only half that at 72°F. For another polymer, it may
change only slightly.

The graph depicted in Fig. 4.47,55 “Effect of temperature on tensile
yield strength,” illustrates this phenomenon. The upper curve indi-
cates that the value at 0°F is 14,000 psi. At 72°F, it has dropped to
around 12,000 psi. By the time it reaches 140°F, the tensile yield
strength is approximately 7,000 psi. This data is for nylon, a polymer
particularly effected by moisture. The lower curve illustrates the ef-
fect of 2.5% moisture. In the range of temperatures between 30°F and
100°F, the tensile yield strength appears to be about 20% lower for the
moist material. Note that the curves begin to run together beyond
150°F as most of the water has been driven off by that point.
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Time is also a significant factor. Figure 4.48,55 “Long-term behavior
of delrin under load at 23°C (73°F) air,” illustrates the effect of time on
the stress-strain relationship of Delrin, an acetal polymer, at room
temperature. Note that the strain rate increases with time. 

Figures 4.49,55 “Long-term behavior of delrin under load at 45°C
(115°F) air,” and 4.50,55 “Long-term behavior of delrin under load at

TABLE 4.14 Approximate* Cost of Plastics in 
Dollars per Cubic Inch

Plastic $/in3

Polypropylene
Polyethylene (HD)
Polyvinylchloride
Polyethylene (LD)
Polystyrene
ABS
Acrylic
Phenolic
Thermoplastic elastomer
Styrene acrylonitrile
Polyester (TS)
Melamine
Polyphenylene ether
Polyphenylene oxide
Urea
Polyester (PET)
Nylon
Styrene maleic anhydride
Vinyl ester
Polyurethane (TS)
Alkyd
Polycarbonate
Polyurethane (TP)
Acetal
Cellulosics
Polycarbonate/ABS
Epoxy
Polyphenylene sulfide
Dially phthalate
Polysulfone
Polyetherimide
Liquid crystal polymer
Fluorpolymer
Polyamideimide
Polyetheretherketone

0.010
0.010
0.013
0.014
0.015
0.032
0.034
0.038
0.039
0.043
0.043
0.049
0.050
0.050
0.053
0.055
0.058
0.059
0.060
0.062
0.068
0.073
0.074
0.074
0.075
0.078
0.081
0.119
0.154
0.201
0.253
0.434
0.481
0.949
1.720

*These values are very approximate. They were
arrived at by multiplying the average density by the
average price at the time this was being written. In
many cases, the range from which the average was
taken was quite wide.
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Figure 4.47 Effect of temperature on tensile yield strength. (Courtesy
of Ticona.)55

Figure 4.48 Long-term behavior of delrin under load at 23°C
(73°F) air. (Courtesy of DuPont.)55
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Figure 4.49 Long-term behavior of delrin under load at 45°C
(115°F) air. (Courtesy of DuPont.)55

Figure 4.50 Long-term behavior of delrin under load at 85°C
(185°F) air. (Courtesy of DuPont.)55
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85°C (185°F) air,” demonstrate how the strain rate of this material in-
creases as the temperature rises.

Most of the physical properties, even properties such as the coeffi-
cient of friction or the coefficient of linear thermal expansion, can
change significantly with changes in temperature—although not nec-
essarily to the degree depicted in the graphs for these materials.

Temperature and humidity differences are not the only phenomena
that can affect the data. Chemical and ultraviolet light exposure will
also affect most resins, in some cases to a very high degree.

4.10.2 Interpreting the Test Data

It is important to recognize that the test data represent a very precise
set of circumstances, those established by the test protocol. Product
designers must be aware of exactly how the test is performed to deter-
mine how well the results relate to the conditions experienced by the
product under development. The following sections discuss the test
procedures for the mechanical and thermal properties most commonly
required. Table 4.1555 represents a typical property sheet as supplied
by the resin manufacturer.

4.10.3 Tensile Test—ASTM D638

The first mechanical property most product designers look for in eval-
uating a potential material is its strength—and by this they mean its
tensile strength at yield or break. Therefore, it is often found at the
top of the data sheet. The principal test for this property is ASTM
D638; it calls for a “dog bone” shaped specimen 8.50 in long by 0.50 in
wide. The gripping surfaces at the ends are 0.55 in wide, giving it its
characteristic shape. The test protocol permits the thickness to range
from 0.12 in to 0.55 in and the rate at which the stress is applied from
0.5 to 20 in/min. This test is also used to obtain the percentage elonga-
tion at break and produce the stress strain curve, from which the mod-
ulus of elasticity is derived.

