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PREFACE

Plastics Materials and Processes: A Concise Encylopedia defines the important
concepts of the plastics industry in a single-volume encyclopedia. Materials,
processes, properties, test methods, and other information that is used commonly
throughout the industry are defined without great involvement in detail and in a
manner that is straightforward and efficient. This book is aimed at meeting the
needs of general managers, executives, purchasing and manufacturing personnel,
supervisors, engineers, students, and all others that are working in the field of plas-
tics or have interest in these important materials. It is expected that in today’s robust
working environment the time burdens on these individuals are greater than ever.
When this limited time frame is coupled with the universe of exploding polymer
technology, the resulting pressures may make it difficult to maintain an overall
grasp of the information required to efficiently perform.

The selection of information provided in this book has been made with a view
toward giving the reader an efficient, intelligent overall insight without having to
wade through voluminous texts or handbooks in specific areas. It is not the purpose
of the book to provide an exhaustive treatise on any subject, as it is assumed that
the reader will consult more comprehensive and detailed texts, journals, and even
the producers of materials and processing equipment for such specific and in-
depth information. However, this book should make the journey to acquire such
information easier and more efficient.

As the goal of this book is to provide a sourcebook of practical information for
all ranges of interest, its organization is aimed primarily at reader convenience. The
main body, therefore, consists of a concise encyclopedia of knowledge useful in
today’s plastics industry. It contains an extensive array of materials information and
property and performance data presented in an alphabetical format. In addition, it
presents all-important application guidelines, process method trade-offs, and design,
finishing, and performance criteria. It also summarizes chemical, structural, and
other basic polymer considerations.

This main body of information is preceded by a brief introduction to polymers and
plastics that may be used to provide the reader with a “glue” to hold the individual
snippets of information together. This initial section covers the nature of polymers,
and it offers an introduction to the material and process descriptions that follow.

After the encyclopedia, are several appendices containing valuable property data
and other detailed information. Here plastics and other materials commonly used
in the industry are compared to one another, and guidance is offered regarding
their processing methods and final applications. Finally, there is a completely

vii



viii PREFACE

cross-referenced and easy-to-use index that is provided as a road map for the pre-
ceding information and as a method of linking subjects and information together.

The result of this compilation is a concise, yet valuable reference to the broad
amount of information required to function in the plastics industry. It will be a use-
ful first-source to anyone involved in all aspects of product design, development,
application, manufacturing, marketing, or other peripheral function in the plastics
industry. The authors hope that this book will be the most worn book in the reader’s
reference library as a result of being the first choice for information.

CHARLES A. HARPER
EDWARD M. PETRIE
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INTRODUCTION

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
pastelike 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 number of basic plastic materials is large, and the list is increasing. In addi-
tion, the number of variations and modifications to these plastic materials is also
quite large. The methods by which these materials are processed, finished, and
prepared for final use is also immense. Together, the resultant quantity of materials
and processes available is just too large 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,
tradenames, and chemical names of various plastics only makes the problem of
understanding these materials more troublesome.

Although there are numerous minor classification schemes for polymers,
depending on how one wishes to categorize them, nearly all polymers can be
placed in one of two major classifications— thermosetting materials (or ther-
mosets) and thermoplastic materials. Likewise, foams, adhesives, embedding
resins, elastomers, and so on, can be subdivided into thermoplastic and thermoset-
ting classifications.

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 completed 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 link-
ing of atoms between or across two linear polymers, resulting in a three-dimensional
rigidized chemical structure. One such reaction is shown in Fig. IN.1. Although the
cured thermoset part can be softened by heat, it cannot be remelted or restored to the
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Reaction A

One quantity of unsaturated acid reacts with two quantites of glycol to yield linear polyester
(alkyd) polymer of n polymer units

0]

Ethylene Maleic Acid Ethylene
Glycol Glycol

o) o)
1 1
HO |CHaCHp-O—-C~CH—CH—C~0O~CHyCHp| OH + 2H,0
n

Ethylene Glycol Maleate Polyester

Reaction B

Polyester polymer units react (copolymerize) with styrene monomer in presence of catalyst
and/or heat to yield styrene-polyester copolymer resin or, more simply, a cured polyester.
(Asterisk indicates points capable of further cross-linking.)

*

o)
. 1l | I .
—CHgCHg-O—C—_ICH—CH—C—O—CHQCHQ—

| | X
: QTH | ¢ Styrene

*—CH,CHy— 0~ G~ CH—CH—C~0~CH;CH,~"
o | o
Styrene-Polyester Copolymer

Figure IN.1 Simplified diagrams showing how crosslinking reactions produce polyester resin (styrene-
polyester copolymer resin) from basic chemicals.

flowable state that existed before curing. Continued heating for long times leads to
degradation or decomposition.

In general, unfilled thermosetting plastics tend to be harder, more brittle, and
not as tough as thermoplastics. Thus it is common practice to add filler to ther-
mosetting materials. A wide variety of fillers can be used for varying product prop-
erties. For molded products, usually compression or transfer molding, mineral or
cellulose fillers are often used as lower-cost, general-purpose filler and glass fiber
fillers are often used or optimum strength or dimensional stability. There are also
many product and processing trade-offs, but a general guide to the application of
filler can be found in several major texts on the subject. It should be added that
filler form and filler surface treatment could also be major variables. Thus it is
important to consider fillers along with the thermosetting material, especially for
molded products. Other product forms may be filled or unfilled, depending on
requirements.
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Table IN.1 Typical Tradenames and Suppliers of Thermosetting Plastics (Note: these are
but a few, see Appendix N for an expanded listing.)

Plastic Typical trade names and suppliers

Alkyd Plaskon (Allied Chemical)
Durez (Hooker Chemical)
Glaskyd (American Cyanamid)
Diallyl phthalates Dapon (FMC)
Diall (Allied Chemical)
Durez (Hooker Chemical)
Epoxies Epon (Shell Chemical)
Epi-Rez (Celanese)
D.E.R. (Dow Chemical)
Araldite (Ciba)

ERL (Union Carbide)
Melamines Cymel (American Cyanamid)

Plaskon (Allied Chemical)
Phenolics Bakelite (Union Carbide)

Durez (Hooker Chemical)
Genal (General Electric)

Polybutadienes Dienite (Firestone)
Ricon (Colorado Chemical Specialties)
Polyesters Laminac (American Cyanamid)

Paraplex (Rohm and Haas)
Selectron (PPG)

Silicones DC (Dow Corning)

Ureas Plaskon (Allied Chemical)
Beetle (American Cyanamid)

Plastic materials included in the thermosetting plastic category and discu-
ssed separately in the following sections of this book include alkyds, diallyl
phthlate, epoxies, melamines, phenolics, polyesters, silicones, and ureas. A list
of typical tradenames and suppliers of the more common plastics is given in
Table IN.1.

THERMOPLASTICS

Thermoplastics differ from thermosets in that they do not cure or set under heat
as do thermosets. Thermoplastics merely soften or melt when heated to a flow-
able state, and under pressure they can be forced or transferred from a heated
cavity into a cool mold. On cooling in a mold, thermoplastics harden and take
the shape of the mold. Because thermoplastics do not cure or set, they can be
remelted and then rehardened by cooling. Thermal aging, brought about by
repeated exposure to high temperatures required for melting, causes eventual
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Table IN.2 Typical Tradenames and Suppliers of Thermoplastics (Note: these are but a

few, see Appendix N for an expanded listing.)

Thermoplastic Typical trade names and suppliers

ABS Marbon Cycolac (Borg-Warner)
Abson (B. F. Goodrich
Lustran (Monsanto)

Acetals Delrin (E. 1. du Pont)
Celcon (Celanese)

Acrylics Plexiglas (Rohm and Haas)
Lucite (E. 1. du Pont)

Aramids Nomex (E. I. du Pont)

Cellulosics Tenite (Eastman Chemical)
Ethocel (Dow Chemical)
Forticel (Celanese)

Ionomers Surlyn A (E. I. du Pont)

Low-permeability thermoplastics

Nylons (see also Aramids)

Parylenes
Polyaryl ether
Polyaryl sulfone
Polycarbonates

Polyesters

Polyethersulfone
Polyethylenes, polypropylenes,
and polyallomers

Polyimides and polyamide-imides

Polymethyl pentene

Bakelite (Union Carbide)
Barex (Vistron/Sohio)
NR-16 (E. I. du Pont)

LPT (Imperial Chemical Industries)
Zytel (E. I. du Pont)
Plaskon (Allied Chemical)
Bakelite (Union Carbide)
Parylene (Union Carbide)
Arylon T (Uniroyal)

Astrel (3M)

Lexan (General Electric)
Merlon (Mobay Chemical)
Valox (General Electric)
Celanex (Celanese)
Celanar Film (Celanese)
Mylar Film (E. I. du Pont)
Tenite (Eastman Chemical)

Polyethersulphone (Imperial Chemical Industries)

Alathon Polyethylene (E. I. du Pont)
Petrothene Polyethene (U.S.1.)
Hi-Fax Polyethylene (Hercules)
Pro-Fax Polypropylene (Hercules)

Bakelite Polyethylene and Polypropylene

(Union Carbide)

Tenite Polyethylene and Polypropylene (Eastman)

Irradiated Polyolefin (Raychem)
Vespel SP Polyimides (E. I. du Pont)
Kapton Film (E. I. du Pont)

Pyralin Laminates (E. 1. du Pont)
Keramid/Kinel (Rhodia)

P13N (Ciba-Geigy)

Torlon Polyamide-Imide (Amoco)
TPX (Imperial Chemical Industries)
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Table IN.2 (Continued)

Thermoplastic Typical trade names and suppliers
Polyphenylene oxides Noryl (General Electric)
Polyphenylene sulfides Ryton (Phillips Petroleum)
Polystyrenes Styron (Dow Chemical)

Lustrex (Monsanto)
Dylene (Koppers)
Rexolite (American Enka)
Polysulfones Ucardel (Union Carbide)
Vinyls Pliovic (Goodyear Chemical)
Diamond PVC (Diamond Alkali)
Geon (B. F. Goodrich)
Bakelite (Union Carbide)

degradation of the materials and so limits the number of reheat cycles. Most of
the common thermoplastics materials are discussed in detail in the following
section.

Specific data on a variety of thermoplastics can be found in the following sec-
tions of this book. In general, thermoplastic materials tend to be tougher and less
brittle than thermosets so that they can be applied without the use of filler.
However, although some are very tough, others do tend to craze or crack easily,
so each case must be considered on its individual merits. Traditionally by virtue
of the basic polymer structure, thermoplastics have been much less dimensional-
ly and thermally stable than thermosetting plastics. Hence, thermosets have
offered a performance advantage, although the lower processing costs for
thermoplastics have given the latter a cost advantage. However, three major
trends put both thermoplastics and thermosets on a competitive performance con-
sideration basis.

1. Much has been done in the development of reinforced, fiber-filled thermo-
plastics, greatly increasing stability in many areas.

2. Much has been achieved in the development of so-called engineering thermo-
plastics, or high-stability, higher-performance plastics, that can also be rein-
forced with fiber or fillers to increase their stability further.

3. Lower-cost processing methods for thermosetting plastics have been devel-
oped, especially the screw-injection molding technology.

All of these options should be considered in optimizing the design, fabrication, and
performance of plastic parts.

A list of typical tradenames and suppliers of the more common thermoplastics is
given in Table IN.2, and a list of so-called advanced thermoplastic materials is
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Table IN.3 Advanced Thermoplastic Materials

Matrix systems Abbreviation Trade names and suppliers
Polyphenylene sulfide PPS Ryton (Phillips Petroleum)
Polysulfone PSF Udel (Union Carbide)
Polyetheretherketone PEEK APC (Imperial Chemical
Industries)
Polyethersulfone PES Victrex (Imperial Chemical
Industries)
Polyetherimide PEI Ultem (General Electric)
Polyamide-imide PAI Torlon (Amoco)
Polyetherketone PEK (Imperial Chemical Industries)
Polyamide PA J-2 (E. I. du Pont)
Polyimide PI K-III (E. I. du Pont)
Polyarylene sulfide PAS PAS-2 (Phillips Petroleum)
Polyarylene ketone — HTA (Imperial Chemical Industries)
Polyetherketoneketone PEKK (E. I. du Pont)

presented in Table IN.3. Specific data and information for a variety of thermoplas-
tics are given in the main body of this book.

Glass Fiber-Reinforced Thermoplastics

Basically, thermoplastic molding materials are developed and can be used without
filler, as opposed to thermosetting molding material, which are more commonly
used with filler incorporated into the compound. This is primarily because shrink-
age, hardness, brittleness, and other important processing and use properties neces-
sitate the use of filler in thermosets. Thermoplastics, on the other hand, do not
suffer from the same shortcomings as the thermosets and hence can be used as
molded products without fillers. However, thermoplastics do suffer from creep and
dimensional stability problems, especially under elevated temperature and load
conditions. Because of this shortcoming, most designers find it difficult to match
the techniques of classical stress-strain analysis with the nonlinear, time-dependent,
strength modulus properties of thermoplastics. Glass fiber-reinforced thermoplas-
tics (FRTPs) help to simplify these problems. For instance, 40 percent glass fiber-
reinforced nylon outperforms its unreinforced version by exhibiting 2-!/, times
greater tensile and [zod impact strengths, 4 times greater flexural modulus and only
1/5 of the tensile creep.

Thus FRTPs fill a major materials gap in providing plastic materials that can be
reliably used for strength purpose 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 FRTPs is reduced, creep is substan-
tially reduced, and molding precision is much greater.
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The dimensional stability of glass-reinforced polymer is invariably better than
that of the nonreinforced materials. Mold shrinkages of only a few mils per inch
are characteristic of these products. Low moisture absorption of reinforced plas-
tics ensures that parts will not suffer dimensional increase under high-humidity
conditions. Also, the characteristic low coefficient of thermal expansion is close
enough to metals, such as zinc, aluminum, and magnesium, that it is possible to
design composite assemblies without fear that they will warp or buckle when
cycled over temperature extremes. In applications where part geometry limits
maximum wall thickness, reinforced plastics almost always afford economies for
similar strength or stiffness over their unreinforced equivalent. A comparison of
some important properties for unfilled and glass-filled thermoplastics is given in
the Appendices.

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

Plastic Films, Tapes, and Fibers

Films are thin sections of the same polymers described previously. Most films are
thermoplastic in nature because of the great flexibility of this class of resins. Films
can be made from most thermoplastics. Films are generally made from thermoplas-
tic resins by extrusion, casting, calendering, and skiving. The films are sold in thick-
nesses from 0.5 to 10 mil. Thickness in excess of 10 mil is more properly called
sheets. Tapes are films slit from film to some acceptable width and are frequently
coated with adhesives.

Films differ from similar polymers in other forms in several key properties but are
identical in all others. The most important features of common films are summarized
in Table IN.4. 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. Orienting is a process of selectively stretching
the films, thereby reducing the thickness and causing changes in the crystallinity of
the polymer. This process is usually accomplished under conditions of elevated
temperature, and the benefits are lost if the processing temperatures are exceeded
during service.

Certain polymeric materials are also available in fiber form. These are generally
thermoplastic materials. Synthetic polymeric fibers are used significantly in the gar-
ment industry. They are also being used increasingly in the design and manufacture
of reinforced composites. Like other forms of polymers, fibers offer properties that
can vary significantly based on the base material, fillers and modifiers, and the
processing methods chosen.
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INTRODUCTION xix

POLYMER STRUCTURE

All polymers are formed by the creation of chemical linkages between relatively
small molecules, or monomers, to form very large molecules, or polymers. As men-
tioned, if the chemical linkages form a rigid, cross-linked molecular structure, a ther-
mosetting plastic results. If a somewhat flexible molecular structure is formed, either
linear or branched, a thermoplastic results. Illustrations of these molecular structures
are presented in Fig. IN.2.

Many carbon-hydrogen chain elements tend to gather and behave in basic groups.
The hydrogen in a basic group could be substituted by some other element or group to
form a new group. These basic groups could then react with each other in a head-to-tail
fashion to make large molecules and larger macromolecules. Also, a group can react
with a different group to form a new larger group, which can then react with itself in a
head-to-tail fashion to produce the desired new macromolecule. These basic groups are

Linear Molecuies

Cross-Linked Molecules

O Carbon e Hydrogen @ Oxygen

Figure IN.2  Some possible molecular structures in polymers.
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called monomers; and when they are head to tail or polymerized into long chains, they
form polymers. The reaction between different basic groups to form a new basic recur-
ring group is called copolymerization. These copolymers can also recur in a head-to-tail
fashion to form long-chain molecules. The basic monomers are usually gases or very
light liquids; and, as polymerization continues, the molecular weight and viscosity both
increase until solidification and formation of the gum or solid production results.

The degree of polymerization can be controlled so that the end product has the
desired processing properties but lacks the final properties for engineering use. The long
chains in this state have a great deal of mobility between them, which also varies greatly
with slight changes in temperature. Some such materials are useable as thermoplastic
materials. These long chains can react further with themselves or with other chemicals.

The general principles relating mechanical properties of polymers to structures
have been known for many years. Rubbers, plastics, and fibers, for example, are not
intrinsically different materials. Their differences are a matter of degree rather than
kind. If the forces of attraction between the molecular chains are small, and the
chains do not fit readily into a geometric pattern, lattice, or network, the normal ther-
mal motion of the atoms tends to cause the chains to assume a random, more or less
coiled arrangement. These conditions lead to a rubberlike character.

In practical rubbers, a few cross-links are added to prevent slippage of the mole-
cular chains and permanent deformation under tension (or flow). With such poly-
mers, when the stress is released, the normal thermal motion of the atoms causes
them to return to a random-coiled arrangement. If the forces between the chains are
strong and the chains fit easily into a regular geometric pattern, the material is a typ-
ical fiber. In cases where the forces are moderate and the tendency to form a regular
lattice is also moderate, the result is a typical plastic.

Some polymers are made and used as three different materials: rubber, plastic, and
fiber. Polyethylene, for example, is used as a substitute for natural rubber in wire cover-
ing, as a plastic in low-loss stand-off insulators and insulation films, and as a fiber in acid-
resistant filter cloths where high fiber strength is not as important as chemical resistance.

PLASTIC PROCESSING METHODS AND DESIGN GUIDELINES

Although many users of plastics buy parts from plastic processors, they should still have
some knowledge of plastic processing, as such information can often be helpful in opti-
mizing product design. Also, an increasing number of user companies are doing some in-
house processing. For these reasons, some guideline information in plastic processing
and some guidelines for the design of plastic parts are presented in the following section.

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 production. This invaluable source of
guidance is too-often 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 IN.5 explains the major ways in which plastic materials can be formed
into parts and the advantages, limitation, and relative cost of each processing
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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 material so that it
softens and flows, force the materials into the desired shape through a die or in a
mold, and chill the melt to its final shape. By comparison, a thermoset is typically
processed by starting out with partially polymerized material, which is softened and
activated by heating (either in or out of a mold), forcing it into the desired 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 process used. A very
rough estimate of the finished cost of a part can be obtained by multiplying the mate-
rials cost by a factor ranging from 1.5 to 10.

Table IN.6 gives guidelines on part design for the various plastic processing
methods listed in Table IN.5. The design of a part frequently depends 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 pro-
cessing methods and their respective design capabilities such as minimum section
thickness and radii and overall dimensional tolerance are listed in Table IN.6. The
basic purpose of this guide is to show the fundamental design limits of the many
plastic processing methods.

There are many plastic fabrication processes, and a wide variety of plastics can
be processed by each of the processes or method. Fabrication processes can be
broadly divided into pressure processes and pressureless or low-pressure processes.
Pressureless or low-pressure processes such as potting, casting, impregnating,
encapsulating, and coating are often used with thermosetting materials. Pressure
processes are usually either thermoplastic materials processes, such as injection
molding, extrusion, and thermoforming, or thermosetting processes, such as com-
pression molding, transfer molding, and laminating. However, there are exceptions
to each.

PLASTIC FINISHING

The following sections will also provide practical information and guidance on
several important plastic processes that occur only after the part is formed. Although
sometimes referred to as postprocessing operations or secondary processes, the
common operations listed below are essential to producing practical commercial
products from plastic materials:

e Machining and finishing
e Assembly
e Decorating
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Fortunately, many of the processes and tools satisfactory for working with met-
als, wood, and other common engineering materials also apply to plastics. Although
there are similarities in these processes, there are also some critical differences that
must be considered because of the unique nature of polymeric materials. The mate-
rial properties of the polymeric resins will dictate many of the processing parame-
ters. There are also certain assembly and finishing opportunities that are available for
the designer because the material is a polymer. It is these unique differences that
must occupy the designer’s early attention.

The reader should consider the individual plastic supplier as an excellent source
of information on fabricating and finishing processes for specific types of plastic
materials. Generally, this information is readily available because the plastic resin
producers benefit by providing the most complete and up-to-date information on
how their materials can reliably and economically produce commercial products.

Because of the tremendous number of plastic materials available, their many
forms, and the possible finishing and fabrication processes, it would be difficult to
include in this book comprehensive information covering all product possibilities
and all possible needs of the reader. However, this book will define the basic terms
and concepts that are used in the industry, and, although additional information
is required, this will help efficiently direct and guide the reader to more complete
information.

PLASTIC PROPERTIES

The various properties of polymeric materials are also defined in this book, as are
the methods used to test for those properties. It is important to compare properties
of various materials and the properties that result from different processing methods
in order to select the correct material/process combination for the intended product.
Information regarding how the properties of the product will change with service is
also important because all polymeric materials will generally “age” in some form
because of their operating environment.

Much work has been done on the standardization of the measurement for proper-
ties of plastics and the analysis of plastic properties. An understanding of plastic
performance as indicated by standard tests is especially important to the large
percentage of non-chemically trained users of plastic material.

Standard Tests and Their Significance

Among the most widely used test procedures are those developed by the American
Society for Testing and Materials (ASTM). These test procedures, divided into
categories of performance (chemical, mechanical, thermal, analytical, optical, and
electrical) are listed in Table IN.7. A cross-reference of some important ASTM tests
and Federal test methods is presented in Table IN.8.
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Table IN.7 Widely Used ASTM Tests for Plastics

Performance tests
D1693, environmental stress cracking
G23 (formerly E42), accelerated weathering
Pipe tests (Commercial Standard CS 255-63)
D794, permanent effect of heat
D1435, outdoor weathering
Weight loss on heating (D706, specification for cellulose acetate molding compounds)
D570, water absorption
Chemical tests
C619, chemical resistance of asbestos-fiber-reinforced thermosetting resins
C581, chemical resistance of thermosetting resins of color in CIE 1931 system
Mechanical tests
D790, flexural properties
D1822, tensile impact
D747, stiffness in flexure
D256, 1zod impact
D638, tensile properties
D785, Rockwell hardness
D621, deformation under load
D695, compressive properties of rigid plastics
D732, shear strength
Thermal tests
D648, deflection temperature
D635, flammability (for self-supporting materials)
D1238, flow rate (melt index) by extrusion plastometer
D569, flow properties
D1525, Vicat softening point
D746, brittleness temperature
Analytical tests
D792, specific gravity and density
D1505, density by density-gradient technique
Optical tests
E308, spectrophotometry and description
D1003, haze
Electrical tests
D618, conditioning procedures
D495, arc resistance
D149, dielectric strength
D150, dielectric constant and dissipation factor
D257, tests for electrical resistance, insulation resistance, volume resistivity, volume
resistance
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Table IN.8 Cross-Referenced ASTM and Federal Tests

Federal
Standard
Method
Test method No. ASTM No.
Abrasion wear (loss in weight) 1091
Accelerated service tests (temperature and humidity
extremes) 6011 D 756-56
Acetone extraction test for degree of cure of phenolics 7021 D 494-46
Arc resistance 4011 D 495-61
Bearing strength 1051 D 953-54,
Method A
Bonding strength 1111 D 229-63T,
pars 40-43
Brittleness temperature of plastics by impact 2051 D 746-64T
Compressive properties of rigid plastics 1021 D 695-63T
Constant-strain flexural fatigue strength 1061
Constant-stress flexural fatigue strength 1062
Deflection temperature under load 2011 D 648-56,
Procedure 6(a)
Deformation under load 1101 D 621-64,
Method A
Dielectric breakdown voltage and dielectric strength 4031 D 149-64
Dissipation factor and dielectric constant 4021 D 150-64T
Drying test (for weight loss) 7041
Effect of hot hydrocarbons on surface stability 6062
Electrical insulation resistance of plastic films and sheets 4052
Electrical resistance (insulation, volume, surface) 4041 D 257-61
Falling-ball impact 1074
Flame resistance 2023
Flammability of plastics 0.050 in. and under in thickness 2022 D 568-61
Flammability of plastics over 0.050 in. in thickness 2021 D 635-63
Flexural properties of plastics 1031 D 790-63
Indentation hardness of rigid plastics by means of a
durometer 1083 D 1706-61
Interlaminar and secondary bond shear strength of
structural plastic laminates 1042
Internal stress in plastic sheets 6052
Izod impact strength 1071 D 256-56,
Method A
Linear thermal expansion (fused-quartz tube method) 2031 D 696-44
Machinability 5041
Mar resistance 1093 D 673-44
Mildew resistance of plastics, mixed culture method,
agar medium 6091
Porosity 5021
Punching quality of phenolic laminated sheets 5031 D 617-44
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Table IN.8 (Continued)

Federal

Standard

Method
Test method No. ASTM No.
Resistance of plastics to artificial weathering using

fluorescent sunlamp and fog chamber 6024 D 1501-57T
Resistance of plastics to chemical reagents 7011 D 543-60T
Rockwell indentation hardness test 1081 D 785-62,
Method A

Salt-spray test 6071
Shear strength (double shear) 1041
Shockproofness 1072
Specific gravity by displacement of water 5011
Specific gravity from weight and volume measurements 5012
Surface abrasion 1092 D 1044-56
Tear resistance of film and sheeting 1121 D 1004-61
Tensile properties of plastics 1011 D 638-64T
Tensile properties of thin plastic sheets and films 1013 D 882-64T
Tensile strength of molded electrical insulating materials 1012 D 651-48
Tensile time—-fracture and creep 1063
Thermal-expansion test (strip method) 2032
Warpage of sheet plastics 6054 D 1181-56
Water absorption of plastics 7031 D 570-63

Rating of Plastics by Property Comparisons

The Appendices of this book contain data on plastics as a function of the most
important variables. It is frequently useful to compare or rate plastics for a given
property or characteristic. Any such data must be considered approximate, of course,
because of the many possible variables involved. Some such comparative data are
presented in the Appendices and the main section of this book.

ELASTOMERS

ASTM D1566 defines elastomers as “macromolecular materials that return rapidly
to approximately the initial dimensions and shape after substantial deformation by a
weak stress and release of the stress.” It also defines rubber as “material that is capa-
ble of recovering from large deformation quickly and forcibly, and can be, or already
is, modified to a state in which it is essentially insoluble (but can swell) in solvent,
such as benzene, methyl ethyl ketone, and ethanol toluene azeotrope.”

A rubber in its modified state, free of diluents, retracts within 1 min to less than
1.5 times its original length after being stretched at room temperature to twice its
length and held for 1 min before release. More specifically, an elastomer is a
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rubberlike material that can be or already is modified to a state exhibiting little plas-
tic flow and quick and nearly complete recovery from an extending force. Such
material before modification is called, in most instances, a raw or crude rubber or a
basic high polymer and by appropriate processes may be converted into a finished
product.

When the base high polymer is converted (without the addition of plasticizers or
other diluents) by appropriate means to an essentially nonplastic state, it must meet
the following requirements when tested at room temperature:

1. It is capable of being stretched 100%.

2. After being stretched 100%, held for 5 min, and then released, it is capable of
retracting to within 10% of its original length within 5 min after release.

The rubber definition with its swelling test certainly limits it to only the natural latex
tree sources, whereas the elastomer definition is more in line with modern new
synthetics.

Elastomers, when compared with other engineering materials, are characterized
by large deformability, lack of rigidity, large energy storage capacity, nonlinear
stress-strain curves, high hysteresis, large variations in the stiffness, temperature,
and rate of loading, and compressibility of the same order of magnitude as most
liquids. Certain of the elastomeric materials possess additional useful characteristics
to arelative degree, such as corrosive chemical resistance, oil resistance, ozone resis-
tance, temperature resistance, and resistance to other environmental conditions.

The nomenclature for elastomers, common names, ASTM designations, relative
costs, and general characteristics are summarized in Appendix C. Further discussion
of these commercially available elastomers can be found in the following sections
under their specific names.

The proper selection and application of elastomers are difficult for design
engineers in many instances because engineering terms in conventional usage have
different meanings when applied to rubber properties. Elastomers are organic mate-
rials and react in a completely different manner from metals. For this reason some
of the more common definitions are presented in the following section.



A-stage The A-stage is the earliest stage in the reaction of a thermosetting resin
in which the materials are still soluble in certain solvents and fusible. It is often the
stage in which the resin, the hardener, and all other components are present and
mixed together, yet no or very little crosslinking has taken place. In the A-stage the
resin formulation is generally a thick liquid or flowable paste, but all the constituents
are present to fully cure the resin.

Later stages of reaction are termed B-stage (partially cured or advanced to a rel-
atively dry state but still flowable under heat and pressure conditions) and C-stage
(fully cured to a nonflowable thermoset plastic).

abhesive An abhesive is a material, such as a film or coating, that is applied to
a surface to prevent adhesion or sticking of other substances. Mold release agents,
release films, graffiti-resistant paints, and ice are examples of abhesive materials.
Generally, the opposite of an abhesive is an adhesive.

ablative plastic An ablative plastic is one that absorbs heat and generally pro-
tects other parts from the effects of the heat. The ablative plastic will absorb heat
while it decomposes. The decomposition process is termed pyrolysis. Ablation takes
place in the near surface layer exposed to the heat. The degraded outer surfaces will
break away when decomposed and expose a new surface to the heat.

Phenolics are good ablative plastics in that, when exposed briefly to very high
temperatures, they undergo rapid decomposition to gases and form a porous char,

Plastics Materials and Processes: A Concise Encyclopedia, by Charles A. Harper and Edward M. Petrie
ISBN 0-471-45603-9 Copyright © 2003 John Wiley & Sons, Inc.
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thereby dissipating heat and leaving a protective thermal barrier on the substrate.
This sacrificial loss of material accompanied by the transfer of energy is known as
ablation.

In addition to providing for high heat absorption and heat dissipation per unit
mass expended, ablative materials are used because they provide an automatic con-
trol of surface temperatures by self-regulating ablative degradation; excellent ther-
mal insulation; tailored performance by varying the individual material components
and composition of the ablative system; design simplicity and ease of fabrication;
and lightweight and low-cost materials.

An example of an application for an ablative plastic is the outer skin of a space-
craft where the plastic is used as a heat shield. Ablative polymers are also often used
as fire protection in cable runs, electrical equipment, fire barriers in buildings, etc.
Some ablative polymers are known as fire-stop materials.

The following polymeric materials have been used as ablative materials for spe-
cific applications: phenolics, phenyl silanes, nitrile phenolics, nitrile rubber, sili-
cones, epoxy polyamide, and novolac epoxies. Fillers and reinforcements are used
in ablative formulations to improve performance and reduce thermal conductivity.
Common ablative fillers are glass, silica, and quartz cloth; carbon and graphite cloth;
microbubbles (phenolic, silica, and glass); and asbestos fiber.

See also pyrolysis.

abrasion and abrasion resistance Abrasion may be defined as the loss of mate-
rial from a surface through wearing away by frictional forces. The terms abrasion and
at times wear are used synonymously. However, the term wear is usually used to
describe progressive damage at the interface of two sliding surfaces. Severe wear is
sometimes considered abrasion. The term abrasion is normally used to characterize
the rapid removal of matter from a surface through the action of a strongly abrading
element.

Abrasion is a difficult property to define as well as to measure. It is normally
accepted that abrasion depends on the polymer’s hardness and resilience, frictional
forces, load, and actual area of contact. Generally, hard and rigid plastics have better
abrasion resistance than tough, flexible plastics. Friction, hardness, wear, and abra-
sion resistance are related closely to the viscoelastic properties of the polymer.

Abrasion resistance is the resistance of a plastic surface to a constant source of
abrasion. Abrasion resistance in plastics is usually measured by a scratch test, in
which the material is subjected to many scratches, usually from contact with an abra-
sive wheel or a stream of falling abrasive material. The degree of abrasion can be
determined by loss of weight for severe damage, but it is more usually measured by
evidence of surface marring, such as loss of gloss or development of haze for trans-
parent specimens.

There are many types of abrasion resistance tests for specific forms of abrasive
materials and for specific applications and materials. The abrasives used in these
tests include loose particle abrasives (ASTM D673 and D1242), abrasives bonded on
cloth or paper (ASTM D1242), and standard abrasive wheels (ASTM D1044).
ASTM D1044 evaluates the resistance of transparent plastics to surface abrasion by
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measuring its effect on the transmission of light. Another test method to evaluate
abrasion resistance, ASTM D1242, measures the volume lost by two different types
of abrasion processes, loose abrasion and bonded abrasion. Test methods for the
abrasion resistance of rubber are given in ASTM D1630 and D2228. Abrasion in
connection with textile materials is defined in ASTM D123.

See also wear.

abrasive An abrasive is a material used for the surfacing and finishing of other
materials by an abrasive action. Abrasives are often used to smooth and flare plastic
surfaces; prepare surfaces for painting or adhesive bonding; and remove flash, mold-
ing gates, and other unwanted materials from plastic parts.

Natural abrasives can be sand, walnut shells, etc. Artificial abrasives include sili-
con carbide, aluminum oxide, boron carbide, and boron nitride. Artificial abrasives
are generally superior in uniformity to naturally occurring abrasives and provide
more consistent abrasive finishing processes.

abrasive finishing Abrasive finishing is a process by which a plastic part is
given a certain surface appearance through the application of abrasive particles.
Abrasive finishing can be used to remove imperfections from a plastic part or to
smooth and polish a part’s surface. It can also be used to provide a certain surface
texture.

Often abrasive finishing is used to pretreat a plastic part before adhesive bonding
or coating. The abrasive finishing process removes contaminants from the surface
and provides a rough surface that the adhesive or coating material can lock onto. Dry
abrasion consists of lightly and uniformly sanding the surface of the substrate mate-
rial with medium (180—325-grit) abrasive paper. Wet abrasion consists of using an
abrasive slurry that automatically removes the abrasive residue. Many types of both
dry and wet abrasion equipment are commercially available.

Composite abrasive materials, such as Scotch-Brite® (3M Company), have proved
popular for mechanical surface preparation. These commercial abrasive materials
are available in pad and sheet form, and they can conform easily to the shape of a
surface. When combined with water flushing, they provide clean, almost oxide-free
surfaces. Hand sanding, wire brushing, and other abrasion methods that are highly
related to the operator’s skill, and patience must be carefully controlled. These
processes are a source of inconsistency and should be used only when no other
method is possible.

Abrasive finishing for cosmetic purposes may be one of several types of opera-
tions including deflashing, smoothing and polishing, grinding, and sanding.
Deflashing is the removal of flash or gate material from a molded plastic part. Flash
can be removed by tumbling the plastic part with an abrasive material. The abrasives
used for deflashing include ground walnuts, hard nylon, and polycarbonate pellets.

Abrasive finishing processes, such as smoothing and polishing, can be used to
remove surface defects; light, residual flash; and marks from machining operations.
Most of these processes consist of holding the surface to be finished next to a soft rotat-
ing wheel containing a moderately abrasive substance. Ashing uses a wet abrasive
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applied to a loose muslin wheel. Buffing is an operation in which grease- or wax-filled
abrasive cakes are applied to a loose or sewn muslin wheel. Polishing uses wax com-
pounds filled with fine abrasives. Polishing wheels are generally made of loose flannel
or chamois.

Grinding and sanding are generally performed on a machine (belt, disk, or band), by
hand (using a silicon carbide abrasive no rougher than number 80), or by an abrasive
blasting operation using sand, plastic pellets, glass beads, or other hard abrasives.

Excessive overheating of the plastic must be prevented in abrasive finishing oper-
ations. Thus it is necessary to avoid exceedingly hard buffing with high pressures or
speeds. Usually, the smoothing or polishing operation is completed after the part has
undergone rough grinding or sanding operations.

See also grit blasting; deflashing; and tumbling.

absolute viscosity Also known as dynamic viscosity, the absolute viscosity is
the tangential force on a unit area of either of two parallel planes at unit distance
apart when space between the planes is filled with the fluid in question and one of
the planes moves with unit differential velocity in its own plane.

Viscosity is measured in terms of flow in pascal-seconds (Pa-s)—the higher the
number, the less the flow. However, the more common unit for absolute viscosity
is the poise (P), where 1 P =1 dyn-s/cm’, which is equivalent to 0.01 Pa-s. The
centipoise (cP) unit (0.01 P) is also often used.

See also viscosity.

absorption Absorption is the penetration of the mass of one substance into
another (e.g., moisture into a plastic material). The penetrants are commonly gases or
liquids. If the material is nonporous, the take-up of penetrant will be due to diffusion.
If the material is porous, the penetrant will be taken up primarily into the pores by a
wicking process; however, some penetrant may also diffuse into the solid material.

At times, the term absorption is also used to describe the process in which ener-
gy is dissipated within a specimen, for example, sound absorption and mechanical
absorption.

See also hysteresis.

accelerator An accelerator is a chemical used to accelerate the rate of curing
reaction. The term is often used interchangeably with promoter. For example, cobalt
naphthanate is an accelerator that is used to accelerate the reaction of certain poly-
ester resins.

Accelerators will also speed gel time, pot life, etc., and they may provide a reac-
tion that is so fast that it is unmanageable. These are critical components that control
the curing rate, storage life, and working life of the formulation. An accelerator is
often used along with a catalyst, a hardener, or a curing agent, which produces the
main polymerization reaction.

Accelerators are typically used in polyurethane systems and in unsaturated poly-
ester formulations where they react with the curing agent to speed cure. Accelerators
are also commonly used in elastomeric vulcanization processes.
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accumulator The accumulator is an auxiliary cylinder and piston (plunger) that
is mounted on injection molding or blowing machines and used to provide faster
molding cycles. In blow molding, the accumulator cylinder is filled (during the time
between parison deliveries or shots) with melted plastic coming from the main
(primary) extruder. The plastic melt is stored, or “accumulated”, in this auxiliary
cylinder until the next shot or parison is required. At that time, the piston in the accu-
mulator cylinder forces the molten plastic into the dies that form the parison.

acetal: polyacetal, polyoxymethylene (POM) Acetals or polyacetals are high-
performance thermoplastics that are often considered as an alternative for metal
parts. They have sufficiently high mechanical properties and chemical resistance to
be classified as an engineering plastic. Acetal resins are also known by the name
polyoxymethylene (POM). The resins are made from the polymerization of
formaldehyde or trioxane. The materials have a very good performance-to-cost ratio
because their starting raw material is inexpensive methanol. The repeating group
—CH,0O— characterizes acetals (Fig. A.1).

[]

Polyacetal Resin

Figure A.1 General chemical structure of polyacetal resin.

The high degree of crystallinity gives acetal polymers their high strength, tough-
ness, and rigidity. These plastics are also noted for good moisture, heat, and chemical
resistance. Acetal parts have high tensile strength and stiffness, resilience, good recov-
ery from deformation under load, and toughness under impact. They have very good
creep resistance and low moisture absorption, which provides excellent dimensional
stability. Acetal resins have low specific gravity, low thermal and electrical conductiv-
ity, and a “warm to the touch” feel. They are easily filled with various reinforcements
and colorants. Processing aids, ultraviolet (UV) stabilizers, impact modifiers, and rein-
forcements are often added to the basic resin to contribute to certain properties.

Acetal parts can be manufactured by common thermoplastic processes. However,
most parts are made by injection molding and extrusion. The resin’s sharp crystalline
melting point provides quality injection-molded parts. Often, small acetal parts can
be injection molded in multicavity molds.

Major applications include industrial (plumbing, automotive), commercial (appli-
ance, tools, electrical and electronic), and consumer (disposable pens, combs,
zippers) products. Acetal resins are also often used in medical products because of
their unique properties and resistance to sterilization conditions.

As aresult of their dimensional stability, acetal parts are commonly used to make
precision parts. Their low coefficient of friction and hard, smooth, glossy surface
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make them attractive for moving parts with low friction and high wear. They often
find application in machined rollers, bearings, gears, and other wear-resistant parts.
Typical parts and products made of acetal include pump impellers, conveyor links,
drive sprockets, automobile instrument clusters, spinning reel housings, gear valve
components, bearings, and other machine parts.

The most common types of acetal polymers are the acetal homopolymer (Delrin
by Du Pont) and the acetal copolymer (Celcon by Hoescht Celanese-Ticona). The
homopolymer is produced from polyformaldehyde and the copolymer from trioxane
(a crystalline form of formaldehyde).

Acetal homopolymers are highly crystalline linear polymers formed by polymer-
izing formaldehyde and capping it with acetate end groups. The homopolymer has
better short-term mechanical properties, is harder and more rigid, and has higher
resistance to fatigue than the copolymer (Table A.1). They retain their strength close
to the melting point of 175°C.

Table A.1 General Properties of Acetal Homopolymer and Copolymer

Homopolymer, Unfilled Copolymer, Unfilled

Property General Purpose General Purpose
Specific Gravity 1.425 1.410
Tensile Strength, psi 10,000 8,800
Flexural Strength, psi 14,100 12,000
Elongation, % 25-50 40-75
Dielectric Strength, volts/mil 500 500
Hardness, Rockwell M94 M80

Acetal copolymers are a family of highly crystalline thermoplastics prepared by
copolymerizing trioxane with small amounts of comonomer that randomly distrib-
ute carbon-carbon bonds in the polymer chain. These bonds, as well as hydroxyethyl
terminal units, give the acetal copolymers a high degree of thermal stability and
resistance to strong alkaline environments. The copolymer is better for applications
requiring long-term, high-temperature service or resistance to hot water.

Several grades are generally available including high molecular weight, medium
molecular weight or general purpose, and high flow. The high impact strength of
acetal resins can be enhanced even further by the addition of elastomers such as
polyurethane, polybutadiene, acrylonitrile butadiene styrene, or ethylene propylene
rubber. Delrin AF (Du Pont) is an acetal that is filled with a fluorocarbon fiber
(tetrafluoroethylene) for application in moving parts with low friction and high wear.

Commercial producers of acetal copolymer resins include Hoechst Celanese-
Ticona (Celcon), BASF (Ultraform), Mitsubishi Gas (Iupital), and LNP
(Lubricomp). Only Du Pont (Delrin) and Ashai Chemical (Tenac) manufacture the
homopolymer.

acid index Acid index is a value used to characterize the acidity of the products
of combustion of polymeric materials. Acid index values are used as an aid in
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estimating respiratory and corrosion hazards presented by burning plastics and
elastomers.

Acid index is defined as the number of milliequivalents of acid (pH < 4) evolved
per cubic centimeter of the polymeric material when burned under standard condi-
tions in pure oxygen. Examples of acid index values are

¢ Polyethylene, approximately O

¢ Polyvinyl chloride, 22

e Acrylonitrile butadiene styrene with flame retardant, 3
¢ Polyphenylene sulfide, 22

acrylic fiber The acrylic fibers are polymers containing at least 85 percent acry-
lonitrile. Other monomers are often used in small amounts to make the polymer
amenable to dyeing with conventional textile dyes. Common comonomers are vinyl
acetate, acrylic esters, and vinyl pyrrolidone. Generic classes of fibers closely relat-
ed to acrylics are the modacrylic fibers, containing 35—85 percent acrylonitrile and
usually 20 percent or more vinyl chloride or vinylidene chloride.

The acrylic fibers exhibit the high strength, stiffness, toughness, abrasion resis-
tance, resilience, and flex life that are associated with the synthetic fibers as a class.
They are relatively insensitive to moisture and have good resistance to stains, chem-
icals, insects, and fungi. Their weatherability is outstandingly good. In continuous
filament form, they are considered to have a superior “feel.” As crimped staple, they
are noted for bulkiness and a wool-like “hand.”

See also fiber.

acrylic plastic Acrylics are plastics whose base polymers are (1) polymers of
acrylic acid or (2) polymers of monomers structurally derived from acrylic acid or
are copolymers of acrylic acid or its derivatives with other monomers. An example
of a popular plastic in this family is polymethyl methacrylate, also known simply as
acrylic or Plexiglas.

See also acrylic: polymethyl methacrylate (PMMA).

acrylic: polymethyl methacrylate (PMMA) An acrylic resin is a synthetic
resin prepared from acrylic acid or a derivative of acrylic acid. Acrylic plastics are
based generally on polymethyl methacrylate with the chemical structure shown in
Fig. A.2.

I
C-C
I
H COOCH3 n
Polymethyl methacrylate

Figure A.2 General chemical structure of polymethyl methacrylate.
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Acrylic resins are available as (1) sheet, tubes, or rods that can be machined,
bonded, and formed into a variety of different parts and (2) a bead form that can be
conventionally processed via extrusion or injection molding.

The large forms of this material (e.g., sheet, rods, and tubes) are polymerized
in situ by casting a monomer that has been partly prepolymerized by removing any
inhibitor, heating, and adding an agent to initiate free radical polymerization. This
agent is typically an organic peroxide. As such, this technique is not suitable for pro-
ducing injection molding resin, but it does aid in producing material that has a large
rubber plateau and has a high enough elevated-temperature strength to allow for
band sawing, drilling, and other common finishing processes, as long as the local-
ized heating does not reach the polymer’s decomposition temperature. These bulk-
polymerized materials generally have such a high molecular weight that they cannot
be subjected to additional thermal processing or fabrication without degradation.
Cast acrylic is used extensively as bathtub material, such as in showers and in
whirlpools; display parts; and household decorative items.

Acrylic beads are made via suspension polymerization. This produces a material
with low enough molecular weight to allow for typical melt processing via injection
molding, casting, extrusion, or vacuum and pressure forming.

Acrylic plastics are noted primarily for their good optical properties (i.e., clarity
and resistance to discolorization and loss of light transmission). Parts molded from
acrylic powders in their natural state may be crystal-clear and nearly optically per-
fect. The index of refraction ranges from 1.486 to 1.596. The total light transmittance
is as high as 92 percent, and haze measurements average only 1 percent. Light trans-
mittance and clarity can be modified by the addition of a wide range of transparent
and opaque colors, most of these being formulated for long outdoor service.

Many chemicals, including ordinary solvents, attack acrylic resins. Stresses must
be carefully analyzed because of the material’s rather brittle nature. This is espe-
cially true for load-bearing applications or for molded parts having geometric
complexity (sharp corners, small holes, etc.). Because of these high-stress regions,
molded acrylic parts often must be annealed before additional finishing or use.
Annealing generally requires that the part be heated to just below the plastic’s heat
distortion temperature (2—4 hr at 60—77°C). This is often a recommended practice
when acrylic parts are to be joined by solvent welding methods.

Table A.2 Advantages and Disadvantages of Acrylic Plastics

Advantages Disadvantages

Optical clarity; does not discolor Attached by strong solvents, gasoline,
Good weather resistance and similar fluids

Moderate strength Load bearing parts should be carefully
Good electrical characteristics analyzed for long term loading

Low water absorption Molded parts can be highly stressed

Slow burning rate, will not flash-ignite
Dimensional change with humidity is less
than 0.5%
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Acrylic plastics provide several advantages and disadvantages compared with
other common plastics (Table A.2). Acrylic plastics are fairly brittle but can be
toughened by copolymerization with another monomer such as polybutadiene or by
blending with an elastomer similar to high-impact polystyrene. Acrylic-PVC alloys
offer high-impact, stiffness, and good thermoforming characteristics. The copolymer
of PMMA and a-methyl styrene provides higher service temperature than PMMA by
11-23°C. Copolymerizing methyl methacrylate with styrene improves melt flow.
Copolymerization with acrylic or methacrylic acid provides superior hardness and
abrasion resistance but the product is more susceptible to temperature effects.

Properties of several types of acrylic plastics are shown in Table A.3.

Table A.3 Properties of Several Types of Acrylic Plastics

Impact
PMMA Heat Resistant Modified
Molding Molding Molding
Property Cast Compound Compound Compound
Specific Gravity 1.17-1.20 1.17-1.20 1.16-1.22 1.11-1.18
Tensile Strength, psi 66-11000 7000-10500 9300-11500 5000-9000
Flexural Strength. psi 12000-17000 10500-19000 12000-18000 7000-14000
Elongation, %; 2-7 2.5-5 2-10 4.6-70
Dielectric Strength, 450-550 400-500 400-500 380-500
volts/mil
Hardness, Rockwell M80-102 M68-105 M94-100 M35-78

Typical applications for acrylic are those that optimally use its clarity (up to 92%
light transmission depending on thickness). Acrylic plastics have strong weather
resistance that is well suited for automotive rear light assemblies, lenses, aircraft
cockpits, dentures, windshields, and steering wheel bosses. The cast products are
used often as architectural materials even though the coefficient of thermal expan-
sion is 8 to 10 times that of glass.

Acrylic resin formulations have been used for outdoor, weather-resistant adhe-
sives. Pressure-sensitive acrylic adhesives are common on decals, bumper stickers,
decorative plates, etc. Two-part thermosetting acrylic formulations have been devel-
oped and packaged for encapsulating, potting, and structural adhesives.
Thermosetting acrylics cure by free radical—initiated addition polymerization.
These materials can be cured at room temperature with benzoyl peroxide and an
amine promoter (dimethyl aniline).

Acrylic resins are available in extrusion, injection molding, and blow molding
grades. The major suppliers of these materials are EIf Atochem (Plexiglas), ICI
Acrylics (Perspex), Plaskolite (Optix), CYRO (Cyrolite), and Nova Chemicals (NAS
and Zylar).

acrylic styrene acrylonitrile (ASA) terpolymer Acrylic styrene acrylonitrile
(ASA) is a specialty product with mechanical properties similar to those of acry-
lonitrile butadiene styrene (ABS) but which offers improved outdoor weathering
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properties. This is because of the grafting of an acrylic ester elastomer onto the
styrene acrylonitrile backbone. Sunlight usually combines with atmospheric oxygen
to result in embrittlement and yellowing of thermoplastics, and this process takes a
much longer time in the case of ASA.

ASA finds applications where its toughness, substantial modulus, and outdoor
weathering resistance are assets. These include applications in garden appliances,
covers for outdoor machinery, gutters, drainpipe fittings, park swings, streetlight
housings, mailboxes, shutters, window trims, and outdoor furniture.

ASA resins are available for blow molding, extrusion, and injection molding.
ASA resins are also blended with polycarbonate, polyvinyl chloride, and acryloni-
trile ethylene styrene for specific property enhancements. The main suppliers are
BASF (Luran and Centrex), BP Chemicals (Barex), Bayer (Centrex), LG Chemical
(LT and LE polymers), and GE (Geloy).

acrylonitrile Acrylonitrile is a monomer with the structure CH,CHCN. It is
most useful in copolymers. Its copolymer with butadiene (acrylonitrile butadiene) is
also called nitrile rubber (NBR). Several copolymers with styrene exist that are
tougher than polystyrene. Acrylonitrile polymers are also used as synthetic fibers
and chemical intermediates.

See also polyacrylonitrile.

acrylonitrile butadiene See nitrile rubber (NBR).
acrylonitrile butadiene styrene (ABS) Acrylonitrile butadiene styrene (ABS)
plastics are derived from acrylonitrile, butadiene, and styrene. They are also known

as ABS copolymer. ABS has the general chemical structure shown in Fig. A.3. The
acrylonitrile structure provides the heat resistance, strength, and chemical resistance.

1 B

Acrylonitrile Butadiene Styrene

I—o—=x
Q— o—=
— n—I
T n_ T

n—x

O

Acrylonitrile-butadiene styrene copolymer

Figure A.3 General chemical structure of acrylonitrile butadiene styrene.

The butadiene structure provides impact resistance, toughness, good low-temperature
properties, and flexibility. The styrene structure imparts rigidity, a glossy surface fin-
ish, and easy processing properties. The general ratio is approximately 20—30 percent
acrylonitrile, 20—30 percent butadiene, and 40—60 percent styrene. The relationship
of the various components can be controlled to take maximum advantage of a single
property or sets of properties.
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Table A.4 Properties of Several Grades of ABS Plastic

ABS Heat
Property ABS General ABS/PC Resistant
Specific Gravity 1.16-1.21 1.17-1.23 1.05-1.08
Tensile Strength, psi 3300-8000 5800-9300 4800-7500
Flexural Strength, psi 6200-14000 12000-14500 9000-13000
Elongation, % 1.5-80 20-70 3-45
1zod Impact, ft Ib/in 1.4-12 4.1-14 2.0-6.5
Dielectric Strength. volts/mil 350-500 450-760 350-500

ABS provides a generally good balance of properties for many applications. The
properties of various grades of ABS are shown in Table A.4.

The polymer is made by one of two routes: (1) The graft polymerization of
styrene and acrylonitrile onto a polybutadiene latex is followed by, blending in
styrene acrylonitrile latex and then coagulating and drying. (2) The graft polymer
can be manufactured separately from the styrene acrylonitrile latex, and then the two
grafts are blended and granulated after drying.

Acrylonitrile copolymer can be processed by many methods including extrusion,
blow molding, injection molding, thermoforming, and compression molding.
Typical products are electronic equipment housings, under-hood automotive appli-
cations, and refrigerator linings. The commodity plastics of polyethylene,
polypropylene, polystyrene, and polyvinyl chloride only surpass the use of ABS.

There are many ABS modifications and blends of ABS with other thermoplastics.
These modifications result in improved impact resistance, toughness, and heat resis-
tance. Heat-resistant ABS is equivalent to acetal, polycarbonate, and polysulfone in
room-temperature creep at 3000 psi. Blends of ABS with polycarbonate are easier to
process than pure polycarbonate and have high heat and impact resistance and lower
cost.

When chlorinated polyether is used instead of butadiene, a copolymer called
acrylonitrile-chlorinated polyethylene styrene (ACS) is produced. This copoly-
mer has improved flame resistance and weatherability. [See also acrylonitrile-
chlorinated styrene (ACS) teropolymer polyethylene styrene (ACS) terpolymer.]
Acrylic styrene acrylonitrile (ASA) is produced by grafting an acrylic ester elas-
tomer onto the styreneacrylonitrile segment. This results in better outdoor weath-
ering. ASA is used in products such as gutters, mailboxes, shutters, and outdoor
furniture. (See also acrylic styrene acrylonitrile.) Modifications are also available
that enhance adhesion of electroplated coating to the ABS plastic. ABS is the
most widely used material for electroplated plastic parts.

Advantages and disadvantages of ABS plastics over other common plastics are
shown in Table A.5.

There are many commercial suppliers of ABS resins and derivatives. The leading
suppliers include BASF (Terlux), Bayer (Lustran), Daicel USA (Cevian), Dow
Chemical (Magnum), GE (Cycolac), EniChem, LG Chemical, LNP, Nova Polymers
(Cryogel), RTP, and Uniroyal, Inc. (Usalite).
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Table A.5 Advantages and Disadvantages of ABS Plastics

Advantages Disadvantages

Hardness Opacity

Rigidity without brittleness Weather resistance

Moderate cost Flame resistance (can be improved with
Balance of tensile strength, impact resistance, flame retardants)

surface hardness, rigidity, heat resistance, low
temperature properties and electrical
characteristics

Stability under limited load

Retention of impact resistance as temperature
decreases

Physical properties not affected by moisture
(this leads to dimensional stability)

acrylonitrile-chlorinated polyethylene-styrene (ACS) terpolymer Acrylo-
nitrile-chlorinated polyethylene styrene (ACS) terpolymer is made by using chlorinat-
ed polyethylene in place of the butadiene segments in ABS. The terpolymer ACS has
properties very similar to those of the engineering terpolymer ABS, but the addition of
chlorinated polyethylene imparts improved flame retardance, weatherability, and resis-
tance to electrostatic deposition of dust, without the addition of antistatic agents.

The addition of the chlorinated olefin requires greater care in injection molding
to ensure that the chlorine does not dehydrohalogenate. Mold temperatures are
recommended to be kept at between 190 and 210°C and not to exceed 220°C, and
the residence times should be kept relatively short in the molding machine.

Applications of ACS include housings and parts for office machines such as desk-
top calculators, copying machines, and electronic cash registers as well as housings
for television sets and videocassette recorders.

activation Activation is a process, usually chemical, that starts the polymerization
process or enhances the action of an accelerator. (See also Accelerator.) An activator is
a chemical material (usually a minor additive) used in the activation process. Activators
are commonly used in unsaturated polyester resin systems and elastomer formulations.

Activation is sometimes used to describe the modification of a substrate surface
so that coatings or adhesives will more readily bond to that surface. Activation, in
this sense, is a surface pretreatment such as chemical etching, flame treating, and
corona treating. See also surface preparation.

Another use of the term activation is to describe certain adhesive systems that are
activated just before bonding. Some adhesives, for example, are activated by expo-
sure to moisture or heat; others require coating with solvent to achieve a tacky state.
Such adhesives are generally used because of their convenience.

addition polymer An addition polymer is one that is formed by a chain reac-
tion, generally through the addition polymerization or free radical polymerization
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process. Polyethylene and polystyrene are examples of addition polymers. With
addition polymers, the loss of a small molecule does not take place during polymer-
ization (as it does with condensation polymers).

addition polymerization Addition polymerization is the polymerization of
monomers by a chain mechanism involving active sites on the growing chain.
Addition polymerization is frequently accomplished with unsaturated monomers. It
is also called vinyl polymerization when the unsaturated monomer contains the
group —CH,—CH,—.

Addition polymerizations have two distinct characteristics: (1) no molecule is
split out (hence, the repeating unit has the same formula as the monomer), and
(2) the polymerization reaction involves the opening of a double bond.

One of the most important types of addition polymerization is free radical poly-
merization. This process is initiated by the action of free radicals (electrically
neutral species with an unshared electron). Free radicals for the initiation of addition
polymerization are usually generated by the thermal decomposition of organic per-
oxides or azo compounds. The polymerization of unsaturated polyesters with a
peroxide catalyst is an example of a free radical polymerization process.

additive Additives (also known as modifiers) are substances added to a material
usually to improve its properties, but they can also be used as extenders to reduce cost.
Although some additives provide a broad use and are applicable to many plastics,
others may be used exclusively for only one or two plastics; for example plasticizers
are generally developed for specific plastics.

Additives were originally used in plastic compounding to overcome limitations of
the base resin. For example, they provided more effective flame resistance or
improved flexibility. Gradually, the uses of additives and modifiers were extended to
provide advantages in processing of the materials (e.g., lubricants and slip agents).
More recently, the uses of additives and modifiers have been extended even further
to provide completely new types of materials with properties much different from
those of the base resin. Examples of this are blowing agents that can be used to pro-
duce foamed plastic products and adhesion promoters that can be used to improve
adhesion to internal reinforcement materials.

Plastic additives are comprised of an extremely diverse group of materials. Some
are complex organic molecules (e.g., antioxidants and light stabilizers) designed to
achieve dramatic results at very low loadings. At the opposite extreme are a few
commodity materials (e.g., talc and glyceryl monostearate) that can impart signifi-
cant property improvements.

Added to this complexity is the fact that many varied chemical materials can,
and frequently do, compete for the same function. Also, the same additive type
may perform more than one function in a host plastic. An example would include
the many surfactant-type materials based on fatty acid chemistry that impart
lubricant, antistatic, mold release, and/or slip properties to a plastic matrix,
depending on the materials involved, loading level, processing conditions, and
application.
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Given the range of materials used, plastic additives are generally classified by
their function rather than by chemistry. The following is just a short list of additives
based on the functions they can provide in polymeric formulations: adhesion
promoters, antiblocking agents, antifogging agents, antioxidants, antistatic agents,
biocides, blowing agents, coupling agents, defoamers (or air release agents), flame
retardants, heat stabilizers, impact modifiers, low-profile additives, lubricants, plas-
ticizers, slip agents, thickeners, thixotropes, UV stabilizers, and wetting agents.

Appendix M summarizes common additives/modifiers, indicates why they are
used, and describes plastics that are commonly modified by these agents. See also
the specific additive by the function that it performs (e.g., antistatic agent).

See also modifier.

adherend An adherend is a body that is held to another body by an adhesive.
An adhesive is applied to and bonds to an adherend. Sometimes the terms adherend
and substrate are used synonymously. However, a substrate generally refers to a sur-
face before it is bonded, and an adherend to the surface after it is bonded.

adhesion Adhesion is the state in which interfacial forces hold two surfaces
together. It is the attraction of two different substances resulting from intermolecu-
lar forces between the substrates. This is much different from cohesion, which
involves only the intermolecular attractive forces within a single substrate.

These interfacial forces may consist of chemical bonds, valance forces, electro-
static forces, mechanical interlocking, polymeric diffusion, or a combination of
these. However, the intermolecular forces acting in both adhesion and cohesion are
primarily van der Waals forces.

Adherend
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Figure A.4 Examples of cohesive and adhesive failures.

Figure A.4 shows the differences between adhesion and cohesion, using an adhe-
sive joint as an example. Adhesive failure is an interfacial bond failure between
the adhesive and the adherend. Cohesive failure could exist either within the
adhesive material (cohesive failure of the adhesive) or within the adherend itself
(cohesive failure of the adherend).

See also adhesion theory; van der Waals forces.
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adhesion promoter Adhesion promoters are liquids that form a very thin
(usually monomolecular) layer between a substrate and an adhesive for the purpose
of improving adhesion. They are also known as coupling agents. Usually chemical
bonds are formed between the adhesion promoter and the adhesive and also between
the adhesion promoter and the substrate’s surface. These bonds are often stronger
than the internal (cohesive) chemical bonds in the adhesive or the plastic substrate.
Adhesion promoters also provide an interfacial region that is more resistant to phys-
ical stress or chemical attack than when the adhesion promoter is absent.

The adhesion promoter can be applied by incorporating it directly into the adhe-
sive formulation or by applying it to the substrate surface similar to a primer. When
applied in situ, through the adhesive formulation, the adhesion promoter migrates to
the interface region before the adhesive cures.

The adhesion promoter can also be applied to particulate filler for reinforcing
molding compounds and to fibers for reinforcing composite materials. The pro-
cess of applying the adhesion promoter to filled plastics can be the same as for
adhesives—either the promoter can be applied directly to the filler or it can be for-
mulated into the resin and attached to the filler during the mixing or polymerizing
process. The bulk properties of filled plastics, such as tensile and impact strength, as
well as the interfacial properties are positively affected by applying adhesion pro-
moters in this way. Virtually all glass fibers used in glass fiber -reinforced plastics are
treated with silane adhesion promoters.

Silanes are the most common commercial adhesion promoter. They are com-
monly used to enhance adhesion between polymeric and inorganic materials. They
usually have the form X;Si—R, where X is typically a chlorine or alkoxy group and
R is the organofunctionality. The organofunctional portion bonds with the resin in
the adhesive or the organic medium, and the silane portion bonds to the inorganic or
substrate surface.

Although silanes predominate as adhesion promoters, the use of fitanate, zir-
conate, and other agents is growing. Titanate adhesion promoters can provide a dual
function of improving the dispersion of fillers and enhancing bond performance.
Titanates have been used predominantly to modify the viscosity of filled resin sys-
tems. A small percentage of titanate in a heavily filled resin system can reduce the
viscosity significantly.

Zirconate coupling agents have a structure very similar to that of titanates.
Zirconium propionate is used as an adhesion promoter in printing ink formulations
for polyolefins. Like the titanates, zirconate coupling agents are useful in improving
the dispersion characteristics of fillers in polymer systems.

Chrome complexes have been formed as adhesion promoters by the reaction of
chromium chloride with methacrylic acid. These are commonly used as a primer for
aluminum foil to increase the strength and durability of aluminum/polyethylene
interfaces.

Other types of coupling agents include 1,2-diketones for steel, nitrogen hetero-
cyclic compounds such as benzotriazole for copper, and some cobalt compounds for
the adhesion of brass-plated tire cords to rubber.

See also coupling agent.
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adhesion theory Various theories attempt to describe the phenomena of adhe-
sion. No single theory explains adhesion in a general way. However, knowledge of
adhesion theories can assist in understanding the basic requirements for a good
bond.

mechanical theory The surface of a solid material is never truly smooth but
consists of a maze of microscopic peaks and valleys. According to the mechan-
ical theory of adhesion, the adhesive must penetrate the cavities on the surface
and displace the trapped air at the interface.

Such mechanical anchoring appears to be a prime factor in bonding many
porous substrates. Adhesives also frequently, but not always, bond better to
abraded surfaces than to natural surfaces. This beneficial effect of surface abra-
sion may be due to

1. Mechanical interlocking

2. Formation of a clean surface

3. Formation of a more reactive surface
4. Formation of a larger surface area

adsorption theory The adsorption theory states that adhesion results from
molecular contact between two materials and the surface forces that develop.
The process of establishing intimate contact between an adhesive and the
adherend is known as wetting. For an adhesive to wet a solid surface, the adhe-
sive should have a lower surface tension than the solid’s critical surface tension.

Most organic adhesives easily wet metallic solids, but many solid organic
substrates have surface tensions less than those of common adhesives. It is
apparent that epoxy adhesives will wet clean aluminum or copper surfaces.
However, epoxy resin will not wet a substrate having a critical surface tension
significantly less than that of epoxy, approximately 47 dyne/cm. Epoxies will
not, for example, wet either a metal surface contaminated with silicone oil or a
clean polyethylene substrate.

See also surface tension, wetting.

After intimate contact is achieved between adhesive and adherend through
wetting, it is believed that adhesion results primarily through forces of molecular
attraction. Four general types of chemical bonds are recognized: electrostatic,
covalent, and metallic, which are referred to as primary bonds, and van der Waals
forces, which are referred to as secondary bonds. The adhesion between adhesive
and adherend is thought to be due primarily to van der Waals forces of attraction.

See also van der Waals forces.

electrostatic and diffusion theories The electrostatic theory states that
electrostatic forces in the form of an electrical double layer are present at the
adhesive/adherend interface. These forces account for resistance to separation.
The theory gathers support from the fact that electrical discharges have been
noted when an adhesive is peeled from a substrate.
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The fundamental concept of the diffusion theory is that adhesion arises
through the interdiffusion of molecules in the adhesive and the adherend. The dif-
fusion theory is primarily applicable when both the adhesive and the adherend are
polymeric, having long-chain molecules capable of movement. Bonds formed by
solvent or heat welding of thermoplastics result from the diffusion of molecules.

weak boundary layer theory According to the weak boundary layer theory,
when bond failure seems to be at the interface, usually a cohesive break of a weak
boundary layer is the real event. Weak boundary layers can originate from the
adhesive, the adherend, the environment, or a combination of any of the three.

Weak boundary layers can occur on the adhesive or adherend if an impurity
concentrates near the bonding surface and forms a weak attachment to the sub-
strate. When bond failure occurs, it is the weak boundary layer that fails,
although failure seems to occur at the adhesive/adherend interface.

Two examples of a weak boundary layer effect are polyethylene and metal
oxides. Conventional grades of polyethylene have weak, low-molecular-weight
constituents evenly distributed throughout the polymer. These weak elements
are present at the interface and contribute to low failing stress when polyethyl-
ene is used as an adhesive or adherend. Certain metal oxides are weakly
attached to their base metals. Failure of adhesive joints made with these
adherends will occur cohesively within the weak oxide layer. Weak boundary
layers can be removed or strengthened by various surface treatments.

Weak boundary layers formed from the shop environment are also very com-
mon. When the adhesive does not wet the substrate, a weak boundary layer of
air is trapped at the interface, causing lowered joint strength. Moisture from the
air may also form a weak boundary layer on hydrophilic adherends.

adhesive An adhesive is a substance capable of holding at least two surfaces
together in a strong and permanent manner. Adhesives can be made of organic or
inorganic material. They are chosen for their bonding and holding power. They are
generally materials having high shear and tensile strength.

Structural adhesive is a term generally used to define an adhesive whose strength
is critical to the success of the assembly. This term is usually reserved for adhesives
with high shear strength (generally in excess of 1000 psi) and good environmental
resistance. Structural adhesives are usually expected to last the life of the product to
which they are applied. Examples of structural adhesives are epoxy, thermosetting
acrylic, and urethane systems.

Nonstructural adhesives are adhesives with lower strength and permanence. They
are generally used for temporary fastening or to bond weak substrates such as paper
and foam. Examples of nonstructural adhesives are pressure-sensitive tapes, wood
glue, elastomers, and sealants. These adhesives are sometimes used for temporary
fastening or sealing.

Adhesives can also be broadly classified as being thermoplastic, thermosetting,
elastomeric, and alloy blends. These four adhesive classifications can be further
divided by specific chemical composition, as shown in Appendix K.
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The types of resins that make up thermosetting and alloy adhesives are noted for
their high strength, creep resistance, and resistance to environments such as heat,
moisture, solvents, and oils. Their physical properties are well suited for structural
adhesive applications. Elastomeric and thermoplastic adhesive classes are not used
in applications requiring continuous load because of their tendency to creep under
high stress. Many common service environments also degrade them. These adhe-
sives find greatest use in nonstructural, low-strength applications such as pressure-
sensitive tape, sealants, and hot-melt products.

Adhesives may also be classified by the way they are applied or cured. Hence,
anaerobic adhesives are adhesives that set only in the absence of air, for instance,
when confined between plates or sheets. A contact adhesive is one that is apparently
dry to the touch but will adhere to itself instantaneously on contact (also called con-
tact bond adhesive and dry bond adhesive). A heat-activated adhesive is a dry adhe-
sive film that is made tacky or fluid by application of heat or heat and pressure to the
assembly. A pressure-sensitive adhesive is a viscoelastic material that in solvent-free
form remains permanently tacky. Such materials will adhere instantaneously to most
solid surfaces with the application of very slight pressure. Room-temperature setting
adhesives are those that set in the temperature range of 20—30°C. These are usually
two-component adhesives that must be mixed before application. A solvent adhesive
is an adhesive that has a volatile organic liquid as a vehicle and sets or becomes tacky
after the solvent has evaporated. A solvent-activated adhesive is a dry adhesive film
that is rendered tacky just before use by application of a solvent.

There are many types and suppliers of adhesives. The major suppliers of formulated
adhesives range from large international businesses to very small regional shops. The
major source of information regarding adhesives and adhesive bonding processes can be
either the adhesive supplier or the supplier of the substrate material that is to be bonded.
For example, most polymeric material suppliers are experts on the types of adhesives and
processes that can be used to assemble products made with their materials.

See also structural adhesive; individual resins.

adhesive bonding Adhesive bonding is the process of joining two substrates
(or adherends) with a third substance, usually an organic or inorganic resin. The
resin or adhesive is applied in the liquid state and hardens after application and
joining of the parts.

Adhesive bonding presents several distinct advantages over other methods of fas-
tening substrates (Table A.6). Bonding, as a method of assembly, is often preferred
when different types of substrates (e.g., metals to plastics) need to be joined, when
high-volume production is necessary, or when the design of the finished part
prohibits the use of mechanical fasteners.

Although there are various ways of joining plastics to themselves or to other
materials, adhesive bonding has often proved to be the most effective assembly
method. In many applications the use of adhesives rather than metal fasteners
reduces product cost and the weight of the assembly, in some cases providing longer
service life. Adhesive bonding can also be used very effectively in prototypes and
with large or intricate assemblies that for economic or design reasons cannot be
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Table A.6 Advantages and Disadvantages of Adhesive Bonding

Advantages Disadvantages
1. Provides large stress-bearing area. 1. Surfaces must be carefully cleaned.
2. Provides excellent fatigue strength. 2. Long cure times may be needed.
3. Damps vibration and absorbs shock. 3. Limitation on upper continuous
4. Minimizes or prevents galvanic operating temperature (generally
corrosion between dissimilar metals. 350°F).
5. Joins all shapes and thicknesses. 4. Heat and pressure may be required.
6. Provides smooth contours. 5. Jigs and fixtures may be needed.
7. Seals joints. 6. Rigid process control usually
8. Joins any combination of similar necessary.
or dissimilar materials. 7. Inspection of finished joint difficult.
9. Often less expensive and faster 8. Useful life depends on environment.
than mechanical fastening. 9. Environmental, health, and safety
10. Heat, if required, is too low to considerations are necessary.
affect metal parts. 10. Special training sometimes required.

11. Provides attractive strength-to-
weight ratio.

molded or processed as a single part. Solvent and heat welding may be considered,
in the case of plastic substrates, as a type of adhesive bonding process in which the
adhesive is actually a part of the substrate itself.

However, the joining of plastics with adhesives can be made difficult because of
their low surface energy and poor wetting, the presence of contaminants such as
mold release agents and low-molecular-weight internal components (e.g., flexibiliz-
ers, UV inhibitors, and processing aids), and possible susceptibility to moisture and
other environmental factors. Fortunately, numerous adhesives and processing meth-
ods are available for the joining of plastic materials and have been successfully used
in many applications. Many of these products and applications are described in arti-
cles and handbooks on the subject. The plastic resin manufacturer is generally the
leading source of information on the proper methods of joining a particular plastic.

See also adhesion; solvent cementing; heat welding.

adhesive failure Adhesive failure occurs when there is rupture of an adhesive
bond such that the separation appears to be at the adhesive/adherend interface. When
rupture occurs within one of the materials (either the adhesive or the adherend), the
failure is said to be a cohesive failure.

See also adhesion theory.

adhesive joint The adhesive joint is the location at which two adherends are
held together with a layer of adhesive. It is the general area of contact for a bonded
structure. Generally, the adhesive joint is made up of components other than the
adhesive and adherend. Metal oxides, contamination, mold release agent, moisture,
and other such components may also be present at the adhesive joint area.

See also interphase; joint design (adhesive bonding).
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adhesive stress To effectively design joints for adhesive bonding, it is necessary
to understand the types of stresses that are common to bonded structures. Four basic
types of loading stress are common to adhesive joints: tensile, shear, cleavage, and
peel. Any combination of these stresses, illustrated in Fig. A.5, may be encountered
in an adhesive application.

- - &

Tensile Shear Cleavage Peel

Figure A.5 Examples of common types of loading stress on a bonded joint: tensile, shear, cleavage,
and peel.

Tensile stress develops when forces acting perpendicular to the plane of the joint
are distributed uniformly over the entire bonded area. Adhesive joints show good
resistance to tensile loading because all the adhesive contributes to the strength of
the joint. In practical applications, unfortunately, loads are rarely axial and cleavage
or peel stresses tend to develop. Because adhesives have poor resistance to cleavage
and peel, joints designed to load the adhesive in tension should have physical
restraints to ensure axial loading.

Shear stresses result when forces acting in the plane of the adhesive try to sepa-
rate the adherends. Joints dependent on the adhesive’s shear strength are relatively
easy to make and are commonly used. Adhesives are generally strongest when
stressed in shear because all the bonded area contributes to the strength of the joint.

Cleavage and peel stresses are undesirable. Cleavage occurs when forces at one
end of a rigid bonded assembly act to split the adherends apart. Peel stress is simi-
lar to cleavage but applies to a joint where one or both of the adherends are flexible.
Joints loaded in peel or cleavage provide much lower strength than joints loaded in
shear because the stress is concentrated on only a very small area of the total bond.
Peel stress particularly should be avoided where possible, because the stress is con-
fined to a very thin region at the leading edge of the bond fracture. The remainder of
the bonded area makes no contribution to the strength of the joint.

See also joint design (adhesive bonding).

adhesive tests Adhesive tests may be both long- and short-term tests.
Unfortunately, because of the complexity of the adhesive bonding processes (and
possible bond degradation processes) and because of the complex nature of the
stresses on practical or “real-life” adhesive joints, it is very difficult to extrapolate
test values to actual joint strength or to lifetime values. However, these tests
are excellent ways of comparing different adhesive materials and processes under
similar sets of conditions.

Strength values determined by short-term tests do not give an adequate indication
of an adhesive’s permanence during continuous environmental exposure.
Laboratory-controlled aging tests seldom last longer than a few thousand hours.



ADHESIVE TESTS 21

To predict the permanence of an adhesive over a 20-year product life requires accel-
erated test procedures and extrapolation of data. Such extrapolations are extremely
risky because the causes of adhesive bond deterioration are many and not well
understood.

A number of standard tests for adhesive bonds have been specified by the
American Society for Testing and Materials (ASTM). The properties usually
reported by adhesive suppliers are ASTM tensile shear and peel strength.
Common ASTM test methods that are used in the adhesives industry are shown
in Appendix K.

lap-shear tests The lap shear or tensile shear test measures the strength of
the adhesive in shear. It is the most common adhesive test because the speci-
mens are inexpensive, easy to fabricate, and simple to test. This method is
described in ASTM D1002, and the standard test specimen is shown in Fig. A.6.
The specimen is loaded in tension, causing the adhesive to be stressed in shear
until failure occurs. Because the test calls for a sample population of five, spec-
imens can be made and cut from large test panels.

Publisher's Note:
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Figure A.6 Standard lap-shear test specimen design. (a) Form and dimensions of lap-shear test
specimen. (b) Standard test panel of five lap-shear specimens. (Ref: ASTM D1002, American Society
of Testing and Materials)
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tensile tests The tensile strength of an adhesive joint is seldom reported in
the adhesive suppliers’ literature because pure tensile stress is not often encoun-
tered in actual production. Tensile test specimens also require considerable
machining to ensure parallel surfaces.

ASTM tension tests are described in ASTM D897 and D2095 and use bar-
or rod-shaped butt joints. The maximum load at which failure occurs is record-
ed in pounds per square inch of bonded area. Test environment, joint geometry,
and type of failure should also be recorded.

A simple cross-lap specimen to determine tensile strength is described in
ASTM D1344. This specimen has the advantage of being easy to make, but grip
alignment and adherend deflection during loading can cause irreproducibility. A
sample population of at least 10 is recommended for this test method.

peel tests Because adhesives are notoriously weak in peel, tests to measure
peel resistance are very important. Peel tests involve stripping away a flexible
adherend from another adherend that may be flexible or rigid. The specimen is
usually peeled at an angle of 90° or 180°. The most common types of peel test are
the T-peel and climbing-drum methods. The values resulting from each
test method can be substantially different; hence it is important to specify the test
method used. Peel values are recorded in pounds per inch of width of the bonded
specimen. They tend to fluctuate more than other adhesive test results because of
the extremely small area at which the stress is localized during loading.

The T-peel test is described in ASTM D1876 and is the most common of all
peel tests. Generally, this test method is used when both adherends are flexible. A
90° peel test, such as the Bell peel test (ASTM D3167), is used when one adherend
is flexible and the other is rigid. The flexible member is peeled at a constant 90°
angle through a spool arrangement. Thus the values obtained are generally more
reproducible. The climbing-drum peel specimen is described in ASTM D1781.
This test method is intended for determining peel strength of thin metal facings on
honeycomb cores, although it can be generally used for joints where at least one
member is flexible. A variation of the T-peel test is a 180° stripping test described
in ASTM D903. It is commonly used when one adherend is flexible enough to per-
mit a 180° turn near the point of loading. This test offers more reproducible results
than the T-peel test because the angle of peel is kept constant.

cleavage tests Cleavage tests are conducted by prying apart one end of a
rigid bonded joint and measuring the load necessary to cause rupture. The test
method is described in ASTM D1062. Cleavage values are reported in pounds
per inch of adhesive width. Because cleavage test specimens involve consider-
able machining, peel tests are usually preferred.

fatigue tests Fatigue testing places a given load repeatedly on a bonded
joint. Standard lap shear specimens are tested on a fatiguing machine capable
of inducing cyclic loading (usually in tension) on the joint. The fatigue strength
of an adhesive is reported as the number of cycles of a known load necessary to
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cause failure. Fatigue strength is dependent on adhesive, curing conditions,
joint geometry, mode of stressing, magnitude of stress, and duration and fre-
quency of load cycling.

impact tests The resistance of an adhesive to impact can be determined by
ASTM D950. The specimen is mounted in a grip and placed in a standard impact
machine. One adherend is struck with a pendulum hammer traveling at 11 ft/s,
and the energy of impact is reported in pounds per square inch of bonded area.

creep tests The dimensional change occurring in a stressed adhesive over a
long time period is called creep. Creep data are seldom reported in the adhesive
suppliers’ literature because the tests are time consuming and expensive. This
is very unfortunate, because sustained loading is a common occurrence in adhe-
sive applications. All adhesives tend to creep, some much more than others.
With weak adhesives, creep may be so extensive that bond failure occurs pre-
maturely. Certain adhesives have also been found to degrade more rapidly when
aged in a stressed rather than an unstressed condition.

Creep tests are made by loading a specimen with a predetermined stress and
measuring the total deformation as a function of time or measuring the time
necessary for complete failure of the specimen. Depending on the adhesive,
loads, and testing conditions, the time required for a measurable deformation
may be extremely long. ASTM D2294 defines a test for creep properties of
adhesives utilizing a spring-loaded apparatus to maintain constant stress.

environmental tests Strength values determined by short-term tests do not
necessarily give an adequate indication of an adhesive’s permanence during
continuous environment exposure. However, there are several short-term envi-
ronmental tests that will determine the relative resistance of an adhesive system
to a specific environment.

adipic acid Esters of adipic acid, HOOC—(CH,),—COOH, are excellent plas-
ticizers for cellulosic plastics and polyvinyl chloride (PVC), especially where low-
temperature properties are required (e.g., dioctyl and dinonmy adipate). Dibutoxy
ethyl adipate is used as a plasticizer for polyvinyl butyral in safety glass laminations.
Other available adipates include dimethyl, diethyl, di-isobutyl, dimethoxy ethyl,
dethoxy ethyl, and ditetrahydrofurfural adipates.

admixture An admixture is the addition and homogeneous dispersion of sever-
al discrete components before cure. The term generally refers to any well-blended
mixture of materials that is ready for final processing. More specifically, it refers to
polymer alloys that are blends of two or more discrete polymeric resins that do not
chemically react but form a compatible mixture.

See also alloy.

adsorption Adsorption is the adhesion of the molecules of gases, dissolved sub-
stances, or liquids in a more or less concentrated form to the surface of the solid or
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liquid with which they are in contact. Adsorption, which is a surface effect, is
different from absorption, which is a bulk effect. Both adsorption and absorption are
determined by the environments to which the material is exposed and by the chem-
ical nature of the polymeric surface or the bulk material.

advanced composite Advanced composites are composite materials that are
reinforced with continuous fibers having a modulus higher than that of fiberglass
fibers. The term includes metal matrix and ceramic matrix composites, as well as
polymeric composites that are reinforced with graphite, boron, ceramic, and fiber
structures of the like.

Generally, an advanced composite is designed and constructed by varying the
direction of the fibers purposely to optimally counteract the stresses that are expect-
ed on the final product during service.

See also composite; laminate.

afterflame, afterglow Afterflame is the persistence of the flaming of a material
after the ignition source has been removed. Afterglow is the continuation of the
glowing of a material after any afterflame has ceased or, if no flaming took place,
after removal of the ignition source. Afterflame time and duration and afterglow time
and duration are sometimes considered flammability parameters to compare various
plastics and elastomers.

See also flammability.

aggregate Aggregate is a hard, coarse material, usually of mineral origin,
that is used with an epoxy binder (or other resin) to construct plastic tooling.
Aggregate is also used as filler in resinous flooring or as a surface medium for
architectural structures. An example of an aggregate in this type of application is
crushed stone.

aging Plastic properties can be destroyed only by (1) further chain growth and
linkage, which would result in a hard, brittle material, or (2) a chain rupture, which
would result in a weak plastic or even a resinous mass. The degrading agents mostly
considered are sunlight, heat, oxygen, stress, atmospheric ozone, atmospheric mois-
ture, and atmospheric nitrous oxide. Chain growth or crosslinking will usually
decrease elongation and increase hardness and tensile strength, whereas chain rupture
will have the opposite effect. Some plastics will continue to harden, others will soft-
en, and still others show an initial hardening followed by softening. All aging phe-
nomena are irreversible responses.

As defined in the laboratory, aging is the change in properties of a material with
time under specific conditions. Aging can be either natural or artificial (laboratory
simulation) with specified conditions and predetermined time periods. Aging can be
accelerated (for testing) by increasing the effect of a particular environment, for
example temperature, to obtain critical data in a shorter time period. Test standards
that are concerned with aging processes in which elevated temperatures are used to
simulate aging at a faster rate include ASTM D3045.
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Aging of plastics is usually considered to be caused by either weathering or ther-
mal exposure. However, there are many different forms of aging (e.g., fatigue and
chemical resistance). Other aging tests are ASTM D573 (oven aging tests for
rubber), ASTM D756 (test for changes in weight and shape of plastics under accel-
erated service conditions), ASTM D1870 (aging tests in tubular ovens), ASTM
D1042 (tests for dimensional changes after oven aging), and ASTM D2126
(thermal/humid aging test for rigid cellular plastics).

air-assist forming Air-assist forming is a method of thermoforming in which
air flow or compressed air pressure is used to partially preform the thermoplastic
sheet immediately before the final pull-down onto the hot mold with a vacuum.

See also thermoforming.

air blasting Air blasting, grit blasting, or sand blasting is the process of blow-
ing, via air pressure, a very fine-grit material through a stencil on a specific area of
a plastic article. With plastic materials, this changes the appearance of the part to
produce a matte effect as a contrast to the rest of a glossy surface on the article.

Air blasting and associated blasting processes can also be used to remove unwanted
surface materials before painting or adhesive bonding. (See also surface preparation.)
These processes can also be used as a finishing operation to remove unwanted gates,
burrs, and other surface imperfections from molded plastic parts.

See also abrasive finishing.

air gap In extrusion coating, the air gap is defined as the distance from the die
opening to the nip formed by the pressure roll and the chill roll.

airless spraying Originally introduced for paint-saving purposes, airless spray-
ing is a high-pressure spraying process in which pressure is sufficiently high to
atomize liquid coating particles without air. The droplets have low velocities because
they are not propelled by air pressure as in conventional spray guns.

Advantages of airless spray coating are reduced solvent use, less overspray, less
bounce-back, and compensation for seasonal ambient air temperature and humidity
changes. A disadvantage of airless spray is its slower coating rate.

See also coating process.

air lock An air lock is an extremely shallow, regular or irregular depression in
the surface of a molded plastic. It has practically no depth and is visible chiefly
because of its sharply defined rim. The depression may lie wholly within the bound-
aries of one surface or extend completely across a surface, which makes the part look
as if it were divided in two. This condition is sometimes called frog skin.

air ring In processing blown tubing, an air ring is a circular manifold used to
distribute an even flow of cooling air onto a hollow tubular form passing through the
center of the ring. The air cools the tubing uniformly to provide a uniform firm
thickness.
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air-slip forming A method of thermoforming, air-slip forming is a variation of
snap back forming in which the male mold is enclosed in a box such that when the
mold moves forward toward the hot plastic, air is trapped between the mold and the
plastic sheet. As the mold advances, the plastic is kept away from it by this air cush-
ion until the full travel of the mold is completed, at which point a vacuum is applied,
destroying the cushion and forming the part against the ring. This process is shown
in Fig. A.7.
See also thermoforming; snap back forming.

< -

VACUUM ON

<

!
)
4~

Figure A.7  Air-slip forming process. (Courtesy of Dow Chemical Company)

air vent The air vent is a groove or hole machined into a mold section to permit
escape of air or gas that would otherwise be trapped in the mold cavity (Fig. A.8).
Air vents are sometimes attached to vacuum pumps to increase their effectiveness.
When the air or gas is not able to escape, it will prevent the proper filling of the
cavity, and this results in moldings with voids or air locks.

See also vent; air lock.

Vents required

Section

Vent

‘a\/ent

Figure A.8 Parting line vents. (Ref: Hull, J.L., “Design and Processing of Plastics Parts”, Handbook of
Plastics, Elastomers, and Composites, 3rd ed., McGraw-Hill, New York, 1996)
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alcohol Alcohols are the hydroxyl derivatives of hydrocarbons. They form a
homologous series, beginning with methyl alcohol (CH;OH), then ethyl alcohol
(C,HsOH), etc. Some alcohols are used as solvents. They also are chemicals used in
the production of chemicals and resins.

aldehyde Aldehydes are substances that are characterized by the presence of a
CHO radical. The simplest aldehyde is formaldehyde, HCHO. They are volatile
liquids with sharp, penetrating odors that are slightly less soluble in water than
corresponding alcohols. Aldehydes are widely used in industry as chemical building
blocks in organic synthesis.

aliphatic Aliphatic is a generic term for hydrocarbons of open-chain structure
as opposed to an aromatic ringlike structure. Aliphatic compounds are organic
compounds of straight- or branched-chain arrangement of the carbon atoms. The
aliphatic subgroups are (1) paraffins, which are saturated and unreactive; (2) olefins,
which are unsaturated and quite reactive; and (3) acetylenes, which contain a triple
bond and are highly reactive. Aliphatic hydrocarbons are saturated hydrocarbons
having an open-chain structure (e.g., gasoline and propane).

alkane The term alkane refers to the paraffin series of hydrocarbons. It is the
homologous series of hydrocarbons of which the first member is methane, CH,, and
each succeeding member adds CH,, for example, ethane C,Hg.

alkene Alkene is a generic name for acyclic hydrocarbons, branched or
unbranched, having one double bond in the molecule. It is another name for the
olefins, a homologous series of hydrocarbons of the general formula C,H,,, of which
the first member is ethylene, C,H,.

alkyd Alkyds are thermosetting resins that are the reaction products of an
organic acid with an organic alcohol. The selection of suitable polyfunctional alco-
hols and acids permits selection of a large variation of repeating units. Formulating
can provide resins that demonstrate a wide range of characteristics involving flexi-
bility, heat resistance, chemical resistance, and electrical properties. These resins are
sometimes very complex and can be modified with fatty acids, natural resins, styrene
monomer, or drying oils. Possible monomers are styrene, diallyl phthalate, and
methyl methacrylate.

The alkyds are polyester resins, but as the latter term is applied to the more
recently developed unsaturated types, the older name alkyd is usually limited to
the saturated types. Alkyds are convertible to thermoset, cross-linked materials with
the aid of additives containing double bonds or suitable functional groups.

Alkyd molding compounds are essentially thermosetting compositions, typically
comprising cross-linkable alkyd resins, curing agents (commonly peroxides), and
other additives such as fillers, reinforcement, lubricants, and colorants. They are
available in granular, rope, and putty form as well as standard forms. Some are suit-
able for molding at relatively low pressures and at temperatures in the range of
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150-200°C. Alkyd compounds often contain glass fiber filler but may also include
clay, calcium carbonate, or alumina.

Alkyds are easy to mold and economical to use. Molding dimensional tolerances
can be held to within = 0.001 in/in. Postmolding shrinkage is small. The compounds
are molded by compression, transfer, and sometimes injection molding techniques.

The general alkyd’s greatest limitation is its relatively low degree of resistance to
extremes of temperature (above 177°C) and high humidity. Silicones and diallyl
phthalates are superior in these respects—silicones especially with regard to
temperature and diallyl phthalates with regard to humidity.