4.10.4 Flexural Properties of Plastics ASTM D790

This test is performed by suspending a specimen between supports
and applying a downward load at the mid-point between them. The
specimen is a 0.50 in by 5.00 in rectangular piece. Thickness can vary
form 0.06 in to 0.25 in, however 0.125 in is the most commonly used.
The distance between the supports is 16 times the specimen thickness.
The load is applied at rates defined by the specimen size until fracture
occurs or until the strain in the outer fibers reaches 5%. The flexural
modulus is the flexural stress at 5% strain. In the event of failure be-
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fore that point, the flexural strength is the tensile stress in the outer-
most fibers at the break point.

4.10.5 Fatigue Endurance ASTM D671

The test covers determination of the effect of repeated flexural stress
of the same magnitude with a fixed-cantilever apparatus designed to
produce a constant amplitude of force on the plastic test specimen.
The results are suitable for application in design only when all of the
application parameters are directly comparable to the those of the
test.

TABLE 4.15 Celcon™ Acetal Copolymer—Typical Properties55*

Property
ASTM

test method Units M90™

Physical:
Specific gravity
Water absorption: 24 h

@73°F
@equilibrium

Mold shrinkage:
Flow direction
Transverse direction

Mechanical and thermal:
Tensile strength @ yield

–40°F
73°F
160°F

Elongation @ break:
–40°F
73°F
160°F

Flexural stress @ 5% deformation
Flexural modulus:

73°F
160°F
220°F

Fatigue endurance (limit @ 107 cycles)
Compressive strength:

@1% deflection
@10% deflection

Rockwell hardness
Izod impact strength:

–40°F (notched)
73°F (notched)

Tensile impact strength
Heat deflection temperature:

@66 lb/in2

@264 lb/in2

Shear strength: 73°F

D792

D570
D570

D955
D955

D638
D638
D638

D638
D638
D638
D790

D790
D790
D790
D671

D695
D695
D785

D256
D256

D1822

D648
D648
D732

—

%
%

mils/in
mils/in

lb/in2

lb/in2

lb/in2

%
%
%

lb/in2 × 103

lb/in2 × 104

lb/in2 × 104

lb/in2 × 104

lb/in2

lb/in2

lb/in2

—

ft-lb/in
ft-lb/in
ft-lb/in2

°F
°F

lb/in2

1.41

0.22
0.8

22
18

13,700
8,800
5,000

20
60.0

>250
13.0

37.5
18.0
10.0

4,100

4,500
16,000

M80

1.0
1.3

70

316
230

7,700

*Source: Courtesy Ticona. These data are based on testing of laboratory test specimens and represent
data that fall within the standard range of properties for natural material. Colorant and other
additives may cause significant variations in data values.

04Rotheiser  Page 91  Wednesday, May 23, 2001  10:04 AM



4.92 Chapter 4

4.10.6 Compressive Strength ASTM D695

The apparatus for this test resembles a C-clamp with the specimen
compressed between the jaws of the apparatus, which close at the rate
of 0.05 in per minute until failure occurs. A wide range of specimen
sizes is permitted for this test. 

4.10.7 Rockwell Hardness ASTM D785

An indenter is placed on the surface of the test specimen, and the
depth of the impression is measured as the load on the indenter is in-
creased from a fixed minimum value to a higher value and then re-
turned to the previous value. A number of different diameter steel
balls and a diamond cone penetrator are used. The Rockwell scale re-
fers to a given combination of indenter and load; M70 for example.

A number of scales are used within the plastics industry. Figure
4.5155 illustrates the relationship between them.

Figure 4.51 Range of hardness common to plas-
tics. (Source: Dominick V. Rosato, Rosato’s Plas-
tics Encyclopedia and Dictionary, Carl Hanser
Verlag, Munich, 1993.)55
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4.10.8 The IZOD Impact Test—ASTM D256

D256, the IZOD impact test, is the most common variety of impact
test. It is a pendulum test with the pendulum dropping from the 12
o’clock position to hit a sample held in a clamp at the 6 o’clock posi-
tion. The pendulum breaks the sample, and the distance it travels be-
yond the specimen is a measure of the energy absorbed in breaking
the sample. The value calculated from this test is usually expressed in
ft-lb/in. of sample width.

The plastics design engineer must be wary of the fact that there are
five different methods of performing this test, and the results will vary
with each method. The four used by design engineers are as follows:

Method A. The specimen for this method is 2.50 in long by 0.50 in
thick. There is a 45° included angle notch at mid-point that is 0.10
in deep and has a 0.01 in radius at the V. The notch faces the pendu-
lum. The impact point is just above the notch.

Method B. This procedure is also known as the “Charpy” test. It is
similar to the previous method except that the bar is laid horizon-
tally, and the impact is directly behind the notch. The length of the
specimen is increased to 5.0 in for this method.

Method D. The principal difference between this method and
Method A is that it permits a larger radius at the V of the notch,
which substantially affects the results. It is used for highly notch-
sensitive polymers.

Method E. In this case, the same size specimen and procedure ap-
plied in Method A is used, except that the notch faces the pendulum.

The difference between the results of the notched IZOD test and the
unnotched IZOD test (when available) can be used as a rough measure
of notch sensitivity for a given material.

4.10.9 The Falling Dart (Tup) Impact Test—ASTM D3029

The falling dart test, ASTM D3029, is not on this particular data
sheet. However, it may be more appropriate to reveal the behavior of
materials on impact for many product applications such as appliance
housings and the like. Unfortunately, this test is usually performed
only for extrusion grades of resins that are to be made into sheet.
Therefore, it may be necessary to request that this test be performed
on a material under consideration.

For testing, a flat specimen is suspended over a circular opening be-
low a graduated column with a cantilever arm attached. A weight, also
known as a dart or tup, is attached to the arm, from which it is re-
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leased to strike the sample. The arm can be raised or lowered and the
weight of the tup varied until 50% of the sample quantity fails the
test. Method A of this test calls for the opening below the sample to be
5.00 inches in diameter. For method B, it is 1.50 inches in diameter.

4.10.10 The Tensile Impact Strength ASTM D1822

This test uses an apparatus very similar to that used for the IZOD
tests except that, in this case, the specimen is attached to the pendu-
lum on one end and has a T-bar attached to the other end. When the
pendulum drops, the T-bar catches on the apparatus at its base, caus-
ing the specimen to undergo tensile impact. For this test, the speci-
men is 2.50 in long and necks to 0.125 in at the center. The thickness
can vary. The gripping surfaces at the ends are 0.50 in wide. This test
is typically performed on materials which are too elastic to fail in the
IZOD test and is normally found on data sheets. It can be performed
on request if it best represents the product’s performance require-
ments.

4.10.11 Heat Deflection Temperature ASTM D648

The apparatus for this test somewhat resembles that of the flexural
test in that the specimen is suspended between two supports four
inches apart with a downward load at the mid-point. However, in this
case, the entire structure is immersed in a liquid whose temperature
is increased at the rate of 2°C. per minute. Two loadings are used,
66 psi and 264 psi. Consequently, the plastics engineer must be care-
ful to compare values for the same loading. The heat deflection tem-
perature is the temperature at which the specimen deflects 0.010 in.
The specimen for this test is 0.50 in wide by 5.00 in long. Thicknesses
vary from 0.125 in to 0.50 in.

Different sample thicknesses and processes can produce significant
differences in values. The author recalls a project where the field had
been narrowed to two competing materials. One of them had a 15%
heat deflection temperature advantage at a slightly higher cost. How-
ever, the other was produced by a long-standing supplier and, before
taking the business away from him, it seemed only fair to call and ask
if he had a comparable resin that was not in the current brochure. The
discussion revealed that the competing material was, in fact, the very
same resin that the competitor bought from our supplier and resold
under his own brand. Why then the difference in test values? Further
research revealed that one supplier had used an injection-molded
sample 0.125 in thick, and the other had tested an extruded sample
0.50 in thick, which resulted in higher values. 
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4.10.12 Vicat Softening Point ASTM D1525

The Vicat softening point is not provided on this particular data sheet.
However, it is a method of determining the softening point of plastics
that have no definite melting point. A 1000 g load is placed on a needle
with a 0.0015 in2 circular or square cross section. The softening point
is taken as the point where the needle penetrates the specimen to a
depth of 1 mm.

4.10.13 Glass Transition Temperature ASTM D3418

Amorphous thermoplastics exhibit a characteristic whereby they
change from a material that behaves like glass (strong, rigid, but brit-
tle) to one with generally reduced physical properties (weaker and
more ductile). This is known as the glass transition temperature (Tg)
and is actually a range of temperatures, as the value is different for
each property and is significantly affected by variations in the test
protocol. Usually, a single value is provided; therefore, it should be
treated as an approximation. 