Alkyd resins are often used in molding electrical or electronic articles.
Components include switches, housings, connector mountings, and other insulated
parts. Straight and modified alkyd resins are used in the manufacture of enamels and
other finishes. They are also used in printing inks and as adhesives to bond glass
fabric and other materials for polyester laminates. Surface coating is a major appli-
cation for alkyd resins.

Major commercial suppliers of alkyd resins include Rogers Corp. (ARMC grade
molding compound), Cytec Industries Inc. (Glasskyd molding compound), P. D.
George Co., Plastics Engineering Co., and U.S. Chemicals Inc.

alkyl Alkyl is a general term for any organic group derived from an aliphatic
hydrocarbon by the elimination of one atom of hydrogen, for example, C,H;
(derived from C,Hg).

alloy The term alloy is used to represent the physical admixture of two poly-
mers. An alloy is a composite material made by blending two or more different poly-
mers under selected conditions. The materials in an alloy formulation are generally
not chemically reacted together but exist as discrete blended regions of material.

The object is to combine resins with widely differing properties into a homoge-
neous mass and at the same time overcome phase separation problems associated
with blending of polymers that differ significantly in molecular weight.

Alloying occurs by establishing sites of compatibility along molecular chains
such that a degree of physical crosslinking can occur. This is not a true chemical
process but is achieved by addition of special wetting agents or compounding under
high-shear conditions.

The concept of alloying or blending has become popular in the plastics industry.
Some of the alloy blends familiar to the industry include styrene-modified PPS,
ABS-polysulfone, SAN-polyolefin, PVC-acrylic, PVC-ABS, polycarbonate-ABS,
nylon-elastomer, and polycarbonate-PBT blends. The number of potential alloys and
blends seems almost limitless as suppliers continually offer new variations.

allyl The most broadly used allyl resins are prepared from the prepolymers of
either diallyl orthophthalate (DAP) or diallyl isophthalate (DAIP), which have been
condensed from dibasic acids. The DAP monomer is an ester produced by the ester-
ification process involving a reaction between a dibasic acid (phthalic anhydride)
and an alcohol (allyl alcohol), which yields the DAP ortho monomer. Similar
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reaction with dibasic acids will yield the DAIP prepolymer. These monomers are
capable of crosslinking and will polymerize in the presence of certain peroxide cat-
alysts such as dicumyl peroxide (DICUP), r-butyl perbenzoate (TBP), and #-butyl
peroxyisopropylcarbonate (TBIC). See Fig. A. 9.

0] COCHy—CH=CH,
O:chOCHz—CH=CH2
%OCHZ—CH=CH2 IC'OCHz—CH=CH2
0]
Diallyl phthalate (ortho) Diallyl isophthalate (meta)

Figure A.9 General chemical structures for diallyl phthalate and diallyl isophthalate.

Allyls are among the best of the thermosetting plastics with respect to high insu-
lation resistance and low electrical losses. These properties are maintained at up to
200°C and in the presence of high humidity. DAIP will withstand somewhat higher
temperatures than DAP. Certain grades of allyls are also good for food contact. Allyl
resins are naturally flammable, although flame-retarded compounds are available.

Allyl resins are also easily molded and fabricated. The allyl resins have excellent
dimensional stability, offering very low after-shrinkage (on the order of 0.1%). The
largest commercial product is filled with short glass fiber filler, which combines
moldability in thin sections with extremely high tensile and flexural strengths.

Commercial thermosetting DAP and DAIP molding compounds include fiber-
reinforced grades for compression, transfer, and injection molding. Major commer-
cial manufacturers of allyl molding compounds include Cosmic Plastics (Cosmic
and Poly-Dap) and Rogers Corporation (FS and RX series).

See also diallyl phthalate (DAP).

allyl diglycol carbonate (ADCO) Allyl diglycol carbonate is an allyl ester that
can be cured with heat and peroxide catalysts and can polymerize with styrene and
other vinyl monomers. It is a thermosetting, crystal-clear plastic with exceptional
scratch resistance. ADCO also has a high heat deflection temperature. Maximum
recommended operating temperature for long-term use is 100°C and for short-term
use is 150°C.

The plastic resin is often used for safety glasses, scratch-resistant glazing, lens
covers, etc. It is manufactured as a cast sheet by PPG. The allyl diglycol carbonate
monomer is available commercially from Polymer Products.

alternating copolymer An alternating copolymer is a copolymer in
which the molecules of each monomer alternate in the polymer chain
(—A—B—A—B—A—B—).

See also block copolymer; random copolymer.

alternating stress Alternating stress is a stress that varies between two
maximum values that are equal but of opposite signs, according to a specification
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determined in terms of time. Alternating stress is a form of fatigue, and long periods
of alternating stress can result in degradation and failure below the tensile strength
of the plastic. An alternating-stress amplitude is a test parameter of a dynamic
fatigue test. It is one-half the algebraic difference between the maximum and
minimum stress in one cycle.

See also fatigue.

alumina trihydrate (ATH) The filler alumina trihydrate (ATH) generally is
used as an extender in resins to combat higher prices or supply problems. However,
this filler is also the highest-volume flame-retardant additive used in the plastics
industry. Of the common fillers used in plastics, only ATH has flame-retarding and
smoke-suppressing properties as well as being a low-cost resin extender. Other
performance characteristics include enhanced arc and track resistance.

When ATH is used in plastic formulating, processing temperatures should be
below 200°C. Extended-use temperatures for finished parts should be limited
to 180°C to prevent long-term evolution of trace water vapor.

Aluminum trihydrate is available in a variety of grades that differ in particle size,
color, and surface treatment. ATH finds use in such resins as polyesters, epoxies, and
polyvinyl chloride (PVC). Commercial manufacturers of ATH include Akochem
Corp.; Alcoa Industrial Chemicals; Pluess-Staufer International Inc.; and Whittaker,
Clark & Daniels.

aluminum filler Pure aluminum conductive fillers are available in several
forms, including powders, flakes, and fibers. These fillers are generally used to
increase electrical conductivity or decrease thermal expansion coefficients of
the plastic formulation. They give higher conductivity versus volume loading in
comparison to carbon blacks and carbon fibers.

The powder and flake forms are recommended for injection molding applications.
Either flake or fiber is effective in compression molding. The higher aspect ratio of
the fibers will show better conductivity at a given concentration level.

Aluminum powders have been added to acetals and nylons to produce conductive
moldings suitable for plating. Epoxy resin formulations that are highly filled with
aluminum have been used to cast tools and guides and for producing metal cements
and coatings.

amide The amides are a group of chemicals derived from acid by a substitution
of hydroxyl groups (OH) with NH,. For amides applied as an epoxy resin catalyst,
see also amido-amine.

amido-amine The amido-amines are epoxy resin curatives. Many so-called
“amides” used in epoxy resin formulations are actually amido-polyamines. The
hydrogens of the amide group are sluggishly reactive, with elevated temperatures
being required for a satisfactory rate.

They are polyamide resins with amine functionality and lower viscosity. These
curing agents are used in standard two-component epoxy adhesive systems that cure
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at room temperature. Amido-amines can be found commercially in viscosities rang-
ing from motor oil to clay-like.
See also epoxy resin curing agent.

amine The amines are a large group of chemicals derived from ammonia, NH;,
in which one or more of the hydrogen atoms have been replaced with an organic
radical. The amine is primary, secondary, or tertiary depending on whether one, two,
or three of the hydrogen atoms have been replaced.

A primary amine has one ammonia hydrogen substituted (e.g., methylamine).
Primary amines are used as a catalyst and solvent in the manufacture of resins. They
are also used as an isocyanate coreactant in the polymerization of polyurethane.

Amines are used commonly as curing agents for epoxy resins and adhesives.
Aliphatic primary amines provide a fast room-temperature cure but provide poor
elevated-temperature resistance. They also produce resin systems with a very high
exotherm. Common primary amines used in these formulations include diethyltri-
amine (DETA) and triethylenetetramine (TETA).

Aromatic amines offer improved heat and chemical resistance in epoxy formula-
tions. They are generally solid curing agents and can be used to provide a B-stage
cure. Typical aromatic amines include m-phenylenediamine (MDA) and diamin-
odiphenyl sulfone (DDS).

Tertiary amines are primarily used as catalysts for epoxy formulations with other
curing agents, but they can also be used as a room- or elevated-temperature curing
agent on their own.

See also epoxy resin curing agent.

amine adduct Amine adducts are the products of the reaction of an amine with
a deficiency of a substance containing epoxy groups. Amines may be adducted with
a variety of epoxidized resins and other components. Amine adducts are common
curing agents for epoxy resins. A typical amine adduct is produced by reacting dieth-
ylene triamine with DGEBA epoxy resin.

These adducts have lower volatility due to a higher molecular weight and usually
a somewhat heightened reactivity. Because of the higher molecular weight,
the adducts are used at higher and more convenient ratios than the amine epoxy
catalysts.

amino resin Amino resins are thermosetting compounds. Melamine, a trimer of
cyanamide, and urea react with formaldehyde, first by addition to form methanol
compounds and then by condensation in reactions much like those of phenol and
formaldehyde. These may be polymerized to crosslinked resins by loss of water.

The two important classes of amino resins are the condensation products of urea
and melamine with formaldehyde (Fig. A.10). The melamine product is known as
melamine formaldehyde (MF) or melamine phenoformaldehyde (MPF); the urea
product is known as urea formaldehyde (UF). They are generally considered togeth-
er because of the similarity in their production methods and applications. These
resins are also known as aminoplasts.
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Figure A.10 General chemical structures for urea formaldehyde and melamine formaldehyde.

In general, the melamine resins have somewhat better properties (hardness, heat
resistance, and moisture resistance) than the ureas but are higher in price. A distinct
advantage of the amino resins over the phenolics is the fact that they are clear and
colorless, so that objects of light or pastel color can be produced. The tensile strength
and hardness of the amino resins are better than those of the phenolics, but their
impact strength and heat and moisture resistance are lower. The melamine resins
have better hardness, heat resistance, and moisture resistance than the ureas.

Amino plastics can be used as molding compounds, adhesives, and laminating
resins. Practically all urea molding compounds are cellulose filled. The melamines,
although predominantly cellulose-filled, are also used with other fillers. Addition of
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a-cellulose filler, the most commonly used filler for aminos, produces an unlimited
range of light-stable colors and high degrees of translucency.

Amino molding compounds can be fabricated by economical molding methods.
Because of their poorer flow characteristics, the urea resins are usually compres-
sion-molded, but transfer molding is common with the melamines. Amino
resins exhibit relatively high mold shrinkage. 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
fasteners.

Amino molding compounds are hard, rigid, and abrasion resistant, and they have
high resistance to deformation under load. These materials can be exposed to sub-
zero temperatures without embrittlement. Under tropical conditions, melamines
do not support fungus growth. Amino materials are self-extinguishing and have
excellent electrical insulation characteristics. They are unaffected by common
organic solvents, greases and oils, and weak acids and alkalis. Aminos do not impart
taste or odor to foods.

Melamines are superior to ureas in resistance to acids, alkalis, heat, and boiling
water, and they are preferred for applications involving cycling between wet and dry
conditions or rough handling. Cracks develop in urea moldings that are subjected
to severe cycling between dry and wet conditions. Ureas are unsuitable for outdoor
exposure. Melamines experience little degradation in electrical or physical proper-
ties after outdoor exposure, but color changes may occur.

Melamines and ureas provide excellent heat insulation and resistance; tempera-
tures up to the destruction point will not cause parts to lose their shape. Amino resins
exhibit relatively high shrinkage on aging. Prolonged exposure to high temperature
affects the color of both urea and melamine products. A loss of certain strength and
electrical characteristics (except arc resistance) also occurs when amino moldings
are subjected to prolonged exposure to elevated temperatures.

Amino resins have found applications in the fields of industrial and decorative
laminating, adhesives, protective coatings, textile treatment, paper manufacture, and
molding compounds. Amino resins are used in adhesive formulations for bonding
plywood and furniture. The melamine resins give excellent boil-resistant bonds but
for economy are usually blended with ureas.

Melamine resins are also widely used for producing decorative laminates. These
are usually assembled with a core of phenolic-impregnated paper and a melamine-
impregnated overlay. They are cured by hot pressing and are widely used for
countertops, cabinettops, and tabletops.

Because of their colorability, solvent and grease resistance, surface hardness,
and mar resistance, the urea resins are widely used for cosmetic container
closures, appliance housing, and stove hardware. The production of high-quality
dinnerware from cellulose-filled compounds is one of the largest uses for the
melamine resins.

Amino resins also modify textiles such as cotton and rayon by imparting crease
resistance, stiffness, shrinkage control, fire retardance, and water repellency. They also
improve the wet strength, rub resistance, and bursting strength of paper. Alkylated
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resins, in which butyl- or amyl-substituted monomethyl ureas or melamines are used,
are combined with alkyd resins to give baking enamels. The urea-based enamels are
used for appliances, and the melamine formulations in automotive finishes.

Other amino resins include those based on ethyleneurea, used in textile applica-
tions; guanamine, used in surface coatings; and aniline, used in molded and
laminated electrical insulation.

BIP Chemicals, Cytec Industries (Fiberite and Beetle), Perstorp, and Plastics
Engineering (Plenco) are among several manufacturers that commercially produce
melamine formaldehyde resins.

See also aniline formaldehyde.

amorphous phase An amorphous phase is one that is devoid of crystallinity and
has no defined molecular order. At processing temperatures, the crystalline plastics
are normally in the amorphous state.

See also amorphous polymer; crystalline.

amorphous polymer An amorphous polymer is one in which the polymer
exists in a random unordered structure. An example of an amorphous polymer
is polystyrene. Generally, the structure of the polymer chain is such that it cannot
be packed into an orderly network.

On the other hand, if the structure of the polymer backbone is a regularly ordered
structure, then the polymer can tightly pack into an ordered crystalline structure,
although the material will generally be only semicrystalline. Examples of crystalline
polymers are polyethylene and polypropylene.

The exact detail and makeup of the polymer backbone will determine whether the
polymer is capable of crystallizing. This microstructure can be controlled by differ-
ent synthetic methods. For example, Ziegler-Natta catalysts are capable of control-
ling the microstructure to produce stereospecific polymers.

See also polymer; crystalline; Ziegler-Natta catalyst.

anaerobic adhesive An anaerobic adhesive is one that cures only in the absence
of air after being confined between assembled parts. These well-known adhesives
and sealants are used to lock mechanical fasteners and for form-in-place gaskets.
They can be found in most auto parts stores and hardware stores.

Anaerobic adhesives are generally acrylate monomer-based adhesives. They are
essentially monomeric, thin liquids that polymerize to form a tough plastic bond
when confined between closely fitting metal joints. They generally require a metal
substrate because the metal ions catalyze the reaction process. However, catalyzed
primers are available for curing anaerobic adhesives on nonmetallic substrates.

anchorage In molding, an anchorage is the part of an insert that is molded
inside the plastic and held fast by the shrinkage of the plastic.

anelastic deformation An anelastic deformation is any portion of the total
deformation of a body that occurs as a function of time when load is applied and that
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disappears completely after a period of time when the load is removed. In practice,
anelastic deformation also describes the viscous deformation of a body.

angle press The angle press or side-ram press is a hydraulic molding press
equipped with horizontal and vertical rams. It is specially designed for the produc-
tion of complex moldings containing deep undercuts. The orientation of the press
greatly facilitates the ejection of molded parts having undercuts or projections. This
type of press can apply pressure both horizontally and vertically.

anhydrous Anhydrous compounds are those from which water is removed or
those that do not have the presence of water.

aniline Aniline is an important organic base with the structure C¢HsNH,. It is
made by reacting chlorobenzene with aqueous ammonia in the presence of a
catalyst. Aniline is used in the production of aniline formaldehyde resins and in the
manufacture of certain rubber accelerators and antioxidants.

aniline formaldehyde Aniline formaldehyde is a member of the amino plastics
group made by the condensation of formaldehyde and aniline in an acid solution.
The resins are thermoplastic and can be molded into flat sheets and other forms of
dark, brownish-red color.

Aniline formaldehyde resins are used to a limited extent in the production of
compression-molded and laminated insulating materials. Products made from these
resins have high dielectric properties that are stable over a wide range of frequencies
and under high-humidity conditions. The resin has good chemical stability. It is unaf-
fected by ultraviolet light and by weather conditions. Although it is attacked by strong
acids, it is unaffected by alkalis and is not soluble in any common organic solvents.

See also amino resin.

anionic polymerization Anionic polymerization is an addition polymerization
process that is initiated by anions. A wide variety of anions can be used, but the use
of organic alkali metal salts has the greatest commercial importance.

Anionic polymerization is propagated by carbon atom intermediates, which
contain an unshared pair of electrons and are negatively charged (carbanions). The
conventional method of initiation of ionic chains involves the addition of a negative
ion to the monomer, with the opening of a bond or ring and growth at one end. In an
inert medium, there is no termination step. The chains will continue to grow until the
monomer supply is exhausted.

The ionic chain end is stable, and the growth of the chains can be resumed by the
addition of more monomer. For this reason, these materials have been aptly termed
living polymers.

See also living polymer; addition polymerization.

anisotropic An anisotropic material is one in which the properties are different
in different directions along the laminate plane. A unidirectional composite is an
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example of an anisotropic material. It has different properties in the directions par-
allel to the fibers compared to the direction perpendicular to the fibers. Wood is
another example of an anisotropic material. It has properties that are different in the
direction of the grain and perpendicular to the grain.

annealing Annealing or afterbake is the heating of a molded article in an oven
after it is taken from the press or the primary curing process. The purpose of an
annealing process is generally to either (1) relieve internal stresses and strains or
(2) hasten the cure and ultimate shrinkage of a molded piece. The part is usually
heated to a temperature that is near, but below, its melting point. The part then is
allowed to cool slowly after annealing. Annealing is often used on molded thermo-
plastic articles to relieve local stresses set up by flow of the resin into the mold.

Annealing is a common procedure if the part is known to have internal stress and
if it will see harsh chemical environments either for the purpose of assembly (such
as solvent welding) or during service. Acrylic parts are the most common plastic that
is susceptible to stress crazing. For this reason they are often annealed before clean-
ing, finishing, assembly, etc. Acrylic parts, for example, are heated to 50-70°C,
depending on the grade, in a forced circulating air oven for up to 24h and then
cooled in the oven or in still air at room temperature.

antiaging additive Antiaging additives are incorporated into plastic compounds
to improve the resistance of the resin to aging—generally, oxidative aging.
Examples of aging include attack by oxygen, ozone, dehydrochlorination, and ultra-
violet (UV) light degradation. Aging often results in chain scission, addition of polar
groups, or the addition of groups that cause discoloration. Additives are used to help
prevent these reactions.

Antioxidants are added to the polymer to stop the free radical reactions that occur
during oxidation. Antioxidants include compounds such as phenols and amines.
Phenols are often used because they have less of a tendency to stain.

Peroxide decomposers are also added to improve the aging properties of
thermoplastics. These include mercaptans, sulfonic acids, and zinc dialkylthio-
phosphate.

The presence of metal ions can act to increase the oxidation rate, even in the pres-
ence of antioxidants. Metal deactivators are often added to prevent this from taking
place. Chelating agents are added to complex with the metal ion.

See also ultraviolet stabilizer, antioxidant.

antiblocking agent Antiblocking or flatting agents act to prevent various plas-
tic films (e.g., polyvinyl chloride, polyolefins) from adhering to each other because
of static electricity buildup or cold flow. Slip agents perform many of the same func-
tions. However, slip agents also play a role during processing in preventing plastics
from sticking to metal.

Antiblocking agents can be applied externally or internally and include such
materials as waxes, metallic salts, fatty acids, fumed silicas, and even other plastics
(e.g., polyvinyl alcohol, polysiloxanes, and fluoroplastics). Silicates and silicas can
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also be used as flatting agents to affect the surface of the films so that they will not
adhere to each other. These function by roughening the surface film to give a spac-
ing effect. Typical of this application is the use of calcium silicate in PVC.

Years ago, efforts were made to provide antiblocking by dusting the surface with
cornstarch or silica. This process was abandoned because of potential health
concerns. Antiblocking agents are now melt incorporated into the thermoplastic
either via direct addition or by use of a master batch.

Although both organic and inorganic materials are used as antiblocking agents,
the inorganics make up the bulk of the market. The four major types of antiblocking
agents are diatomaceous earth, talc, calcium carbonate, and synthetic silicas and
silicates.

Antiblocking agents are used in polyolefin films in conjunction with slip agents
in such consumer items as trash bags, shipping bags, and a variety of packaging
applications

Commercial manufacturers of antiblocking agents are Akzo Engineering Plastics,
Ferro Corporation, Modern Dispersion Inc., Quantum Chemical Corporation, and
Summit Chemical Company.

See also slip agent.

antifogging agent These agents are intended to prevent fogging that could
obscure viewing in products such as polyvinyl chloride (PVC) packaging film or PVC
windows. The fogging effect in these products is the result of water condensation on
the inside surface of the film (e.g., in a package the water will often come from the
packaged products such as food). The antifogging agents, typically specific fatty acid
esters, function either by causing the water droplets to form a continuous film on the
inside surface or by imparting a hydrophobic characteristic to the film surface, there-
by preventing the water droplets from forming.

Akzo Chemicals, Eastman Chemical Products, Henkel Corp., ICI Americas, and
Witco Corporation commercially manufacture antifogging agents.

antimicrobial Antimicrobials or algicides prevent degradation of plastics
by fungi, bacteria, and algae. This degradation can take the form of shortening of
useful life, odor and embitterment, and lowering of tensile strength and electrical
properties.

Antimicrobials are incorporated into a plastic formulation to preserve the poly-
meric material by destroying or inhibiting the growth of microorganisms on the
product’s surface. The constant presence of a biocide on the surface of antimicrobial
plastics is essential for successful inhibition of microorganisms. Antimicrobials
should migrate to the surface at a rate sufficient to maintain an effective concentra-
tion of biocide at the surface.

Antimicrobials for plastics are considered pesticides and must be registered with
the U.S. Environmental Protection Agency (EPA). Registration requires the submis-
sion of toxicity, efficacy, safety, handling, and environmental data.

The bulk of antimicrobials have been used for flexible PVC, polyurethane foams,
and adhesives in formulations that are used in stressful environments. Typical
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environments in which antimicrobial additives are used include pool and ditch lin-
ers, outdoor furniture, marine upholstery, roofing membranes, tarpaulins and tent
fabrics, shower curtains, and wall and floor coverings.

Antimicrobials for plastics contain active ingredients dispersed in a carrier mate-
rial—a plasticizer, solvent, or resin. Liquid, powdered, and pelleted versions featur-
ing even distribution in formulation and ease of handling are available. The most
widely used active ingredients for polymer materials are 10,10-oxybisphenoxarsine,
OBPA (Intercide from Alcros Chemicals), and 2-n-octy-4-ixothiazolin-3-1 (Micro-
Check from Ferro Corp.). Other chemistries are also available. Antimicrobials are
also commercially manufactured by Akzo Chemicals, Morton International Inc.,
Hexcel Corporation, and Uniroyal Chemical Company.

antimony oxide Antimony oxides are essentially antimony trioxide (Sb,O3) and
pentoxide (Sb,Os). Both are used as flame retardants in many plastics. The pentox-
ide came into use more recently, but often these are considered together simply as
antimony oxide. Antimony oxide is a dry, white powder. The particle size of anti-
mony oxide is an important consideration in selection because the size can affect
physical properties, dispersal, or processability, and it can affect color control in the
finished product. Antimony pentoxide is now available in a very fine particle form
from PQ Corp. (Nyacol).

In polymers that do not contain chlorine, the presence of a halogenated additive,
in practice normally a brominated or chlorinated organic compound, is required to
enable the antimony oxide to exert its flame-retardant action.

Antimony oxide works synergistically with reactive or additive halogenated
compounds to improve the flame-retarding effect of the halogens so that less of the
halogenated compound needs to be used, with consequently less effect on physical
properties. Antimony oxide is effective when used in combination with such organ-
ic flame-retardant compounds as chlorinated paraffins, chlorinated cycloaliphatics,
aromatic bromine compounds, alkyl chlorine, or bromine and phosphates. It is used
in such resins as ABS, polyethylene, polypropylene, polystyrene, thermoplastic
polyester (PBT), and unsaturated polyesters.

See also flame retardant.

antioxidant Antioxidants are used in a variety of resins to prevent oxidative
degradation. Degradation is initiated by the action of highly reactive free radicals
caused by heat, radiation, mechanical shear, or metallic impurities.

Plastics degradation starts with the initiation of free radicals on exposure to heat,
UV radiation, and mechanical shear or in the presence of reactive impurities such as
catalyst residues. The radicals thus initiated have a high affinity for reacting with
oxygen to form unstable peroxy radicals. These radicals, in turn, attract neighboring
labile hydrogens to produce unstable hydroperoxides plus additional free radicals
that keep the process going. This leads to degradation of the polymer.

Only when a nonradical inert product is formed will the cycle be terminated. In
preventing this type of degradation, the antioxidants function by intercepting the rad-
icals or by preventing radical initiation during the plastic’s life cycle.
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The function of an antioxidant is to prevent the propagation of oxidation. Because
many plastics are susceptible to oxidative degradation, the role of antioxidants
in slowing down the process and imparting longer life to many products has taken on
added importance. Depending on the aging environment, most plastics can benefit
from antioxidants. Plastics especially susceptible to oxidation such as polypropylene,
polyethylene, ABS, and polystyrene often include antioxidants in their formulations.

Antioxidants can be divided into two basic classifications: primary and secondary
antioxidants. Primary antioxidants interrupt oxidation degradation by tying up the
free radicals. Secondary antioxidants destroy the unstable hydroperoxides that
function as sources of free radicals during oxidative degradation.

The two major groups among the primary antioxidants are hindered phenolics
and aromatic amines. The most widely used antioxidants in plastics are phenolics.
The products generally resist staining or discoloration. However, they may form
quinoid (colored) structures on oxidation. Phenolic antioxidants include simple
phenolics, bisphenolics, polyphenolics, and thiobisphenolics. Hindered phenolics,
such as butylated hydroxytoluene (BHT), high-molecular-weight phenolics, and
thiobisphenolics, are the most popular of the primary antioxidants.

Aromatic amines, normally arylamines, may be more effective than phenolics,
but most are staining and discoloring and lack FDA approval for use in contact with
food. Amines are commonly used in the rubber industry but also find minor uses in
plastics such as black wire and cable formulations and in polyurethane polyols.

Secondary antioxidants are used in conjunction with primary antioxidants to
provide added stability to the polymer. Typical compounds contain sulfur or phos-
phorus. The more popular secondary antioxidants are thioesters (thiodipropionic
acid derivatives and polythiodipropionates) and organophosphites.

Organophosphites provide color stability but have a hygroscopic tendency.
Hydrolysis of phosphites can ultimately lead to the formation of phosphoric acid, which
can corrode processing equipment. Tris-nonylphenyl phosphite (TNPP) is the most
commonly used organophosphite followed by tris(2,4,-di-tert-butylphenyl)phosphite
(Ciba Giegy’s Irgafos 168). Thioesters have high heat stability but have an inherent
odor, which can be transferred to the host polymer. A new phosphite secondary antiox-
idant, based on butyl ethyl propane diol, reputedly yields high activity, solubility, and
hydrolytic stability in a range of polymers.

Antioxidant systems combining two or more materials are generally used. The
most effective mixture will combine a free radical inhibitor with a peroxide decom-
poser. The free radical inhibitor retards the initiation of reaction chains, but some
hydroperoxide is nevertheless formed. A peroxide decomposer available to react
with the hydroperoxide prevents it from decomposing with free radicals. The nature
of the resin will influence the kind and amount of antioxidant used.

Table A.7 lists the chemical types of primary and secondary antioxidants and their
major resin applications.

Lactone stabilizers are a new class of materials that are reputed to stop the
autoxidation process before it starts. These products are derivatives of the benzofu-
ranone family. Some blends (Ciba Giegy’s HP) claim to be particularly effective in
high-temperature and high-shear processing.
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Table A.7 Antioxidants by Chemical Type with Major Resin Applications

Types Major resins Comments
Primary:
Amine Rubber, some pigmented plastics,  Arylamines tend to discolor
and polyurethane polyols and cause staining.
Phenolic Polyolefins, styrenics, Phenolics are generally stain
and engineering resins resistant and include simple

phenolics (BHT), various
polyphenolics, and
bisphenolics.

Metal salts Polyolefin wire and cable These are metal deactivators
used in the inner coverings
next to the metal.

Secondary:
Organophosphite  Polyolefins, styrenics, Phosphites can improve color
and engineering resins stability, and engineering
resins but can be corrosive
if hydrolyzed.
Thioester Polyolefins and styrenics The major disadvantage with

thioesters is their odor which
is transferred to the host
polymer.

Antioxidants are commercially manufactured by many companies, including
Akrochem Corporation, Akzo Chemicals Inc., Harwick Chemical Corporation, ICI
Americas Inc., Monsanto Chemical Co., R.T. Vanderbilt Co., and Witco
Corporation. Numerous suppliers offer both primary and secondary antioxidants to
complete their product line. However, very few actually manufacture both primary
and secondary antioxidants, because the products are based on different manufac-
turing methods and feedstock. As a result, it is quite common in this industry
to resell products produced by another company.

See also metal deactivator.

antistatic agent Antistatic agents reduce the tendency of plastics to pick up
static electricity. Plastics, being normally insulative materials [typical surface resis-
tivities in the range of 10'>~10"* ohms/square], are quite receptive to static electric-
ity. Plastics cannot be grounded or otherwise forced to dissipate the charge unless
modified with antistatic additives. The presence of static electricity can create many
problems such as dust pickup, interference in processing, static cling in films, diffi-
culty in demolding or denesting parts, sparking (fire and explosion hazard), and
damage to electrical components.

The primary role of an antistatic agent, or antistat, is to prevent the buildup of static
electrical charge resulting from the transfer of electronics to the surface. This static
electricity can be generated during the processing, transportation, and handling, or in
final use. Typical electrostatic voltages can range from 6,000 to 35,000 V. Secondary
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benefits of antistat incorporation into polymer systems include improved processabil-
ity and mold release as well as better internal and external lubrication.

Most antistats are hydroscopic materials and function primarily by attracting
water to the surface. This process allows the charge to dissipate rapidly. Therefore,
the ambient humidity level plays a vital role in this mechanism. With an increase
in humidity, the surface conductivity of the treated polymer is increased, resulting
in a rapid flow of charge and better antistatic properties. Conversely, antistats
that rely on humidity to be effective may offer erratic performance in dry ambient
conditions.

There are two main forms of antistatic agents: internal and external. External
antistatic agents are generally used for temporarily getting the plastic part through
processing or handling. For long-term static protection, internal antistats are recom-
mended. There are also two types of internal antistats: migratory, which is more
common, and permanent.

External, or topical, antistats are applied to the surface of the finished plastic part
through techniques such as spraying, wiping, or dipping. A broad range of
chemistries are possible. The most common external antistatic additive is quaternary
ammonium salt, or “quats” applied from a water or alcohol solution.

Migratory antistats have chemical structures composed of hydrophilic and
hydrophobic components. These materials have limited compatibility with the host
plastic and migrate or bloom to the surface of the molded product. If the surface of
the part is wiped, the migratory antistat is temporarily removed, reducing the antis-
tat characteristic. These surface-active antistatic additives can be cationic, anionic,
and nonionic compounds. The optimal choice and addition level for migratory
antistats depend on the nature of the polymer, the type of processing, the processing
conditions, the presence of other additives, the relative humidity, and the end use of
the polymer.

Permanent antistats are polymeric materials that are compounded into the plastic
matrix. They do not rely on migration to the surface and subsequent attraction of
water to be effective. The primary advantages of these materials are insensitivity to
humidity, long term performance, minimal opportunity of surface contamination, low
off-gassing, and color and transparency capability.

There are two generic types of permanent antistats: hydrophilic polymers (cur-
rently the dominant product) and conductive polymers. Typical hydrophilic materials
that have been used successfully are such polyether block copolymers as Pebax from
Atochem and Stat-rite from B.F. Goodrich. Conductive fillers (carbon black, carbon
fiber, metals, etc.) compounded into the resin form a conductive path. These make
good permanent antistats. Inherently conductive plastics are still in the developmen-
tal stages.

Antistatic agents have proved very effective in polyolefins. Nonionic materials,
usually ethoxylated, propoxylated, or glycerol compounds, provide the right degree
of polarity. Ethoxylated amines, both naturally derived and synthetic, are the most
widely used. Glycerides with a high mono content (90%) have proved successful.
Loading requirements are very low—a few tenths of a percent at most. Quaternary
ammonium compounds provide effective antistat for polyvinyl chloride (PVC).
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Antistats are also available for polyurethanes, acrylics, thermoplastic polyester, and
other resins. They are seldomly used in engineering resins, where the higher melt
temperatures are not amenable to these internal anitstats.

Antistatic agents are commercially manufactured by Akzo Chemicals Inc., Cabot
Corporation, Dow Chemical, Eastman Chemical Products, Emery Group (Henkel
Corp.), PPG Industries Inc., and Witco Corporation.

apparent density Apparent density is the same as bulk density. It is the mass

per unit volume of a void-containing material. The term is usually applied to partic-

ulate and loose material (e.g., powders or pellets), and the voids are interparticle

spaces. A method of determining the apparent density is described in ASTM D1895.
See also bulk density.

aramid Aramid is a generic name for aromatic polyamides and polyamide-
imides. They are highly oriented organic materials derived from a polyamide but
incorporate an aromatic ring structure.

See also aromatic polyamide.

aramid composite Aramid composites are widely used for pressure vessels but
have largely been supplanted by the very high-strength carbon/graphite fibers.
Aramid composites have outstanding toughness and creep resistance, and their
failure mode in compression, shear, or flexure is not in a brittle manner and requires
a relatively great deal of work. For this reason they are found useful in armor and
shielding applications. Aramid composites have relatively poor shear and compres-
sion properties. Careful design is required for their use in structural applications that
involve bending.

Aramid composites are very difficult to machine because of the extreme tough-
ness of the aramid fiber. Special cutting and machining techniques and equipment
are required. Information on the processes required for aramid composites is
available from Du Pont, the producers of Kevlar, an aramid fiber, commonly used in
high-strength, low-weight advanced composites.

aramid fiber Aramid fibers are synthetic fibers that were introduced by
Du Pont, in 1972 and carry the tradename Kevlar. The fiber-forming substance is a
long-chain synthetic aromatic polyamide in which at least 85 percent of the amide
linkages are directly attached to two aromatic rings.

The aramids have very high strength and modulus-to-weight ratios. They also
have high degrees of thermal, chemical, and flame resistance. Aramid fibers have
also shown great consistency with a low coefficient of variation, permitting high
design allowables in composite construction. The specific tensile strength of Kevlar
was, at its introduction, the highest of any fiber.

The aramids fibers, however, have relatively poor shear and compression proper-
ties in a composite. Components, such as pressure vessels, that avoid these stresses
make the most efficient use of aramid fiber.

See Kevlar.
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arc- and track-resistant plastic Arc- and track-resistant plastics are those
plastics that resist the formation of a carbon track on the surface of the plastic under
high-voltage operating conditions. Carbon track formation is caused by decomposi-
tion of the plastic under the high energy of high voltage, resulting in a decomposed,
pure carbon track between the high-voltage electrodes. This carbon track is conduc-
tive and thus destroys the desired insulating property of the plastic and the assembly
made of that plastic.

Polytetrafluoroethylene (PTFE) has a very high dry arc resistance (over 200 s).
Among the thermosets frequently used as insulators, alkyds and melamine resins are
reported to be superior to phenolics. Polyethylenes have a relatively high arc resis-
tance (around 150 s), whereas polystyrene and polyvinyl chloride have a relatively
low arc resistance (around 70 s).

Arc-extinguishing plastics are materials that give off a gas that has arc-extinguishing
properties under flash conditions.

See also arc resistance; track resistance; high voltage; high-voltage-resistant
plastic.

arc resistance Arc resistance is measured as the time required for a given
electric current to render the surface of a material conductive because of
carbonization by the arc flame. When an electric current is allowed to travel
across an insulator’s surface, the surface will degrade over time and become
conductive.

Arc resistance is a measure of the time, in seconds, required to make an insulat-
ing surface conductive under a high-voltage, low-current arc under specified condi-
tions. In ASTM D495 continuous and intermittent arcs are applied to the surface
with pointed electrodes to measure the arc resistance.

See also track resistance.

aromatic Aromatic hydrocarbons are derived from or characterized by the pres-
ence of unsaturated resonant ring structures (e.g., benzene rings). They generally
have high-temperature resistance because of the aromaticity.

An aromatic polymer is one having an unsaturated hydrocarbon with one or more
benzene ring structures in the monomer. The polymeric structure, which can
be expressed as a chain of aromatic rings, is also known as a ladder polymer. The
aromatic structure generally provides increased thermal stability.

See also ladder polymer.

aromatic amine Aromatic amines are synthetic amines derived from the reac-
tion of urea, thiourea, melamine, or allied compounds with aldehydes that contain
a significant amount of aromatic subgroups.

Aromatic amines, such as metaphenylenediamine (MPDA), methylenedianiline
(MDA), and diaminodiphenyl sulfone (DADPS), are used as epoxy curing agents.
They provide high temperature resistance and yield somewhat better chemical
resistance than do aliphatic amine curing agents. These three curing agents are solid.
They are incorporated into epoxy formulations by mixing with the resins at a
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temperature of 65—-95°C. These curing agents will allow a room-temperature gel
(or B-stage) to occur.
See also amine; epoxy resin curing agent.

aromatic polyamide Aromatic polyamide is a polymer related to nylon
except that aromatic groups are present along the polyamide backbone. This
imparts a great deal of stiffness and temperature resistance to the polymer chain.
One difficulty encountered in this class of material is its tendency to decompose
before melting. However, certain aromatic polyamides have gained commercial
importance. They are known generally as aramid polymers. They retain about 60
percent of their strength at 245-260°C, which would melt conventional nylons.
Aramid polymers have good dielectric strength and volume resistivity and a low
dissipation factor.

The aromatic polyamides can be classified into three groups: amorphous copoly-
mers with a high Tg, crystalline polymers that can be used as a thermoplastic, and
crystalline polymers used as fibers.

The copolymers are noncrystalline and clear with a Tg from 150 to 160°C. The
rigid aromatic chain structure gives the materials a high Tg. One of the oldest types
is Trogamid T (Creanova, Inc.) poly (trimethylhexamethylene terephthalatamide).
Other glass-clear polyamides include Hosamid and Grilamid TR55 (ERS-American
Grilon Inc.). These aromatic polyamides are tough materials and compete with poly-
carbonate, polymethyl methacrylate, and polysulfones. They are used in applications
requiring transparency. They have been used for solvent containers, flowmeter parts,
and clear housing for electrical equipment.

An example of a crystallizable aromatic polyamide is poly-m-xylylene
adipamide. It has a Tg near 85—100°C and a Tm of 235-240°C. Highly filled grades
are normally produced to obtain high heat deflection temperatures. Applications
include gears, electrical plugs, and mowing machine components.

Crystalline aromatic polyamides are also used in fiber applications. Examples of this
type of material are Kevlar and Nomex. Kevlar (Du Pont) is a highly heat-resistant,
strong, lightweight fiber used in bullet-proof vests and composite structures. Nomex
(Du Pont) is a highly heat-resisting fiber and paper used primarily for electrical insula-
tion. Nomex can also give flame retardance to cloth when used as a coating. It is also
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 of up to 260°C.

artificial aging Artificial aging is the exposure of a plastic to laboratory condi-
tions that are meant to accelerate the effects of time. Such conditions may include
heating, exposure to cold, flexing, application of electric field, exposure to chemi-
cals, ultraviolet light, and so forth. Typically, the conditions chosen for such testing
reflect the conditions under which the plastic article will be used. Usually the length
of time the article is exposed to these test conditions is relatively short. Properties
such as dimension stability, mechanical fatigue, chemical resistance, stress cracking
resistance, and dielectric strength are evaluated in such testing.
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A risk in doing accelerated testing is that the choice of test parameter (such as
temperature) is more severe than the part will actually see in service. This tempera-
ture choice may affect another chemical or mechanical deterioration mechanism that
would not normally be seen in actual service. Also, it is difficult to reproduce the
exact combination of aging environments in the laboratory that the test specimen
will see in service.

See also aging.

artificial weathering Artificial weathering is the process of subjecting a plastic
material to laboratory conditions in which the factors are suitably controlled with a
view to affecting the observable properties in a short time equivalent to those in
which they would be affected by prolonged, continuous, natural exposure outdoors.
Whereas artificial aging is generally intended to accelerate the effects of time,
artificial weathering more specifically attempts to accelerate the effects of weather-
ing and outdoor exposures.

Typical conditions used to accelerate weathering are exposure to radiant energy,
temperature, relative humidity, and sporadic contact with both liquid and gaseous
water along with other relevant elements related to weathering.

The following standards are concerned with artificial weathering of plastics:
ASTM D1499 (exposure to light and water in a carbon arc-type apparatus), ASTM
D2565 (similar to D1499 but for xenon arc-type apparatus), ASTM G23 (operating
light exposure apparatus for nonmetallic materials), ASTM G26 (similar to G23 but
for xenon arc-type apparatus), ASTM G53 (similar to G23 but for fluorescent UV
condensation-type apparatus), and ASTM D4674 (accelerated test for color stability
of plastics).

ASTM B117 and ASTM G85 describe operation of test apparatus for deter-
mining the effects of exposure to marine and coastal-type environments on plas-
tics and laminates. Such exposures usually include corrosive environment such as
salt spray.

asbestos Asbestos is a gray, nonburning, nonconducting, and chemical-resistant
naturally occurring fiber or fibrous mat that was at one time commonly used as a
filler or reinforcement of common molding compounds. Today, concern over the
hazardous nature of asbestos particles drastically reduces the use of this material.

Asbestos fibers (crysotile) have been used in laminates to impart flame resistance
and thermal stability. Used extensively in the past, they are listed in NEMA
Laminate Standard LI-1 as grade AA, but concerns about asbestosis limit their use,
and they have now been phased out of the laminate industry.

ash content Ash content is the residue remaining after controlled combustion
of a plastic in a test to determine its inorganic materials content. Ashing is the term
used to describe the combustion process used in determining the ash content of
plastics.

In ashing, combustion generally occurs on a small sample heated within a muffle
furnace to temperatures sufficiently high to burn off the organic components.
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Normally after a short period of time only inorganic matter remains, because all the
organic matter has been vaporized by the high temperatures. The residue is weighed,
and the ash content is expressed as a percentage by weight of the original test spec-
imen. ASTM D5630 provides a method for determining the ash content of
thermoplastics.

See also muffle furnace; solids content.

atactic Atactic is one of three major types of polymer configurations. (See Fig.
T.2 under tacticity.) The other two types are isotactic and syndiotactic. Atactic poly-
mers are polymers characterized by a chain of molecules in which the position of the
substituted group is more or less random.

See also isotactic; syndiotactic; tacticity.

attenuation As used in fiber optics, attenuation is the diminution of optical
power in an optical waveguide occurring as a result of radiation losses. The diminu-
tion occurs over time or distance. Such losses are mainly caused by absorption and
light scattering.

autoacceleration Autoacceleration is the increase in the rate of polymerization
and molecular weight of some vinyl monomers polymerized in bulk or concentrated
solution. It is due to the increase in viscosity of the reaction medium as the reaction
proceeds. This impedes termination but does not appreciably affect propagation.
Autoacceleration is also often called the Trommadorff effect.

autoclave An autoclave is a closed strong vessel for conducting chemical
reactions or other operations under high pressure and heat. In the composites
industry, it is a round or cylindrical container in which heat and gas pressure can
be applied to resin-impregnated products positioned in layers over a mold.
Autoclaves are widely used for bonding and curing reinforced plastic laminates.
They are especially useful for curing reinforced plastics of large and nonflat con-
struction.

autoclave molding Autoclave molding is a modification of the pressure bag
method for molding reinforced plastics. After the layup on the mold, the entire
assembly is placed in an autoclave. Generally, a covering bag is placed over
the layup. Steam or high-pressure air up to 200 psi is admitted, supplying both pres-
sure and heat. If steam is used, the covering bag must not have holes or leaks because
steam will enter the layup and ruin the molding. Additional pressure achieves higher
reinforcement loadings and improved removal of air. See Fig. A.11.

Autoclave molding is also similar to vacuum bag and hand-layup molding, except
that the pressure plate is removed and the entire mold and layup are placed in an
autoclave. The chief advantages of autoclave molding processes are faster cycle
times and improved physical properties.

See also hand layup; pressure bag molding; vacuum bag molding.



AVERAGE MOLECULAR WEIGHT 47

Publisher's Note:

Permission to reproduce this image
online was not granted by the
copyright holder. Readers are kindly
requested to refer to the printed version
of this article.

Figure A.11 Schematic diagram of an autoclave (pressure bag) molding process. (Ref: Schwarts, S.S
and Goodman, S.W., Plastics Materials and Processes, van Nostrand Reinhold, New York, 1982)

autodeposition coating Autodeposition or autophoretic coating is a dipping
method in which coatings are applied on the product from an aqueous solution.
Unlike electrocoating, no electric current is applied. Instead the driving force is
chemical.