4.10.14 Relative Temperature Index UL746B (Maximum Continuous Use
Temperature)

Underwriter’s Laboratories Inc. has devised a thermal aging test pro-
tocol whereby a subject material is tested in comparison to a material
with an acceptable service experience and correlates numerically with
the temperatures above which the material is likely to degrade prema-
turely. The end of life of a material is regarded as the point where the
value of the critical properties have dropped to half their original val-
ues. The resin manufacturer must submit his material to Underwrit-
ers Laboratories to have it tested. When this has not been done, the
designer can use the generic value for the polymer, which is usually
regarded as conservative.

4.10.15 Shear Strength ASTM D732

Shear strength is determined using a 2-in. diameter or 2-in. square
test specimen, ranging in thickness from 0.005 to 0.500 in., placed in a
punch-type shear fixture. Pressure is applied to the punch at the rate
of 0.005 in/min until the moving part of the sample clears the station-
ary portion. The force divided by the area sheared determines the
shear strength. 

4.10.16 Flammability and Flame Retardancy of Plastics

Flammability is not among the properties listed in Table 4.15, how-
ever the issue of flammability is becoming a key requirement for con-
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tinued growth in many areas, such as home furnishings, clothing, wire
and cable, automobiles, and aircraft. Some major fires have been par-
tially attributed to plastics,56 and numerous deaths have been attrib-
uted to toxic smoke generated by burning plastics.

Strong feelings have been expressed that small-scale laboratory
tests do not accurately predict results for large-scale fire tests.57 Like-
wise, some investigators feel that many descriptive terms for flamma-
bility rating, such as self-extinguishing (SE), tend to give the user an
unjustified sense of security.58,59

To get products approved, a number of companies have been created
that will measure flame test results to specific standards. While large-
scale tests have been and are being developed, small-scale tests con-
tinue to be used widely. The available test methods are manifold and
have been created by numerous sources for many applications.

A summary of some of the major flammability tests is given in Table
4.16.60 Several updated tests aimed specifically at plastics in aircraft
passenger compartments are described in ASTM E90661 and the Fed-
eral Register.62

TABLE 4.16 Summary of Some of the Major Flammability Tests60

Test Material

Ignition
ASTM D2863, oxygen index test
UL hot-wire ignition test
UL high-current arc ignition test
UL high-voltage arc ignition test
ASTM D2859, methenamine pill test

All
Plastics
Plastics
Plastics
Carpets and floor 

coverings

Flame propagation
ASTM D635, FTM 2021
ASTM E84, UL 723, NFPA 255, 25-ft tunnel test
UL 94, test for self-extinguishing polymers
MVSS302, horizontal burn test
FAA vertical test
FAA horizontal test

Plastics, sheet
All
Plastics, sheet
All
All
All

Fire endurance
ASTM E119, UL 263, MFPA 251, fire endurance test
Bureau of Mines, flame penetration
Heat contribution factory mutual calorimeter

All
Plastics, foams
All

Smoke generation
ASTM D2843, Rohm & Haas XP2 smoke density chamber
NBS chamber

Plastics
All
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Flame Retardants. When plastics burn, heat from an external source
pyrolyzes the solid plastic to produce gases and liquids that act as fuel
for the fire. Fire-retardant chemicals affect the burning rate of a solid
in one or more ways:63

1. By interfering with the combustion reactions

2. By making the products of pyrolysis less flammable

3. By reducing the transfer of heat from the flame to the solid

4. By reducing the rate of diffusion of pyrolysis products to the flame
front

Since various plastics burn differently, and often at different tempera-
tures and rates, there is no single universal fire retardant. Almost ev-
ery application requires either a different agent or different amounts
of agent to obtain the desired flame retardancy with minimum effect
on other properties.

A number of elements can act as flame retardants, but they must be
incorporated in a structure that enables them to become active at the
proper temperature. They include nitrogen, phosphorus, arsenic, anti-
mony, bismuth, fluorine, bromine, chlorine, iodine, and boron. Of
these, phosphorus, bromine, chlorine, and antimony are currently con-
sidered to be the most efficient.63

Table 4.1755 shows the levels at which these elements are used as
flame retardants in common polymers. Notice that, in many cases,
several of these elements are used in combination to achieve a syner-
gistic effect; that is, the combination is more effective than any one el-
ement used at the same level of loading.63 A current summary on
flame retardants and fire testing is given in Ref. 64. Often, plastic
parts, construction beams, and so on are protected by use of intumes-
cent materials, which foam and form a heat-resistant char.65,66

4.10.17 Other Properties

There are a number of other properties commonly used to evaluate
plastic materials. Space limitations prevent a detailed description of
the tests used to establish values for these properties. However, a list-
ing of them is provided for the reader to research independently in
Table 4.18.55 More information can be found in Ref. 67 and can be ob-
tained from the American Society for Testing and Materials (ASTM,
100 Barr Harbor Dr., West Consohocken, PA 19428, www.astm.org). 

4.10.18 The Material Selection Process

To avoid unpleasant surprises that can cause a design to fail, it is nec-
essary to know everything possible about the conditions to which the
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TABLE 4.17 Flame Retardants for Plastics and Typical Composition Ranges63

Typical percentages of flame-retardant elements for equivalent retardance

Plastic Typical flame retardants BR Cl P P + Br P + Cl
Sb2O3 
+ Br

Sb2 O3 
+ Cl Sb2O3

ABS Bromine and chlorine-containing organic additive com-
pounds (such as chlorinated paraffins, brominated 
biphenyl, phosphate-containing aliphatic and aromatic 
compounds). Antimony trioxides, hydrated aluminum 
oxide, and zinc borate with halogenated and phos-
phate-containing organic compounds. Terpolymeriza-
tion with halogen-containing monomers such as bis 
(2,3 dibromo propyl) fumerate.

3 23 5+7

Acrylics Halogen- and phosphorus-containing organic compound. 
PVC to form alloy.

16 20 5 1+3 2+4 7+5

Cellulose acetate,
cellulose butyrate,
cellulose propionate

Halogenated and/or phosphate-containing organic plas-
ticizers and halogenated compounds (such as bromi-
nated biphenyl).

24 2.5–2.5 1+9 12–15+9–12

Epoxies Halogenated and/or phosphate-containing compounds. 
Chlorinated brominated bisphenol A. Halogenated 
anhydrides (like chlorendic anhydride). Antimony tri-
oxide, hydrated aluminum oxide with halogenated and 
phosphate-containing organic compounds.

13–15 26–20 5–6 2+5 2+6 10+6

Phenolic compounds Halogens and/or phosphorus organic compounds (like 
chlorinated paraffins). Tris (2,3-dibromo propyl) phos-
phate. Hydrated aluminum oxide, zinc borate.

16 6

Polyamides Chlorinated and brominated biphenyls. Antimony triox-
ide with halogenated compounds.

3.5–7 3.5 10+6

Polycarbonate Brominated biphenyl, chlorinated paraffin. Tetrabromo 
bisphenol A. Antimony trioxide with halogenated com-
pounds.

4–5 10–15 7+7–8
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Polyesters Halogenated phosphate-containing plasticizers. Haloge-
nated compounds (like chlorinated paraffin and bromi-
nated biphenyl). Halogen-containing intermediates 
(such as tetrachlorophthalic anhydride, tetrabromoph-
thalic anhydride, and chlorendic anhydride). Antimony 
trioxide, hydrated aluminum oxide, hydrated zinc 
borate with halogenated and phosphate-containing 
organic compounds.

12–15 26 5 2+6 1+15–20 2+8–9 1+16–18

Polyolefins Halogen-containing compounds (such as chlorinated par-
affins and brominated biphenyl). Halogenation of poly-
mer as chlorinated polyethylene. Antimony trioxide, 
hydrated aluminum oxide, zinc borate, or barium metab-
orate in conjunction with halogenated compounds.

20 40 5 2.5+7 2.5+9 3+6 5+8

Polystyrene Halogen- and phosphate-containing compounds like tris 
(2,3-dibromo propyl) phosphate and brominated biphe-
nyls. Halogen efficiency as flame retardant is 
increased by incorporating small amount of free radi-
cal initiators such as peroxides. Chemical bonding of 
halogenated compounds into the polystyrene chain. 
Antimony trioxide and hydrated aluminum oxide.

4–5 10–15 0.2+3 0.5+5 7+7–8 7+7–8

Polyurethanes Halogenated phosphorus-containing plasticizers where 
flexibility is not a problem. Phosphorus-containing 
intermediates (such as phosphate, phosphite, phospho-
nates, and amino phosphonate polyols). Brominated 
isocyanates and halogen-containing prepolymers/poly-
ols. Chlorine- and fluorine-containing compounds as 
blowing agents in foam. Antimony trioxide hydrated 
aluminum oxide, and zinc borate in conjunction with 
halogenated compound.

12–14 18–20 1.5 0.5+4–7 1+10–15 2.5+2.5 4+4

Polyvinyl chloride Replace other plasticizer such as DOP with halogen- and/
or phosphorus-containing plasticizer. Antimony triox-
ides, hydrated aluminum oxide, and zinc borate.