Advantages of autophoretic coating are no VOC emission, no metal pretreatment
other than cleaning, and uniform coating thickness. This technique requires 30 per-
cent less floor space than electrocoating, and capital equipment costs are 25 percent
lower than for electrocoating. Disadvantages of autophoretic coatings are that black
is the only color available and that corrosion resistance is lower than that of electro-
coated products.

automatic mold An automatic mold is a mold for injection or compression
molding that repeatedly goes through the entire cycle, including ejection, without
human assistance.

average molecular weight The average molecular weight is the molecular
weight of the most typical chain in a given plastic. There will always be a distribu-
tion of chain sizes and, hence, molecular weights in any polymer. There are several
ways of determining molecular weight including viscosity, vapor pressure osmome-
try, light scattering, and gel permeation chromatography.

Because of the distribution of molecule sizes in a polymer, molecular weight can
be measured as weight-average and number-average molecular weight. The weight-
average molecular weight is equal to or greater than the number-average. The two
are equal only for a monodisperse (all molecules the same) polymer. The ratio of
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weight-average to number-average molecular weight is known as the polydispersity
index and is a measure of the breadth of the molecular weight distribution. See
Fig. A.12.
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Figure A.12 Distribution of molecular weights in a typical polymer. (Ref: Bryant, WM.D., J. Polymer
Science, Vol. 56, 1962, p. 277)

axial winding In filament winding processes, an axial winding is a winding
with the filament parallel to, or at a small angle to, the axis (0° helix angle). This is
a filament winding angle that will provide very high stiffness of the wound form but
very low hoop or circumferential strength because the main direction of the rein-
forcement is in the direction of the pipe length.



B-stage The B-stage is designated as the intermediate stage in the curing of a
thermosetting resin; it occurs between the A-stage and the C-stage. The term A-stage
is used to describe an earlier stage in the curing reaction, and the term C-stage is
sometimes used to describe the completely cured resin.

In the B-stage resins can be heated and caused to flow, thereby allowing final
curing in the desired shape. A prepreg, dry molding compound, or preformed shapes
are examples of materials in the B-stage. Most thermosetting molding materials are
in the B-stage when supplied for compression or transfer molding.

See also prepreg.

backing plate In injection molding, the backing plate is a heavy steel plate used
as a support for the cavity blocks, guide pins, bushings, and other components
attached to the mold. Where the cavity or plunger is made in sections, a hardened
backing plate is often used for greater stiffness. In blow molding, a backing plate is
the steel plate on which the cavities are mounted.

back pressure Back pressure is the viscosity resistance of a material to contin-
ued flow. In compression molding, back pressure is the resistance of the material
when the mold is closing. In extrusion, it is the resistance to the forward flow of
molten material.

By increasing the back pressure, the amount of work undergone by the plastic can
be regulated to cause more shear, higher temperatures, and a greater degree of
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plastification. This is usually accompanied, however, by a slower cycle. These
adjustments are particularly important for heat-sensitive plastics.

back pressure relief port The back pressure relief port is an opening in an
extrusion die that allows excess material to escape.

bag molding The bag molding process is a method of applying pressure during
bonding or molding. It is generally used in molding reinforced plastics. In bag molding,
a flexible cover, generally a thin film or cloth, is used in connection with a rigid die or
mold. The rigid die or mold is the primary support for the shape of the article to be
molded.

The molding material is placed between the mold and the thin film, and the thin
film or bag exerts pressure on the materials being molded, through the application of
air pressure or by drawing of a vacuum. Application of the film over an uncured part
and sealing the edges so that a vacuum can be drawn is called bagging. The bag side
is the part of the product that is cured against the vacuum bag.

Bakelite Bakelite is the first tradename for the phenol formaldehyde resin. This
was the first commercial polymer. Bakelite was designated after its inventor
Leo Hendrick Baekeland (1863-1944), a Belgian who did the work on the synthesis
of phenolic resins and their commercial development in the early 1900s.

Bakelite is still used today as a generic name in some foreign countries. The trade-
name also applies to phenolic and other plastic materials produced by Union Carbide
Corp. The tradename Bakelite is generally followed by the specific name of the plastic.

balanced construction In woven reinforcements, a balanced construction is one
in which there are equal parts of warp fibers (running lengthwise) and fill fibers (run-
ning crosswise). It is a construction in which reaction to tension and compression
loads results in extension or compression deformation only. Flexural loads produce
pure bending of equal magnitude in the axial and lateral directions. (See also warp;
fill; weave.)

In filament winding, a balanced design is one in which the winding pattern is so
designed that the stresses in all filaments are equal. In laminate construction, a balanced
laminate is one in which all laminae lie at angles other than 0° and 90°, occur only in
+/— pairs (not necessarily adjacent), and are symmetrical around the centerline.

balanced runner Balanced runner molding systems are designed to place each
cavity at an equal distance from the sprue. A balanced runner system will minimize
the possibility of short shots (partially filled cavities where the pressure is low)
and/or flash (where the pressure is so high as to cause the mold to open slightly and
produce flash at certain cavities).

Although runners should deliver melt to each cavity at the same time, they may be
naturally balanced (the distance from sprue to all gates is the same) or artificially
balanced (the same pressure drop from sprue to all gates).

See also runner.
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(a)

(b)

Figure B.1 Runner system: (a) balanced and (b) unbalanced. (Ref: Barry, C.M.F., and Orroth, S.A.,
“Processing of Thermoplastics”, Modern Plastics Handbook, C.A. Harper, ed., McGraw-Hill, New York,
2000)

ball mill A ball mill is a process to mix and/or dissolve resin systems in organic
solvents. The ball mill utilizes rubber-faced rollers that are used to rotate cans or other
containers for the purpose of dissolving solid resins in organic solvents. The resin is
cut into small pieces or may already be in a powdered or granular form. Ceramic balls
are added to the ingredients inside the container to provide friction and movement.
This is similar to the rotational mixing of paint in cans, with the exception that mixing
balls are incorporated into the cans.

Banbury mixer The Banbury mixer is an apparatus for compounding materials.
It is composed of a pair of contra-rotating rotors (arms) that masticate the materials
to form a homogeneous blend. The arms are in a confined area with small clearances
between the blades and the body of the mixer. Cooling is usually required,
particularly with heat-sensitive materials, because of the frictional heat evolved.

The one drawback to this type of mixer is the small capacities, which limit
production to small batches. However, this is an internal-type mixer that produces
excellent mixing. The Banbury mixer is often used in compounding elastomer
formulations.
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Barcol hardness The Barcol hardness value is obtained with a Barcol hardness
tester, which gauges hardness of soft materials by indentation of a sharp steel point
under a spring load. The instrument called, the Barcol impressor (Barber and
Coleman), uses an indentor similar to that used in the Shore D method, except for a
flat tip instead of a round one. It gives a direct reading on a 0 to 100 scale.

ASTM D2583 specifies the Barcol hardness test. The hardness value can be used as
a measure of the degree of cure of a plastic material. Barcol hardness is generally
measured for rigid plastics, particularly reinforced thermosetting resins. The usual
range is about 50B—90B. Barcol 60B is equivalent to Shore 80D and to Rockwell
M100.

See also hardness.

barium sulfate (barytes) Barytes is a term used for minerals composed largely
of barium sulfate. It is used as filler for elastomers, shellac, and other resins. This filler
has an exceptionally high specific gravity (4.4) along with chemical inertness and low
water solubility. Plastics filled with barium sulfate are opaque to X-rays. Barium
sulfate also finds special use in sound-deadening compounds.

Natural barium sulfates, having selected particle size distributions, impart increased
density and load-bearing properties and improved processing, drape, and handling
properties to polyurethane foam. Plastisol compositions containing barium sulfate
(particularly for sealing rings on food jar covers) require less resin/plasticizer, yet they
yield optimum properties.

barrier coat A barrier coat is an exterior coating applied to a composite struc-
ture to provide protection. In filament-wound fuel tanks, for example, a barrier
coating is applied to the inside of the tank to prevent fuel from permeating the side
wall.

barrier properties Barrier properties of materials indicate their resistance to
diffusion and sorption of molecules. A good barrier polymer has low values of
both diffusion and solubility coefficients. Because the permeability coefficient (P)
is a derived function of both diffusion (D) and solubility (S) coefficients, a high-
barrier polymer is one that has a low value of P.

The diffusion coefficient is a measure of how fast a penetrant will move within the
polymer, whereas the solubility coefficient gives the amount of penetrant taken or
sorbed by the polymer from a contacting phase per unit of sorbate concentration.
Both diffusion and solubility can be applied to the reverse process of sorption, that
is, the migration of compounds from the polymer to a surrounding medium.

See also permeability; diffusion.

barrier resin Barrier resin is a general term applied to a group of lightweight,
transparent, impact-resistant plastics, usually rigid copolymers of acrylonitrile con-
tent. The barrier plastics are generally characterized by gas, aroma, and flavor barri-
er characteristics approaching those of metal and glass. An example of a barrier resin
is the nitrile-based compounds that have been developed for soft drink bottles.
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Several factors influence the effective value of diffusion and solubility coeffi-
cients, and thus barrier properties, in polymers:

1. Chemical compositions of the polymer and the permeant

2. Polymer morphology (diffusion and sorption occur mainly through the amor-
phous phase and not though crystalline regions)

3. Temperature (as temperature increases, diffusion increases while solubility
decreases)

4. Glass transition temperature, T,
5. The presence of plasticizers and fillers

Barrier resins are resins expressly developed as a barrier to the passage of gases.
They are generally incorporated as an external film on other resins that provide the
physical structure.

base The resin base is the principal component of a polymeric formulation. The
base provides many of the main characteristics of the formulation and the final product
such as viscosity, flow characteristics, curing properties, strength, environmental resis-
tance. The base is often by weight the largest component in the formulation, but this is
not always the case, especially with highly filled polymeric systems.

The base is generally the component from which the name of the formulation or
molding compound is derived. For example, an epoxy molding compound may have
many components, but the primary material or base is an epoxy resin. Once the base
is chosen, the other necessary ingredients then can be determined.

See also binder.

basket weave
See weave.

beading Beading is a rolled edge that increases the rigidity and strength of thin-
gauge material in fabricated containers. A beading may also provide a lap for cement-
ing purposes or for joining. The operation can be done manually, semi-automatically,
or entirely automatic as in large-scale production of plastic containers.

In molded parts, a parting line raised above the adjacent surface is said to be
beaded or peaked. A beaded parting line precludes the necessity of having close
alignment and contour matching of the cavity and plunger, thus keeping both mold
and finishing costs down.

benzene Benzene is a basic chemical derived from coal tar. It is largely used for
the production of styrene, synthetic phenol, and nylon. It is an aromatic hydrocarbon
of the structural formula C¢Hg.

The benzene ring is the basic structure of benzene. It is an unsaturated resonant
six-carbon ring having three double bonds. One or more of the six hydrogen atoms
of benzene may be replaced by other atoms or groups.
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benzophenone Benzophenone (C¢gH;COCgH5 ) is a crystalline plasticizer having
a melting point of 48°C. It is used in cellulose nitrate lacquers to impart special
properties to the polymer.

beryllium copper Beryllium copper is a metallic alloy used for the construction
of injection and compression molds. Because it can be cast, beryllium copper is
economical when intricate design detail rather than high dimensional accuracy is
required. Beryllium copper’s rapid heat transfer characteristic is also desirable in
some applications, cutting down the molding cycle. The material is hardenable but
wears more quickly than steel. It may be made into molds by pressure casting.

beta gauge The beta gauge or beta ray gauge is a gauge consisting of two facing
elements, a beta ray-emitting source, and a beta ray detector. When a sheet of mate-
rial, such as a laminate, is passed between the elements, some of the beta rays are
absorbed, the percentage absorbed being a measure of the density or the thickness of
the sheet. This technique is sometimes used for nondestructive testing and detection
of voids or unbonded areas in adhesives, laminates, and composites.

biaxial orientation Biaxial orientation denotes the stretch imparted to a plastic
product, such as a film or fiber, by forcible extension in two mutually perpendicular
directions. Such stretching is done to orient the molecular segments of the polymer.
This will provide significantly improved physical properties in the direction of the
orientation.

ASTM D2673 provides a standard specification for oriented polypropylene film, and
similarly ASTM D3664 provides a specification for biaxially oriented polyethylene
terephthalate film for electrical applications.

biaxial stress A biaxial state of stress is developed when a circular diaphragm,
pipe, or container is subjected to pressure. Here the stress is oriented in at least two
directions because of the nature of the product’s shape and the stress.

bifunctional monomer Bifunctional monomers are monomers that contain two
chemical groups or constituents that are capable of polymerization or copolymerization.
For example, methacrylic anhydride and glycol dimethacrylate each contain two ethyl-
ene bonds and can be copolymerized to form a thermosetting type of acrylic.

bi-injection molding Bi-injection molding is when two distinct polymeric
materials are involved in the molding of a single part. The two materials may just
have different colors, one may contain reinforcement or gas cells, or they may be
entirely different resins to provide specific properties at different locations in the
part. This process requires two distinct feed units and a single mold unit.

The expressions also used for this process are bicomponent injection, coinjection,
or two-shot molding. When a plastic part, previously molded in a specific mold, is
introduced in another mold, in the same way as a metal insert, and a different plastic
is molded over it, the expression overinjection is sometimes used.
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binder A binder is a general term for the resinous ingredient that holds together
the other ingredients (fillers, reinforcements, etc.) of a plastic composition. This may
be the continuous phase in a reinforced plastic that holds together the reinforcement.
It also could be the continuous resin phase in a molding compound or adhesive
formulation.

See also base.

biocide Biocides, also known as antimicrobials, preservatives, fungicides,
mildewcides, or bactericides, are used to impart protection to plastic parts against
mold, mildew, fungi, and bacterial growth. Without biocides certain plastics in moist
environments may experience development of spores on the surface of the material,
which could cause allergic reactions, odors, staining, and embrittlement. Such degra-
dation could actually cause the part to fail prematurely.

It should be noted that biocides are intended only to protect the plastic part. They
are not intended to protect humans from microbial contamination. There is often
confusion regarding claims made concerning biocides. In the United States, all
biocides are also considered pesticides and must be registered with the EPA.

Biocides are usually dispersed in plasticizer, oils, or other low-molecular-weight
carriers that can migrate to the surface of the part. The rate of migration relative to
the rate of leaching of the biocide from the surface is an important parameter in
formulating with biocides. This mobility results in the gradual leaching of the addi-
tive. If significant leaching occurs, the product will be left unprotected after time. The
proper balance between the rates of migration and leaching determines the durability
of protection.

Biocides are available as an active ingredient or as a formulated product. They can be
powders, liquids, or pellets. Concentrations in the final plastic part vary from 1 percent
down to 0.04 percent depending on the activity of the biocide. Biocides are generally
formulated with a carrier (usually a plasticizer) into concentrations of 2—10 percent of
the active ingredient. The plasticizer, commonly epoxidized soybean oil or diisodecyl
phthalate, aids in the migration of the biocide to the surface of the part.

Biocides are commonly used in flexible polyvinyl chloride (PVC) parts that are
intended for moist, warm environments. Applications include PVC flooring, garden
hoses, pool liners, shower curtains, etc. They are also used with polymeric foams and
other resins.

Commercially available biocides include OBPA (10,10-oxybisphenoloxarsine)
from Akzo Nobel, Witco, and Morton; zinc-omadine (zinc 2-pyridinethanol-1-
oxide) from Olin; and Triclosan (trichlorophenoloxyphenol) from Allied Resinous
Products, Ciba Specialty, and Microban. Major suppliers also include Ferro, Huels,
Microban, Ciba, and Rohm and Haas.

See also antimicrobial.

biodegradable plastic Biodegradable is a term generally used to describe
plastics that are specifically formulated to degrade rapidly in an environmentally
accepted manner once their useful life is completed. All polymers are subject to
some type of biodegradation.
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Biodegradation can be separated into two types: chemical and microbial.
Chemical biodegradation includes degradation by oxidation, photodegradation,
thermal degradation, and hydrolysis. Microbial degradation can include both fungi
and bacterial. The susceptibility of a polymer to biodegradation depends on the
structure of the backbone. For example, polymers with hydrolzyable backbones can
be attacked by acids or bases, breaking down the molecular weight. Polymers that fit
into this category are most natural-based polymers, such as polysaccharides and
synthetic materials such as polyurethanes, polyamides, polyesters, and polyethers.
Polymers that contain only carbon groups in the backbone are more resistant to
biodegradation.

Photodegradation can be accomplished by using polymers that are unstable to
light sources or by the use of additives that undergo photodegradation. Copolymers
of divinyl ketone with styrene, ethylene, or polypropylene are examples of materials
that are susceptible to photodegradation. The addition of a UV-absorbing material
will also act to enhance photodegradation. An example is the addition of iron
dithiocarbamate. In all cases, the degradation must be controlled to ensure that the
polymer does not degrade prematurely.

Polymers that have been considered for intentional biodegradation include
polyvinyl alcohol (because of its water solubility), cellulose-based polymers
(biodegradable grades of cellulose acetate are available from Rhone-Poulenc,
Bioceta and Biocellat), starch-based products [blends of starch with vinyl alcohol
are produced by Fertec (Italy) and are used in both film and solid product applica-
tions], polyactides (PLA) and copolymers, and polycaprolactones. A product
developed by Warner-Lambert, called Novon, is a blend of polymer and starch.
Polyactides and polyglycolides (PGA) are highly crystalline thermoplastic poly-
esters. These materials find application in surgical sutures, resorbable plates and
screws for fractures, and food packaging.

A more recent biodegradable polymer is polyhydroxybutyrate-valerate copolymer
(PHBYV) from ICI Americas Inc.. These copolymers are produced through biochemical
means. In fact, these natural thermoplastics are derived from bacteria. They are fully
degradable in many microbial environments. Other biodegradable polymers include
Konjac, a water-soluble polysaccharide produced by FMC; Chitin, another polysaccha-
ride that is insoluble in water; and Chitosan, which is soluble in water.

biphenol derivatives The most versatile group of biphenol derivatives is the
chlorinated biphenyls. Depending on the degree of chlorination, these compounds
range in properties from mobile, oily liquids to hard, transparent resins. Often used
as plasticizers, they are widely compatible, particularly with cellulose nitrate, ethyl
cellulose, polyvinyl chloride (PVC), and chlorinated rubber.

Biphenol derivatives are quite resistant to hydrolysis and oxidation and have
excellent electrical characteristics. The more highly chlorinated types are flame
resistant and impart this quality to resins with which they are used. They are of
special interest in chlorinated rubber, paints, and PVC electrical compositions.

Ortho-nitrobiphenyl (C;,HgNO,) is an amber crystalline plasticizer compatible
with practically all of the thermoplastics, with the possible exception of polyamides.
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It is used as a plasticizer for cellulose acetate, cellulose nitrate, polyvinyl acetate,
and PVC. Amylbiphenyl and diamylbiphenyl are used as secondary plasticizers of
PVC.

bismaleimide (BMI) Bismaleimide (BMI) is a type of thermosetting polyimide
that cures by addition rather than a condensation reaction. These materials are
generally prepared by reaction of diamine and maleic anhydride.

It is generally considered to have higher temperature resistance than epoxy but
not as high as condensation-cured polyimides. The cured material has a glass transi-
tion temperature in the vicinity of 300°C and a decomposition temperature of 460°C.
However, the cured material is very brittle.
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Figure B.2 General chemical structure for bismaleimide.

Bismaleimide is easier to process than condensation-cured polyimide resins. The
typical cure consists of several hours at 177-204°C. Generally, a postcure of
220-260°C is required for high-temperature applications.

BMI provides a continuous service temperature of 177°C in a moist environment.
These are often used in high-temperature laminates and as adhesives in the electrical/
electronics industries. Major suppliers of bismaleimide resins are Rhone Poulenc Inc.
(Kerimid) and Technochemie GmbH, BTL Specialty Resins, Ciba-Giegy, and
Mitsubishi Petrochemical Co.

bituminous plastic Bituminous plastics are cold-molded organic plastics that
use asphalt as a binder.

black marking Black marking is a term for black smudges on the surface of a
pultruded product that result from excessive pressure in the die when the pultrusion
is rubbing against it or from an unchromed die surface. The black marking cannot be
removed by cleaning or scrubbing or by wiping with solvent.

blanking (die cutting) Blanking or die cutting is a method of cutting thermo-
plastic sheet stock by means of dies on standard presses. This process provides a
simple and economical way of producing flat pieces of definite outline. Some
plastics are best blanked immediately after being heated to a mildly elevated
temperature (40-95°C); others can be blanked easily at room temperature.

Thicker plastics generally need to be blanked at elevated temperature. Acrylic,
cellulose acetate, cellulose nitrate, ethyl cellulose, polyethylene, polystyrene, vinyl
butyral, and polyvinyl chloride can commonly be blanked. The process is accurate
to about 1/64 in. Allowance must also be made for thermal shrinkage when the mate-
rial has been preheated.
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bleeding Bleeding is the diffusion of color from one material to another or within
a material, as from the body of a coated fabric to the surface. Bleeding also refers to the
undesirable movement of certain materials in a plastic, such as plasticizers in vinyl, to
the surface of the finished article or into an adjacent material. This process is also called
migration.

As used primarily in filament winding, bleedout is the excess liquid resin that
migrates to the surface of a winding.

blend Blend is a term often used interchangeably with alloy; however, it has a
broader meaning. A blend is a compound of mutually compatible polymers. The
blend could be of various types such as a powder blend or dry blend.

See also alloy.

blenders Blenders are instruments for liquid mixing, dry blending, or dough
mixing of polymeric formulations. There are many types of blenders. In most plas-
tic mixing, horizontal mixing blades are used. For dry blending a spiral ribbon blade
is sufficient, whereas dough mixing requires more powerful interlocking blades of
the sigma design. The size of these blenders varies from a gallon to over several
hundred gallons. They are usually jacketed for heating and cooling of the mixtures.

Small clearances between the blades and the mixer sides are used to produce a
wiping action for a dispersion of the solid particles in the mix. A pair of mixing arms
operating at different speeds provides the pulling and shearing action necessary for
more viscous mixtures.

blister A blister is the raised area on the incompletely hardened surface of a
molding or plastic part caused by the pressure of the gasses inside it. The gasses could
be generated from entrapped air in the plastic compound, water from a condensation
reaction, solvents, reaction products, etc. A blister may burst and become flattened.

block copolymer A block copolymer is an essentially linear copolymer of the
type (—AAAAA—BBBB—) in which the backbone consists of regions or blocks of
one monomer (—AAAA—) along with regions or blocks of another monomer
(—BBBB—) of different chemical structure.

blocking Blocking is the undesired adhesion between touching layers of a
material, such as occurs under moderate pressure during storage or use. Blocking
occurs most readily when the two surfaces are smooth and flat, they are in intimate
contact under pressure, and at least one surface is a soft, tacky plastic. Blocking typ-
ically occurs when the product is a soft film and is stacked in layers or wound into
a roll configuration.

Blocking may be quantitatively assessed by determining the force required to
separate the surfaces involved. The relevant standard test method is ASTM D3354.

In many cases blocking may be counteracted by incorporation of antiblocking
agents in the plastic. These are generally fine-particle silicas and silicates or certain
paraffin and waxes. Where applicable, suitable modification of processing conditions
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or the application of an appropriate surface coating can also provide resistance to
blocking.
See also antiblocking agent.

bloom In the general context of plastics, bloom is the extrudate or efflorescence
of stabilizer, lubricant, plasticizer, etc. that diffuses to the surface of the plastic part.
Exudation of this kind can be caused by weathering or exposures to high tempera-
tures. Bloom is the result of ingredients coming out of solution in the plastic and
migrating to the surface. See also lubricant bloom.

In relation to pultruded products, fiber blooming is the exposure of fibers at the
surface of the product. Also, in pultrusion, undercure blooming is a dull, often
whitish appearance on the surface of a pultruded product resulting from inadequate
curing of the resin at the surface.

blowing agent Blowing agents are added to a polymer formulation to pro-
duce a foam or cellular structure. A blowing agent or foaming agent is a chemi-
cal that can be added to plastics and generates inert gases upon heating. This
blowing or expansion of gases causes the plastic to expand, thus forming a foam.
The foamed structure can be influenced by the type of blowing agent selected, the
type of gas evolved and its solubility, the method of compounding used, temper-
atures and pressures involved in processing, and the melt viscosity. There are
basically two groups of blowing agents: physical blowing agents and chemical
blowing agents.

Physical blowing agents change from one form to another during processing.
Compressed gases and volatile liquids are the two major types. Compressed gases
can be dissolved under pressure in the resin and produce a foam on release of the
pressure. The use of nitrogen in injection molded foam products is typical. Volatile
liquids will foam resin as they change from a liquid state to a gaseous state at
the high temperatures of processing. Major materials in this area are fluorinated
aliphatic hydrocarbons (chlorofluoromethanes or chlorofluorocarbons). These blow-
ing agents have been used extensively in both rigid and flexible polyurethane foams.
Flexible polyurethane foams are blown with water, chlorofluorocarbons, or methyl-
ene chloride. Carbon dioxide from the water-isocyanate reaction also can function as
a blowing agent.

Chemical blowing agents are solid compounds that decompose at processing
temperatures to evolve the gas that forms the cellular structure. Both open and closed
cell structures are possible. Chemical blowing agents can be used in almost any
thermoplastic or thermoset, and they can be either inorganic or organic.

Factors that determine the formation of a fine-celled plastic foam with a regular
structure are the particle size of the blowing agent, dispersion properties of the
plastic processing machine used, decomposition rate of the blowing agent, and the
melt viscosity of the resin being processed.

The most common inorganic chemical blowing agent is sodium bicarbonate. The
most popular organics are shown in Table B.1. Chemical blowing agents are mainly
hydrazine derivatives.
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Table B.1 Common Chemical Blowing Agents and Their Properties

Decomposition
Blowing Agent Temperature, °F  Characteristics Applicable Plastics
Azodicarbonamide 400-415 Nontoxic, FDA General
(ABFA) approved, gases can
corrode beryllium
copper molds
p-p’-oxybis 315-320 Odorless, nonstaining LDPE, EVA, and
(benzenesulfonyl and not toxic, some PVC
hydrazide) (OBSH) FDA approvals
p-toluene sulfonyl 442-456 Nonstaining HDPE, PP, ABS,
semicarbozide (TSSC) High impact PS, rigid
PVC, nylon and
modified PPO
Trihydrazine triazine High Fine uniform cell General
(THT) temperature structure and good
surface appearance;
ammonia generating
5-phenyltetrazole 460-480 Decomposition gases  ABS, nylon, PC,
(5-PT) are all N, thermoplastic

polyester, and high
temperature plastics

Chemical blowing agents may also be subdivided into two major categories:
endothermic and exothermic. Exothermic blowing agents release energy during
decomposition, whereas endothermic blowing agents require energy during decom-
position. In general, endothermic chemical blowing agents generate carbon dioxide
as the major gas. Commercially available exothermic types primarily evolve nitro-
gen gas, sometimes in combination with other gases. Nitrogen is a more efficient
expanding gas because of its slower rate of diffusion through polymers compared
with carbon dioxide.

Azodicarbonamide, sulfonyl hydrazides, sulfonyl semicarbazides, and dinitro-
pentamethylene tetramine are examples of exothermic blowing agents. Sodium
borohydride, sodium bicarbonate, and polycarbonic acid are examples of endother-
mic blowing agents.

Chemical blowing agents can be supplied as powders that can be tumble blended
with resins in pellet form, dry blended with resin in powder form, and Banbury or
extrusion compounded. Blowing agents are also available in liquid or pellet concen-
trates that may be more convenient to handle than powders. Liquid concentrates,
typically 50 percent chemical blowing agent in an inert compatible carrier, are added
during processing at the throat of the machine, usually with a pumping system. Pellet
concentrates are also available for most resins.

Blowing agents are used in plastics for several reasons: weight reduction, savings
in cost and material, and achievement of new properties. The new properties include
insulation against heat or noise, different surface appearance, improved stiffness,
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better quality (removal of sink marks in injection-molded parts), and improved
electrical properties.

The leading supplier of chemical blowing agents in North America is Uniroyal
Chemical. Bayer is the leading supplier of chemical blowing agents in Europe.
Chemical blowing agents are commercially manufactured by Atochem North
America Inc., Morton International, Uniroyal Chemical Co., Hoechst Celanese
Corp., and Morton International Inc. Physical blowing agents are commercially
available through several outlets including Expancel-Nobel Industries.

blow molding Blow molding is one of the most common processes used to
produce hollow plastic parts. (See Fig. B.3.) There are several varieties of blow
molding including extrusion, injection, and sequential blow molding. Ideal for pro-
ducing plastic beverage bottles and other closed shapes, the blow molding process
combines elements of the extrusion process and the thermoforming process in com-
plex, fully automated machines and mold systems to produce thin-walled hollow-
ware at very high rates.

In addition to bottles, a rapidly growing application for blow molding is the pro-
duction of “technical” parts, such as automotive components—bumpers, ducts, and
fluid containers. Common thermoplastic materials suited to blow molding include
high-density polyethylene, polyvinyl chloride, polypropylene, and polyethylene
terephthalate.

Extrusion blow molding uses a section of hot extruded tubular material called a
parison. This is extruded into an open mold, and compressed air or steam forces the
walls of the parison to the sides of a cold mold. The process is commonly used to
make bottles, industrial containers, medical items, technical parts, and toys. Blow
molding has a low tool and die cost, and parts can be made very rapidly and in one
piece. It also can be used to produce relatively complex shapes, although limited to
hollow or tubular parts. The wall thickness is difficult to control. Continuous tubing
and film can be made in a manner similar to blow molding.

Injection blow molding combines injection molding and blow molding in one
machine. Injection blow molding is a two-stage process. In the first stage, parisons
are injection molded into a tubular shape complete with threaded and formed top.
These parisons may then be stored until time for the second step. The second step
involves feeding the premolded parisons into an automatic blow molding machine,
where the parison is heated to the softening point, clamped between die halves, and
then blown as in the extrusion blow molding process. This offers more design alter-
natives and is best for producing large volumes of accurately shaped containers with
an exceptional finish.

Applicable materials for the injection blow molding process include high-density
polyethylene (HDPE), low-density polyethylene (LDPE), polystyrene (PS), styrene
acrylonitrile (SAN), ethylene vinyl acetate (EVA), polypropylene (PP), polycarbon-
ate (PC), and polyurethane (PU). Polyethylene terephthalate (PET) and polyacry-
lonitrile (PAN) are less commonly used in the injection blow molding processes.

Although the injection blow molding process is not suited to “handleware” bottles,
it is rapidly gaining favor over extrusion blow molding for bottles up to 1.5 liters and
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more. Advantages include the practicality of molding strong, close tolerance necks
and threads suited to childproof caps and molding wide-mouth bottles.

Sequential blow molding is used for producing bent three-dimensional shapes, for
example, a convoluted heat exchange tubular panel and filler pipes in automobiles.
The parison is deformed and then manipulated with programmable 3-D manipula-
tors or six-axis robots before being placed directly into a mold cavity.

Sequential coextrusion also offers the possibility of manufacturing a single part
made with different regions of hardness, elasticity, strength, or heat deflection tem-
peratures. This opens up a wide variety of applications. Sequential coextrusion can
be used, for example, when the ends of a pipe must be flexible (for connection
purposes), but the middle section must be stiff and strong. Such a part, made out of
thermoplastic elastomer (TPE), for example, can then be substituted for rubber parts.

Machines and molds may cost between several hundred thousand and a million
dollars, depending on the throughput rates and accessories. Molds for blow molding
are made from beryllium copper and aluminum because of the excellent thermal
conductivity of these materials. Stainless steel and hard chrome-plated tool steels are
also common.

Parison
Hollow Preform

Figure B.3 Schematic depiction of the blow molding process. (Ref: Rader, C.P., “Thermoplastic
Elastomers”, Handbook of Plastics, Elastomers and Composites, 3rd ed., C.A. Harper, ed., McGraw-Hill,
New York, 1996)

blown film and tubing Blown film and tubing can be made by extruding ther-
moplastic through an annular ring die and maintaining gas pressure within the tube.
In this fashion, rather thin-walled, uniform-diameter tubing can be manufactured at
arapid, continuous rate. (See Fig. B.4.) By properly controlling the air rate, it is pos-
sible to increase and control the tube diameter to a point where the tube is essential-
ly a cylindrical film. This cylinder can be slit and laid flat, yielding a continuous film
of excellent uniformity. Thus this process is sometimes also referred to as the lay-
flat film or lay-flat tubing process.

In some film blowing installations, the tube, after blowing and cooling, is nipped
between a pair of rolls before being slit. This operation confines the air as a bubble
between the extruder and the rolls, making continuous additions of air unnecessary.

See also lay-flat film and tubing.
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Figure B.4 Schematic of blown film line. (Ref: Barry, C.M.E,, and Orroth, S.A., “Processing of
Thermoplastics”, Modern Plastics Handbook, C.A. Harper, ed., McGraw-Hill, New York, 2000)

blow pin A blow pin is part of the tooling used to form hollow objects or
containers by the blow molding process. It is a tubular tool through which air pres-
sure is introduced into the parison to create the air pressure necessary to form the
parison into the shape of the mold. In some blow molding systems, it is a part of, or
an extension of, the core pin.

blow pressure, blow rate The blow pressure is the air pressure used to form a
hollow part by blow molding. The blow rate is the speed at which the air enters the
parison during the blow molding cycle.

See also parison.

blow-up ratio In blow molding, the blow-up ratio is the ratio of the mold cavity
diameter to the parison diameter. In blown tubing (film), the blow-up ratio is the ratio
of the final tube diameter (before gusseting, if any) to the original die diameter.

blueing Blueing is a blemish on the mold in the form of a blue oxide film that
occurs on the polished surface of a mold as a result of the use of abnormally high
mold temperatures. Blueing is a surface condition that generally does not affect the
part being produced.

bond A bond is made by the union of materials with adhesives or some other
method. The bond often refers to the interface region where the substrates are joined
together. The bond strength is the unit load, applied in tension, compression, flexure,
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peel, impact, cleavage, or shear, required to break a bonded assembly with failure
occurring in or near the plane of the bond.
See also adhesive tests; adhesion.

boron compounds Boron trichloride (BCly) is used as a catalyst. Boron trifluo-
ride (BF;) is a gas used for polymerizing epoxy resins, usually in the solid form of
boron ethyl amine (BF;— C,HsNH,), which releases the BF; at elevated tempera-
tures. Thus boron trifluoride is sometimes used as a latent catalyst.

Carborane plastics are produced from the boron molecule (a boron hydride of
composition B|oH;4) by replacing the four terminal hydrogens with two carbon
atoms. The monomer polymerizes at high heat and pressure to form rubbery solids,
which will withstand temperatures above 315°C; but the commercial plastics are
usually copolymers with vinyls, silicones, or other plastics. Carboranes have been
used as specialty adhesives in the aerospace industry.

boron fiber Boron fibers are high-modulus fibers produced as individual
monofilaments on a tungsten or carbon substrate by pryrolytic reduction of boron
trichloride in a sealed glass chamber. The relatively large cross-section fiber is used
today primarily in composites that are processed at temperatures that would attack
graphite fibers.

The specific gravity of boron fiber is about 2.6, and it ranges in size from 4 to 6
mil in diameter. They have tensile strengths around 500,000 psi and a modulus of
elasticity of nearly 60 X 10° psi. Boron fibers can be supplied as single strands or
tapes.

Boron fibers were the first fibers to be used on production aircraft. Boron fibers
have been used extensively in metal matrix composites and in composites requiring
a high confidence in compressive properties. Unidirectional boron-aluminum com-
posites have tensile strength ranging from 110,000 to over 200,000 psi. Their
strength-to-weight ratio is about three times greater than that of high-strength
aluminum alloys.

Boron fibers have also been used in the form of epoxy prepreg tapes in which the
filaments are carefully aligned and tensioned to provide a one-filament-thick tape.
Generally, these tapes are composed of 65—70 percent filaments in the epoxy resin
matrix. The longitudinal flexural modulus of boron-epoxy laminates made in this
way is about 27 X 10° psi, and the flexural strength is 280,000 psi. Boron fibers have
also been applied to reinforce epoxy novolacs, phenolics, and polyimides in laminate
construction.

boron nitride Boron nitride is a fine powder used as a filler in encapsulating and
potting compounds primarily to add thermal and/or electric conductivity. This
powder is produced by Union Carbide (boron nitride HCJ).

boss The boss is a projection (generally round and tapered) on a plastic part. It is
designed to add strength, to facilitate alignment during assembly, or to provide for
fastening.
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bottom blow The bottom blow is a specific type of blow molding machine that
forms hollow articles by injecting the blowing air into the parison from the bottom
of the mold (as opposed to introducing the blowing air at a container opening).

bottom plate The bottom plate is the part of the mold that contains the heel
radius and the push-rods.

Brabender Plasticorder The C. W. Brabender Plasticorder instrument is a table-
top pilot plant designed to permit the study of all types of rubber and plastic materials
under the same conditions of shear force, shear rate, and temperature as anticipated
in processing. Mixing, extrusion, calendering, and molding characteristics can be
predetermined in this manner.

The Brabender Plasticorder is a small mixer capable of measuring the viscosity
and the gel time of thermosetting molding compounds with results that can be corre-
lated to the performance of a compound during molding conditions. The test samples
may be in the form of strips, pellets, or crumbs. The Brabender Plasticorder is often
used as a quality control process to ensure consistency in polymerization processes
and to test the reactivity of resin formulations.

braiding, weaving, knitting, stitching Braiding, weaving, knitting, and stitching
represent methods of forming a shape to fibrous reinforcements. These processes are
generally referred to as reinforcement preforming. The shape may be the final product
or some intermediate form such as a woven fabric. With the introduction of new
molding techniques and materials that allow prepregs to be used, preforming of the
reinforcing fibers has taken on added importance.

Resin systems that are used with such preforms are generally epoxies or
polyester, but any resin suitable for laminate construction can be used. The fiber
options are similar to those for filament winding. However, the single stiff fibers,
such as boron or ceramic fiber, cannot endure the tight bend radii.

The introduction of three-dimensional braids has extended braiding to airborne
structural components with high fracture toughness requirements and high damage
tolerance. The braiding process is continuous, and it is amenable to round or rectan-
gular shapes or smooth curved surfaces. The braiding process can transition easily
from one shape to the other.

Braiding in some applications has turned out to be almost half the cost of filament
winding because of labor savings in assembly and simplification of design. Fiber
volume of a braided composite will generally be lower than for other methods.

The other fabric preforming techniques are weaving, knitting, and the nonstruc-
tural stitching of unidirectional tapes. Weaving and knitting are compared to
braiding in Table B.2. Stitching simply uses a nonstructural thread, such as nylon or
Dacron, to hold dry tapes at selected fiber angles.

branched polymer In characterizing the molecular structure of polymers,
a branched structure (as opposed to a linear structure) is characterized by side chains
attached to the main chain. The side chains may be long or short.
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Table B.2 Comparison of Fabric Formation Techniques (Ref: Ko, FK., Engineered
Materials Handbook, vol. 1, ASM International, 1987, p. 91)

Braiding Weaving Kanitting
Basic direction of One (machine Two (0°/90°, warp One (0° or 90°, warp
yarn introduction direction) and fill) or fill)
Basic formation Intertwining Interlacing (by Interlooping (by
technique (position selective insertion drawing loops of
displacement) of 90° yarns into yarns over previous
0° yarn system) loops)
breakdown voltage The breakdown voltage is the voltage required, under

specific conditions, to cause the failure of an insulating material. Electric failure
generally occurs as a breakdown or continuous arc (i.e., the insulating material
ceases to be an insulator). This is the electrical property that is analogous to tensile
strength in mechanical properties.

See also dielectric strength.

breaker plate The breaker plate is a perforated plate located at the rear end of
an extruder head. It may also be located at the nozzle end of an injection cylinder. It
often supports the screens that prevent foreign particles from entering the die. The
breaker plate support screens are also used to keep unplasticized material out of the
nozzle and to improve distribution of color particles.

See also extrusion screen pack.

Die adapter

Extruder Extruder Die

ad

Breaker plate and screen pack

20 20

40 60 go
(a) (b)

Figure B.5 Breaker plate (a) and screen pack (b). (Ref: Barry, C.M.E., and Orroth, S.A., “Processing of
Thermoplastics”, Modern Plastics Handbook, C.A. Harper, ed., McGraw-Hill, New York, 2000)

breathing Breathing, also called degassing, is the process of opening and clos-
ing the mold to allow gases to escape early in the molding cycle. Phenolics, for
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example, are degassed by opening the mold a crack for several or more seconds after

the mold initially closes to allow trapped gases to escape. With some materials, this

operation must be repeated at regular intervals throughout the molding cycle.
When referring to plastic sheeting or film, breathing indicates its permeability to air.

brittle failure Brittle failure is a failure resulting from the inability of a mater-
ial to absorb energy, resulting in instant fracture on mechanical loading. Many
polymeric materials will exhibit brittle-type failures when tested below their glass
transition temperature.

brittleness temperature The brittleness temperature is the temperature at
which a plastic or elastomer shows significantly reduced impact properties under
specified conditions. The brittleness temperature is the temperature at which there is
either a specified calculated percentage probability of brittle failure of the test spec-
imen (ASTM D1790) or a calculated probability that a specified percentage of test
specimens will suffer brittle failure (ASTM D746). ASTM D1790 requires the prob-
ability that 80 percent of the specimens will pass the test 95 percent of the time. The
determination of brittleness temperature is relative to both plastics and elastomers.

Table B.3 Typical Brittle Points of Plastics and Elastomers (Ref: Driver, W.E., Plastics
Chemistry and Technology, van Nostrand Reinhold Co., New York, 1979)

Brittle Temperature

Material (°F) °C)
Polyethylene —184 —120
Polypropylene 0 —18
Nylon 6/6 —112 —80
Polystyrene +200 +93
Polymethyl methacrylate +250 +121
Polycarbonate —215 —137
Natural rubber —80 —62
Butadiene/styrene (Buna-S) —80 —62
Butadiene/acrylonitrile (Buna-N) —65 —54
Polyurethane —60 —51

Brookfield viscometer The Brookfield viscometer is the most widely used
instrument for measuring the viscosity of liquids, plastisols, and other materials that
have a thixotropic nature. The instrument measures shearing stress on a spindle rotat-
ing at a definite, constant speed while immersed in the sample. The degree of spindle
lag is indicated on a rotating dial. This reading, multiplied by a conversion factor
based on spindle size and rotational speed, gives a value for viscosity in centipoise.

There are several ASTM standards relative to specific types of material that are
based on the Brookfield viscometer. By taking measurements at different rotational
speeds, an indication of the degree of thixotropy of the sample can be obtained.
Other fundamental rheological properties can be determined as well.

See also apparent viscosity; viscosity; thixotropic.
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bubbler mold cooling Bubbler mold cooling is the cooling of an injection mold
in which a stream of cooling liquid flows continuously into a cooling cavity.
The cooling cavity is equipped with a cooling outlet normally positioned at the end
opposite to the inlet. Uniform cooling can be achieved in this manner.

A bubbler is the device inserted into a mold that allows the water to flow deep inside
the hole into which it is inserted and to discharge through the open end of the hole.

bubble viscometer In a bubble viscometer, a transparent liquid streams downward
in a ring-shaped zone between the glass wall of a sealed tube and a ring air bubble. The
rate at which the air bubbles rise, under controlled conditions and within certain limits,
is a direct measure of kinematic viscosity of streaming liquids.

buckling Buckling is a mode of failure generally characterized by an unstable lat-
eral material deflection due to compressive action on the structural elements involved.

buffing Buffing is usually the second step in a plastic finishing operation, after
ashing or sanding. The action of a mild abrasive removes the light scratch marks and
other blemishes caused by ashing or sanding.

With a slow rotating motion to avoid burning, the part to be buffed is pressed to
the revolving buffing wheel to which an abrasive compound has been applied.
Buffing operations are used on both thermoplastic and thermosetting materials,
usually with two or three sized abrasives and at a controlled speed.

See also abrasive finishing.

bulk compression Bulk compression is the reduction in volume of a material
under hydrostatic pressure, expressed as a fraction of the original volume.

bulk density Bulk density is the density of a processable material such as
a molding compound in loose form (granular, nodular, etc.). It is expressed as a ratio
of weight to volume. Bulk density measurements are determined with reasonably
large volumes. The applicable units are g/cm’, Ib/ft’, etc. The recommended test
method is ASTM D1182.

The bulk factor is the ratio of the volume of loose molding powder to the volume
of the same weight of resin after molding. (See Table B.4 under bulk factor.) For
methods of determining the bulk factor, refer to ASTM D1895.

See also apparent density.

bulk molding compound (BMC) Bulk molding compound is a puttylike mixture
generally consisting of thermosetting polyester resin, additives, and fillers. This
high-viscosity mixture is often extruded into easily handled shapes for compression,
transfer, or injection molding. Glass fiber-reinforced bulk molding compound grades
provide tensile strengths of 3,000—10,000 psi, flexural strengths of 11,000-24,000 psi,
and notched Izod impact strengths of 2—13 ft 1b/in.