40 2–4 5–15

Additional references: C.J. Hilado, Flammability Handbook for Plastics, Technomic Publishers; J.W. Lyons, The Chemistry and Uses of Fire Retardants, Wiley-
Interscience.

TABLE 4.17 Flame Retardants for Plastics and Typical Composition Ranges63
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product will be exposed in its lifetime. Armed with that information,
the plastics designer can determine the appropriate material (as well
as the design, process, and tooling) for the application. 

That is, the designer can determine the appropriate material at
least to the limits of the available information. A certain degree of risk
is inherent in plastics design, because the cost in time and resources is
too great to permit the accumulation of enough information to elimi-
nate that risk. Higher levels of risk are acceptable where tooling in-
vestment is low and where product failure results only in very low
levels of property loss. As the cost of failure increases, more resources

TABLE 4.18 Other Tests of Interest55

Test Standard

Coefficient of linear thermal expansion
Creep

Stress relaxation
Tensile, compressive, and flexural 

creep and creep-rupture
Crystallization, heat of
Cure kinetics of thermosets
Deformation under load
Dimensional stability
Electrical properties

Arc resistance
Dielectric constant
Insulation resistance

Friction, coefficient of
Fatigue

Flexural fatigue
Tension-tension fatigue

Flammability
Flooring radiant panel test
Smoke emission
Vertical test for cellular plastics

Flowability of thermosets
Fracture toughness
Moisture vapor transmission
Optical properties

Color
Haze
Specular gloss

Shear modulus
Viscosity-shear rate
Wear

Abrasion resistance
Mar resistance

Weathering
Accelerated
Light and water exposure
Outdoor

ASTM D696, E228

ASTM D2991

ASTM D2990
ASTM D3417
ASTM D4473
ASTM D621
ASTM D756

ASTM D495
ASTM D150
ASTM D257
ASTM D1894

ASTM D671
ASTM D3479

ASTM E684
ASTM E662
ASTM D3014
ASTM D3123
ASTM D5045
ASTM D675

ASTM E308
ASTM D1003
ASTM D253
ASTM D5279
ASTM D3835

ASTM D1242
ASTM D673

ASTM G23, G26, G53
ASTM D1499, D2565
ASTM D1435, E838

04Rotheiser  Page 100  Wednesday, May 23, 2001  10:04 AM



Plastics 4.101

are devoted to risk reduction, and greater safety factors are used.
When product failure could result in serious injury or loss of life, ex-
haustive testing and greater safety factors are employed.

Determination of material requirements. Most product structural fail-
ures result from conditions the designer did not anticipate. Thus, the
first order of business is to establish the design parameters. This is
achieved by the rather tedious process of considering all the conditions
to which the product will be exposed. A checklist such as the one
shown in Table 4.1955 is a useful means of reminding the designer of
all these conditions. This is a general checklist, and the individual de-
signer will no doubt find it necessary to make additions appropriate to
the specific product area.

Note 2 of the checklist serves to remind the designer that not all of
the conditions encountered by the product occur in its use. The highest
temperature the product may be called upon to endure may actually
occur in a boxcar in the desert in mid-summer, in cleaning, or in a
mandated test procedure. Decorating, cleaning, or assembly may re-
sult in unforeseen chemical exposures. The author recalls one project
where he was “blindsided” by the discovery, long after production had
commenced, that the product was washed in an acid solution, which
was followed by a base solution, out in the field. Fortune smiled on
that occasion, and the material used happened to be one that could
withstand those exposures. 

Impacts may also occur under odd circumstances. One time, the au-
thor found that the sales department of a company had brought a
baseball bat to the product’s introduction and was merrily inviting
customers to take a swing at the housing to demonstrate its superior-
ity over the competitors’ metal housing. The engineers joined in a si-
lent nondenominational prayer that the housing would be able to
withstand three days of that kind of treatment. 

Apparently, their prayer was answered, and the product did survive
the onslaught. However, there is a well known story in the automobile
industry about a bumper mold that had to be rebuilt because the engi-
neers did not account for the heat of the oven that dried the paint. The
original mold had been built for a material that would not withstand
the oven temperatures, and the resin with a higher temperature resis-
tance had a significantly different mold shrinkage. The mold could not
be salvaged, and a new one had to be made. 