Washtubs, trays, and equipment housings are common applications. Corelyn, of
Bulk Molding Compounds, Inc. and Nu-Stone, of Industrial Dielectrics Inc. are
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examples of commercial bulk molding compounds. Other major suppliers of bulk
molding compounds include Haysite, Industrial Dielectrics, Plastics Engineering,
Glastic, Cytec Industries (Cyglas), Premix (Premi-Glas), Rogers, and Rostone
(Rostite)

See also thermosetting molding compound.

bulk rope molding compound Bulk rope molding compounds are bulk mold-
ing compounds made with thickened polyester resin and fibers less than 1/2 in. in

Table B.4 Bulk Factor of Molding Compounds (Ref: Schwartz,
S.S. and Goodman, S.H., Plastics Materials and Processes,
van Nostrand Reinhold Company, New York, 1982, p. 696)

Material Bulk Factor
Alkyd
Granular 1.8-24
Putty 1.1-2.0
Asbestos 1.8-2.5
Diallyl phthalate (DAP)
Asbestos 22-23
Orlon 4.2
Dacron 42-7.0
Glass fiber 2.2-7.0
Epoxy
Unfilled 2.0
Mineral 1.8-2.8
Glass fiber 2.5-3.0
Melamine
Cellulose 4.0-7.0
Asbestos 2.1-2.5
Macerated fabric 5.0-10.0
Glass fiber 5.0-10.0
Phenolic
General purpose 2.1-44
Asbestos 2.0-14.0
Mica 2.1-2.7
Macerated fabric 3.5-18.0
Glass fiber 2.0-10.0
Powdered metal 2.0-4.0
Polyester (premix)
Mineral-filled 2.0-2.8
Glass fiber 4.0-18.0
Silicone
Asbestos 6.0-8.0
Mineral 1.7-2.0
Glass fiber 6.0-9.0
Urea

Cellulose 2.2-3.0
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length. Supplied in continuous rope form, the unreacted compound can be cut to
length, shaped, and applied to a compression mold. It molds with excellent flow and
surface appearance.

See also thermosetting molding compound.

burning rate Burning rate is a term describing the tendency of plastic articles
to burn at given temperatures. Certain plastics, such as those based on shellac, burn
readily at comparatively low temperatures. Others will melt or disintegrate without
actually burning, or will burn only if exposed to direct flame. These latter are often
referred to as self-extinguishing.

See self-extinguishing; flammability of plastics.

burn or burn mark On a molding or extrudate or pultrusion, a burn is a visible
sign of local decomposition, typically manifested as darkening to the point of
blackness in the most difficult cases. Specifically on injection molding, burn marks
may be caused by local overheating in the presence of hot gases or gases trapped
in the mold. Burns on the surface of fabricated parts are sometimes referred to as
scorching or scorch marks.

burring Burring or reaming is a finishing operation, generally used to remove
fins (thin flash) when the mold pins butt against the opposing mold section. Burring
may be carried out with a three-cornered burring tool, with a drill for the same size
as the molded hole, or with a larger drill that countersinks the hole.

See also fin.

bursting strength Bursting strength is the hydrostatic pressure, given in psi,
required to rupture a flat material (e.g., film or sheet) when the pressure is applied at
a controlled, increasing rate through a circular rubber diaphragm that is 30.48 mm
(1.2 in.) in diameter. Points bursting strength is the rupture pressure expressed in psi.

ASTM method D774 describes the measurement of the bursting strength of plastic
films. Bursting strength is also conventionally used to characterize the strength of
paper sheets and flat, thin products other than polymeric.

It should be noted that the ASTM bursting-tests (D774 and D1599) are quick
burst-type tests. They are applicable to situations that may be encountered in
accidental pressure surging of pipes. The evaluation of long-term resistance to lower
sustained pressures is generally more representative and is the subject of several test
methods in the pipe industry.

See also biaxial stress.

butadiene Butadiene (CH,—=CHCH=CH,) is a gas, insoluble in water but
soluble in alcohol and ether. It is obtained from the cracking of petroleum, from coal
tar benzene, or from acetylene produced from coke and lime.

Butadiene is widely used in the formation of copolymers with styrene, acrylonitrile,
vinyl chloride, and other monomeric substances to which it imparts flexibility to sub-
sequent moldings. The largest use for butadiene is the production of elastomers, such
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as polybutadiene, styrene butadiene, polychloroprene, and acrylonitrile butadiene, or
nitrile rubber.

butadiene acrylonitrile Butadiene acrylonitrile copolymers are composed of
butadiene and acrylonitrile in various ratios. These copolymers yield elastomers
(e.g., nitrile rubber), which are characterized by extremely low swell in water, oils,
gasoline, and some of the aromatic solvents. They have fair resistance to tear,
flexing, and freezing. Their resilience is fair to good, with a good resistance to
abrasion and heat.

Compared to natural rubber, they have lower tensile strength, equivalent elonga-
tion and permanent set, and greater resistance to the diffusion of gases. As an
insulating material, they are inferior to natural rubber.

Their applications include gaskets; sheet packing; oil, fuel, and solvent hose
tubes; and hydraulic and oil well equipment parts.

See also nitrile rubber (NBR).

butadiene rubber (BR) Butadiene rubber is a stereospecific controlled struc-
ture like isoprene rubber. Its outstanding properties are excellent resilience
and hysteresis (almost equivalent to those of natural rubber) and superior abrasion
resistance compared with styrene butadiene rubber. Butadiene rubber is most
similar to styrene butadiene rubber (SBR) and often finds wide use as an admix-
ture with SBR.

Butadiene rubber can be extruded and calendered. However, it is somewhat diffi-
cult to process. For this reason, butadiene rubber is hardly ever used in amounts
larger than 75 percent of the total polymer compound.

Primary applications for butadiene rubber include tire treads, conveyor belt
covering, V belts, hose covers, tubing, golf balls, shoe soles and heels, sponges, and
mechanical goods. Butadiene rubber is blended with SBR as an admixture for tire
treads to improve abrasion and wear resistance.

butadiene styrene See styrene butadiene polymer and rubber (SBR).

butt fusion Butt fusion is a method of joining pipe, sheet, or other similar forms
of thermoplastic resin. The ends of the two pieces to be joined are heated to a molten
state (generally by contact with a hot plate) and then rapidly pressed together to form
a homogenous bond. Pressure must be maintained on the joint until the plastic in the
interface cools and forms a structural bond.

See also heat welding (direct); thermal welding.

butylene (butene) plastics Butylene plastics are those plastics whose base
polymers may be homopolymers of butylenes or copolymers in which butylene is
the mayor monomeric component. The significant butylene plastic application was
polybutylene pipes, which were once considered suitable for hot water installations
but are currently being questioned by many residential building codes.

See also polybutylene.
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butyl rubber (IIR) Butyl rubber (IIR) is an isobutylene-based rubber that
includes copolymers of isobutylene and isoprene, halogenated butyl rubbers, and
isobutylene/p-methylstyrene/bromo-p-methylstyrene terpolymers. Butyl rubber
can absorb and dissipate large amounts of energy because of its high mechanical
hysterisis over a useful temperature range.

Butyl rubber’s outstanding physical properties are low air permeability (about 1/5
that of natural rubber) and high energy-absorbing qualities. It has excellent weath-
ering and ozone resistance, excellent flexing properties, excellent heat resistance,
good flexibility at low temperature, tear resistance about that of natural rubber,
tensile strength in the range of styrene butadiene rubber (SBR), and very good insu-
lation properties. It has very poor resistance to petroleum oils and gasoline but excel-
lent resistance to corrosive chemicals, dilute mineral acids, vegetable oils, phosphate
ester oils, acetone, ethylene, glycol, and water. Butyl rubber is also very nonpolar.

Most butyl rubber is used in the tire industry. Isobutylene-based rubbers are used
in underhood hose for the polymer’s low permeability and temperature résistance,
and high damping, resilient butyl rubbers are used for noise and vibration attenua-
tion applications such as automotive mounts for the engine and vehicle. Chloro- and
brominated butyl rubber formulations are used in automotive hose applications
where contact with fuel or air conditioning fluids occurs.

Low-molecular-weight “liquid” butyls are used for sealants, caulking compounds,
potting compounds, and coatings. This depolymerized virgin butyl rubber is high vis-
cosity and is used for reservoir liners, roofing coatings, and aquarium sealants. It has
property values similar to those of conventional butyl rubber. To make high-viscosity
depolymerized butyl rubber pourable, solvents or oil are added to the base polymer.



C-scan C-scan is the back and forth scanning of a specimen with ultrasonics.
It is a nondestructive testing technique for finding voids, delamination, defects in
fiber distribution, etc. in laminates and other composite structures.

See also ultrasonic inspection; nondestructive testing.

C-stage The C-stage is the final stage in the reactions of a thermosetting resin
in which the material is relatively insoluble and infusible. Thermosetting resins that
are fully cured are in this stage.

See also A-stage; B-stage.

calcium carbonate Calcium carbonate is the most widely used extender,
pigment, or filler for plastics. It is used in polyvinyl chloride (PVC), polypropylene,
polyethylene, phenolic, epoxy, polyester, polyurethane, ethylene propylene diene
monomer (EPDM) compounds, styrene, and nylon.

It is a naturally occurring, low-cost mineral. Well-known forms include marble,
limestone, calcite, chalk, aragonite, and dolomite. It is generally available in a range
of sizes from coarse grinds to fine pigments averaging a fraction of a micrometer.
Calcium carbonate has a specific gravity of 2.71 at 23°C. Their refractive indices,
between 1.4864 and 1.6584, are not high enough to interfere with effective col-
oration of plastic compounds, yet not low enough to impart transparency. Calcium
carbonate is a relatively soft material with hardness of Mohs 3. Its solubility in water
is about 0.0013 g/100 g water. It reacts with heat at about 900°C to evolve CO,; it
also evolves CO, on reaction with acids.

Plastics Materials and Processes: A Concise Encyclopedia, by Charles A. Harper and Edward M. Petrie
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There are several ways of producing calcium carbonate for plastic processing.
Dry-processed calcium carbonate is used for a variety of applications including
vinyl foam carpet backing and dark floor tiles. The finest grind is about 12 pm in
diameter; size distribution is wide, and color varies with feedstock. Wet ground
calcium carbonate is a wet-processed type. Coarser particles can be removed from
wet ground calcium carbonate by centrifuging.

Beneficiated ground calcium carbonate is the highest-volume usage for plastics.
It is purified by removing iron and silica to minimize plastic degradation and finely
ground to give filled plastics high physical properties at the lowest possible cost.
Median particle diameters are from 1 to 10 wm for beneficiated calcium carbonate.
Plastics in all colors, from white plastics with titanium dioxide to black plastics
with carbon black, can be produced with minimum interference from calcium
carbonate.

Precipitated calcium carbonate is a synthetic form obtained by the recarboniza-
tion process. This type is available in high purity grades with very fine particle sizes.
It has the same or higher specific gravity, and median particle sizes range from 0.7
to 2 wm. Very fine particle sizes are used for high-viscosity nonsag plastisols and
polyesters.

Stearic acid, calcium stearate, and other coatings for calcium carbonate usually
improve rheological properties. There is considerable interest in newly developed
coupling agents and dispersing agents that can be applied to the filler as a coating or
added to the ingredients during compounding. Major advantages claimed for these
additives are lower melt viscosity, lower power requirements for mixing, lower melt
temperature, high impact strength, and favorable aging properties. These coupling
agents include newer organosilicone agents and titanates.

The Table C.1 indicates the general use of calcium carbonate in various filled
polymers.

calcium metasilicate Calcium metasilicate (CaOSiO;) is found in great quanti-
ties as the mineral wollastonite mixed with about 15 percent andradite. The thin,
needlelike crystals are easy to crush and grind. The ground material is a brilliant
white powder in short fibers. It is used in flat paints, for paper coatings, as filler
in plastics, and for electrical insulators.

See also wollastonite.

calcium sulfate Calcium sulfate is a common filler for plastics to improve phys-
ical properties such as impact, tensile, and compressive strengths. It dispenses easily
and is nonreactive even when used in high-temperature, corrosive applications.
Calcium sulfate is available in several forms. Dehydrated calcium sulfate is
made by fine grinding and air separating a select, high-purity segment. Average
particle size is 12.2 pm. It is used in applications in which a cellular structure
is desired. Anhydrous calcium sulfate is a further-refined version to remove all
affinity to water. This type is useful when product stability and moisture-free con-
ditions are desired. A finer-grind anhydrous calcium sulfate is available with an
average particle size of 1.4 wm. It has greater dispersibility and even distribution
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Table C.1 General Use and Characteristics of Calcium Carbonate Filler in Various
Polymer Systems

Calcium Carbonate
Polymer Loading, Type, etc. Characteristics

Flexible PVC 20-60 phr of 3 micron Fine fillers cause less decrease in
physical properties at the same
loading and provide better per-
formance in thinner calendered
films and coatings.

PVC plastisols and  20—100 phr with a wide Coarse particles lead to lower
organosols range of particle sizes viscosity plastisols but may form
sediment during storage.
Rigid PVC 1-5 phr of 2 to 3 micron Stearate coated grades improve
for potable water pipe; up melt rheology and smoothness
to 40 phr of 1 to 3 micron of extrusion.
for other pipe and conduit
applications.
PVC floor tile 80—400 phr of small Lighter colors are obtained from
granular size beneficiated calcium carbonate.
Polyester SMC Loadings of up to 200 phr, Low viscosity one and two
3 to 6 microns. component polyester resins. Size

and distribution are selected for
micro-smooth surfaces, no
shrinkage, and low controlled

viscosity.
Polyester BMC 3—6 microns. Up to 250 phr Over 400 phr is possible in
for BMC and 100-150 phr certain applications.
for premix, preform,
and mat.

Marine polyester 175-200 phr, 3 to 5 microns Meets ASTM D1201 require-
ments of 0.15% maximum water
absorption during 24 hr

immersion.
Polyethylene Ground calcite Low and high density
polyethylene.
Polypropylene 30—-40 wt percent, Injection molded automotive
1 to 3 microns parts are commonly made from

mineral filled polypropylene
(Hercules, Profax 6523)

throughout the resin matrix, with high resin/filler contact for maximum structural
strength and integrity.

The anhydrous forms are pure white in color, ranging in whiteness from 98 to
99 percent on the Beckman scale. This is particularly important for white products
requiring titanium dioxide. The purity and whiteness of the calcium sulfate filler enable
compounders to use less titanium dioxide to achieve the same degree of whiteness.



76 CALENDER

Calcium sulfate fillers can be used to extend both rigid and flexible thermoplas-
tics and reinforced and unreinforced thermosets. Anhydrous calcium sulfate has
been compounded into polyvinyl chloride (PVC), polypropylene, and nylon, as well
as sheet and bulk molding compounds (SMC and BMC) and other polyesters.
It improves impact strength and helps retain dimensional stability and dielectric
properties. In thermosets normal loading levels are 60—70 phr, with loadings of more
than 100 phr for SMC, resulting in improved physical properties when the materials
are subjected to corrosion, high voltage, heat, or stress.

Typical applications in thermosets include housings, automotive, corrosion-
resistant applications (such as chemical and marine fittings and shower bases), elec-
trical applications, and consumer goods (recreational equipment parts, power mower
housings, furniture components, power tool handles and housings, appliance bases
and covers).

In thermoplastics (especially PVC and polypropylene), calcium sulfate has
achieved good results with loading levels of 50-60 phr. In PVC extrusion applica-
tions, anhydrous calcium sulfate provides higher loading capabilities, lower
compounding costs, and smoother extrudates. In cellular vinyl extrusions, it provides
more uniform cell structure. In polypropylene calcium sulfate enhances tensile
strength because it maintains high resin contact for greater structural integrity, and
impact strength is also enhanced.

Compounding factors include proper drying for optimum loading applications.
As with many finely divided fillers, a small amount of moisture is out-gassed during
compounding. Surface treatment and coupling agents, such as stearates and silanes,
can also be used.

calender As a verb, calender refers to the process of preparing material by
pressure between two or more counterrotating rolls. Calendering is usually used for
the continuous manufacture of calendered sheet or calendered film. Granular resin,
or thick sheet, is passed between pairs of highly polished heated rolls under high
pressure.

For the production of thin film, a series of roll pairs is used with gradual reduc-
tion in roll separation as the stock progresses through the unit. Proper calendering
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Figure C.1 Diagram of a four roll calender. (Ref: Billmeyer, EW., Textbook of Polymer Science,
Interscience, New York, 1965, p. 493)
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requires precise control of roll temperature, pressure, and speed of rotation. By
maintaining a slight speed differential between a roll pair, it is often possible to
impart an exceedingly high gloss to the film or sheet surface.

An embossed design can be produced on the surface by means of an appropriately
engraved calender roll. By calendering a mixture of granular resin chips of varying
color, it is possible to produce unusual decorative effects (e.g., marbleization) in
the product. This technique is widely employed in the manufacture of flooring
compositions.

Web thicknesses range from 3 to 30 mils off the calender, down to between 1 and
2 mils after stretching. Product widths can vary between 72 and 120 in. Thermo-
plastics such as polyvinyl chloride (PVC), acrylonitrile butadiene styrene (ABS),
and ethylene vinyl acetate (EVA) can be easily calendered.

As a noun, calender refers to the machine that performs an operation by which
sheets of materials are prepared by pressure between two or more counterrotating
rolls. A calender line typically consists of the following equipment and characteris-
tics: raw materials bulk handling and mixing; plasticizing and calender feeding;
calendering and postcalendering treatment; tempering and cooling rolls; and an
automatic double- or triple-turret winder (this includes pick-off or take-up devices
and cutting devices).

The PVC film industry uses two dominant types of calender and roll arrange-
ments depending on whether the material is rigid or flexible PVC. Rigid PVC manu-
facturers prefer the L-configuration with four to seven rolls. The most common
calender for flexible PVC is a four-roll inverted L- or F-type. This enables the
plasticizer-saturated vapors to be drawn to the suction hood above the calender and
be filtered and removed before reaching the atmosphere.

Calenders having a Z-arrangement have also been installed. This arrangement
permits a compact design and makes a calender with only two rolls in any one plane
so that the loads developed in one working bank do not affect the gauge of subse-
quent passes.

Primary manufacturers of calendering equipment include Global Equipment
& Machinery Sales, Inc.; IMD Corp.; Kobe Steel Ltd.; B. F. Perkins Co.; and
Processing Technologies, Inc.

capacitance In a system of conductors and dielectrics (such a system is a
capacitor), the capacitance is that property which permits the storage of electrically
separated charges when potential differences exist between the conductors.
Capacitance is at times also called capacity. Capacity is measured in farads.

See also dielectric constant.

capacitor A capacitor is a component consisting essentially of two conducting
surfaces separated by an insulating material or dielectric such as air, paper, mica, glass,
plastic film, or oil. One factor in determining the capacitance value of a capacitor is the
dielectric constant of the dielectric material used.

A capacitor stores electrical energy, blocks the flow of direct current, and permits
the flow of alternating current to a degree dependent essentially on the capacitance
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and the frequency. In electronics, capacitors are often mounted on plastic substrates,
such as printed circuit boards.
See also dielectric constant.

capillary rheometer The capillary rheometer measures the viscosity properties
of polymers and provides a direct measure of viscosity and the change in viscosity
with time and flow rate at plastication temperatures. The capillary orifice simulates
the gate and runner system of actual molding conditions, thus providing valuable
flow information for molding compounds.

A capillary rheometer is a rheometer, usually of the piston type, in which a
thermoplastic is converted to a melt by heating in controlled conditions in the body
(the cylinder or barrel) of the apparatus and then extruded through a capillary die.

The dimensions of the cylinder, the piston, and the die must be chosen and
carefully defined appropriate to a particular application. The temperature and
pressure that is applied to the melt and the output rate must also be accurately
controlled and/or measured. ASTM D3835 specifies measurement of a polymer’s
flow characteristics via a capillary rheometer.

caprolactam Caprolactam is a cyclic amide-type compound containing six
carbon atoms. When the ring is opened caprolactam is polymerizable into a nylon
resin known as fype 6 nylon or polycaprolactam. The properties of polycaprolactam
are in general similar to those of 6/6 nylon, but the caprolactam has a lower crys-
talline melting point (225°C vs. 265°C for 6/6 nylon) and is somewhat softer and less
stiff. The major use for this polymer is in fiber, especially tire cord.

Caprolactam can be made in a large number of ways. One method that is used com-
mercially involves oxidation of cyclohexane to cyclohexanone, from which the oxime
is made. This oxime reacts by the Beckmann rearrangement to give caprolactam. The
polymerization of caprolactam is carried out by adding water to open the rings and
then removing the water again at elevated temperature, where linear polymer forms.
An autoclave or a continuous reactor can be used.

Polycaprolactam is in equilibrium with about 10 percent of the monomer, which
must be removed by washing with water before the polymer can be spun. At the fiber
spinning temperature more monomer is formed to restore the equilibrium, and this
must again be removed to achieve good properties in the yarn.

Caprolactam can also be polymerized by ionic chain mechanisms. The reaction
can be carried out below the melting point of the nylon and at atmospheric pressure,
making the technique very attractive for the production of large cast articles.

The major suppliers of caprolactam include Allied Signal Inc. (Capron), Bayer
Corp. (Durethan), Ferro Corp., RTP Co., Shakespeare Monofilaments and Specialty
Polymers (Isocor), and Shanghai Genius Advanced Materials Co. Ltd.

See also nylon.

carbonate A carbonate is a compound resulting from the reaction of a carbonic
acid with an organic compound. It forms an ester (e.g., diethyl carbonate and
diphenyl carbonate).
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carbon black Carbon black is a black pigment produced by the incomplete
burning of natural gas or oil. It is widely used as a filler, particularly in the thermo-
plastic and rubber industry. Because it possesses useful ultraviolet (UV) protective
properties, it is used often in polyethylene compounds intended for such outdoor
applications as cold water piping and black agricultural sheet.

Carbon blacks range in particle size from about 5 to 500 wm, with the particles
usually in grapelike clusters called “structures.” Chemisorbed surface volatiles
are formed during production. Most carbon blacks today are the furnace type,
characterized by low particle size, high structure, and low volatiles. The latter two
properties are tailorable to the expected application.

Carbon black can function as a UV stabilizer, thermal antioxidant, extender in
crosslinked polyethylene (XLPE) cable compounds, antistat in vinyl records, modi-
fier of polymerization rate in unsaturated polyesters, conductive filler, and colorant.
Although commonly used in rubbers and thermoplastics, carbon black does not
improve the properties of thermosetting resins significantly. However, it is often used
as a pigment and for obtaining electrical conductivity.

Long-term UV stabilization is obtained with no more than 2.5 percent loading.
The preferred grade has a 20 wm particle size, high structure, and low to moderate
volatility. Small particle size is also effective for thermal oxidation protection.

Improved grades of carbon black extend the uses of the filler. A high efficiency
grade offers good electrical conductivity at low loadings; another grade features low
impurities; and a third has low dusting properties.

Carbon blacks are supplied as powder or pellets. Powders are confined mostly to
dry blending. Pellets are preferred for concentrates, with high-shear equipment
mandatory. Micropulverized delayed coke, a relatively new form of carbon black, is a
coarse filler offered as an alternative to thermal blacks for tinting and UV stabiliza-
tion in some uses.

The major suppliers of carbon black include Akrochem Corp., Akzo Chemicals
Inc., Cabot Corp., Degussa Corp., J. M. Huber Corp. and Summit Chemical Co.

carbon fiber Carbon fiber is a term often used interchangeably with graphite
fiber.
See graphite fiber.

carbonyl The carbonyl group is represented molecularly by the group C=0.
It is present in aldehydes, ketones, organic acids, sugars, and carboxyl groups.

carboxyl The carboxyl group is a chemical group characteristic of carboxylic
acids and represented by the group COOH.

carpet plot Carpet plots graphically show the range of properties available
with a specific laminate configuration. These plots are useful for preliminary
analysis of a multilayered composite. For more detailed analysis, there are a sig-
nificant number of computer programs to perform the matrix multiplications and
the transformations.
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carrier Carrier is a term generally used in the adhesive industry. A carrier or
reinforcement is usually a thin fabric, cloth, or paper used to support the semicured
adhesive composition to provide a tape or film. In pressure-sensitive tapes, the car-
rier is the backing on which the adhesive is applied. The backing may be used for
functional or decorative purposes.

In films or structural tape, the carrier is usually porous and the adhesive saturates
the carrier. Glass, polyester, and nylon fabric are common carriers for supported
B-staged adhesive films. With fabric constructions, (1) the carrier provides for a
method of applying the adhesive; (2) it may also may act as reinforcement for the
adhesive; and (3) it can provide an internal “shim” to control the thickness of the
adhesive regardless of the amount of pressure applied to the joint during the time of
curing.

casein Casein is a protein material precipitated from skimmed milk by the
action of either rennet or dilute acid. Rennet casein finds its main application in the
manufacture of plastics. Acid casein is a raw material used in a number of industries
including the manufacture of adhesives. Casein is also used as sizing for paper and
textiles, washable interior paints, leather dressings, and as a diabetic food.

Casein plastics can be fabricated in the same manner as cast plastics. The hard-
ening operation, which is considered to be a condensation reaction between the
aldehyde and the amino group of the casein molecule, transforms the material from
a thermoplastic to a thermosetting condition. Casein plastics are nonflammable and
extremely tough. These properties along with its availability in all colors have given
casein its widest use in the manufacture of buttons, buckles, etc. The usefulness of
the material is somewhat limited by its odor, but more importantly by its absorption
of water (7-14% after 24-h water immersion). Because of this hygroscopic nature,
casein plastics are not suitable where dimensional stability is desired. Casein plas-
tics are not widely used today.

Dry-mixed casein adhesives are simply mixed with water before use. They are
used at room temperature and set by the loss of water through a porous substrate and
by a certain degree of chemical conversion. Mixed casein adhesives have a finite pot
life. They are commonly used for paper labels, woodworking, and other interior
applications. They cannot be used outdoors, although they are resistant to dry heat
up to 70°C. Resistance to organic solvents is generally good.

The major suppliers of casein adhesives include American Casein Co., National
Casein Co., and Ultra Additives, Inc.

casting As a noun, the term casting refers to the finished product of a casting
operation. In the casting processes, a liquid material is poured into a mold (without
pressure) and solidified by physical (e.g., cooling) or chemical (e.g., polymerization)
means and the solid object is removed from the mold. Casting uses low-cost
equipment. Molds can be made out of soft, inexpensive materials (such as rubber and
plaster), but casting is a relatively slow process.

Thermosetting resins are cast by using the material in the A-stage, where the resin
is still fusible and liquid. After the mold is filled, the resin is cured in an oven or at
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room temperature. Such processes are commonly used for epoxies, polyurethanes,
polyesters, phenolics, and allylic esters. (See also casting resins.)

Thermoplastic castings can also be made by working with the liquid monomers.
Vinyl polymers, primarily the acrylic resins such as polymethyl methacrylate, are
cast by preparing a syrup of monomer and polymer and polymerizing the monomer
in the mold. Sheets, rods, and tubes are prepared in this way. Cellulose acetate
butyrate and mixtures of ethyl cellulose and wax are cast by plasticizing the resins
to the point where they flow freely when hot but solidify on cooling.

Cylindrical articles such as pipe and drums can by made by centrifugal casting.
In this process the cylindrical metal mold is charged with granular polymer and
rotated. The granules cover the walls of the mold and are fused in place by the
application of heat from the outside.

Another casting process is the forming of a plastic film or sheet by pouring the
liquid resin onto a moving belt or by precipitation in a chemical bath. For example,
a cast film is made by depositing a layer of plastic (molten, in solution, or in a
dispersion) onto a surface, solidifying, and removing the film from the surface.

Cast films, including photographic film and cellophane, are made by flowing a
solution of the polymer onto an extremely smooth surface in the form of a large
polished wheel or a metal belt or band. After the solvent has evaporated (or, in the
case of cellophane, the polymer has coagulated) the film is stripped from the casting
surface.

The key advantages of casting are low mold cost, ability to produce large parts
with thick cross-sections, good surface finish, and suitability for low-volume
production. The major disadvantages are that it is limited to relatively simple shapes
and, except for cast films, becomes uneconomical at high-volume production levels.
It is not suitable for most thermoplastics.

When used as a verb, the term cast refers to the embedding of a component or
assembly in a liquid resin, by using molds that separate from the part for reuse after
the resin is cured. Curing or polymerization is accomplished without external pres-
sure. The mold may contain objects that will have been prepositioned in the mold,
and they become embedded by the resin as it cures. This technique can be done with
minimal equipment, and delicate inserts can be embedded or they can be introduced
into the compound before the curing stage. The chief disadvantages of the casting
process are that high-viscosity resins are difficult to handle and the occurrence of
voids or bubbles can present problems.

When casting applications require fairly high-volume production, machines for
mixing and dispensing the liquid plastics may be used for shorter production cycles,
and curing ovens, conveyors, and other auxiliary capital equipment may be added.
Thus the liquid resin casting process my be a low-cost, manual one or it may be
highly automated, depending on the nature of product desired and the quantities
required.

See also potting; casting resins; centrifugal casting.

casting resin Casting resins and the casting process are identical to potting
resins and the potting process, except that the formulated resin mix is poured into a
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removable and reusable mold instead of into a container. Once cured, the mold is
removed and reused. Hence, the resulting product is a ruggedized assembly without
an outer case. Typical casting resins are thermosets and include epoxies, polyesters,
polyurethanes, phenolics, and allylic ester resins.

Epoxy resins have proven very popular because of their versatility, excellent adhe-
sion, low cure shrinkage, good electrical properties, compatibility with many other
materials, resistance to weathering and chemicals, dependability, and ability to cure
under adverse conditions. The most widely used epoxy resins in the casting field are
the bisphenol-A and cycloaliphatic epoxies. Novolac epoxy resins have higher heat
deflection temperatures, but they require high-temperature cure. The novolacs also
have excellent resistance to solvents and chemicals. Epoxy castings are often used in
electrical/electronic applications. (See also epoxy resin.)

General-purpose polyester, when blended with a monomer such as polystyrene
and then cured, will produce rigid, rapidly curing transparent castings. Other
monomers, in conjunction with polystyrene, such as a-methyl styrene, methyl
methacrylate, vinyl toluene, diallyl phthalate, triallyl cyanurate, divinyl benzene,
and chlorostryene, can be blended to achieve specific property enhancements.
Flexible polyester resins are also available which are tougher and slower-curing
and produce lower exotherm and less cure shrinkage. [See also polyester
(thermosetting).]

Polyurethanes are reaction products of an isocyanate, a polyol, and a curing
agent. The choice of curing agent influences the curing characteristics and final prop-
erties. Diamines are the best general-purpose curing agent,. The highest physical
properties are produced with MOCA 4,4-methyl-bis (2-chloroaniline). The other
major class of curing agents, the polyols, is more convenient to use, but the final
products have lower physical properties. Polyurethanes have good abrasion
resistance and a low coefficient of friction. They find applications on roller wheels
and press pads as well as gaskets, casting molds, timing belts, wear strips, liners, and
heels and soles. (See also polyurethane.)

Phenolic casting resins are available as syrupy liquids. They are produced in huge
kettles by the condensation of formaldehyde and phenol at high temperature in the
presence of a catalyst and with the removal of excess moisture by vacuum distilla-
tion. These resins, when blended with a chemical active hardener, can be cast and
cured in molds constructed from various materials. Phenolic casting resins exhibit a
broad-based property profile. (See also phenolic.)

Allylic ester resins possess excellent clarity, hardness, and color stability and thus
are used to cast into optical parts. These castings can be either homopolymers or
copolymers. The free radical addition polymerization of the allylic ester presents
some casting difficulties such as exotherm control, monomer shrinkage during
curing, the interaction between the exotherm and the free radical source, and the
environmental heat required to decompose the peroxide and initiate the reaction.
Cast allylics are noted for their hardness, heat resistance, electrical properties, and
chemical resistance. They lack strength, and so their usage is confined to optical
parts and some small electrical insulators. (See also allyl.)

See also casting; potting resin; electronic plastic.
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catalyst A catalyst is a chemical that causes or speeds up the cure of a resin but
does not become a chemical part of the final product. Acids, bases, salts, sulfur com-
pounds, and peroxides are commonly used. The peroxides used with polyesters are
typical catalysts. Only small quantities are usually required to influence curing.
Unlike hardeners or curing agents, the amount of catalyst used is critical, and poor
properties can result when resins are over- or undercatalyzed.

The catalysts required by plastics may be classified as (1) strong acid catalysts
(e.g., sulfuric acid, hydrochloric acid, and phosphoric acid alone or in combination
with modifiers), (2) latent acid catalysts (e.g., ammonium salts of strong acids such
as ammonium chloride generally useful in accelerating the setting of urea or
melamine resins), (3) aldehydic catalysts (e.g., catalysts peculiar to phenol-
formaldehyde and urea-formaldehyde resins such as paraformaldehyde and hexam-
ethylenetetramine often used in urea and resorcinol adhesives), and (4) peroxide
catalysts (e.g., benzoyl peroxide and dicumyl peroxide promote polymerization of
polyesters through a free radical mechanism).

See also hardener; inhibitor; promoter.

caul plate The caul plate is a rigid plate contained within a vacuum bag to
impart a surface texture or configuration to the laminate during cure. In general, caul
plates can be any metal plates between which laminates are pressed.

See also vacuum bag molding.

cavity The term cavity or mold cavity refers to the depression in a mold made
by casting, machining, hobbing, or a combination of these methods. The plastic
parts are formed by the geometry of the depression. The plastic parts harden in
the cavity until they have sufficient structural strength to be removed. Depending
on the number of such depressions, molds are designated as single cavity or
multicavity.

Cavity retainer plates are plates in a mold that hold the cavities and plugs. These
plates are at the mold parting line and usually contain the guide pins and bushings.
They are also called force retainer plates. (See Fig. 1.4.)

cell A cell is a small particle or completely enclosed cavity within a plastic part.
A cell is generally a gaseous void. A plastic material made up of numerous cells is
referred to as a cellular plastic or foamed plastic.

A closed cell is one that is totally closed by its walls and hence not interconnect-
ing with other cells. An open cell is a cell not totally enclosed by its walls and hence
interconnecting with other cells. Cell striation refers to a layer of cells within a cel-
lular plastic that differs greatly from the characteristic cell structure of the materials.

See also blowing agent; foamed plastic; cellular plastic.

cellophane Cellophane or regenerated cellulose is a transparent cellulose
plastic material made by mixing cellulose xanthate with a dilute sodium hydroxide
solution to form a viscose. Regeneration is carried out by extruding the viscose, in
sheet form, into an acid bath to create regenerated cellulose.
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Cellophane film is a transparent, colorless, nontoxic, odorless film composed of
regenerated cellulose, water, and a suitable humectant (plasticizer or softener),
which is generally glycerol. Because of its low cost and wide range of useful
properties, cellophane is one of the most widely used films today.

Cellophane (although not strictly considered to be a plastic material) is made by
an extrusion process in which a solution of dissolved cellulose (viscose) is extruded
through a slot into an acid bath. This insolubilizes the solution and regenerates the
cellulose.

Physical properties, such as tensile strength, elongation, softness, and stiffness,
depend on the composition of this three component system, which varies consider-
ably within the following approximate limits: regenerated cellulose 60—-85 percent
humectant 10-25 percent and water 5—15 percent. The moisture content will further
vary, because the film is susceptible to humidity changes in the atmosphere.

Cellophane is tough and generally inert chemically, except to concentrated acids
and alkalis. It also transmits a high percentage of ultraviolet rays. It is available
in a variety of standard colors, can be made flameproof, and can be marked and
decorated by a variety of printing techniques.

Cellophane is used as a general protective wrapping material. Because of its good
electrical properties, it is used in wire and cable construction and other electrical
products. It also functions as a separator, barrier, or release film in plastic molding
and lamination. To make it moisture proof, most of the cellophane film is coated with
a lacquer composed of nitrocellulose, plasticizers, resins, and waxes. This coating
can also give the cellophane film a heat-sealing property.

cellular plastic A cellular plastic is a plastic with greatly decreased density
because of the presence of numerous cells or bubbles dispersed throughout its mass.
The methods of production and fabrication of polymeric materials allow the incor-
poration of various amounts of gas in the form of voids, cells, etc. The resulting
lighter material is referred to as cellular, blown, expanded, foamed, or sponge.

Cellular plastics can be generally classified as elastomeric foams and rigid foams.
Elastomeric foams are those involving a elastomeric or soft plastic matrix: plasti-
cized polyvinyl chloride, low-density polyethylene, and certain polyurethane
plastics. Rigid foams are those involving rigid matrices, such as polystyrenes, unsat-
urated polyesters, phenolics, and certain polyurethane plastics. The type of polymer
matrix, thermoplastic or thermosetting, can also form the basis for a classification
scheme and is closely associated with the processing.

See also blowing agents; foamed plastic.

cellulose Chemically, cellulose is sugar, with the empirical formula C¢H,(Os.
It polymerizes into macromolecules with molecular weights distributed between
300,000 and 500,000. Cellulose is the main constituent of dried woods, jute, flax,
hemp, ramie, etc. Cotton is almost pure cellulose.

Cellulose is a natural high-polymer carbohydrate found in most plants. It is a
fibrous material that makes about 50 percent of the cell walls of plants. There are three
forms of cellulose, the a-type being most abundant and the one used in plastics.
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Reacted with nitric acid, acetic acid, etc. a-cellulose yields the cellulosic plastics. It is
also a filler for urea and melamine resins, and paper with high a-cellulose content is
used in the manufacture of vulcanized fiber.

a-Cellulose is a term traditionally used for pure cellulose of high molecular
weight, represented by that portion of cellulose pulp that does not dissolve in 17-18
percent sodium hydroxide solution at 20°C. This portion is considered to comprise
the long-chain fraction of the cellulose in pulp. ASTM in D1695 and D1696 offers
more precise definitions.

cellulosic plastic: cellulose acetate (CA), cellulose acetate butyrate (CAB),
cellulose acetate propionate (CAP), ethyl cellulose (EC), cellulose nitrate (CN),
cellulose triacetate (CT) Cellulosic polymers are the most abundant organic
polymers in the world. They are also among the toughest of plastics. Cellulosic
plastics are generally economical, basically good insulating materials. However,
cellulosic polymers are temperature limited and are not as resistant to extreme envi-
ronments as many of the other thermoplastics. Their general mechanical structure is
shown in Fig. C.2.
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Figure C.2 General chemical structure of cellulose.

Cellulosics have similar properties that vary in degree. The four most prominent
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 number of formulations and flow rates and are manufactured
to offer a wide range of properties. They are formulated with a wide range of plasti-
cizers for specific properties.

Cellulose butyrate, propionate, 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 provide hard, glossy surfaces over the full range of color and
texture.

Butyrate, propionate, and acetate are rated in that order in dimensional stability
in relation to the effects of water absorption and plasticizers. The materials are slow
burning, although self-extinguishing forms of acetate are available. Special formu-
lations of butyrate and propionate are serviceable outdoors for long periods. Acetate
is generally considered unsuitable for outdoor uses. From an application standpoint,
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the acetates generally are used where tight dimensional stability under anticipated
humidity and temperature is not required. 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.

Cellulose acetate (CA) is the acetic acid ester of cellulose. It is obtained by the
action, under rigidly controlled conditions, of acetic acid anhydride on purified cel-
lulose usually obtained from cotton linters. All three available hydroxyl groups in
each glucose unit of the cellulose can be acetylated. However, in the material nor-
mally used for plastics, it is usual to acetylate fully and then to lower the acetylate
value (expressed as acetic acid) to 52-56 percent by partial hydrolysis. When com-
pounded with suitable plasticizers, this gives a tough thermoplastic material.
Cellulose acetate is mainly an extrusion (film and sheet) material, but injection appli-
cations include premium toys, tool handles, appliance housings, shields, lenses, and
eyeglass frames.

Cellulose acetate butyrate (CAB) or cellulose butyrate is an ester of cellulose
made by the action of a mixture of acetic acid and its anhydride on purified cellu-
lose. It is used in the manufacture of plastics that are similar in general properties to
cellulose acetate but are tougher and have better moisture resistance and dimension-
al stability. Cellulose acetate butyrate is used for pen barrels, steering wheels, tool
handles, machine guards, and skylights.

Cellulose acetate propionate (CAP) or cellulose propionate is an ester of cellu-
lose made by the action of propionic acid and its anhydride on purified cellulose. It is
used as the basis of thermoplastic molding material. Cellulose acetate propionate
applications include lighting fixtures, safety goggles, motor covers, brush handles,
face shields, and steering wheels.

Ethyl cellulose (EC), best known for its toughness and resiliency at subzero
temperatures, also has excellent dimensional stability over a wide range of temper-
ature and humidity conditions. Alkalines or weak acids do not affect this material,
but cleaning fluids, oils, and solvents are very harmful. Ethyl cellulose is used for
flashlight cases, fire extinguisher parts, and electric appliance parts.

Cellulose nitrate (CN) or nitrocellulose is a nitric acid ester of cellulose manu-
factured by the action of a mixture of sulfuric acid and nitric acid on cellulose, such
as purified cotton linters. The major use of plastics-grade cellulose nitrate is in the
coating field. Despite its disadvantages of flammability, instability, and poor weath-
ering properties, cellulose nitrate is one of the cheapest and most highly impact-
resistant plastic. It still has many uses because of these properties, including fountain
pens, tool and brush handles, eyeglass frames, and some motion picture film. It
accounts for only a small fraction of the volume of cellulose plastics. Cellulose
nitrate materials are sometimes simply called nitrates.

A celluloid is a thermoplastic material made by the intimate blending of cellulose
nitrate with camphor. Alcohol is normally used as a volatile solvent to assist plasti-
cization and is subsequently removed. The type of cellulose nitrate used for celluloid
manufacture usually contains 10.8—11.1 percent nitrogen.
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Cellulose triacetate (CT) is a cellulosic material made by reacting purified cellu-
lose with acetic anhydride in the presence of a catalyst. It is used in the form of film
and fibers. Films and sheet are cast from clear solutions onto drums with highly pol-
ished surfaces. The film, which is of excellent clarity, has high tensile strength and
good heat resistance and dimensional stability. Applications include book jackets,
magnetic recording tapes, overhead projector film, and various types of packaging.
Cellulose triacetate sheet has properties somewhat similar to those of the film and is
used to make such articles as safety goggles and transparent covers of many kinds.

ASTM provides both test methods and specifications for products made from
cellulosic polymers. The primary specifications and test methods are provided in
Table C.2.

Table C.2 Primary Specifications and Test Methods for Cellulosics

Cellulosic Test Method Specification

Cellulose Acetate Butyrate ASTM D817 ASTM D707 (molding, extrusion);
ASTM D2411 (sheet and film)

Cellulose Acetate Propionate ASTM D817 ASTM D1695

Cellulose Nitrate ASTM D1695

Cellulose Propionate ASTM D1695; ASTM D1562

(extrusion and molding)
Cellulose Triacetate ASTM 1695

Major suppliers of cellulosic plastics include Akzo Nobel Chemicals Inc. (all);
Eastman Chemical Co. (CA, CAB, CAP); FMC Corp. (CA, CAB); Raffi &
Swanson, Inc. (all); Rotuba Extruders Inc. (CA, EC); RTP Co. (CAB, CAP); and
Union Carbide Corp. (EC).

center-gated mold A center-gated mold is an injection or transfer mold in
which the cavity is filled with resin through an orifice interconnecting the nozzle and
the center of the cavity area. Normally, this orifice is located at the bottom of the
cavity when forming items such as containers, tumblers, and bowls.

centipoise The centipoise is a unit of viscosity, conveniently and approximately
defined as the viscosity at room temperature. Table C.3 provides approximate vis-
cosities at room temperature, which may be useful for rough comparison.

See also apparent viscosity; viscosity.

centrifugal casting In the centrifugal casting process, a catalyzed resin is intro-
duced into a rapidly rotating mold. The resin forms a layer on the mold surfaces and
hardens. Vacuum is sometimes used to aid in bubble removal. Polyurethane, plati-
sols, other liquid elastomers, and epoxies can be used in this process. Conventional
products formed by the centrifugal casting process include elastomer sheets,
reinforced pipe, and rubber track.

With this process, reinforcing elements can be accurately placed. High-viscosity,
rapidly curing materials can be used. Precise wall thickness is possible.
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Disadvantages include the fact that fillers separate rapidly and the parts are limited
to toroidal shapes.

Table C.3  Viscosity of Several Common Fluids

Viscosity in

Liquid Centipoise (cps)
Water 1
Kerosene 10
Motor oil; (SAE-10) 100
Castor oil; Glycerin 1,000
Corn syrup 10,000
Molasses 100,000
centrifugal coating A centrifugal coater is a self-contained unit. It consists of

an inner basket, a dip coating tank, and exterior housing. Products are placed in the
inner basket, which is dipped into the coating tank. The basket is withdrawn and
spun at a speed high enough to remove the excess coating materials by centrifugal
force. This causes the coating to be flung onto the inside of the exterior housing,
from which it drains back into the dip tank.

The advantage of centrifugal coating is that large numbers of small parts can be
coated at the same time. The disadvantage is that the appearance of the finish is a
problem because the parts touch each other.

ceramic fiber Ceramic fibers are continuous fibers of metal oxides. The major
advantages of these fibers are their very high temperature resistance (up to
1650°C) plus high modulus and compressive strength. They also have outstanding
chemical resistance and can be woven into fabrics for use in various reinforced
plastic structures. Typical applications are found in aircraft and aerospace, sport
equipment, components requiring chemical resistance, and brake linings or fric-
tion materials.

One example of a recently introduced ceramic filler/reinforcement is short dis-
continuous fibers composed of approximately equal parts of alumina and silica. This
filler has a melting temperature of 1795°C. It can be “engineered” for a specific set
of physical properties by modifying fiber length, diameter, aspect ratio, and surface
area.

In unsaturated polyester, a nominal 25 percent replacement of glass fiber with
engineered ceramic fiber has shown improvement in flexural, tensile, and impact
values. Further improvements are possible via the use of coupling agents.
For example, flexural modulus of 2.3 million psi, notched Izod impact strength of
4.4 ft 1b/in., tensile strength of 5610 psi, and flexural strength of 11,200 psi are
possible.

chain extender In polyurethane materials, a chain extender is a short-chain diol
that, along with diisocyanate, composes the hard segment in the polyurethane
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phase-separated block copolymers. The soft segment is prepared from an elastomeric
long-chain polyol, generally a polyester or polyether, but other rubber polymers end-
capped with a hydroxyl group could also be used.

See also polyurethane.

chain length
See degree of polymerization

chalking Chalking refers to a powder residue on the surface of a plastic mater-
ial, often resulting from weathering. Chalking usually occurs because of the materi-
al’s poor resistance to UV exposure and outdoor weathering conditions. Chalking is
often among the early symptoms of weathering.

charge A charge is the amount or weight of a material used to load a mold at
one time or during one cycle.

Charpy impact test The Charpy impact test is a destructive test of impact resis-
tance, consisting of placing the specimen in a horizontal position between two sup-
ports and then striking the specimen with a pendulum striker swung from a fixed
height. The magnitude of the blow is increased until the specimen breaks. The result
is expressed in in.-1b or ft-Ib of energy.

See also impact resistance.

chase As distinguished from the supporting mold base, the chase is the main
body or heart of the mold, containing the cavity, mold pins, and other parts directly
connected with the operation of the cavities.

A chase can be an enclosure of any shape used to (1) shrink fit parts of a mold
cavity in place; (2) prevent spreading or distortion in hobbing; or (3) enclose an
assembly of two or more parts of a split cavity block.

A chase ring is the ring placed around a hob blank to prevent it from spreading
while the hob is being sunk.

chelating agent A chelating agent is a substance that, through chemical means,
will form complexes with various ions and prevent them from exerting an influence
on the system under study. Such ions are generally removed because they catalyze
degradation reactions such as oxidation.

See also metal deactivator.

chemical resistance When polymeric materials are exposed to an aggressive
chemical environment, the effects basically involve physical changes but chemical
changes may also take place. In the case of physical changes the molecular structure
of the polymer generally remains unchanged. In the case of chemical changes, the
molecular structure of the polymer may or may not be changed.

Brief exposure to chemical media may cause surface tackiness, or, in severe
cases, the chemical may truly dissolve the molecules in the case of thermoplastics
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and cause swelling and dimension change in the case of thermosets. In some cases,
chemicals may have little effect on the pure polymer but will extract additives, with
resulting degradation in performance.

Chemical effects are those involved in breaking and or forming chemical bonds.
In some cases further polymerization may result, and in other cases molecular chain
scission may result. These chemical reaction mechanisms may involve hydrolysis.
Hydprolysis is the reversal of the condensation reaction in the presence of water mol-
ecules. Oxidation may result from the presence of oxidizing chemicals, and low- and
high-energy radiation can also promote chemical changes.

A screening of polymeric materials considered for use in contact with a specific
chemical can often be made through the use of published general ratings (i.e., excel-
lent, good, fair, poor, and so forth). Performance-specified property tests on samples
or test specimens after exposure to a chemical, comparing the results to the case of
nonexposed samples, allow a quantitative assessment that can be expressed as a
percent retention or percent loss of property. This type of testing is covered by
ASTM D543.

chill roll The chill roll is a cored roll, usually temperature controlled with
circulating water, which cools the web after thermal processing and before final
winding. For chill rolls used on cast film, the surface of the roll is highly polished.
In extrusion coating, either a polished or matte surface may be used depending on
the surface desired on the finished coating.

Chill roll extrusion refers to the process of forming extruding film when it is
cooled while being drawn between two or more highly polished chill rolls cored for
water cooling for exact temperature control.

chlorinated hydrocarbon, plastic, rubber Chlorinated hydrocarbons are
organic compounds having hydrogen atoms and, more importantly, chlorine atoms
in their chemical structure. Trichloroethylene, methyl chloroform, and methylene
chloride are chlorinated hydrocarbons. Chlorinated hydrocarbons are generally
excellent solvents for many uncured thermosetting resins and thermoplastics.

Chlorinated plastics are polymers that have many chlorine atoms in their molec-
ular chain. Good flame resistance and chemical inertness usually characterize these
materials. Examples of such materials are chlorinated polyethylene, chlorinated
polyether, chlorinated polyvinyl chloride, and chlorofluorocarbons.

Chlorinated rubbers are nonflammable, odorless, and nontoxic derivatives of rub-
bers containing about 65 percent chlorine. The manufacture of chlorinated rubber
has traditionally been carried out by adding chlorine gas to a solution of rubber in a
chlorinated solvent. Newer methods of producing chlorinated rubber involve the
direct chlorination of latex or passage of chlorine over thin sheets of rubber swollen
with a solvent such as carbon tetrachloride.

Chlorinated rubber is a thermoplastic material notable for its high resistance to
corrosive chemicals as well as to gasoline, air, moisture, and mineral oils. In chlori-
nated solvents, chlorinated rubber makes a useful vehicle for modified alkyd resins
formulated for air drying or low-bake enamels, as well as paints and lacquers.
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Plasticized, it produces a film highly impermeable to water and water vapor.
Chlorinated rubber is chiefly used in the production of heat- and chemical-resistant
paints, varnishes, and lacquers. Films, impregnating solutions, adhesives, and (with
the addition of plasticizers) molding powders can also be made.

chlorinated polyether Chlorinated polyether resins belong to the family of
polyethers. They are linear, crystalline thermoplastics. Their monomer, a chlorinat-
ed oxetane, is synthesized from pentaerythritol and, under carefully controlled con-
ditions, involving the use of catalysts such as BF; or BF;-etherate, is polymerized
into a very high-molecular-weight polymer.

Chlorinated polyether is characterized by high chemical and thermal stability
resulting from its crystallized structure. Chlorine constitutes approximately 46 percent
of the resin’s weight. Other properties are not outstanding, so that chlorinated poly-
ether is primarily chosen for its chemical-resistant qualities. It possesses resistance to
both organic and inorganic agents at temperature up to 121°C or higher.

These resins are injection molded for components in chemical processing equip-
ment. Low-cost metal components such as pipe, valves, and pumps, provide
improved chemical resistance when lined with chlorinated polyether. Continuous,
pinhole-free coatings of chlorinated polyether can be applied via a number of
coating techniques.

chlorinated polyethylene (CPE) Chlorinated linear polyethylene (CPE) is
produced by a simple chemical substitution of chlorine on the linear polyethylene
backbone. The chlorination can occur by directly exposing the polymer to gaseous
chlorine either in solution or in finely divided form. The presence of ultraviolet light
or another activator is necessary for practical reaction rates. Materials offered com-
mercially are in the 30—45 percent chlorine range and include amorphous as well as
semicrystalline products. The materials are softer, more elastomeric, and more solu-
ble than the unmodified polymer. Harder versions can be obtained by increasing the
chlorine content to 50 percent or higher.

Chlorinated polyethylene has inherent oxygen and ozone resistance because of
the saturated nature of the polymer. It also shows exceptionally high tear strength
and heat aging characteristics and excellent oil and chemical resistance. To reduce
cost, the base polymer can be heavily extended with processing oils and inert filler.

The significant advantages of products produced from chlorinated polyethylene
are their improved resistance to chemical extraction, plasticizer volatility, and weath-
ering. Products made from chlorinated polyethylene do not fog at higher use tem-
peratures and can be made completely flame retardant. They do, however, exhibit
chemical instability similar to that of polyvinyl chloride (PVC). They may be used
as primary compounding materials or as blending resins with PVC, high- and low-
density polyethylene, and other polymers. They are cross-linkable by irradiation or
chemical means.

Applications include film and sheeting via standard extrusion, calendering, and
molding techniques. Extruded sheet supported by foam is used for automobile dash-
boards, upholstery, and door liners. Flexible film is used for nursery, agricultural, and
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weather protection. Chlorinated polyethylene resins are blended with PVC for extrud-
ed pipe and building materials.

chloroprene
See polychloroprene.

chlorosulfonated polyethylene (CSM) Chlorosulfonated polyethylene is a
saturated chlorohydrocarbon and contains about 20—40 percent chlorine and 1-
2 percent sulfur as sulfonyl chloride in addition to polyethylene. The sulfonyl chlo-
ride groups are the curing or cross-linking sites. CSM properties are largely based
on initial polyethylene and percent chlorine. A free radical-based polyethylene with
28 percent chlorine and 1.24 percent sulfur has a dynamic shear modulus range from
1000 to 300,000 psi. When the chlorine content is increased more than 30—
35 percent the stiffness increases.
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Figure C.3 General chemical structure of chlorosulfonated polyethylene (x is approximately 12 and y
is approximately 17).

Hypalon (Du Pont) CSMs are specified by their chlorine and sulfur contents and
their Mooney viscosity. CSM has an excellent combination of heat and oil resistance
and oxygen and ozone resistance. CSM, like other polymers, is compounded to meet
specific application requirements. Hypalon is used extensively for underhood wiring
and fuel hoses because of its fuel and oil resistance.

chromatography—gas, liquid, paper, column, thin layer Chromatography is
a physical method of separation in which the components to be separated are
distributed between two phases. One of these phases constitutes a stationary bed of
large surface area, and the other is a fluid or gas, which percolates through or along
the stationary bed. This technique is used to identify constituents of a mixture
qualitatively and quantitatively

See also gel permeation chromatography; high-pressure liquid chromatograph.

circuit boards
See printed circuit boards.

circumferential winding In filament winding, a circumferential winding is a
winding with the filaments essentially perpendicular to the axis (90° or level winding).
This type of winding would have the highest hoop strength.
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clamping plate The clamping plate is a plate fitted to a mold and used to fasten
the mold to a molding machine. See Fig. 1.4.

clamping pressure Clamping pressure, as used in injection, compression, and
transfer molding, is the pressure that is applied to the mold to keep it closed, in oppo-
sition to the fluid pressure of compressed molding material. In injection molding,
clamping pressure varies from 3 to 10 ton/sq. in. to oppose the molding pressure.
Compression and transfer molds use clamping pressures of 3-8 ton/sq. in.

In blow molding, the clamping pressure is the pressure exerted on the two mold
halves by the locking mechanism of the blowing table. This pressure keeps the mold
closed during formation of the container.

clarifying agent A clarifying agent is a reagent used in the production of high-
clarity grades of polypropylene. An example is Millard, a proprietary compound
from Milliken Chemical Co.

clay filler Clay fillers are used extensively in thermoset resins as a low-cost exten-
der to reduce resin cost in the molded product. The mineral kaolinite is the source for
clay filler called kaolin, a hydrous aluminosilicate mineral. Kaolin is used as a viscos-
ity-modifying filler in liquid polyester for fiberglass molding. The increased viscosity
tends to hold the glass fibers in the resin and eliminate show-through at the surface of
the molded part. Very fine meshes of kaolin are used in thermoplastics.

Kaolin is the second most commonly used extender pigment in the plastics indus-
try after calcium carbonate. It finds use in many polymers. The largest tonnage is
used in wire and cable, polyester bulk molding compounds (SMC and BMC), and
vinyl floor coverings.

Kaolin deposits are cored and analyzed before mining to determine quality.
Mined clays are then either wet or dry processed by air floatation or water frac-
tionation. Surface-modified clays can be made by treating standard, delaminated,
and calcinated grades with surface modifiers. The treatment can be performed by
either the supplier or the end user. These surface modifiers include silane,
titanate, polyester, and metal hydroxide. The objective of these surface treatments
is to increase filler loadings and/or improve physical properties such as melt
viscosity, thermal stability, and modulus without loss of physical characteristics.
Electrical applications represent the largest use of surface-modified kaolin in
plastics.

Standard water-washed kaolins come in a variety of particle size distributions,
ranging from 0.2 to 9.5 wm in median particle size. These wet-processed clays tend
to have more uniform physical properties and are preferred for uniformity and spe-
cific properties such as increased loadings and improved molding characteristics.
Water-washed clays can be used as rheological modifiers in conjunction with other
extenders to optimize flow characteristics and reduce cost.

Delaminated kaolins differ from the standard water-washed grades in that they
are thin platelets of varying widths, and they are devoid of stacks and ultrafines.
Delaminated clays can be supplied in a variety of particle sizes and shapes. At
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comparable particle sizes or surface areas, delaminated clays result in about
30 percent higher tensile strengths and modulus than standard clays (in polyesters
and styrene butadiene rubber formulations). Because of cleaner surfaces and differ-
ent wetting characteristics, delaminated clays result in better color in polymer
systems than standard kaolins.

Water-washed calcined clays vary in particle size and degree of calcinations. The
primary use of calcinated clays is in wire and cable insulation. Use of small amounts
of partially calcined clay in polyvinyl chloride (PVC) can double volume resistivity.
A secondary use of calcined clays in PVC and other polymers is extending titanium
dioxide (TiO,). Calcined clay can replace up to 20 percent of the TiO, without loss
of optical properties.

Major suppliers of kaolin clay include Akrochem Corp.; Englehard Corp.;
Harwick Chemical Corp.; J. M. Huber Corp.; KMG Minerals, Inc.; NYCO Minerals
Inc.; US Silica Co.; and Whittaker, Clark & Daniels.

cleaning Once machined, the plastic must be cleaned of any finishing lubricants
and other contaminants before other secondary processes such as decorating or
assembly can be considered. Simple cleaning of plastic parts is generally by solvent
or alkaline cleaning. However, chemical treatments may be necessary to prepare the
surface of the part for bonding, painting, or similar processes where another resin
will have to wet its surface.

Solvent cleaning is generally the first (and often the only) surface preparation
applied to plastic parts. Solvent cleaning removes organic release agents, such as
silicone, that may coat the part during molding and any machine oil transferred to
the part during finishing. Solvents such as methyl ethyl ketone, toluene, naphtha,
acetone, trichloroethylene, and perchloroethylene are used for degreasing.

Selection of the solvent should be dependent on the plastic being cleaned. Certain
solvents will aggressively attack certain polymeric surfaces, causing the surface to
deform or exhibit stress crazing. Substrates can be wiped or sprayed with degreas-
ing solvents, or they can be immersed in an agitated solution for about 5 min.

Vapor degreasing equipment using trichloroethylene vapor is very effective in
eliminating mold release. This operation, however, is performed at a high tempera-
ture, thus requiring the substrate to be thermally stable.

Alkaline cleaning is effective for removing the water-dissolvable contaminants
that may be difficult to remove with solvent wiping. Substrate immersion in an alka-
line bath sometimes follows solvent degreasing. Parts are continuously agitated in a
water solution maintained at 77-93°C and at an alkaline pH. As dirt, metal chips,
and other contaminants are removed, more alkaline solution must be added to main-
tain the pH, and the bath must be replaced if contaminant levels become too high.

After alkaline cleaning, substrates are rinsed in water to remove all traces of the
alkaline solution. The solution should not be allowed to dry on the part for cosmetic
reasons or because it could result in a weak boundary layer in a painting or bonding
operation. Some plastics are hygroscopic or absorb water, and a washing process, espe-
cially at elevated temperatures, could degrade the properties of the plastic. These plas-
tics include nylons, ABS, polycarbonate, and thermoplastic polyesters.
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The use of detergent-free ultrasonic washing may be the best method to clean
small plastic parts. In this type of washer, clean water is placed in a tank that is sub-
jected to ultrasonic (high frequency) vibrations. Thousands of small bubbles form
from the ultrasonic agitation. These bubbles scrub the part’s surface and clean it
without the use of heavy detergents or solvents.

Often plastic parts will attract contaminants because of a static charge. Such sta-
tic charging can also be a safety and a reliability concern. The charges can be large
enough to be painful and result in bodily damage along a high-speed production line.
Electrostatic charge can also cause circuit failure if near an integrated circuit. To ren-
der a plastic part less susceptible to static buildup, the plastic has to be made less of a
dielectric insulator and more conductive. Three ways of doing this are by internal
antistatic agents, by external antistatic agents, and by surface discharging. External
antistatic agents are sprayed, wiped, or rubbed onto the plastic part to provide a
short-term increase in surface conductivity. Water is the most common antistatic
agent. (See also antistatic agents.)

Various surface treatment processes have been developed to ensure adhesion of
adhesives, coatings, or print to polymeric surfaces. These treatments are both
mechanical and chemical. They include abrasive cleaning, chemical etching, corona
discharge, flame treating, plasma treatment, and laser pretreatment. (See also surface
treatment.)

closed-cell cellular plastics Closed-cell cellular plastics are those plastics in
which almost all of the cells are noninterconnecting. Closed-cell plastics are
preferred over open-cell plastics for thermal- and sound-insulating properties.

See also cellular plastic; foamed plastic.

coated fabrics Coated fabrics may be defined as fabrics surfaced with a
reasonably continuous film of oil, oil and resin, cellulose esters, rubber or syn-
thetic rubber, vinyl, or other synthetic resins. Although some of the coating com-
position may penetrate the fabric, it is considered to be reinforced primarily on
the surface.

There are four general types of synthetic coatings: (1) cellulose esters and ethyl
cellulose; (2) vinyls and vinyl copolymers; (3) rubber and synthetic rubber; and
(4) oil in resins. These are applied by one of four methods: (1) spreader or doctor
knife (with cellulose nitrate); (2) calendering (with vinyls and rubbers); dipping (for
oil in resin); and (4) rolling (for reversed coating and panel boards). Spraying is also
used to a limited extent for special finishes.

coat hanger die The coat hanger die is one basic type of slot die for extrusion
that is shaped internally like a coat hanger to gain better distribution across the full
width of sheet extrusion.

coating cure Most of the organic coating resins are liquids, which cure or dry
to form solid films. This mechanism will depend on the coating resins and the spe-
cific formulation prepared for the application. Coatings can be classified by their
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curing or drying mechanism as being-room temperature curing, sometimes called air
drying; or heat curing, generally called baking or force drying, which uses elevated
temperatures to accelerate air drying. Thermoplastic and thermosetting coating can
be both air drying and baking.

Air-drying coatings will form films and cure at room or ambient temperature by
mechanisms such as solvent evaporation, conversion, or coalescing. Baking coating
will form films at room temperature but require elevated temperatures to cure. This
is accomplished through either conversion or phase change.

Certain thermoplastic coating films will soften and flow to become smooth and
glossy at elevated temperatures. This technique, called reflow, is used on acrylic
lacquers by the automotive industry to eliminate buffing.

Certain films can be cured by bombardment with ultraviolet (UV) and electron
beam radiation with little increase in surface temperature. Infrared radiation, on the
other hand, increases the surface temperature of films and is therefore considered
a baking process.

Vapor curing is essentially a crosslinking conversion method for two compo-
nent coatings. The product is coated with one component of the coating in a
conventional manner. It is then placed in an enclosure filled with the other com-
ponent (the curing agent) in vapor form. It is in this enclosure that the reaction
occurs.

coating process See specific types of coating such as curtain, dip, electrocoat-
ing, spray, powder, autodeposition, centrifugal, flow, and roll.

coating resin Because it is the polymer resin in the coating’s formulation that
determines performance properties, coatings are generally classified by their resin
type. The most widely used resins for manufacturing modern coatings are acrylics,
alkyds, epoxies, polyester, polyurethanes, and vinyls. They can be supplied in various
forms including solvent-containing, high-solids, waterborne, and powder coatings.

The properties of various coating resins by polymer type are given in Appendix
D. Tables C.4 and C.5 summarize the performance properties and available physical
states of common coating resins.

Table C.4 Performance Properties of Common Coating Resins (Ref: 1zzo, C.P.,
Products Finishing Directory, Gardner Publishing, Cincinnati, 1996)

Humidity Corrosion Exterior Chemical Mar
Resin Type Resistance Resistance Durability Resistance Resistance
Acrylic E E E G E
Alkyd F F P G G
Epoxy E E G E E
Polyester E G G G G
Polyurethane E G E G E
Vinyl E G G C G

Note: E = excellent, G = Good, F = Fair, P = Poor
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Table C.5 Physical States of Common Coating Resins (Ref: 1zzo, C.P., Products Finishing
Directory, Gardner Publishing, Cincinnati, 1996)

100% Two-

Conv. High Powder Solution component
Resin Type Solvent ~ Waterborne Solids Coating Liquid Liquid
Acrylic X X X X
Alkyd X X X
Epoxy X X X X X
Polyester X X X X X
Polyurethane X X X X X X
Vinyl X X X X X

Acrylics are noted for color and gloss retention in outdoor exposure. They were
used from the 1960s to the1980s in automotive finishes. Thermosetting acrylics are
still used by the major appliance industry. Acrylics are used in electodeposition and
have largely replaced alkyds. Their chemistry allows them to be used in radiation cur-
ing applications alone or as monomeric modifiers for other resins. Acrylic-modified
polyurethane coatings have excellent exterior durability. (See also acrylic.)

Alkyd resin-based coatings offer the advantage of good durability at relatively low
cost. They are used for finishing a wide variety of automotive and appliance prod-
ucts, either alone or modified with oils or other resins. They are not as durable in
long-term outdoor exposure, and their color and gloss retention is inferior to that of
acrylics. Alkyds are used for metal and wood finishing. Alkyd resins are used in
fillers, sealers, and caulks for wood finishing because of their formulating flexibility.
Alkyd-modified acrylic latex paints are excellent architectural finishes. (See also
alkyd.)

Epoxy resins can be formulated with a wide range of properties. These medium-
to high-priced resins are noted for adhesion, make excellent primers, and are used
widely in the appliance and automotive industries. Their heat resistance permits
them to be used for electrical insulation. When epoxy top coats are used outdoors
they tend to chalk and discolor because of inherently poor ultraviolet light (UV)
resistance. Two component epoxy coatings are used in extreme corrosion and chem-
ical environments. Because of their adhesion, epoxy coatings are used extensively as
primers over most substrates. (See also epoxy resin.)

Polyesters are used alone or modified with other resins to formulate coatings
ranging from clear furniture finishes, replacing lacquers, to industrial finishes,
replacing alkyds. These moderately priced finishes permit the same formulating flex-
ibility as alkyds but are tougher and more weather resistant. Polyesters are also
applied as powder coatings. Two component polyesters are well-known gel coats for
glass-reinforced plastic bathtubs, boats, and automobiles. Polyester powder coatings
are used as high-quality finishes in indoor and outdoor applications and as coil
coatings. [See also polyester (thermosetting).]

Polyurethane resin-based coatings are extremely versatile. They are higher priced
than alkyds but lower priced than epoxies. Polyurethane resins are available as oil
modified, moisture curing, blocked, two component, and lacquers. Two-component
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polyurethanes can be formulated in a wide range of hardnesses. They can be abra-
sion resistant, flexible, resilient, tough, chemical resistant, and weather resistant.
Urethane-modified acrylics have excellent outdoor weathering properties.
Polyurethanes have become very important finishes in the transportation industry for
aircraft, autos, railroads, trucks, and ships. (See also polyurethane.)

Polyvinyl chloride coatings are noted for their toughness, chemical resistance,
and durability. They are available as solutions, dispersion, and lattices as well as
powder coatings. Vinyls have been used in various applications including beverage
can linings, automobile interiors, and office machine exteriors. They are also used as
thick-film liquids and as powder coatings for electrical insulation. Due to their excel-
lent chemical resistance, they are used as tank linings and as rack coatings in elec-
troplating shops. (See also polyvinyl chloride.)

Other coatings resins that are used alone or as modifiers with other resins include
aminos, cellulosics, chlorinated rubber, fluorocarbons, oleoresinous coating, pheno-
lics, polyamides, polyolefins, polyimides, and silicones.

coating weight Coating weight is the weight of a coating per unit area. In the
U.S, paper industry, usually coating weight is given as per ream, that is 500 sheets
24 in. X 36 in. (3000 sq. ft.) but sometimes 1000 sq. ft.

co-curing Co-curing is the act of curing a composite laminate and simultane-
ously bonding it to some other prepared surface. In filament winding, co-curing
could refer to the curing together of an inner and outer tube of similar or dissimilar
fiber resin combinations after each has been wound or wrapped separately.

coefficient of friction The coefficient of friction between two surfaces in
contact is defined as the ratio of the frictional force to the force acting normally
to the surfaces to maintain their contact. In the context of polymeric materi-
als, two coefficients of friction are defined: the static coefficient and the dynamic
coefficient.

The static coefficient of friction implies the force required to first move one sub-
strate relative to the other, and the dynamic coefficient of friction refers to the force
required to continue the movement. Methods of determining the coefficient of fric-
tion of some plastic materials are given in ASTM D1894 and ASTM D3028.

See also friction.

coefficient of thermal expansion The coefficient of thermal expansion (CTE)
is the fractional change in length (sometimes volume if specified) of a material for a
unit change in temperatures. Values for plastics range from 0.01 to 0.2 mil/in./°C.
The value of the coefficient may not be the same when measured over different tem-
perature ranges.

Methods of determining coefficient of thermal expansion include ASTM D696
(dilatometer method), ASTM E228 (dilatometer methods of plastics in the tempera-
ture range of —30°C to +30°C), and ASTM E&831 (determination by thermome-
chanical analysis).
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coextrusion Coextrusion is the process for extruding two or more materials in a
single sheet or film. Two identical polymers may be laminated by coextrusion. In this
process two different materials are extruded from two separate extruder barrels and
then brought together in a complex die to achieve a laminate sheet or profile. Not
many materials lend themselves to this process because temperature and chemical
differences often preclude good bonding.

See also extrusion.

coextrusion blow molding Coextrusion blow molding is a process using a
second, smaller extruder in combination with the main extruder to produce a parison
that is a laminate consisting of a thick layer of body material and a thin layer of a
barrier resin. A bonding agent is used to ensure adhesion between the two layers. In
extruding the parison, the two melts are sent through a special coextrusion head that
simultaneously applies the bonding agent between the two melts as they are extrud-
ed. Final blowing is done in a conventional manner.

Body materials that have been used include polypropylene, high density-polyeth-
ylene, or low-density polyethylene mixed with the bonding agent. The barrier mate-
rial generally used is nylon, which may be either on the inside of the container or on
the outside. Some of the advantages claimed for the coextrusion process are excel-
lent aroma barrier, surface gloss, surface priming, scratch resistance (with the nylon
on the outside), and chemical resistance and barrier to hydrocarbons (with the nylon
on the inside).

See also blow molding.

cohesion Cohesion is the intermolecular attractive forces within a material that
actually hold the molecules together. This is much different than adhesion, which is
the state in which interfacial forces hold two surfaces together. Cohesion is the inter-
molecular forces within a substrate, and adhesion is the intermolecular forces
between substrates.

These forces may consist of chemical bonds, valance forces, electrostatic forces,
mechanical interlocking, polymeric diffusion, or a combination of these. However,
the intermolecular forces acting in both adhesion and cohesion are primarily van der
Waals forces.

cohesive failure Cohesive failure is failure within the main body of the materi-
al. Cohesive failure occurs primarily in the resin, adhesive, or substrate material and
not at the interface between the adhesive and adherend or between the resin and the
reinforcement particles. See Fig. A.4 for a schematic showing cohesive and adhesive
failures.

See also adhesive failure; adhesion.

co-injection molding The co-injection molding process is a technique for the
production of sandwich structures. It uses a low-pressure process and nonexpanding
molds. In this process, two or three channel nozzles are used to inject two resins
simultaneously. By injecting the two resins at very high rates, laminar flow is
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obtained and the core and skin resins remain separate. The result is a structure foam
sandwich part with a solid skin, which has been produced at a rate comparable to
regular injection molding.

Generally, two resins are used in the co-injection molding process. However,
three resins may be used especially if the outer skin resin is not compatible with the
inner foam core. In this respect the third resin is an intermediate layer for bridging
the foam core and the skin.

See also injection molding; sandwich molding.

coin test The coin test is a simple and rather primitive nondestructive test used
on laminates, composites, and adhesive-bonded structures to determine the presence
of a void either within the laminate or bond line. In this test a coin is used to tap
the sample in different spots to detect a change in sound or tone. A hollow sound
would indicate the presence of a void or defect. It is a surprisingly accurate test in
the hands of experienced personnel. Modern ultrasonic testing uses essentially the
same principle.
See also ultrasonic testing; nondestructive testing.

cold drawing Cold drawing is a technique for using standard metalworking
equipment and systems for forming thermoplastic sheet at room temperature.
Acrylonitrile butadiene styrene (ABS) plastic is an example of a material that is well
suited for cold drawing.

cold flow Cold flow is the continuing dimensional change that follows initial
instantaneous deformation in a nonrigid material under static load. Cold flow is also
known as creep.

See also creep.

cold molding Cold molding is a procedure in which a composition is shaped at
room temperature and cured by subsequent baking. Also called cold press molding,
this process is used where inexpensive plastic male and female molds can be used
because of the lack of temperature and pressure and where limited runs are possible.

In the cold press molding process, resin and reinforcement are placed in the mold
and it is then closed, developing a small amount of pressure (on the order of 50 psi).
The resin and catalyst react to set the plastic. This results in an exothermic reaction.
Cold press molding is a closed mold fill-in process that is limited to shapes that are
not too complex. It is used with a long fiberglass-reinforced resin in the range of
15-25 percent glass content. It provides a modestly smooth surface that can be gel
coated; however, considerable surface finishing may be necessary for an appearance
surface without gel coating.

The minimum inside radius for cold press molded parts is 0.25 in. The range of
wall thickness it can create is 0.080—0.500 in., with a normal wall thickness varia-
tion of £0.20 in. A 100 percent wall thickness variation can be tolerated. For parts
under 6 in. in depth, a 2° per side draft is required; beyond that depth, the draft
should be 3-5°.
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Cold pressing is a bonding operation in which an assembly is subjected to
pressure without the application of heat.

cold runner molding Cold runner molding uses a mold in which the sprue and
runner systems are insulated from the rest of the mold and the temperature is con-
trolled to keep the plastic in the manifold fluid. This mold design eliminates scrap
loss from sprues and runners.

cold slug The cold slug is the first material to enter an injection mold. It is so
called because in passing though the sprue orifice, it is cooled below the effective
molding temperature. The cold slug well is the space provided directly opposite the
sprue opening in an injection mold to trap the cold slug.

cold stretch Cold stretch is the pulling operation, usually performed on extruded
filaments, to improve tensile properties. It works by increasing the degree of
orientation of the polymer molecules in the specimen.

colophony Colophony is the resinous, nonvolatile residue remaining after
distillation of turpentine from oleoresin (the fresh secretion of pine and fir trees). The
residue is a mixture of resin acids and resin acid esters, containing a high proportion
of abietic acid. Colophony is often used as a synonym for rosin.

See also rosin.

color An important aspect of the optical properties of polymeric materials is
that of color. Polymeric materials are often colored in the bulk through the use of
appropriate colorants (pigments and dyes). The subject of color is especially impor-
tant in the plastics industry for two reasons: (1) to be able to formulate a color of a
defined and predetermined characteristic and (2) to measure differences in color that
may occur because of processing, aging, etc. (i.e., discoloration).

See color measurement and control for a discussion on applying color quality
standards (color evaluation, comparison, matching, and specification). However, a
case of special interest is assoicated with the tendency for many initial colorless or
white, transparent, or translucent polymers to develop undesirable yellowish color,
with aging in particular. A standard method (ASTM D1925), based on the use of
a recording spectrophotometer for transmittance and reflectance measurement,
permits the determination of a yellowness index (YI).

See also optical properties.

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

Colorants come in several forms including liquids and dry concentrates. Color
concentrates are typically used at a level of 3—4 percent. They are available in several
forms including pellet, dice, chip, granular, or strand. The selection of the proper
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colorant form involves many factors: volume requirements, handling provisions,
metering equipment, and labor and inventorying costs when comparing overall costs.
See also dyes; pigments

color measurement and control Instruments that measure and control color
with a high degree of accuracy have been widely used in the industry for many years.
They combine spectrophotometer and computer technology to do such jobs as qual-
ity control, color matching, initial formulation and batch corrections, shade sorting,
inventory control and on-line monitoring.

The colorimeter and more advanced spectrophotometer evaluate the magnitude
and direction of color difference for a given product by supplying numerical data for
comparison with predetermined tolerances.

The colorimeter uses optical filters that determine the tri-stimulus values of the
sample. Although these values adequately describe color, the instrument is limited to
measurements under one illuminant and hence cannot detect color changes under
different illuminants. Accuracy depends on the precise control of the spectral
characteristics of the light source, filters, and photodetector.

The spectrophotometer, in comparison, describes color by measuring reflectance
at several wavelengths and provides more accurate and reproductive measurement
including the effect of different illuminants. There have been continual advances in
computerized color quality control systems that use the spectrophotometer and more
powerful and versatile software.

The principles and standard procedures used in the determination of color can be
found in ASTM E308. Equipment is commercially available for measuring optical
properties of polymers for these purposes. Major suppliers include Gardner (gloss
meter for specular gloss, haze meter for haze and luminous transmittance, and clarity
meter for specular transmission) and Hunter Lab (spectrocolorimeter).

combustion Combustion is the exothermic reaction of a substance with an oxidiz-
ing agent typically proceeding at a rate fast enough to manifest some or all of the
following: flame, glowing, and/or evolution of smoke. Two ASTM publications provide
extensive lists of combustion test methods: ASTM D3814 and a book on fire testing.

compatibilizer A compatibilizer is a mixing aid additive used in the production
of a polymer alloy. It is functionally similar to a wetting agent in aqueous systems.
Its presence promotes interfacial adhesion and, hence, intimate intermixing in the
blending of polymers that are not otherwise compatible.

The identities of compatibilizers used in the production of commercial polymer
alloys are generally considered proprietary. However, some are known to be block
copolymers incorporating groups that are compatible with each of the components
of the alloy.

compliance Tensile compliance is the reciprocal of Young’s modulus. Shear
compliance is the reciprocal of shear modulus. The terms are also used in the
evaluation of stiffness and deflection.
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composite A composite is a homogeneous material created by the synthetic
assembly of two or more materials (a selected filler or reinforcing element and
compatible matrix binder) to obtain specific characteristics and properties.
Modern structural composites, frequently referred to as advanced composites, are
a blend of two or more components, one of which is made up of long fibers and
the other, for polymeric composites, a resinous binder or matrix that holds the
fibers in place.

The fibers are strong and stiff relative to the matrix and are generally orthotropic
(having different properties in two different directions). The fiber for advanced struc-
tural composites is long, with length-to-diameter ratios of over 100. The fiber’s
strength and stiffness are much greater, perhaps several times more than the matrix
material. When the fiber and the matrix are joined to form a composite, they both
retain their individual identities and both directly influence the composite’s final
properties. The resulting composite is composed of layers (laminae) of the fibers and
matrix stacked in one or more directions to achieve the desired properties.

An advanced composite laminate can be tailored so that the directional depen-
dence of strength and stiffness matches that of the loading environment. To do
this, layers of unidirectional materials are oriented to satisfy the loading require-
ments. This allows for almost infinite variations in properties to cover individual
needs.

The common commercially available fibers used in composites are fiberglass,
graphite (carbon), aramid, polyethylene, boron, silicon carbide, and other ceramics
such as silicon nitride, alumina, and alumina silica. Many matrix choices are avail-
able, both thermosetting and thermoplastic. Each type has an impact on the process-
ing technique, physical properties, and environmental resistance of the finished
composite. The most common resin matrices include polyester, vinyl esters, epoxy,
bismaleimides, polyimides, cyanate ester, and triazine.

Polyester matrices have had the longest period of use, with application in many
large structural applications. They will cure at room temperature with a catalyst
(organic peroxide) that produces an exothermic reaction. The resultant polymer is
nonpolar and very water resistant, making it an excellent choice for marine applica-
tions. [See also polyester (thermosetting).]

Epoxy resins are the most widely used matrices for advanced composites even
though they are more costly than polyesters and do not have the high temperature
capability of the bismaleimides or polyimide. They have excellent adhesion to fibers
and to other resins. No by-products are formed during cure, and they have low
shrinkage. Epoxy resins have good solvent and chemical resistance and good
electrical properties. Physical properties can be varied over a very large range. (See
also epoxy resin.)

Bismaleimides have found their niche in the high-temperature aircraft applica-
tions, where temperature requirements are in the 177°C range. Polyimides are the
highest-temperature polymer in the general advanced composites area, with a long-
term upper temperature limit of 232-326°C. (See also bismaleimides.)

Cyanate ester resins have shown superior dielectric properties and much lower
moisture absorption than other structural resins for composites. Phenolic triazine
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(PT) resins possess superior elevated-temperature properties, along with excellent
properties at cryogenic temperatures. They are often used in filament winding or
transfer molding applications. (See also cyanate ester).

compounding Compounding is the process of selecting and combining various
ingredients to produce a plastic of desired properties. It is the combining of a base
plastic resin with colors, modifiers, additives, reinforcements, filler, or other poly-
mers to make the base resin perform better, cost less, process more easily, or look
more attractive or to otherwise improve its characteristics.

The two major factors in compounding thermoplastics are (1) the selection and
quantities of colorant, plasticizers, fillers, stabilizers, and lubricants necessary to
impart the desired physical and chemical properties; and (2) the mechanical
means of incorporating them in the base plastic. There are many mechanical
methods for blending the various ingredients into a homogeneous mass. Broadly
speaking, they all fall into one of three categories: (1) those that depend on
solvents; (2) those that use heat and pressure to fuse the ingredients; and (3) those
that rely on mechanical dry mixing in combination with atomization of the liquid
ingredients.

The compounding of thermosetting materials involves processing thermosetting
resins with fillers, hardeners, lubricants and color agents so that the molded products
will have the desired physical properties. In general, the amount of filler used varies
between 30 and 70 percent. Thermosetting molding materials are compounded by
either wet or dry processes.

The segments of the plastics industry that perform most of the compound-
ing today generally fall into three separate categories: resin suppliers, indepen-
dent compounders, and processor/fabricators. Independent compounders are either
proprietary compounders or custom compounders. Proprietary compounders
compound and sell their own special formulation. Custom compounders do com-
pounding for someone else. They may supply processors or fabricators with
compounds not available “off the shelf” from resin suppliers or proprietary com-
pounders. Or they may supply compounding for resin suppliers on a toll
basis or under a fee arrangement; in these cases they are referred to as roll
compounders.

compression molding Compression molding is one of the oldest methods of
polymer processing. Compression molding is a technique of thermoset molding in
which the molding compound (generally preheated) is placed in the open mold cav-
ity, the mold is closed, and heat and pressure (in the form of a downward-moving
ram) are applied until the material has cured (see Fig C.4).

The necessary pressure and temperature vary considerably depending on the ther-
mal and rheological properties of the polymer. For a typical compression molding
thermoset material, they may be between 120 and 200°C and 1000 and 3000 psi. A
slight excess of material is usually placed in the mold to ensure its being complete-
ly filled. The rest of the polymer is squeezed out between the mating surfaces of the
mold in a thin, easily removed film known as flash.
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Figure C.4 Simplified illustration of the compression molding process. (Ref: Meier, J.F., “Fundamentals
of Plastics and Elastomers”, Handbook of Plastics, Elastomers, and Composites, 34ed., C.A. Harper, ed.,
McGraw-Hill, New York, 1996)

Compression molding has a long history of processing wet materials such as
unsaturated polyesters in combination with reinforcing materials such as fiber-
glass. Newer wet materials like bulk (BMC), sheet (SMC), and thick (TMC)
molding compounds allow faster processing and many processing options. The
matrix resins are usually polyesters, but recently resol phenolics, vinyl esters,
hybrid resin systems, and epoxies have been introduced. Compression molding is
also being used more often with various prepreg materials for structural compos-
ite applications. Cost reduction from labor-intensive processes is the primary
consideration.

A variation of compression molding suitable for some thermosetting materials is
cold molding or preforming, in which the polymer mix is formed into shape by the
application of pressure alone. It is then baked in an oven to give the cross-linked
product. Another variation is transfer molding, in which the thermosetting polymer
is heated hot enough to flow but not to cross-link in the premolding chamber and
then is transferred to a hot mold, where cross-linking takes place at a higher
temperature and under pressure.

The compression mold is used in the various types of compression molding. It
is a mold that is open when the material is introduced and that shapes the material
by head and by pressure on closing. A compression mold is best for molding ther-
mosetting materials into parts of large areas or deep draw such as cabinets, business
machine housings, lighting reflectors, and telephone bases. More cavities can be
operated with a given tonnage press because less pressure is required on the mate-
rial. A standard material requires only 2—3 tons/sq. in. for compression molding as
compared to 4-5 tons sq. in. for transfer molding. Some disadvantages of com-
pression molds are (1) the flash varies from part to part because of variations in load
and closing of the press, (2) the thickness of the part cannot be as closely controlled
as in some other types of molds, and (3) the part requires longer cure in heavy
sections.

Compression molding presses are generally classified according to method of
operation (i.e., hand, manual, semiautomatic, and fully automatic). They may be
classified also according to their source of power (i.e., mechanical, hydraulic, and
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combination). Sometimes they are classified by type of construction: single opening,
multiple platen, tilt head, angle, inverted ram, and double ram.

Compression presses may be configured to use an upward (upacting)- or down-
ward (downacting)-moving platen depending on size and application. Larger
machines are usually downacting. Downacting machines are very common in SMC,
BMC, and thermoplastic stamping in all sizes. Automated compression molding
processes often use downacting machines because the fixed height of the lower plat-
en facilitates material loading, part removal, and radio frequency preheating and
eases use of vacuum chambers around the mold.

The process is generally used for high-volume production because the cost of a
modern semiautomatic press of modest capacity (50 to 70-ton clamping force) may
be as much as $100,000 and a moderately sophisticated self contained multicavity
mold may cost $50,000. Typical applications include melamine dinnerware; toaster
legs and pot handles; and electrical outlets, wall plates, and switches.

Although compression molding is used principally with thermosetting com-
pounds, the process is occasionally used with thermoplastic materials, often ther-
moplastic composites. If a thermoplastic material is being molded, the mold is
cooled, the pressure is released, and the molded article is removed. Most recently,
compression molding has seen major growth as the process of choice in high-
strength reinforced thermoplastics. This trend is known in Europe as GMT and in the
United States, as thermoplastic stamping.

Molding thermoplastics requires mold cooling rather than mold heating. The
material is put into the cavity while the mold is hot enough to melt the charge,
enabling the melt to flow adequately to fill the cavity. Cooling water is then circu-
lated through the mold cooling channels to cool the plastic below its melt tempera-
ture. Thermoplastic toilet sets are an example of this process. A thick cross-section
can be molded in cycle times of 4-5 min.

Major suppliers of compression molding machines include Cannon USA Inc.;
Gluco, Inc.; Johnson Machinery Co., Inc.; Hull Corp.; Modern Hydraulic Corp.;
Savage Engineering Inc.; Timberline Machinery Inc.; and Wabash MPI.

compression ratio The compression ratio, as related to an extrusion screw, is
the ratio of volume available in the first flight at the hopper to the last flight at the
end of the screw. Compression ratios available in current commercial equipment
are in the range of 1.5-4.5 to 1, with the general-purpose screw usually having a
compression ratio of 2.5-3.0 to 1.

Generally, screws with a high compression ratio should be operated at slower
screw speeds (e.g., 10-50 rpm), whereas screws having a compression ratio of less
than 3:1 can be operated at higher screw speeds (50—150 rpm).

compression set Compression set is generally a property measured for elastomers.
It is the permanent distortion that remains after the rubber has been held at either con-
stant strain or stress and in compression for a given time. Constant strain is most gen-
erally used and is reported as a percentage of the permanent creep divided by the
amount of original strain. In elastomer testing, a strain of 25 percent is most common.
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compressive strength The compressive strength is the crushing load at the fail-
ure of a specimen divided by the original sectional area of the specimen.
Compressive strength is expressed in pounds per square inch of the original cross-
section. Except for foams, plastic products rarely fail from compression alone.
Consequently, the compressive strength is of limited value.

For compressive strength determination, ASTM D695 and D649 use a molded or
machined specimen for a specified slenderness ratio. The specimen is compressed in
a suitable test machine at a specified loading rate, generally 0.05 in./min until fail-
ure occurs. A wide range of specimen sizes is permitted for this test.

condensation polymer Condensation polymers are those formed by a conden-
sation reaction such as alkyd, phenol formaldehyde and phenol resins. In condensa-
tion polymers the molecular formula of the repeat unit of the polymer lacks certain
atoms present in the monomer from which it is formed.

These polymers are formed by a condensation reaction. For example, a phenolic
is formed by typical condensation reactions between bifunctional monomers with
the eliminated molecule of water. Addition polymers are those in which this loss of
a small molecule does not take place.

condensation polymerization Condensation polymerization is a chemical reac-
tion in which two or more molecules combine, with the separation of water or other
simple substance. This reaction is called a condensation reaction.

conditioning Conditioning is the introduction of a material to a stipulated treat-
ment so that it will respond in a uniform way to subsequent testing or processing.
The term is frequently used to refer to the treatment given to specimens before
testing. Usually the temperature, relative humidity, and conditioning time period are
specified.

conductive filler and reinforcement The most common type of conductive
plastic is one that uses carbon black to decrease the volume resistivity. This is wide-
ly used for parts that must bleed off static charges, as in applications in which there
is danger of a spark-generated explosion and in wire and cable shielding. Plastic
structures are sometimes also made conductive with carbon mat, for instance, so the
part can be electrostatically painted without special priming.

All carbon blacks are semiconductive, but certain grades are preferred where
composite conductivity is desired. The degree of effectiveness is determined by
four factors: particle size, structure (shape), porosity, and surface chemistry.

Conductivity in carbon black filled composites increases as the number of con-
tacts (or near contacts) between aggregates increase. Small size and high structure
(porosity) grades can offer equivalent resistivity at one-half the loading of conven-
tional blacks by greatly increasing surface area. The best carbon blacks for
conductive fillers are the furnace type, which have very low levels of chemisorbed
oxygen groups on the surface. Increasing levels of carbon black loading show little
effect on composite resistivity until the level rises above 15 percent. At levels above
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40 percent, resistivities of less than 10 ohm-cm have been measured. (See also
carbon black.)