Fear often strikes the heart of those who are called upon to fill out
a checklist, and they find themselves specifying higher levels of per-
formance than are really required. Performance has a price, and that
practice leads to unnecessary cost, particularly when the designer in-
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TABLE 4.19 Product Design Checklist55

Notes:
1. Items left blank presume “does not apply.”
2. Include conditions encountered in use, cleaning, shipping, assembly, testing, and decorating.
3. Remember: Overspecification results in unnecessary cost.

Part name and description of application ____________________________________________________________________________________________

A. Physical Limitations
Length: ____________ Width: ____________ Height: ___________ Weight: ___________ Density: __________
Mating parts: _____________________________________________ Mating fitments: _______________________________________________

B. Mechanical Requirements
Functional (dynamic) life:______________________ Nonfunctional (static life): ______________ Shelf life: _______________________________
Tensile strength: –40°F ______________________ 72°F __________________________________ 140°F ___________________________________
Flexural strength: –40°F _____________________ 72°F __________________________________ 140°F ___________________________________
Compressive strength: –40°F _________________ 72°F __________________________________ 140°F ___________________________________
Flexural modulus (stiffness): ___________________ Hardness: ______________________________
Maximum allowable creep: ___________________ Deflection: _____________________________
Impact strength: –40°F_______________________ 72°F __________________________________ 140°F ___________________________________
Shear strength: ______________________________ Abrasion resistance:_____________________

C. Environmental Limitations
Chemical resistance: Continuous _______________ Intermittent: __________________________ Occasional: ______________________________
Temperature: Max. + duration: ________________ Min. + duration: _______________________ Operating + duration: ____________________
Ultraviolet light: _____________________________ Water immersion: _____________________ Moisture vapor transmission: _____________
Radiation: ___________________________________ Flammability: __________________________

D. Electrical Requirements
Volume resistivity: ____________________________ Surface resistivity: ____________________ Dielectric constant: ______________________
Dissipation factor: ____________________________ Dielectric loss: ________________________ Arc resistance: __________________________
Electrical conductance: ________________________ Microwave transparency: _______________ EMI/RFI shielding: ______________________
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E. Appearance Requirements
Surface finish: 

Inside (SPI#): ________ Outside (SPI#): ________ Texture no.: ___________________________ Depth: __________________________________
Match to: ____________________________________ Color: ________________________________
Color maintenance: ___________________________ Transparency: _________________________ Translucency: ___________________________
Metallizing: __________________________________ Decoration: ____________________________
Identification: Model: _________________________ Production date: _______________________ Recycling: _______________________________
Warnings: ___________________________________ Nameplates: __________________________ Instructions: ____________________________
Manufacturing limits: Flash: __________________ Mismatch: _____________________________
Gate location: ________________________________ Ejector location: ________________________

F. Assembly Requirements
Parts to be assembled to, method prepared for (screws, solvents, etc.), and type (permanent, serviceable, occasionally reopenable, water-tight, 
or hermetic).
1. ___________________________________________ 2. _____________________________________
3. ___________________________________________ 4. _____________________________________

G. Other Design Parameters
Anticipated volume: Annual: ______________________________ Order: ________________________________________________________
Anticipated production date: Start: _________________________ Volume: _______________________________________________________
Unusual legal exposure: Liability: __________________________ Patents: ______________________________________________________
Regulatory approvals required: 1.____________ 2. ____________ 3. ____________ 4. ____________ 5. ____________ 6. ____________
Specifications: Military: ___________________________________ Building codes: ________________________________________________
Foreign production: _______________________________________ Foreign sales areas: ____________________________________________

H. List All Tests To Be Performed on This Product
1. ___________________________________________ 2. ____________________________________ 3. ______________________________________
4. ___________________________________________ 5. ____________________________________ 6. ______________________________________
7. ___________________________________________ 8. ____________________________________ 9. ______________________________________

I. Additional Conditions
__________________________________________________________________________________________________________________________________
__________________________________________________________________________________________________________________________________

SOURCE: Adapted from Jordan I. Rotheiser, Joining of Plastics Handbook for Designers and Engineers, Hanser Publications, Munich-Hanser/
Gardner Publications, Inc., Cincinnati, 1999.
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corporates a safety factor to ensure that the required standard is met.
(Safety factors are added in the design stage.) In some cases, require-
ments are raised to a level that causes a more expensive material or
process to be used. Occasionally, they are lifted to a level that cannot
be reached using plastics.

In the checklist, Section A, Physical Limitations, set the basic pa-
rameters of the design. The sizes alone are enough to eliminate some
of the processes. Since none of the plastics can be used with all of the
processes, a change in process can affect the material selected. Section
B, Mechanical Requirements, will reveal some interesting, and often
not considered, aspects of the design. For example, there is the ques-
tion whether it is more important to have a long functional life, static
life, or shelf life. 