Very high levels of conductivity can be realized in some highly metal-filled
polymeric systems. The highest levels can be obtained with silver, bronze, or
stainless steel strand fillers if cost is not an objective. However, these composites
are expensive and not suitable for use in thin-walled, complex geometries. The
high level of conductivity needed in many applications requires sufficient filler to
establish conductive pathways in the plastic. The loading levels required by pow-
dered or spherical fillers are too high to accomplish this. A high-aspect- ratio
approach is needed.

More recently, several novel conductive plastics have been introduced to pro-
vide shielding against electromagnetic interference (EMI). Filler and reinforcing
materials contending for these applications include carbon fibers; metallized
microspheres; aluminum fibers, flakes, and ribbon; and aluminum-metallized
glass fibers.

Carbon fibers, 1/2 in. in length, are being evaluated widely in injection molding
applications, and a few commercial compounds for EMI applications (phenolics,
nylon) have been introduced commercially. Carbon fibers are presently being used
for electrostatic discharge and electrostatic painting applications.

Carbon fibers electroplated with electroless nickel or other metals have also been
developed for EMI applications. The plating increases the conductivity of the fibers
about 30 times and adds magnetic properties. These metallized carbon fibers are
generally in the size range of 2-8 pm. (See also carbon fiber.)

Metallized glass fibers are less expensive than carbon fibers and can produce
stronger composites than carbon black. Metallized glass fibers are more effective in
shielding compression-molded parts. Injection molding of thermoplastics or BMC
containing metallized glass fiber poses several problems such as breakage of the
fibers, difficulty in processing high loadings, and fiber orientation. However, 2-5
percent loadings of fibers are sufficient in injection-molded parts for static bleed-off
and probably for most electrostatic painting. Silver-coated glass fibers are available
for EMI/RFI shielding applications.

Silver-coated solid and hollow spheres find wide acceptance in applications in
which EMI/RFI and ESD control is required. Silver-coated spheres can provide high
compressive strength and excellent processing durability for applications requir-
ing conductive thermoplastics. Other uses include conductive thermosets, adhesives,
coatings, caulks, and composites.

Pure aluminum conductive materials are available in several forms for com-
pounding including flakes and fibers. These materials are much less brittle than
metallized glass fibers. They give higher conductivity vs. volume loading in com-
parison to carbon blacks and carbon fibers and show the typical drastic reduction in
resistivity at a certain loading point. The flake form is recommended for injection
molding; either flake or fiber is effective in compression molding.

Finely drawn stainless steel wire fibers have also been used for conductive filler.
They are effective in low concentrations because of their high conductivity as well
as their resilience in injection molding processes. They can provide EMI shielding
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at loadings as low as 1 percent and thus do not adversely affect physical properties,
surface quality, colorability, or paintability. Woven fabric and nonwoven mat forms
have recently been introduced as well.

conformal coating A conformal coating is an insulating coating applied to a
printed circuit board wiring assembly that covers all of the components and provides
protection against moisture, dust, and dirt.

consistency Consistency is the resistance of a material to flow or permanent
deformation when shearing stresses are applied to it. The term is generally used with
materials whose deformations are not proportional to applied stresses. Viscosity is
generally considered to be a similar internal friction that results in flow in proportion
to the stress applied.

See also viscosity.

contact cement or adhesive Contact cements or adhesives are resins that thick-
en or cross-link on heating and, when used for bonding laminates, require little or
no pressure. Phenolic or nitrile phenolic adhesives are good examples of contact
adhesives.

Contact adhesives are applied to both substrates by spray or roll coating. Usually
the solvent is allowed to evaporate under ambient conditions, but sometimes heat is
applied to accelerate drying. After some portion of the solvent evaporates, the
adherends are joined and the adhesive rapidly bonds or knits itself with the applica-
tion of only contact pressure. There is a window of time in which there is just enough
tack exhibited by the adhesive to bond.

Contact adhesives have relatively high shear and peel strengths. Strength and
durability approach those of structural thermosetting adhesives. A typical contact
adhesive application is the bonding of decorative surface materials to wood for
kitchen countertops. Parts must be correctly positioned before bonding because
repositioning is difficult or impossible after the bond is made.

contact pressure Contact pressure is the application of little or no pressure on
a lamination or bonded assembly. Generally, contact pressure is just enough pressure
to ensure that the plies of the laminate are well mated together and that air is elimi-
nated within the structure.

continuous chain injection molding Continuous chain injection molding is a
proprietary process patented by the American Can Company. Considerably
increased production rates (up to 30,000 parts/h) are claimed for this process.

In this technique, a rotary mold is used and parts are ejected as a continuous
chain, which is later broken up or fed to machines for further processing. (See Fig.
C.5.) The entire process can be completely automated for small precision parts and,
with the use of hot runner molds, is said to result in considerable savings over con-
ventional methods.

See also injection molding.
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Figure C.5 Continuous chain injection molding. (Ref: Schwartz, S.S. and Goodman, S.H., Plastics
Materials and Processes, van Nostrand Reinhold Company, New York, 1982, p. 558)

continuous laminate Continuous or contact pressure laminates, as distin-
guished from high-pressure laminates, can be made continuously in any length but
only in flat sheets. Gauges generally range from 5 mil to about 100 mil. The largest
application of continuous low-pressure laminates is in decorative covering and table-
top applications.

As an example of the method of production of these materials, the decorative
grade will be described. Paper in continuous lengths is thoroughly impregnated
with liquid resin. Heat is then applied to the assembly while it is being carried
between layers of dry paper or plastic film. These cover layers are subsequently
stripped from the solidified paper and resin laminate. Only moderate heat and
pressure are used.

continuous tube process The continuous tube process is a blow molding
process that uses a continuous extrusion of tubing to feed into the blow molds as they
clamp in sequence.

continuous-use temperature The continuous-use temperature of a plastic is the
highest temperature at which that plastic can be reliably used with minimal changes
in mechanical and/or electrical properties. These tests are based on short-term labo-
ratory testing. Sometimes continuous-use temperatures can be very unreliable
because of modes of degradation or stress that occurs in service that is not repre-
sented in the laboratory.

See also thermally stable plastics.
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convergent die A convergent die is a die in which the internal channels leading
to the orifice are converging (only applicable to dies for hollow bodies).

cooling channel Cooling channels are channels or passageways located within
the body of a mold through which a cooling medium can be circulated to control
temperature of the mold surface. Cooling channels may also be used for heating a
mold by circulating steam, hot oil, or other heated fluid through the channels, as in
the molding of thermosetting and some thermoplastic materials.

cooling fixtures A cooling fixture (or shrink fixture) is a block of metal or wood
having the shape of a molded piece that is used to maintain the proper shape or
dimensional accuracy of a part after it is removed from the mold. Generally, the part
stays on the cooling fixture until it is cool enough to retain its shape without further
appreciable distortion.

copolyester elastomer Thermoplastic copolyester elastomers are segmented
block copolymers with a polyester hard crystalline segment and a flexible, soft amor-
phous segment with a very low glass transition temperature (T,). These materials are
known as COPs. The copolymers are also called thermoplastic etherester elastomers
(TEEE' ).

COPs differ from simple polyester thermoplastics, which are typically hard crys-
talline polymers of organic dibasic acids and diols. COPs have an excellent combi-
nation of properties and are accordingly priced higher than thermoplastic elastic
olefins (TEOs) or thermoplastic vulcanizates (TPVs).

The morphology of COPs is that shown in Fig. C.6. These materials perform as
TPE:s if structures A and B are chosen to give rubbery properties to the copolymer
over a useful temperature range. The glass transition point of the soft segment
defines T, for the COP and should be low enough to prevent brittleness at the low-
est temperature to which the working material will be exposed. The structure of this
segment provides the flexibility and mobility needed for elastomeric performance.
The melting point of the hard segment should be high enough to allow the material
to maintain a fabricated shape at the highest temperature experienced, but low
enough to allow processing on standard thermoplastics equipment.
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Figure C.6 Structure of commercial copolyester thermoplastic elastomer: a =16, x =10 to 50, and
b = 16 to 40. (Ref: Rader, C.P.,, “Thermoplastic Elastomers”, Handbook of Plastics, Elastomers and
Composites, 31 ed., C.A. Harper, ed., McGraw-Hill, New York, 1996)
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The copolyester elastomer’s mechanical properties are between those of rigid
thermoplastics and thermosetting hard rubber. Copolymer properties are largely
determined by the soft-to-hard segment ratio; however, as with any commercial
resins, final properties are determined by compound formulations. These polymers
combine flexural fatigue strength, low-temperature flexibility, good apparent modu-
lus (creep resistance) and heat resistance, resistance to hydrolysis, and good chemi-
cal resistance to nonpolar solvents at elevated temperatures. The impact resistance of
the COPs is excellent. They are also resilient, with low hysteresis and heat buildup
for uses requiring rapid, repeated flexing.

COPs have a useful service temperature range from —40° to 150°C. The lower
limit is set by the soft segment T, and the upper limit by oxidative attack of the poly-
mer chains. Retention of physical properties measured at elevated temperature is
quite good. They also have very good resistance to a wide range of fluids: aqueous
salt solutions, polar organics, and hydrocarbons. The ester linkages in the polymer
backbone, however, render them susceptible to hydrolysis in both acids and bases.

Copolyester elastomers can be processed by conventional thermoplastic melt pro-
cessing methods such as injection molding and extrusion. They require no vulcan-
ization. These polymers can be processed successfully with low-shear processes
such as laminating, rotational molding, and casting.

Typical products are automotive exterior trim, fascia components, spoilers,
window track tapes, boots, bellows, underhood wire covering, connectors,
hoses and belts, appliance seals, power tool components, ski boots, and camping
equipment.

COPs have a material cost higher than that of most thermoset rubber compounds
and 50-150 percent higher than that of the TPVs and TEOs. This higher cost can be
more than offset by the high strength and modulus of the COP, which permits thin-
ner parts and markedly lower part weights. The efficiency of the thermoplastic’s
processing can combine with the lower part weight to give pronounced cost savings
relative to a thermoset rubber. Thus COPs have been quite successful in replacing
thermoset rubber in the fabrication of numerous articles.

Major suppliers and copolymer materials include Du Pont (Hytrel), Ticona
(Riteflex), and DSM (Arnitel).

copolymer A copolymer is a polymer whose molecules are made up of more
than one type of monomer. A copolymer is not a mixture of polymers, but a chemi-
cal compound that may have entirely different properties from those of either of the
pure polymers. The copolymer of styrene and butadiene (styrene butadiene), for
example, is different from both polystyrene and polybutadiene; it is a synthetic rub-
ber whose hardness and wear qualities depend on the relative proportion of styrene
and butadiene in it.

Because three, four, or even more monomers can be copolymerized, it is possible
to synthesize a great many polymers from a few monomeric materials. By varying
the kind and relative amounts of the monomers, materials with a wide range of
mechanical and chemical properties can be produced. Many of the plastics in use
today are copolymers.
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Copolymerization is a chemical reaction in which two or more different
monomers polymerize together to yield a new compound, called a copolymer.

copper-clad laminate Copper-clad laminates are laminates (generally ther-
moset) with copper bonded to one or both sides for use as printed wiring boards.
More than 90 percent of all copper-clad laminates used in the industry are NEMA-
grade laminates, and more than 80 percent are grade FR-4 (a grade of glass fabric
reinforced with flame-retardant epoxy). The NEMA grades used as copper-clad lam-
inates are XXXP, XXXPC, FR-1, FR-2, FR-3, FR-4, FR-5, G-10, G-11, CEM-1, and
CEM-2. Table C.6 gives typical properties of copper-clad laminates.

Common laminating resins used are phenolic and epoxy, although cyanate esters,
polyimides, and other resins are used in specialty applications. The copper foil used
is 99.5 percent pure and may contain some silver. Generally, electrodeposited foil is
used rather than rolled copper, and the foil is usually treated to improve the adhesion
of the laminating resin to the foil surface.

See also NEMA laminates; printed circuit.

core In materials construction the core is the central part of a sandwich
construction (can be honeycomb material, foamed plastic, or solid sheet) to which
the faces of the sandwich are attached. For example, the core can be the central
member of a plywood assembly.

In mold design, the core is (1) a channel in a mold for circulation of heat transfer
media or (2) a part of a complex mold that molds undercut parts. In the latter case
the cores are usually withdrawn to one side before the main sections of the mold
open (also called a core pin). Cores are usually withdrawn before the main sections
of the mold are opened. A core drill is a device for making cooling channels in the
mold.

corona Corona, an undesirable condition that occurs at sufficiently high voltage
levels, is ionization of air in the high-voltage assembly. This ionized air, called a
plasma, greatly deteriorates plastics in the assembly by erosion or decomposition
of the base polymer. Corona often originates within voids or at sharp edges of an
insulator’s geometry.

A current passing through a conductor induces a surrounding electrostatic field.
When voids exist in the insulation near the conductor, the high-voltage electrostat-
ic field may ionize and rapidly accelerate some of the air molecules in the void.
These ions can then collide with other molecules ionizing them, thereby “eating” a
hole in the insulation. This process is called partial discharge and is manifested by
corona.

See also high-voltage resistant plastic; dielectric strength

corona resistance Corona resistance is the resistance of insulating materials,
especially plastics, to failure under a high-voltage state known as partial discharge.
Failure can be erosion of the plastic material, decomposition of the polymer, thermal
degradation, or a combination of these three failure mechanisms. Corona resistance
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is especially poor if there are gas pockets or voids within the polymer that can ionize
in the presence of a high electric field.

corona surface preparation Corona discharge treatment is a popular method
for dry surface preparation of polymer films. The purpose of the treatment is to make
the polymer surface more receptive to inks or coatings; however, it has also been
used effectively as a pretreatment for adhesives. The treatment is believed to oxidize
the surface of the polymer so that the ink, coating, or adhesive can permeate the
roughness of the thin oxidized layer. The most common methods of treating surfaces
by oxidizing are corona treatment and flame treatment. For film, corona treatment is
the preferred method of the two.

The schematic in Fig. C.7 illustrates a basic arrangement for treating film or coat-
ed paper with corona treating equipment. The electric equipment consists basically
of a high-frequency generator (10-20 kHz), a stationary electrode electrically con-
nected to the generator, and a dielectrically covered treater roll that serves as the
grounded electrode. The material to be treated is carried over this roller for continu-
ous processing. A suitable voltage, typically 20 kV, is developed between the
electrodes and produces a spark or corona discharge by ionizing the air in the gap
between the electrodes. These ionized particles in the air gap bombard and penetrate
into the molecular structure of the substrate. This electrical discharge causes oxida-
tion and polar group formation in the surface molecules, which in turn raises the
surface energy of the treated material.

ELECTRODE

SPARK DISCHARGE \

TREATER ROLL

EXTRUDER

—

DIE

WINDUP REEL
CHILL ROLLS

——

Figure C.7 Basic arrangement for corona surface treatment of plastic film. (Courtesy Lepel High
Frequency Laboratories)

Corona treating equipment is inexpensive, clean, and easily adapted to in-line
operations. Parameters that positively affect the efficiency of the treating process
include power input and temperature, whereas line speed and humidity negatively



116 CORROSIVITY INDEX

affect efficiency. Stored film is generally considered more difficult to treat than film
that is just processed (e.g., exiting an extruder). The opportunity for low-molecular-
weight additives and contaminants to migrate to the surface is greater for stored film.
These surface contaminants degrade the treating efficiency of the corona.

Corona treatment is mainly suitable for films, although thin containers have been
treated by nesting them on a shaped electrode and rotating the part adjacent to a
high-voltage electrode. Approximately 25 mil is the maximum thickness of sheet
that can be treated by the corona discharge method. However, high-frequency arc
treatment has been applied to automotive trim parts of up to 1/8 in. thick. Significant
bond strength improvements were noted on talc-filled polypropylene parts bonded
with hot melt adhesives.

Corona discharge treatments have commonly been used to treat substrates such as
films or polymer coated paper for printing. The polymers commonly treated in this
way are polyethylene, polypropylene, and polyethylene terephthalate or Mylar®.
Fluorocarbon film surfaces have also been treated with corona in environments other
than air. Metal foil surfaces have been treated with corona, but the effect is only mod-
erate, probably because of removal of organic contaminants by the oxidizing exposure.

corrosivity index The corrosivity index of a plastic is the mean specific con-
ductance of an aqueous extract of a plastic or filler determined under specific condi-
tions (ASTM D4350). The index may be regarded as a reflection of the probability
that, in humid conditions, metal surfaces in contact with the material could suffer
galvanic corrosion or direct chemical attack.

cotton, linen Fabrics made of cotton or linen are used as reinforcements in sev-
eral grades of laminate. These are usually impregnated with a phenolic resin, but
they could be impregnated with other resins as well.

Laminates made with these fabrics have better water resistance than paper-based
laminates. They also machine well and have good physical properties, particularly
their impact strength and abrasion resistance. The electrical properties, however,
are poor. These cotton laminates are used for gears and pulleys. In chopped or
macerated form, cotton or linen can be used in molding compounds.

coupling agent Coupling agents are additives used in reinforced and filled
plastic composites to enhance the plastic-filler reinforcement interface to meet
increasingly demanding performance requirements.

In general there is little affinity between inorganic materials used as reinforce-
ments and fillers and the organic matrices in which they are blended. With silicate
reinforcements (glass fiber or wollastonite) silane coupling agents act by changing
the interface between the dissimilar phases. This results in improved bonding and
upgraded mechanical properties of the composites. By chemically reacting with the
resin and the filler or reinforcement components, coupling agents form strong and
durable composites. Coupling agents significantly improve mechanical and electri-
cal properties for a wide variety of resins, fillers, and reinforcements. In addition,
they act to lower composite cost by achieving higher filler loading.
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Fiberglass reinforcement for plastics is the major end use of coupling agents.
Thermoset resins, such as polyester and epoxy, account for approximately 90
percent of coupling agent consumption. Kaolin clay, wollastonite, and glass fiber
are the leading fillers or reinforcements chemically treated with coupling agents.
Coupling agents are both purchased and applied by the glass fiber or inorganic
filler manufacturer or by the compounder for incorporation into the composite
system.

Another important market for silane coupling agents is in the cross-linking of
polyolefins. In this market, silanes are growing at the expense of organic peroxides.
Silanes and titanates along with several minor product types make up the coupling
agent market.

Silanes comprise more than 90 percent of the plastic coupling agent market.
They can be represented chemically by the formula Y — Si(X); where X represents
a hydrolyzable group such as ethoxy or methoxy and Y is a functional organic
group that provides covalent attachment to the organic matrix. The coupling agent
is initially bonded to the surface hydroxy groups of the inorganic compound by the
Si(X); moiety. It attaches either directly or, more commonly, via its hydrolysis
product Si(OH);. The Y function group (amino, methoxy, epoxy, etc.) bonds to the
matrix when the silane-treated filler or reinforcement is compounded into the
plastic, resulting in improved bonding and upgraded mechanical and electrical
properties. Table C.7 lists four different silane chemistries and their related
composite systems.

Table C.7 Silane Chemistries With Appropriate Filler and
Resin Matrices

Silane Type Resin Filler or Reinforcement
Amino Phenolic Alumina
Phenolic Silicon carbide
Acrylic Clay
Nylon Clay
Nylon Wollastonite
Furan Sand
Epoxy Epoxy Alumina trihydrate
Methacrylate Polyester Mica
Vinyl PVC Clay
pPVC Talc
EPDM Clay

Titanates are used primarily as dispersing aids for fillers in polyolefins to prevent
agglomeration. Titanium-based coupling agents react with free protons at the surface
of the inorganic material, resulting in the formation of organic monomolecular lay-
ers on the surface. Typically, titanate-treated inorganic fillers or reinforcements are
hydrophobic, organophillic, and organofunctional and, therefore, exhibit enhanced
dispersibility and bonding with the polymer matrix. When used in filled polymer
systems, titanates claim to improve impact strength, exhibit melt viscosity lower
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than that of virgin polymer at loadings above 50 percent, and enhance the mainte-
nance of mechanical properties during aging.

Zirconate coupling agents have a structure very similar to the titanates. Zirconium
propionate is used as an adhesion promoter in printing ink formulations for poly-
olefins that have been treated by corona discharge. The coupling agent is believed
to form from hydrogen bonds with the nitrocellulose in the ink. Surface COOH
groups seem to be the most likely attachment site to the polyolefin surface. Like the
titanates, zirconate coupling agents are useful in improving the dispersion charac-
teristics of fillers in polymer systems.

The leading suppliers of silane coupling agents in North America are Witco and
Dow Corning. Other major suppliers include Degussa, Nippon Unicar, PCR, Rhodia,
Shin-Etsu Chemical, and Sivento for silanes and Kenrich Petrochemicals and Rhodia
for titanates.

See adhesion promoter; wetting agent.

crack growth Crack growth is the rate of propagation of a crack through a
material due to a static or dynamic applied load. Tough materials are generally more
resistant to crack growth than brittle materials.

cratering Cratering is the appearance of depressions on a coated plastic surface,
often caused by excess lubricant. Cratering results when the coating is too thin and
later ruptures, leaving pinholes and other voids. Use of less thinner in the coating can
reduce or eliminate cratering, as can less lubricant on the part.

crazing Crazing is fine cracks that may extend in a network on or under the surface
or through a layer of a plastic material. Crazing usually occurs in highly stressed regions
of thermoplastic molded parts, especially when they come into contact with a strong
solvent. Crazing is often caused by exposure to an environment or chemical.

Many molded plastics, such as acrylic, will show crazing when cleaned with
solvent if they have residual stresses in the molded part. Annealing is a way of
removing the internal stresses to minimize crazing. (See also anneal, environmental
stress cracking.)

In the context of glass-reinforced plastics, crazing is a series of fine cracks just at
or under the surface of the laminate. A standard for classification may be found in
ASTM D2563.

creep Creep is the dimensional change with time of a material under load, after
the initial instantaneous elastic deformation. It is the time-dependent part of strain
resulting from an applied stress. See ASTM D674, “Recommended Practices
for Testing Long Time Creep and Stress Relaxation of Plastics Under Tension
or Compression Loads at Various Temperatures.” Creep at room temperature is
sometimes called cold flow.

Creep rate is the slope of the creep-time curve at a given time. Creep recovery is
the time dependent decrease in strain in a solid after the removal of force. Creep
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rupture strength is the stress that causes fracture in a creep test at a given time, in a
specified constant environment. This is sometimes referred to as the stress-rupture
strength. In glass technology, this is termed the static fatigue strength.

crosslinking Crosslinking is the process by which chemical links occur
between molecular chains of a plastic. In thermosets, crosslinking makes one
infusible “super molecule” of all the chains. Crosslinking contributes to strength,
rigidity, and high temperature resistance. Thermoplastics, such as polyethylene, can
also be crosslinked by irradiation or chemically through the formulation to produce
three-dimensional structures that are thermoset in nature and offer improved tensile
strength and stress-crack resistance.

A crosslink is a bond, chemical or ionic, or bridging atom or group of atoms that
joins two polymer chains or two parts of the same chain. Crosslinks form a three-
dimensional (crosslinked) polymer structure. In rubbers, crosslinking is also called
vulcanization. (See also vulcanization.)

A crosslinking agent is a reagent that promotes or regulates crosslinking. Some
examples are peroxides that promote formation of crosslinks in unsaturated
polyester resins and sulfur in the crosslinking (or vulcanization) of rubber.

crowfoot mark or crowsfeet
See weave.

cryogenic temperature Cryogenic temperatures are temperatures that are very
cold, generally considered to be near or below the temperature of liquid nitrogen.
Cryogenic temperature resistance is usually measured by immersing a specimen in
liquid nitrogen or liquid helium. Plastics, adhesives, laminates, etc. generally
become very brittle and lose all elongation at cryogenic temperatures.

However, certain polymers with very low glass transition temperatures
(polyurethanes) or glass transition points at both high and low temperature (poly-
benzimidazole, epoxy-nylon, epoxy-amide) have good retention of both tensile
strength and elongation at cryogenic temperatures and are usually the only materials
that will work well at these temperatures.

Very often it is not the low temperatures themselves that cause cryogenic strength
degradation but the fast rate of excursion from a moderate temperature to cryogenic
temperatures that causes problems. Stresses caused by thermal contraction and mis-
match of thermal expansion coefficients often lead to failures of products at very low
temperatures.

crystalline Crystalline polymer structure or crystallinity in polymers refers to
an arrangement of molecules that denotes uniformity and compactness of the mole-
cular chains. Normally, it can be attributed to the formation of solid crystals having
a definite geometric form. In some resins, such as polyethylene, the degree of crys-
tallinity indicates the degree of stiffness, hardness, environmental stress-crack resis-
tance, and heat resistance. (See Fig. C.8.)
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Figure C.8 Classification of the expected properties of materials on the basis of molecular weight and
crystallinity. (Ref: Billmeyer, EW., Textbook of Polymer Science, Interscience, New York, 1965, p. 9)

A major factor in determining whether a polymer will form crystalline regions is
the occurrence of successive units in the chain in a configuration of geometric regu-
larity. If all the substituents on each chain are small, or if all are alike, the polymer
can tightly pack into an ordered structure and crystallinity can be highly developed.
Examples of crystalline polymers include polyethylene, nylon, polyvinylidene
foramide (PVF), and acetal.

The properties of an amorphous (noncrystalline) polymer are determined by the
degree of restriction of molecular motion of its chain. A highly crystalline polymer
such as nylon 6 is much stronger and tougher than amorphous polymers. No “crys-
talline polymer” is completely crystalline, but it has crystalline regions dispersed
among amorphous structure. Thus the more correct term for “crystalline” polymers
is “semicrystalline.”

The crystalline melting point is the temperature at which the crystalline structure
in a material is broken down by molecular movement and begins to take on amor-
phous characteristics.

crystallite Because of their length and complex configuration, polymer mole-
cules can align themselves in an amorphous matrix so that select areas become more
ordered than the surrounding environment. Such ordered regions are called crystal-
lites. The crystallinity of a polymer refers to the degree to which such ordered
crystalline regions are present.

The typical crystallite has dimensions less than the length of the extended poly-
mer molecules so that a given molecule can traverse more than one crystallite region,
as well as the amorphous region in between.

The relative percentages of the crystalline regions vary widely with the nature of
the polymer and the history of the sample being examined. There are no known
commercial polymers that are 100 percent crystalline.

See also spherulite.
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cull In transfer molding, the cull is the material remaining in a transfer chamber
after the mold has been filled. Unless there is slight excess in the charge, the opera-
tor cannot be sure that the cavity is filled. The charge is generally regulated to control
thickness of the cull.

cup flow test The cup flow test is a test for measuring the flow properties of
thermosetting materials. In the cup flow test, a standard mold is charged with
preweighted material and the mold is closed with sufficient pressure to form a
required cup. The minimum pressures required to mold a standard cup and the time
required to close the mold fully are determined.

cup viscosity test The cup viscosity test is a test for making flow comparisons
under strictly comparable conditions. The cup viscosity test uses a cup—shaped grav-
ity device that permits the timed flow of a known volume of liquid passing through
an orifice located at the bottom of the cup. Because of the simplicity of the test and
its ability to be used alongside mixing equipment, the cup viscosity test is ideal for
mixing resinous solutions or making adjustments of solvent to existing solutions to
obtain a specified viscosity.
See also Zahn viscosity cup.

cure Cure is the process of changing the physical properties of a material by
chemical reaction. Curing generally applies to thermoset polymers. The reaction can
be condensation, polymerization, or vulcanization. It is usually accomplished by the
action of heat and catalyst, alone or in combination, with or without pressure.

The cure cycle is the schedule of time periods of specified conditions to which a
reacting thermosetting material is subjected to reach a specified property level. The
curing temperature is the temperature at which a cast, molded, or extruded product,
a resin-impregnated reinforcing material, an adhesive, etc. is subject to curing. The
curing time is the interval of time that it takes the thermoset material to cure under
specific conditions. (See Fig. C.9.)

curing agent The curing agent is a chemical used to bring about the curing of a
prepolymeric or polymeric composition. The function of a curing agent may include
regulation as well as promotion of the curing process. Curing agents vary widely
depending on the nature of the polymer and the process by which cure will take
place. Sometimes curing agents are also known as hardeners.

See also epoxy resin curing agent; polyurethane catalyst; hardener.

curtain coating Curtain coating, which is similar to flow coating, is used to coat
flat product on conveyorized lines. The coating falls from a slotted pipe or flows over
a dam in a steady stream or curtain while the product is conveyed through it. Excess
material is collected and recycled through the system. Film thickness is controlled
by coating composition, flow rates, and line speed.

Curtain coating may be used with low-viscosity resins or solutions, suspensions,
or emulsions of resins in which the substrate to be coated is passed through and
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Figure C.9 Effect of cure time on the physical properties of elastomers. AT is the heat buildup in a
compression-flex test. (Ref: Billmeyer, EW., Textbook of Polymer Science, Interscience, New York,
1965, p. 539)

perpendicular to a freely falling liquid curtain. The flow rate of the falling liquid and
the linear speed of the substrate passing through the curtain are coordinated in accor-
dance with the thickness of the coating desired.

The advantage of curtain coating is uniform coating thickness on flat products
with high transfer efficiency. The disadvantage is the inability of curtain coatings
to uniformly coat three-dimensional objects.

cutting In the fabrication of plastic materials, the primary cutting operations are

sawing, blanking, punching, knife cutting, slitting, and shearing. The selection of a

cutting process will depend on the nature of the polymer as well as the production

requirements. The same is true of the secondary cutting operations such as routing,

milling, drilling, tapping, and lathe and screw machine operations. In those cases

where more than one technique is applicable, the choice is determined by cost factors.
See also sawing, cutting, shearing.

cyanate ester The cyanate esters are a family of aryl dicyanate monomers and
their prepolymer resins that contain the reactive cyanate functional group. When
heated, this cyanate functionality undergoes an exothermic cyclotrimerization
reaction to form triazine ring connecting units, resulting in gelation and formation
of thermoset polycyanurate plastics. Cyanate ester monomers range from low-
viscosity liquids to meltable solids. They cure by the catalytic action of solutions of
zinc, cobalt, or copper carboxylates or acetylacetonate chelates in nonylphenol.
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Cyanate esters also function as epoxy converters. Incorporating 50—-65 percent epoxy
resin will provide essentially complete conversion at 177°C.

Cyanate esters are used in the manufacturing of structural composites such as
filament winding, resin transfer molding, and pultrusion. The cyanate ester resins
have shown superior dielectric properties and much lower moisture absorption than
any other structural resin used for composites. The glass transition temperature of
cyanate esters is relatively high (250°C), but it requires cure temperatures greater
than 177°C.

Cyanate esters are used in circuit boards because of their low dielectric constant
of 2.91 and a high T, of 290°C. Prepregs and laminates are made with conventional
technology, and they are tougher and more moisture resistant than FR-4 copper clad.
Laminates are also used in radomes, antennas, and aerospace structures.

AroCy L-10 is a low-viscosity (140 cP at room temperature) cyanate ester
resin available from Ciba-Giegy. Cure requires 3h at 177°C and a postcure of
225-250°C.

cyanoacrylate adhesive Methyl and ethyl cyanoacrylate monomers are an
extremely powerful adhesives. The first cyanoacrylate adhesives were known com-
mercially as “super-glues.” Cyanoacrylate adhesives were first developed by the
Eastman Chemical Company, but now there are many suppliers and commercial
products can be found in any hardware store or supermarket.

Adhesion occurs very rapidly (generally a matter of seconds) when the liquid
monomer is spread in a thin layer between the surfaces to be bonded. Traces of bases
(even as weak as alcohol or water) on the surfaces catalyze polymerization by an
anionic mechanism. Adhesion arises in part from mechanical interlocking between
polymer and surface and in part from strong secondary bond forces.

The bonds formed with cyanoacrylate adhesives, although fast and having high
tensile strength, are brittle and do not have great toughness or peel strength. They are
also adversely affected by moisture, solvents, and high temperatures.

cyclic compound Organic compounds are called cyclic when their two end car-
bon atoms are linked to each other directly as in benzene or through another atom.
The term was devised to distinguish cyclic compounds from open-chain compounds.

cyclic thermoplastic General Electric Co. has developed a series of experimen-
tal low-molecular-weight cyclic thermoplastics. When reaction-molded polycarbon-
ate, for example, is first heated to about 200°C, it becomes a low-viscosity liquid.
Further heating between 250 and 300°C with anionic catalyst produces a 50,000- to
100,000-molecular-weight plastic. This can be used for pultrusion and in making
parts that are too large for conventional injection molding. The cyclic oligomer
carbonate can be cross-linked with epoxies and other resins to produce a higher
molecular weight with enhanced properties.

Polyacrylate, polyetherketone, polyethersulfone, and polyetherimide have been
processed in the same way. The polymer melt readily wets glass fibers. These mate-
rials have been used in resin transfer molding, filament winding, and casting.
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cyclized rubber When rubber is heated slowly or treated with acidic reagents,
it becomes hard and brittle. Its unsaturation is reduced, but the empirical formula
(CsHg), remains unchanged. The changes are thought to result from the condensa-
tion of isoprene residues in pairs to give cyclic structures.

Cyclized rubbers are made commercially by treating rubber in this manner with
sulfuric acid, various sulfonyl chlorides, or chlorostannic acid. The products are
nonelastic. They are used primarily as compounding ingredients in shoe soles and
heels and for rubber-to-metal bonding adhesives.

cyclohexanone Cyclohexanone, CO(CH,),CH,, is a kefone widely used as a
solvent for cellulosic plastics and for polyvinyl chloride and its copolymer with
vinyl acetate. It is synthesized from phenol.

cyclo-olefin Cyclo-olefin is a term applied to thermoplastic olefin (TPO)
copolymers. These polymers are usually based on ethylene with typically 25-50
percent of a cyclic olefin comonomer. Cyclo-olefins are produced with the aid of
metallocene catalysts.

See also thermoplastic elastomer.



dacron Dacron is a tradename for a synthetic fiber made by Du Pont from the
polyester of ethylene glycol and terephthalic acid (dimethyl terephthalate).
See also polyester (thermoplastic).

damping Damping is the ability in a material to absorb energy to reduce vibra-
tion. Damping usually refers to a viscoelastic material’s (e.g., elastomer) inability to
transfer mechanical or acoustical energy from one surface to the other. Polymeric
materials with good damping characteristics are used to insulate against noise and
vibration.

daylight opening Daylight opening is a term used to describe the clearance
between two platens of a press in the open position. The opening must be large
enough to allow a part to be ejected when the mold is in the fully open position. In
the case of a multiplaten press, the daylight opening is the distance between adjacent
platens.

debond A debond, or disbond, is a deliberate separation of a bonded joint or
interface, usually for repair or rework purposes. However, it is also a term used to
describe an unbonded or nonadhered region due to damage to the joint or poor qual-
ity control measures. In reinforced plastics, debond refers to a separation at the
fiber/matrix interface due to strain incompatibility or to a void existing between plies
in the laminate.

Plastics Materials and Processes: A Concise Encyclopedia, by Charles A. Harper and Edward M. Petrie
ISBN 0-471-45603-9  Copyright © 2003 John Wiley & Sons, Inc.
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deckle rod The deckle rod is a small rod, or similar device, inserted at each end
of the extrusion coating die, which is used to adjust the length of the die opening.

decorating Several decorating processes can be accomplished with plastic
parts—during processing of the part, directly afterward, or before final assembly
and packaging. The most inexpensive method of providing decorative designs on
plastics is to incorporate the design into the mold or to apply the decoration as part
of the molding operation. However, often this is not possible because of mold
complexity, the need to apply decorations to the customer’s specification, or other
reasons.

The most widely used decorating processes in the plastic industry are painting,
hot decorating (hot stamping, in-mold decorating, heat transfer), plating, printing,
and application of lapels, decals, etc. Table D.1 rates the characteristics of the most
common of these decorating methods.

Table D.1  Various Decorating Methods (Ref: Satas, D., “Pad Printing”, Plastics Finishing
and Decoration, D. Satas, ed., van Nostrand Reinhold, New York, 1986)

Pad Mask Spray Screen Hot
Printing Painting Printing Stamping
Comparative equipment costs P E G F
Comparative tool costs G P E F
Ink costs E F G P
Ease of setup F E G P
Suitability for various jobs: E P G E
Small, flat areas
Fine detail E P G G
Large areas P E E P
Opaque coverage P E E G
Convex surfaces E G F F
Concave surfaces E P P P
Single, multicolor application E P P G
Low-volume application F G E F
High-speed production E F E G

Note: P = poor, F = fair, G = good, E = excellent.

As with adhesive bonding, surface treatment and cleanliness are of primary
importance when decorating plastic parts. Before decoration, the surface of the plas-
tic part must be cleaned of mold release, internal plastic lubricants, and plasticizers.
Plastic parts can also become electrostatically charged and attract dust. This could
disrupt the even flow of a coating or interfere with adhesion. Solvent or destaticizers
may be used to clean and eliminate static from plastic parts before decorating.
Cleaning of the plastic part requires an understanding of the plastic material to be
cleaned and the effect of the solvents on that plastic. (See also cleaning.)

Some plastics may need to be surface roughened or chemically treated to promote
adhesion of the decorating medium. Molded and extruded plastic parts tend to have
glossy resin-rich surfaces. This is desirable if the part is used in the “as-is” molded
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condition, but the glossy surface may require abrading or etching to hold paint or
printing media or before application of an adhesive. Polyolefins, polyacetals,
polyamides, fluorocarbons, and other low-energy surfaces that are difficult to wet
might require special surface treatments before decorating processes can be com-
pleted satisfactorily. Many of the cleaning methods and surface treatments that are
used for promoting adhesion are also applicable before decorating.

See also painting plastics; hot decorating; plating; printing on plastics.

decorative laminate Decorative laminates are high-pressure laminates with a
paper base, similar in many respects to industrial laminates except for the special
attractive surfaces. These laminates have a core of sheets of phenolic resin-impreg-
nated kraft paper. On top of this is placed a special grade of paper with a decorative
pattern printed on the surface and impregnated with a clear melamine resin. The dec-
orative pattern may be wood grain, solid color, or any other design. On top of this is
placed another sheet of paper called an overlay that is impregnated with melamine
having an index of refraction that is similar to that of the cellulose in the paper. This
overlay protects the decorative sheet and provides the unique abrasion and stain
resistance required of these laminates. The stack then goes into large, multiple-open-
ing presses. Here the sheets are bonded together at a temperature of up to 150°C and
pressures of up to 1500 psi. The sheets are trimmed, and the back is sanded to
achieve tolerances and provide for adhesive bonding.

Decorative laminates, available in several grades, can be used for different appli-
cations. Postforming grades are capable of being bent to produce curved surfaces.
They must be rapidly heated to about 160°C and pressed to shape in a form or mold
with moderate pressure. The resistance of these laminates to household chemicals is
excellent.

These laminates are usually bonded to a substrate such as plywood, chipboard, or
composition board. It is recommended that a balancing sheet be used when these lam-
inates are bonded. This sheet consists of several layers of phenolic-impregnated paper
similar to the core in the decorative laminate. When it is bonded between the laminate
and the substrate, the balance sheet prevents moisture absorption and minimizes
warpage of the structure. Adhesives that are used include urea formaldehydes,
phenolic, casein, epoxy, and polyvinyl acetate.

Decorative laminates are not structural materials and should be treated as veneers
except when they are bonded to structural cores. Although the face wears well in abra-
sive environments, the materials are handled as brittle, rigid, thin structures. The grain
direction and dimensional stability of the laminates are similar to those of wood. With
varying humidity, the width of the laminate changes twice as much as the length; there-
fore, in critical applications, the machine or grain direction should be established.

Decorative laminates are standardized in NEMA publications LD3, High
Pressure Decorative Laminates, and LD3.1, Performance, Applications, Fabrication
and Installation of High Pressure Decorative Laminates.

deflashing Many plastic parts formed in molding operations will have some
excess material, called flash, at the parting lines and on molded-in inserts. Gates are
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also excess resin material resulting from the flow path of the plastic into the mold. It
usually is necessary to remove this excess material for cosmetic or functional
reasons. This process is called deflashing.

No single method is universally applicable for the removal of flash and gates.
Each part geometry and material will have its specific requirements and individual
problems. The techniques generally used for removal of flash and gates are hand
deflashing (filing, sanding, machining, and tumbling). For removal of flash, tumbling
is generally preferred. However, the shape, size, or contours of the article may
require filing to remove heavy flash, gate sections, or burrs that may be left by
machining operations such as cutting and drilling. Other methods of deflashing parts
that are less common are chemical deflashing and water honing.

hand deflashing The ease of filing will depend on the type of file chosen.
The file characteristics must be carefully matched to the plastic’s properties
(hardness, brittleness, flexibility, and heat resistance). The size, shape, and con-
tour of the article being filed determine the size and shape of the file to use. For
removal of flash, files should have very sharp, thin teeth that will hold their
edge, well-rounded gullets to minimize the tendency to clog, and the proper
rake for clearing of the chips.

Thermoplastics on which files are used include those that are relatively soft
as well as those that are hard. However, some materials (e.g., nylon), because
of their toughness and abrasion resistance, are not easily filed. Thermoset flash
should be filed off in such a way as to break it toward a solid portion of the part
rather than away from the main body, to prevent chipping. The file is pushed
with a firm stroke to break off the flash close to the body, and then filing is con-
tinued to smooth the surface. (See also filing, grinding, and sanding.)

tumbling Tumbling is a simple, high-volume process to deflash rigid plas-
tics. The tumbler is usually a metal drum or cylinder that is perforated in such a
way that the plastic parts will not fall through the perforations. The tumbler is
then placed on a rotating mechanism. The plastic parts are loaded in the tumbler
so that at least half of the tumbler space is empty. The tumbler is set in motion,
allowing the parts to slowly roll and impact against one other. The constant
impacting removes the brittle, external flash in a relatively fast time (10-15
min). The limitations of tumbling are that the parts must be robust, they must be
molded with rigid, brittle material, and only external flash will be removed.
Tumbling can also be used to round corners and apply a surface finish to plastic
parts. Tumbling does not produce as high a finish as polishing, but for many arti-
cles a very high polish is not necessary and is not worth the higher costs
involved.

For more thorough flash removal, moderately abrasive material is added to the
tumbling method described above. This media deflashing allows both internal and
external flash to be removed. The parts to be deflashed are loaded into a contain-
er. Once the tumbling starts an abrasive media material (ground walnuts, hard
nylon, polycarbonate pellets, etc.) is directed at the parts under air pressure and
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at high velocity. Modern deflashers recycle the blast media and use dust collec-
tors to minimize air pollution.

Cryogenic deflashing uses cold temperatures to make the plastic rigid and
brittle. It uses essentially a sealed tumbler with either liquid nitrogen or expand-
ing carbon dioxide (—40 to —40°C) to cool the parts. At these temperatures,
even elastomers will become rigid, thus allowing even tough flash to be
removed in a conventional tumbling process.

See also abrasive finishing; tumbling.

deflection temperature
See heat distortion temperature.

defoamers The function of defoamers is to facilitate the removal of air
entrained in a mix (usually a liquid mix) during compounding. In applications like
potting and encapsulation, this air could cause bubbles on the surface of the plastics.
Bubbles or voids in an insulation material can cause arcing that could limit the plas-
tic’s effectiveness.

Accordingly, after high-speed mixing, vacuum or dryers are used to release air.
The purpose of the defoamer or air release agent is to speed up and optimize the
removal of air. Some can help prevent air entrapment. The agents also serve as
lubricants for the fillers, as wetting agents, and as surface tension depressants —all
of which contribute to the air release function.

Silicones and related blends of silicones and other materials are among the most
popular types of air release agents in use in liquid resin compounding. A typical base
for defoaming is alcohol/silicone. However, one must be careful when using silicone
defoamers. The presence of the silicone could cause a surface on the part that will
not be amenable to coatings or adhesives.

Major suppliers of defoamers and deaerating agents are American Ingredients
Co., Harwick Chemical Corp., Wacker Silicones Corp., and Witco Corp.

degassing The process of degassing is to remove air that may be entrained in a
mix (usually a liquid mix) during compounding. When fillers, additives, or catalysts
are mixed into a liquid at high speeds, air is entrained in the mix. A typical applica-
tion is the compounding of liquid polyurethanes or epoxies. Without degassing, the
mixed liquid resin may retain air bubbles, which would remain in the cured part and
contribute to a reduction in properties.

Accordingly, after high-speed mixing, vacuum is used to release air. The mixed
resin is generally placed in a vacuum chamber and subjected to several vacuum
cycles until there is no noticeable bubbling from the mix.

degradability agent Degradability agents are additives that are added to a plas-
tic to aid its biodegradation or photodegradation processes. To make plastics
degradable, it is necessary first to break them down into very small particles with
large surface area, and second to reduce their molecular weight. Biodegradable
products accomplish this differently from those that are photodegradable.



130 DEGRADATION

Additive-based biodegradable materials usually incorporate a natural degradable
polymer, such as corn, rice, or potato starch, with a nonbiodegradable synthetic
polymer, such as polyethylene, polypropylene, polystyrene, or polyurethane. It
generally requires an accelerator additive to facilitate the breakdown of the polymer
chain to the point at which it can be metabolized by microorganisms.

Photodegradable products are based on various technologies: ketone carbonyl
systems, ethylene/carbon systems, ethylene/carbon monoxide systems, antiox-
idant/photoactivator systems, and masterbatches based on proprietary additive sys-
tems. The addition of an ultraviolet (UV)-absorbing material will also act to enhance
photo-degradation. An example is the addition of iron dithiocarbamate. Two
problems exist with photodegradable material. It must be exposed to light for degra-
dation to occur (if buried in a landfill, degradation will not occur). There is also
potential toxicity due to the additives used to impart photosensitivity. However,
photodegradable products can be made with no loss of physical properties.