Sometimes one type of performance must be sacrificed to another.
An example of this type of phenomenon might be a shaft seal in place
on a product. Its shelf life would be the length of time the product
could remain unused and still have the seal function properly when
used. Its static life would be the length of time it would be able to func-
tion after it had been first used. Finally, its functional life would be the
period of time or number of rotations the seal could withstand while
the shaft was rotating. Bear in mind that the temperatures would rise
when the shaft was turning, and there would also be abrasion taking
place. It is, therefore, quite likely that the ideal polymer for one cir-
cumstance might be less favorable for another. Compromises often
must be made.

Which of the product requirements in this section is most likely to
result in a structural failure? Of course, any of them can, or they
would not be listed. However, in the author’s experience, the most
common failures (short of gross design errors) occur due to weakening
of the material at elevated temperature, impact failure at low temper-
ature, or creep failure over time.

Designers often forget that plastics are, themselves, chemical com-
pounds. Hence, they are particularly vulnerable to environmental ex-
posures. Section C, Environmental Limitations, attempts to reveal the
exposures that could result in failure. The chemical exposures are the
most difficult to discover, because there are so many of them, and they
are often hidden from view. Many common cleaning, cosmetic, and
food preparations contain unusual and secret ingredients. Nonethe-
less, we identify what we can and list the commercial names for the
others. In some cases, resin manufacturers have actually tested their
polymers in these commercial preparations. However, care must be
taken to examine the test used, as the exposure tested (diluted sam-
ple, limited time, etc.) may have no relationship to the application in
question.
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Often, these exposures take place in combination as in products to
be used outdoors. In fact, design for products to be used outdoors is
practically a category in itself, as ultraviolet light significantly affects
most plastics over time. In a few cases, even indoor applications have
been severely affected. 

Section D, Electrical Requirements, is largely limited to electrical
applications. However, Section E, Appearance Requirements, affects
nearly every application to some degree. Designers often overlook
these details in the early stages of the project, because they are preoc-
cupied with the structural aspects of the design. Nonetheless, appear-
ance requirements can lead to expensive material and/or mold
changes. For example, gate blush may be nearly impossible to elimi-
nate for some resins, and a change in material can result in a change
in shrinkage requiring mold alterations. Section F deals with Assem-
bly Requirements.

There are some other design parameters as indicated in Section G.
For example, the anticipated volume will often dictate the process,
and therefore the polymer, to be used. Section H, List All Tests To Be
Performed on This Product, may reveal test protocols that are more
stringent than the demands on the product in the field, particularly if
they are archaic in nature.

Selection of resin candidates. With the application’s property require-
ments established, the design engineer then proceeds to list those
polymers that can best meet them. The material provided in this chap-
ter can be effectively used for this purpose. However, for most applica-
tions, cost is a prime consideration. Therefore, the design engineer es-
tablishes a list of resin candidates and arranges them in order of cost.
Table 4.14, Approximate Dollars per Cubic Inch of Plastics,55 has been
provided for this purpose. (Due to the effect of market price fluctua-
tions, the engineer is encouraged to recalculate these figures at the
time of application.)

With a pecking order so established, the fine points of the lowest-
cost candidate must be examined in detail with regard to properties
not usually listed. Such matters as chemical exposures, weathering,
and appropriateness to manufacturing and joining processes need to
be considered. If the lowest-cost candidate cannot meet the require-
ments, the engineer moves on to the next one, and so on. 

The final selection. Compromises are usually necessary, since it is rare
that a given resin will meet every product requirement. Furthermore,
there is always some risk involved, since most compounds do not come
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with enough information available to cover all the product require-
ments. For this reason, it is wise to establish alternate material selec-
tions to be used in the event that the first choice is not successful. 

The molding shrinkage for any alternative must be very close to
that of the original choice, since that property determines the usabil-
ity of the mold that has been built. An alternative with a lower shrink-
age rate will result in parts that are larger than those of the original
material. While small adjustments can often be made with processing
conditions, any significant difference will call for a new mold. 

A higher shrinkage rate for an alternate resin will produce a
smaller part. In addition to adjustments in processing conditions, the
addition of fillers, such as mineral or glass, can result in a lower
shrinkage rate for the same resin, because they replace polymer that
shrinks with material that does not. However, the addition of such fill-
ers will affect the properties of the resin. 
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