Major suppliers of biodegradable agents include Ampacet Corp. and Fully
Compounded Plastics Inc. Major suppliers of photodegradable agents include the
above and Colortech Inc., Ecolyte Atlantic Inc., and Polymer Materials Inc.

See also biodegradable plastic.

degradation Degradation of a polymer or plastic is an irreversible detrimental
alteration of the chemical structure. This is often due to polymer chain scission or
oxidative breakdown. Typically these chemical changes are associated with perma-
nent changes in the physical properties such as a loss of strength and extensibility,
and embitterment and in many cases with changes in appearance such as discol-
oration, darkening, and cracking (See also aging; hydrolysis; oxidation.)

A degradable plastic generally refers to a plastic that has been purposefully
designed to degrade in certain environments as, for example, biodegradable plastics
or photodegradable plastics. (See degradable agents; biodegradable plastic.)

degree of polymerization The degree of polymerization is the number of struc-
tural units or mers in the average polymer molecule in a particular sample. In most
plastics the degree of polymerization must reach several thousand if worthwhile
physical properties are to be had. There is positive correlation between the degree
of polymerization and the molecular weight of a polymer.

delamination Delamination is the separation of the layers in a laminate, either
locally or in a large area, caused by the failure of the resin holding the laminate
together. In fabric-reinforced composites delamination occurs when one group of
plies separate from another group. With adhesion bonding, delamination occurs
when one adherend separates cleanly from another because the bond is broken.

Delamination can occur during cure (often because of entrapped gases) or during
the part’s operational life (often due to degradation of the resin, excessive stress on
the laminate, or out-gassing due to continued cure).

dendrimer A dendrimer is a polymer whose molecules are not linear but high-
ly branched in a radial fractal pattern. Dendrimer polymers have an overall shape
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that is substantially spherical. Other relatively simple molecules may be physically
accommodated in the spaces among the branches. As a result, dendrimer polymers
can provide a basis for controlled release agents. Early examples of dendrimers
include the hydrocarbon Cj34H 4.

denier Denier is a unit in a numbering system for fibers or filaments. It is the
weight in grams of 9000 meters of synthetic fiber in the form of continuous filament.
The lower the denier, the finer is the fiber.

density Density is the weight per unit volume of a substance, expressed in grams
per cubic centimeter, pounds per cubic foot, etc. For practical purposes, density may be
regarded as numerically equal to relative density (sometimes called specific gravity).
ASTM D1505 describes a test method to determine the density of plastics.

Density is a direct function of the polymer’s chemical composition. The specific
gravity of carbon/hydrogen polymers is about 1.0 (similar density to water). Most
other atoms produce higher density, such as the fluoropolymers. The specific gravity
of typical polymers is shown in Table D.2.

Table D.2  Specific Gravity of Polymers (Ref: Driver, W.E., Plastics Chemistry and
Technology, van Nostrand Reinhold, New York, 1979, p. 46)

Polymer Structure Specific Gravity
Polyethylene _g_lg_ 0.92-0.96
H H
Polypropylene _]é_ lé_ 0.9
H |
CH,3
Polystyrene _?_ g_ 1.05
H
Acetal oo 1.4
Polyvinyl chloride _g_lg_ 1.4
H |
Cl
Cl
Polyvinylidene chloride _?_(|:_ 1.7
H |
Cl
Polytetrafluoroethylene F F 2.2
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Polyethylene is denser than polypropylene because of its closer packing.
Polystyrene is somewhat denser because the ring is denser than the linear —C—C—
system and has fewer hydrogen atoms per carbon. Oxygen, chlorine, fluorine, and
bromine are dense atoms, which increase the density of polymers that have such
atoms in their molecular configuration.

See also apparent density; bulk density; specific gravity.

deodorants Deodorants are additives for plastics that prevent the development
of odor. Different from deodorants, odorants are generally defined as additives that
produce a fragrance or odor (in the positive sense) in plastics. There is a gray area,
however, in which odorants mask distasteful odors and thereby serve as deodorants.
(See odorants.)

Deodorants prevent microorganisms from reacting with organic matter to produce
odors. Two major microorganisms that initiate such reaction are bacteria and fungi.
In the presence of heat and moisture, for example, bacteria from the skin could react
through perspiration with product like clothing with synthetic polymer fiber to
develop odor unless an antimicrobial agent is present. (See biocides.) Similarly, in
the presence of heat and moisture, fungi could grow and react with a product to
create odor. The most popular antimicrobial agents used as deodorants are the
organometallics. These agents are used primarily with polyvinyl chloride (PVC) and
polyethylene in trash bags.

Major suppliers of deodorants include Dorman Materials Co., Harwick
Chemical Corp., International Flavors & Fragrances Inc., Keystone Aniline Corp.,
and Polyad Co.

depolymerized rubber Hardman, Inc. produces liquid polymers that can be
vulcanized to rubbers. They are cured with p-quinone dioxime and lead dioxide at
room temperature and with sulfur at elevated temperature. Ultraviolet initiators can
also be used.

Trademarked Kalene, this material is a depolymerized virgin butyl rubber, which
is similar to butyl LM rubber. The properties are similar to those of conventional
butyl rubber such as the lowest vapor transmission rate of any elastomer, resistance
to degradation in high-humidity, high-temperature environments (very little change
after 120°C steam for 1000 h), excellent electrical properties (volume resistivity of
5.5 X 10" ohm-cm and a dielectric constant of 3.1), resistance to soil bacteria,
excellent weathering, and resistance to chemicals and oxidation.

Because of the high viscosity of the rubber, oil or solvent must be added to
produce a pourable compound. This material is useful in applications in which it can
be applied under pressure and protected from physical abuse. Its uses include roof
coating, reservoir liners, aquarium sealants, and conformal coatings.

Cis-1,4-polyisoprenes are produced by depolymerizing polyisoprene or natural
rubber. The material is used as a reactive plasticizer for adhesive tape, abrasive and
friction products such as grinding wheels, and automobile brake linings, wire and
cable sealants, and hot melt adhesives. The natural rubber product serves as a base for
cold molding compounds for arts and crafts, asphalt modifier, as potting, or in molds.
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desiccant A desiccant is a chemical substance that will remove moisture from
materials, usually due to adsorption of the moisture onto the surface of the sub-
stance. This is also known as a drying agent. A desiccator is a heat-resistant glass
container having an airtight lid and a lower compartment that houses a desiccant.
Hot test specimens are placed in a desiccator to prevent moisture pickup before they
are tested, weighed, etc.

destaticization Destaticization is the process of treating plastic materials to
minimize their accumulation of static electricity and consequently the amount of
dust picked up by plastics because of such charges. It can be accomplished either by
treating the surface with specific materials or by incorporating additive materials
(antistatic agents or antistats) in the molding compound.

See antistatic agent; static electricity.

detergents Detergents are substances with a high surface activity so they can
remove contaminants from surfaces as part of a cleaning process. Generally deter-
gents are good for removing non-organic contaminates such as dirt and dust. Often
solvents are needed to remove organic contaminates from surfaces. Detergents
are made synthetically to a large extent, although detergents based on naturally
occurring materials are also commercially available.

See also chemical cleaning.

dextrin Dextrin is a group of compounds with the same empirical formula as
starch (C¢H oOs), but with a smaller value of x. Dextrin is a white, amorphous, odor-
less powder that dissolves in water to form a syrupy liquid. It is made by moistening
starch with a mixture of dilute nitric and hydrochloric acids and then exposing to a
temperature of 100—125°C.

Dextrin compounds have strong adhesive properties and are used as pastes, par-
ticularly for envelopes, gummed paper, and postage stamps. Dextrin adhesives can
bond to many different substrates. Paper and paperboard are the most common sub-
strates. Laminating adhesives are usually made from highly soluble white dextrins
and contain fillers such as clay.

diallyl phthalate (DAP) Diallyl phthalate is a thermosetting ester polymer
resulting from the reaction of allyl alcohol and phthalic anhydride.
See also allyl.

diaphragm gate In injection and transfer molding, a diaphragm gate is a gate
(orifice through which the melt enters the mold cavity) used in molding annular or
tubular articles.

See also gate.

dibutyltin dilaurate (DBTDL) Dibutyltin dilaurate (DBTDL) is an organotin
compound used as a catalyst in formations for polyolefin materials crosslinked with
vinyltrimethoxy silane. The materials are made into such products as cable coverings
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and heat shrink tubing. Other applications of DBTDL are in formulations for certain
kinds of polyurethane foams and as a heat stabilizer for polyvinyl chloride (PVC).

die The die is the element at the end of the extruder or molding machine that
determines the shape of the product being produced. The dies for each type of
product are different.

The die block is the part in an extrusion die that retains the forming bushing and
core. In an injection mold, it is the part that contains the cavity or plug (force). The
die adaptor is the part of an extrusion die that holds the die block.

In the extrusion of pipe or tubing, the die bushing is generally the female part of
the die and is attached to the die body by adjustable screws. Thus small changes can
be made in the wall thickness if required.

A divergent die is a die in which the internal channels leading to the orifice are
diverging (applicable only to dies for hollow bodies).

Used in coating processes, die blades are deformable member(s) attached to a
die body, which determines the slot opening. The die blades are adjusted to produce
uniform thickness across the film or sheet produced. The die gap is the distance
between the metal faces forming the die opening.

See also extrusion die.

die cutting Also known as blanking, die cutting is a process of cutting shapes
from sheet stock by striking the stock sharply with a shaped knife edge known as a
steel rule die. Clicking and dinking are other names for die cutting of this kind.

See also blanking.

dielectric A dielectric is a substance or medium in which an electric field can
be maintained with little supply of energy from an external source. Dielectrics are
nonconductors of electricity. All insulating plastics are dielectrics.

dielectric breakdown Dielectric breakdown or dielectric strength is the

measure of the electrical strength of a material as an insulator. It is the passage of

sudden excessive current through a part that is meant to be an insulator. Dielectric

breakdown can be verifed by instruments and by visible damage to the specimen.
See also dielectric strength; high-voltage resistant plastics.

dielectric constant Dielectric constant (ASTM D150) is the ratio of the capaci-
tance of a capacitor, which uses the given plastic (or other insulating material) as the
dielectric, to the capacitance of an identical capacitor, which uses air as the dielectric.
It is a measure of the ability of a plastic to store electrostatic energy when subjected
to an electric field. Dielectric constant is important in the study of capacitive effects
and in calculation of the electrical stress distribution in composite insulators.

This term is also sometimes called permittivity. Dielectric constant values have
no units because they are mathematical ratios. Low dielectric constant values,
desirable for electronic plastics, would be below 3.0 or 4.0.

See also dielectric properties.



DIELECTRIC HEAT SEALING/WELDING 135

dielectric curing or heating Dielectric curing of a synthetic thermosetting resin
can be accomplished by simply placing the part in a high-frequency electric field.
Such a field is produced by radio frequency or microwave ovens. Dielectric curing
is very difficult to control, and there is a significant risk of overheating and burning
the part.

Dielectric heating can be used to preheat powder, pellets, or preforms to remove
water before processing the material. Dielectric heating can also be used to generate
the heat necessary for curing polar, thermosetting adhesives, and it can be used to
quickly evaporate water from a water-based adhesive formulation.

Dielectric processing of water-based adhesives is commonly used in the furniture
industry for very fast drying of wood joints in furniture construction. Common wood
adhesives, such as polyvinyl acetate emulsions, can be dried in seconds with dielec-
tric heating processes.

dielectric heat sealing/welding Dielectric sealing can be used on most ther-
moplastics except those that are relatively transparent to high-frequency electric
fields. This method is used mostly to seal vinyl sheeting such as automobile uphol-
stery, swimming pool liners, and rainwear. An alternating electric field is imposed on
the joint, which causes rapid reorientation of polar molecules. As a result, heat is
generated within the polymer by molecular friction. The heat causes the polymer to
melt, and pressure is applied to the joint. The field is then removed, and the joint is
held until the weld cools. The main difficulty in using dielectric heating as a bond-
ing method is in directing the heat to the interface. Generally, heating occurs in the
entire volume of the polymer that is exposed to the electric field.

Variables in the bonding operation are the frequency generated, dielectric loss of
the plastic, the power applied, pressure, and time. The materials most suitable for
dielectric welding are those that have strong dipoles. These can often be identified by
their high electrical dissipation factors. Materials most commonly welded by this
process include polyvinyl chloride, polyurethane, polyamide, and thermoplastic poly-
ester. Because the field intensity decreases with distance from the source, this process
is normally used with thin polymer films.

There are basically two forms of dielectric welding: radio frequency welding and
microwave welding. Radio frequency welding uses high frequency (13—100 MHz)
to generate heat in polar materials, resulting in melting and weld formation after
cooling. The electrodes are usually designed into the platens of a press. Microwave
welding uses high-frequency (2—20 GHz) electromagnetic radiation to heat a sus-
ceptor material located at the joint interface. The heat generated melts thermoplastic
materials at the joint interface, producing a weld on cooling. Heat generation occurs
in microwave welding through absorption of electrical energy similar to radio
frequency welding.

Polyaniline doped with an aqueous acid, such as hydrochloric acid, is used as a
susceptor in microwave welding. This introduces polar groups and a degree of
conductivity into the molecular structure. It is these polar groups that preferentially
generate heat when exposed to microwave energy. These doped materials are used to
produce gaskets, which can be used as an adhesive in dielectric welding.
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Dielectric welding is also commonly used for sealing thin films such as polyvinyl
chloride for lawn waste bags, inflatable articles, liners, and clothing. It is used to
produce high-volume stationery items such as loose-leaf notebooks and checkbook
covers. Because of the cost of the equipment and the nature of the process, industries
of major importance for dielectric welding are the commodity industries.

dielectric monitoring Dielectric monitoring is an analytical method that
involves tracking the changes in the electrical properties, such as dielectric constant
and dissipation factor, of a thermo-setting polymer as it cures. Generally, these prop-
erties change rapidly with time as the material cures and then begin to stabilize as
gellation takes place. These properties are relatively constant after the specimen is
fully cured. Dielectric monitoring is sometimes used along with or as an alternative
to gel point determination as a quality control method to determine the reactivity of
certain resin mixtures.

In the preparation of certain laminates (e.g., polyimide) dielectric monitoring is
used to determine the stage in the processes at which laminating pressure can be
increased so as not to extrude excessive resin out of the laminating stack and yet not
have voids and poor interlaminar adhesion because the resin is too far advanced
when pressure is finally applied. Dielectric monitoring in this manner is also called
dielectrometry or dielectric spectroscopy.

dielectric properties A dielectric is an insulating material generally of
polymeric composition. Several parameters define the dielectric properties of a given
material. Of course, the dielectric material must be able to withstand the maximum
voltage that will be seen in service, but, in AC dielectric applications, good resistiv-
ity as well as low energy dissipation are also desirable characteristics. The dissipa-
tion of electrical energy results in inefficiencies in an electronic component and
causes heat buildup in the plastic part that acts as the dielectric.

Figure D.1 illustrates these dielectric properties and how they are tested. The
relationship of the specimen, the electrode, and the electric field is shown.

The dielectric constant is that property of a dielectric that determines the electro-
static energy stored per unit volume for a unit potential gradient. For practical
purposes, the dielectric constant is the ratio of capacitance of an assembly of two
electrodes separated solely by a plastic insulating material to its capacitance when
the electrodes are separated by only vacuum.

The dielectric constant of plastic materials is measured as specified in ASTM D150.
It is a dimensionless factor derived by dividing the parallel capacitance of the system
with a plastic material by that of an equivalent system with a vacuum as a dielectric.
The lower the number, the better the performance of the material as an insulator.

In an ideal insulator, such as a vacuum, there is no energy loss to dipole motion
of molecules. In solid materials, such as plastics, the dipole motion becomes a factor.
A measure of the inefficiency is the dielectric constant or relative permittivity.

Dielectric heating of a material occurs when high-frequency voltage is applied to
the material that forms the dielectric of a condenser. Dielectric heating results from
the dielectric loss in the material. The dielectric loss is determined by how easily
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Figure D.1  Schematic illustration of electrical properties. (Ref: Craig, C.L., “Electrical Properties of
Plastics” Plastics Design and Processing, Lake Publishing Co., Libertyville, Il, February 1962)

polar molecules can rotate in an alternating electric field. The relative motion of the
molecules against one another causes heating.

Dielectric heating is the process used for sealing vinyl films and for preheating
thermoset and thermoplastic molding compounds to remove moisture. If a polymer’s
dielectric loss increases significantly with temperature, a runaway condition could
result that will lead to thermal degradation of a dielectric insulation (i.e., the high
temperature causes the dielectric loss to rise which causes internal heating in the
polymer leading to higher temperature and further increase in loss).

The dielectric loss in a material is the time rate at which electric energy is trans-
formed into heat in a dielectric when it is subjected to a changing electric field. As
the polar parts of a molecular chain continually try to align themselves with the
alternating electric field, internal friction within the material causes heating.

The dielectric loss factor (loss factor) of a material is the product of the dielectric
constant and the tangent of the dielectric loss angle for a material. This is a measure
of how easily the material will heat up in a high-frequency field such as a radio
frequency or microwave frequency oven.

Dissipation factor (loss tangent, loss angle, tan delta, approximate power factor)
is the tangent of the loss angle of the insulating material. The dielectric power factor
is the cosine of the dielectric phase angle (or sine of the dielectric loss angle). In a
perfect dielectric, the voltage wave and the current are exactly 90° out of phase. As
the dielectric becomes less than 100 percent efficient, the current wave begins to lag
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the voltage in direct proportion. The amount the current wave deviates from being
90° out of phase with the voltage is defined as the dielectric loss angle. The tangent
of this angle is known as the loss tangent or dissipation factor.

A low dissipation factor is important for plastic insulators in high-frequency
applications such as radar equipment and microwave parts; smaller values mean
better dielectric materials with less dielectric heating. A high dissipation factor is
important for polymers that are to be heated in a radio frequency or microwave oven
for welding, drying, etc.

Dissipation factor is measured as specified in ASTM D150. Relative permittivity
and dissipation factor are measured by the same test equipment.

The power factor is the cosine of the angle between the voltage applied and the cur-
rent resulting. The dielectric phase angle is the angular difference in phase between
the sinusoidal alternating potential difference applied to a dielectric and the component
of the resulting alternating current having the same period as the potential difference.
The dielectric loss angle is the difference between 90° and the dielectric phase angle.

Dielectric strength is the maximum voltage gradient that an insulating material
can withstand before breakdown occurs, usually expressed as a voltage gradient,
such as volts per mil. The applied voltage just before breakdown is divided by the
specimen thickness to give the value in kV/mm. The surrounding area can be air or
oil. Breakdown occurs when the material is punctured (“arced through”).

The value obtained for the dielectric strength will depend significantly on the
thickness of the materials being tested, the method of conditioning the materials
before test, and the method of testing. Other factors that will influence dielectric
strength values are homogeneity and moisture content of the specimen; dimension
and thermal conductivity of the test electrode; frequency and waveform of the
applied voltage; ambient temperature, pressure, and humidity; and electrical and
thermal characteristics of the ambient medium. ASTM D149 measures dielectric
strength. (See also dielectric strength.)

The insulation resistance is a measure of the resistance a plastic provides to cur-
rent flow when two terminals are placed in contact with it. It is the ratio of the
applied DC voltage on the electrodes to the total current between them. Insulation
resistance is often reported as the ohms resistance generated between the two
electrodes but is, in fact, a composite of volume and surface resistivity.

o Volume resistivity represents the extent to which current can pass through the
bulk of the plastic and is dependent on the nature of the plastic itself.

o Surface resistivity is more a function of the nature of the plastic surface, its clean-
liness, purity, and freedom from contamination. Surface resistivity is the ratio of
the potential gradient parallel to the current along the surface to the current per
unit width of surface. The most important factor about this measurement is the
presence of moisture, which will significantly lower the surface resistance.

If an electric arc passes over the surface of a plastic, there is a tendency for
tracking to occur. The arc initially passes through the air, but the surface of the
plastic decomposes along the line of the arc. The result of the decomposition is a
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carbon track, which can conduct current. This causes further decomposing and
increases the size of the current carrying track until the current passes completely
along the surface. The value of arc resistance depends on the ease of decomposition
of the plastic and the nature of the decomposition products.

dielectric strength Dielectric strength (ASTM D150) is the electrical property
of insulating materials that indicates the level of voltage at which dielectric break-
down of the material begins to occur. This is especially critical for plastics.
Dielectric strength is expressed in volts per mil, which indicates the voltage level
that will cause dielectric breakdown through 1 mil of thickness. Thicker plastic
sections will withstand higher voltage levels, but not proportionately higher. At
sufficiently high voltage levels, corona and/or carbon tracking can occur.
Cleanliness of the environment and contamination of the plastic are also factors.

As the thickness of an insulator increases, so does the voltage necessary to cause
breakdown. However, this relationship is not linear. Importantly, the voltage gradi-
ent (volts/mil) at breakdown decreases as the thickness of the sample increases.
Therefore, it is necessary to know the sample thickness in comparing dielectric
strength values (usually given in volts/mil).

See also dielectric properties; high-voltage-resistant plastic.

die line In blow molding, die lines are vertical marks on the parison caused by
damage of die parts or contamination. In pultrusion, a die line is the lengthwise flash
or depression on the surface of a pultruded plastic part. The line occurs where sepa-
rate pieces of the die join together to form the cavity.

die swell and die swell ratio The passage of polymer melt though an extrusion
die normally involves constriction of the flow, because the cross-sectional area of
the die is less than that of the melt-filled space behind it. The flow constriction
imposes compression and shear on the melt. Because of its viscoelastic nature, the
melt undergoes some elastic extension in the die. The net result of this is a degree of
lateral expansion of the emerging extrudate known as die swell.

In blow molding, the die swell ratio is the ratio of the outer parison diameter (or pari-
son thickness) to the outer diameter of the die (or die gap). Die swell ratio is influenced
by polymer type, head construction, land length, extrusion speed, and temperature.

differential scanning calorimetry (DSC) Differential scanning calorimetry is
a quality control method that measures the energy absorbed (endotherm) or pro-
duced (exotherm) during a specified time and temperature cycle. This technique can
be used to determine whether a polymer cures in the same way from batch to batch.
It can also be used to show the glass transition temperature of a polymer (generally
as a break in the slope of the endothermic curve as a function of temperature).

Differential scanning calorimetry is an alternative to differential thermal analysis
(DTA) for measurement of transition temperatures of polymers, especially where a
determination has a quantitative aspect.

See also thermal analysis; differential thermal analysis (DTA).
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differential thermal analysis (DTA) Differential thermal analysis is a process
for measuring the difference in temperature between a specimen of the test substance
and a specimen of a reference material. This is accomplished generally as a function
of temperature or time. The test results are recorded in the form of a plot on which
the temperature difference should be plotted on the ordinate with endothermic
reactions downward and exothermic reactions upward.

Differential thermal analysis is widely used for determining exotherm and
endotherm of reactive substances. It can also be used for determining transition
temperatures, such as the glass transition temperature and the melt temperature
of polymers (ASTM D3418). ASTM D472 provides directions for reporting
thermoanalytical data.

See also thermal analysis; differential scanning calorimetry (DSC).

diffusion Diffusion is the mixing or self-dispersion of gases, liquids, or solid
materials without outside influence. It is the transport of components from one part
of the system to another. In plastics, the system most often consists of a polymer and
a diffusant of much smaller molecular size. The diffusant is generally a gas, vapor,
or liquid. In a polymer/penetrant system, the rate of transfer of the penetrant across
a unit area of a section taken through the system should be proportional to the
penetrant concentration gradient measured normal to the section. The diffusion
coefficient, sometimes also called the diffusivity, is a measure of the diffusion.

The diffusion rate will depend heavily on the molecular size of the diffusion species
and on the size of the gaps between polymer molecules. Crystalline structures have an
ordered arrangement of molecules, and diffusion can occur in amorphous regions or
through regions of imperfections. The crystalline regions in a polymer can thus be con-
sidered almost impermeable. Amorphous polymers exist in the rubbery state where
there is an abundance of “free volume” so that diffusion can occur relatively easily.

diluent A diluent is an ingredient usually added to a formulation to reduce the
concentration of the resin. Diluents are also used primarily to reduce the viscosity
and to modify the processing conditions of some resins. Diluents will allow higher
filler loadings.

There are reactive and nonreactive diluents. The reactive diluents become part of
the final molecular structure of the polymer by reacting with the base resin during
cure. The nonreactive diluents do not become part of the polymer but act as plasti-
cizers or discrete regions surrounding the main polymer. Diluents do not evaporate
as do solvents but become part of the final material.

Reactive diluents, such as butyl glycidyl ether or cresyl glycidyl ether, are often
used in epoxy resin formulations. In epoxy formulations a reactive diluent is a com-
pound containing one or more epoxy groups that functions mainly to reduce the vis-
cosity of the mixture.

dimensional stability Dimensional stability is the ability of plastic parts to
retain the precise shape in which they were molded, fabricated, or cast. Dimensional
stability problems usually occur when the plastic part shrinks excessively when
coming out of the mold or when it is undercured and continues to cure and shrink in
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the operating environment. Heat aging generally manifests itself as shrinkage caused
by the polymer continuing to cure. The shrinkage of various thermoset molding
compounds as a result of heat aging is shown in Fig. D.2.

Publisher's Note:

Permission to reproduce this image
online was not granted by the
copyright holder. Readers are kindly
requested to refer to the printed version
of this article.

Figure D.2 Shinkage of various thermosetting molding materials as a result of heat aging. (Ref:
Chottiner, J., “Dimensional Stability of Thermosetting Plastics”, Materials Engineering, February 1962)

Dimensional stability problems also occur with plastics having high moisture
absorption. These plastics will change their dimensions depending on the relative
humidity of the environment. Plastics that most notably show this effect are cellulosic
polymers and nylon, although most polymers are affected in some way.

Maximum dimensional stability is afforded by mineral-filled phenolics. Although
the thermoplastics as a whole are weak in this respect, polystyrene, acrylic, rigid
vinyls, and ethyl cellulose are exceptions, having satisfactory dimensional stability
for many applications where the requirements are not of the severest order.

dimer A dimer is a substance comprising molecules formed from two mole-
cules of the same monomer. The molecule progresses through the polymerization
process in stages from monomer to dimer to trimer and onward.

dimethyl silicone polymer
See silicone rubber.

dip coating Dip coating is a simple coating process in which products are
dipped in a tank of coating material, withdrawn, and allowed to drain in the solvent-
rich area above the resin pool and then allowed to dry. The film thickness is
controlled by viscosity, flow, percent solids by volume, and rate of withdrawal. This
simple process can also be automated with the addition of a drain-off area, which
allows excess coating material to flow back to the dip tank.
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Dip coating is a simple, quick method that does not require sophisticated
equipment. The disadvantages of dip coating are film thickness differential from top
to bottom, resulting in a so-called wedge effect; fatty edges on lower parts of prod-
ucts; and runs and sags. Although this method coats all surface areas, solvent reflux
can cause low film build. Light products can float off the hanger and hooks and fall
into the dip tank. Solvent-containing coatings in dip tanks and drain tunnels must be
protected by fire extinguishers and safety dump tanks. Using waterborne coatings
can eliminate the fire hazard.

dip molding Dip molding, or dip casting, is a process of applying a protective
coating as well as producing an article by repeated immersions of a mold or form
into a solution, gel, paste, or melt. The mold plus the coating or the coating alone,
stripped from the mold, may be the final product. In the latter case, dipping is
especially useful to make shapes of intricate design that it would be impossible to
make by other molding techniques or for which the die cost would be prohibitive.
Typical products made by dip molding are toys, bathing caps, and vials.

Products that have to be stripped from the mold are made of an elastomeric mate-
rial. If solvent is present it can be volatilized in an oven after each dipping period.
Resins that have been used for dip molding include vinyl copolymers, vinylidene
chloride, polyvinyl butyral, nylon, polyvinyl alcohol or acetal, and modified acrylics.
For rigid products, cellulosic plastics, styrene, and similar resins can be used.

direct gate The direct gate is a large gate at the end of the sprue.
See also gate.

dishing Dishing is a symmetrical, more or less spherical distortion in a plastic,
generally noted as a circular indentation in the surface of the molded part. Dishing
is the opposite of doming.

dispersant In an organosol or other liquid suspension, a dispersant is a liquid
component that has a solvating or peptizing action on the resin so as to aid in
dispersing and suspending it.

dispersion A dispersion is a two-part system comprising a material in a state of
fine division distributed through a continuous matrix of another material. The term
polymer dispersion is most commonly applied to dispersions in which the disperse
phase is a polymeric material and the dispersion medium is water. Stable colloidal
aqueous dispersions of rubber and of certain other polymers are commonly known
as lattices.

See also latex.

dispersion coating A dispersion coating is a coating consisting of a resin in a
colloidal rather than a true solution or the process of applying such a coating. A
common dispersion coating is that based on fluorocarbon materials such as polyte-
trafluoroethylene (PTFE). Dispersions of PTFE in water may be used to coat
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metallic or other smooth surfaces. After coating and drying, the surface must be
heated above the gel point to fuse the polymer particles and produce a smooth
coating.

displacement mold Combining compression and transfer mold design, a
displacement mold is used to produce long tubelike sections with a closed end. A
preform is loaded at the end of a plunger, and, as the mold closes, the compound
extrudes down the plunger. The material is entrapped in the mold by a positive
parting line design.

dissipation factor Dissipation factor is the electrical property of insulating
materials that is a measure of the power loss in a plastic or other electrical insulat-
ing material. It is a mathematical term defined as the ratio between the permittivity
and the conductivity of an electrical insulating material. In simple terms, it is an indi-
cator of the power lost in the operating system and is essentially identical to power
factor for low losses.

Quantitatively, lower dissipation factors result in higher-quality, higher-
performance electrical or electronic systems, having lower electrical losses.
Dissipation factor values have no units because they are mathematical ratios. Low
dissipation factor values, desirable for electronic plastics, would be below 0.01 and
0.001. Two other terms for dissipation factor are loss tangent and tan delta. A related
term is quality factor or Q factor, which is the reciprocal of the dissipation factor.

See also dielectric properties; electronic plastic.

doctor roll, doctor blade, doctor bar A doctor roll, also known as a doctor
blade or doctor bar, is a device for regulating the amount of liquid material on the
roller of a spreader. It accomplishes this by maintaining an offset to the roll that picks
up the coating from the tank or by having a fine wire wound around the doctor roll so
that the spaces between the wires act as metering points by which the coating mater-
ial is applied. The doctor roll can be used to spread and control the amount of resin
applied to roving, tow, tape or fabric as well as to coat a continuous film or sheet.

domain Domain is a morphological term used in noncrystalline systems, such
as block copolymers. It describes regions in which chemically different sections of
the molecular chain separate, generating two or more amorphous phases.

dome, doming In reinforced plastics, the dome is the end of a filament-wound
cylindrical container (i.e., that portion that forms the integral ends of the container).

In general, doming is a symmetrical, more or less spherical distortion of a flat or
cured part of a plastic, which causes it to be more or less cup-shaped. Doming may
be due to warping. Doming is the opposite of dishing.

double-backed tape Double-backed tape is tape having adhesive on both sides.
It is usually made from a polymeric film with pressure-sensitive adhesive coated on
both sides. The formulation of the adhesive is very important to provide a sufficient
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degree of adhesion yet allow the double-backed tape to be unrolled from a roll of
product. The film is generally only a carrier for the adhesive.

Double-backed tape is generally used in laminating one substrate to another.
Often the carrier film and adhesive are transparent to allow parts to be viewed
through the tape. Certain office product tapes are double-backed tape having a clear
carrier and a clear pressure-sensitive adhesive on both sides of the carrier.

double gate When one gate does not allow the plastic to flow in rapidly enough
to fill out the mold in the required time, two or more gates are provided for in the
mold design. Double gating is sometimes used to minimize knit lines.

See also gate.

double-shot molding Double-shot molding is a process of turning out thermo-
plastic parts having two colors by successive molding operations.

draft The draft is the degree of taper of a sidewall or the angle of clearance of
the vertical surface of a mold. The draft is designed to facilitate removal of a part
from a mold. The draft angle is the angle of taper on a mold or mandrel that facili-
tates removal of the finished part.

drape Drape is the bending or droop in a prepreg or fabric. Drape is tailored to
the specific application. A worker making a hand layup on a sharp bend needs plenty
of drape, but the press laminator making flat laminates does not need any drape
at all.

Thermoset prepregs can be formulated and processed to have various degrees of
drape. Thermoplastic prepregs are very “woody” and have little drape; therefore,
they generally need to be heated to form around sharp mold sections.

drape assist frame In sheet thermoforming, the drape assist frame is a frame
shaped to the peripheries of the depressed areas of the mold and suspended about the
sheet to be formed. During forming, the assist frame drops down, drawing the sheet
tightly into the mold and thereby preventing webbing between high areas of the
mold. The drape assist frame also permits closer spacing in multiple molds. The
drape assist frame can be made of anything from thin wires to thick bars.

drape forming Drape forming is a method of thermoforming thermoplastic

sheet in which the sheet is clamped into a movable frame and then is draped over the

high point of a male mold. Vacuum is then pulled to complete the forming process.
See also thermoforming.

drawing Drawing is the process of stretching a thermoplastic sheet or rod to
reduce its cross-sectional area. Drawing is generally done to shape the plastic into
its final form, but often the term is used to describe the process of creating a more
orderly arrangement of polymer chains with respect to each other.

See also orientation.
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draw ratio The draw ratio is reflective of the amount of stretching undergone
by a plastic material in a stretching or drawing process. It is the ratio of the
cross-sectional area of the material before and after stretching.

The draw down ratio is the ratio of the thickness of the extruder die opening to
the final thickness of the product.

drilling Thermoplastics and thermosets may be drilled with any standard drill
used for metals. However, there are drills specifically designed to drill plastic
materials. Drills that are not made of high-speed steel or solid carbide should be
carbide or diamond tipped. For drilling plastics, drills should have highly polished
flutes and chrome-plated or nitrided surfaces. Drills should be ground with a
70-120° point angle and a 10—25° lip clearance angle. The rake angle on the cutting
edge should be zero or several degrees negative. Highly polished, large, slowly twist-
ing flutes are most desirable for good chip removal.

Normal feed rates are in the range of 0.001-0.012 in./rev for holes of 1/16- to
2-in. diameter with speeds of 100—250 ft/min, using lower speeds for deep and blind
holes. Generally, the plastic supplier can provide suggested drill sizes and speeds for
thermosets and thermoplastics.

Holes drilled in most thermoplastics and some thermosets are generally 0.002- to
0.004-in. undersized because of thermal expansion effects. To alleviate this effect,
drilling could be accomplished in two stages. A small pilot drill should be used first,
followed by the required size drill. The drill should be lifted frequently to prevent over-
heating. Thermoplastics may require external cooling to reduce frictional heat and
gumming. Compressed air blown into the hole will help remove chips and provide
some cooling effect.

The part must be held firmly during drilling to counter the tendency for the
tooling to grab and spin the work. Circle cutters are often preferred for making holes
in thin materials.

drop impact test The drop impact test measures the impact resistance of
plastics. A predetermined weight is allowed to fall freely onto the specimen from
varying heights until the specimen or product fails. The energy absorbed by the
specimen is measured and expressed in in.-1b or ft-b.

The drop impact test is ideal for measuring impact resistance of materials or parts
that will be used in a fashion in which they could either be hit with a sharp object (a
hammer, for example) or dropped (a plastic container, for example). ASTM D2463
describes a drop impact test for a blow-molded container.

dry blend Dry blend is a free-flowing dry compound prepared without fluxing or
additions of solvent. Dry blend is also called powder blend. A dry blend contains all the
necessary ingredients mixed in a way that produces a dry, free-flowing particulate mate-
rial. The term is commonly used in connection with polyvinyl chloride compounds.

Dry coloring is a method commonly used by fabricators for coloring plastics by
tumble blending uncolored particles of the plastic material with selected dyes and
pigments.
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drying Plastics, when exposed to the atmosphere, will pick up moisture. How
much moisture will depend on the type of polymer, the humidity of the surrounding
air, and several other factors. If the amount of moisture pickup is excessive, it may
affect the performance of the processing machine, the cosmetic qualities of the prod-
uct being produced, or even the physical and structural properties of the product. It
is therefore generally understood that the processing of both thermosets and ther-
moplastics that contain high concentrations of moisture normally results in the pro-
duction of unacceptable products.

Surface moisture on nonhygroscopic polymers can be removed easily by a sim-
ple hot air dryer with a single-pass air circuit. Table D.3 shows suggested drying
conditions for certain thermoplastic resins. Effective control of moisture in hygro-
scopic polymers (e.g., ABS and nylon) almost always requires a dehumidifying air
dryer. The moisture content in hygroscopic polymers will depend on the type of
polymer, the length of time the polymer is exposed to the atmosphere, the humidity
of the atmosphere, and the temperature.

Plastic materials, generally molding compounds or wet sheets, are dried by equip-
ment that uses gas, steam, or electricity or infrared rays as a source of heat.
Dielectric heat is most commonly used for preheating, as opposed to drying.

The two types of dryers are static trays and conveyors, which are often vibrated
as they move along. Atmospheric tray dryers are not suitable for some materials,
notably nylon molding powder that oxidizes in air and requires vacuum drying. A
commonly used variant of the tray type is the truck dryer. Here the loaded trays are
placed on trucks and rolled into the drying enclosure. Continuous conveyor drying
systems are extensively used where the product must be dried from the wet solid
state and where production requirements are high.

dry spots In reinforced plastics, a dry spot is an area of incomplete surface film.
A dry fiber is a condition in which fibers are not fully encapsulated by resin during
pultrusion. A dry laminate is a laminate containing insufficient resin for complete
bonding of the reinforcement.

dry strength In adhesive bonding, dry strength is the strength of an adhesive joint
determined immediately after drying under specified conditions or after a period
of conditioning in the standard laboratory atmosphere. This is as opposed to wet
strength, where the adhesive joint is tested immediately after conditioning in a moist
environment.

dry winding In filament winding, dry winding is a term used to describe fila-
ment winding using preimpregnated roving, as differentiated from wet winding
where the roving is impregnated in a liquid resin bath immediately before winding
on a mandrel.

ductility Ductility is the amount of plastic strain that a material can withstand
before fracture. It is also used to describe the ability of a material to deform plasti-
cally before fracturing. Thus ductile polymers are generally tough, elastic polymers
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that can deform readily and have a moderately high degree of elongation (e.g., elas-
tomers, toughened thermoplastics).

duplicate cavity plate The duplicate cavity plate is a removable plate that retains
cavities. It is used where a two-plate operation is necessary for loading inserts.

durometer hardness Durometer hardness is a measurement of the indentation
hardness of a plastic material. It is the extent to which a spring-loaded steel indenter
protrudes beyond its pressure foot into the sample material. Hardness is measured by
a Shore durometer.

See also hardness.

dwell The dwell is a pause in the application of pressure to a mold, made just
before the mold is completely closed. The dwell allows the escape of gas from the
molding material.

In filament winding, dwell is the time that the traverse mechanism is stationary
while the mandrel continues to rotate to the appropriate point for the traverse to
begin a new pass.

In a standard autoclave cure cycle, dwell is an intermediate step in which the resin
is held at a temperature below the cure temperature for a specified period of time suf-
ficient to produce a desired degree of cross-linking. It is used primarily to control
resin flow.

dyeing (fibers) The dyeing of fibers is a complex art in itself. A successful dye
must either form strong secondary bonds to polar groups on the polymer or react to
form covalent bonds with functional groups on the polymer.

Because the fibers are dyed after spinning, the dye must penetrate the fiber and
diffuse into it from the dye bath. The size of the dye molecule is such that it can-
not penetrate crystalline areas of the polymer, so it is mainly the amorphous
regions that are dyed. This often conflicts with the requirement of high crys-
tallinity in the fiber. To counteract this effect, highly crystalline polymers (e.g.,
polyacrylonitrile) usually contain minor amounts of plasticizing comonomers to
enhance dye penetration.

On the other hand, nonpolar and nonreactive fibers, such as acrylic fiber, have no
sites on which the dye can bond even if it could penetrate. This is overcome by incor-
porating a finely divided solid pigment into the polymer before melt spinning.
Copolymers of propylene and a monomer with dye-accepting sites are also now
available.

dynamic mechanical analysis (DMA) Dynamic mechanical analysis (DMA)
measures a compound’s modulus (stiffness) as its temperature is raised. It is a tech-
nique in which a material is subjected in a suitable mode to an oscillatory load under
an appropriately controlled temperature program. The dynamic modulus and/or
damping of the material is determined as a function of temperature.
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This instrument has provided interesting insights into properties of phenolics as
well as those of diallyl phthalate, thermoset polyester, silicones, and epoxies, by
indicating the ability of thermosets to retain their modulus at elevated temperatures.

See also thermal analysis.

dynamic mechanical spectrophotometer (DMS) The dynamic mechanical
spectrophotometer measures the viscoelastic properties of polymers, thus determin-
ing a compound’s viscosity and elastic modulus following the change of these
properties over time and changes in temperature.

dynamic testing Dynamic testing refers to the test of a polymeric specimen
when subjected to sudden or repeated (cyclic) loads that are not intended to cause
failure. Dynamic testing is of special importance in the case of polymeric materials
because of their well-known sensitivity to the speed of loading (see impact strength),
a characteristic of viscoelastic materials.

The analysis of dynamic loads, particularly those involving repeated loads
(sinusoidal testing) is complex and requires a mathematical base. Quantities such as
the storage and loss moduli and the loss tangent or loss factor are defined, measured,
and often reported in graphic form.

Besides providing useful information for applications involving dynamic loading
(high strain rates, shock and vibration damping, etc.) dynamic testing is widely used
as a convenient way of assessing temperature effects, and even for the elucidation of
the chemical and physical structure of polymeric systems.

See also fatigue; endurance.



E-glass E-glass, also called electrical-grade glass, belongs to a family of glasses
with low alkali content, usually under 2.0 percent. It is a borosilicate type of glass
most suitable in electrical-grade laminates. Electrical properties remain more stable
with these glasses because of the low alkali content. E-glass is also the glass type
most widely used for reinforced plastics because of its low cost, easy handling qual-
ity, and generally good properties. Laminates made from E-glass have generally good
resistance to water, fair resistance to alkali, and poor resistance to acid.
See also glass fiber.

Ebonite Ebonite is hard natural rubber that is vulcanized to its maximum degree.
It is the final product of the reaction of rubber with an excess of sulfur. Ebonite is a
hard, inextensible solid containing about 32% combined sulfur. Low-cost fillers and
extenders are used primarily to minimize difficulties in handling the rubber-sulfur mix
before vulcanization. It has been produced on a commercial scale since about 1860.

Ebonite stocks may be prepared for vulcanization by calendering or extrusion.
Vulcanization, as with soft rubber, is affected by heat and pressure. In some cases
the rubber may be given a soft cure, formed into a desired shape, and then cured to
the final hard rubber state.

Ebonite can be machined and is often produced in bar, tube, or sheet stock for this
purpose. Major applications make use of its chemical inertness and corrosion resis-
tance as well as its electrical and thermal insulating properties. The material softens
at about 50°C and, hence, is not suitable for high-temperature applications.

Plastics Materials and Processes: A Concise Encyclopedia, by Charles A. Harper and Edward M. Petrie
ISBN 0-471-45603-9  Copyright © 2003 John Wiley & Sons, Inc.
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eight-harness satin weave
See weave.

ejector assembly mold hardware The ejector pin (or sleeve) is a pin or thin
plate that is driven into a mold cavity from the rear as the mold opens, forcing out
the finished piece. This is also known as a knockout pin. The ejector plate is a plate
that backs up the ejector pins and holds the ejector assembly together. The ejector
return pins are projections that push the ejector assembly back as the mold closes.
These are also called surface pins and return pins. The ejector rod is a bar that actu-
ates the ejector assembly when the mold is opened.

Ejector pads are plates that, in essence, are used as knockout pins. They form part
of the molding surface, which eject cold molded products from a mold, the material
being too soft to withstand small area knockout pins. Such steel pads may cover the
entire bottom surface of the mold or form substantial areas of the molded piece.

elastic deformation The elastic deformation is that part of the deformation of
an object under load that is immediately recoverable when the load is removed.
Elastic recovery is the fraction of a given deformation that behaves elastically. A per-
fectly elastic material has an elastic recovery of 1; a perfectly plastic material has an
elastic recovery of 0.

elasticity Elasticity is that property of a material by virtue of which it tends to

recover its original size and shape after deformation. If the strain is proportional to

the applied stress, the material is said to exhibit Hookean or ideal elasticity.

Sometimes materials with this property are also said to be viscoelastic materials.
See modulus of elasticity; Hook’s Law.

elastic limit The elastic limit is the extent to which a material can be stretched
or deformed before taking on a permanent set. Permanent set occurs when a mater-
ial that has been stressed does not recover its original dimension, as when a 12-in.
piece of rubber that has been stretched becomes 13-in. long when relaxed.

elastic memory Elastic memory or plastic memory is the phenomenon by
which cast plastic sheets that are heated above a certain temperature (generally the
heat distortion temperature) have a strong tendency to revert to their original flat
shape. Thus a flat sheet that has been thermoformed to a new shape reverts to a flat
sheet if sufficiently heated.

Although this limits the maximum service temperature of a material, it allows the
fabricator to reheat and reform a sheet without loss if he happens to make a mistake in
shaping it. Molded parts exhibit the same tendency. In attempting to relieve the strains
incurred in molding, they tend to distort. As in sheet fabrication, this also limits the top
service temperature in a molding.

elastomer ASTM defines an elastomer as a macromolecular material that
returns rapidly to approximately its initial dimensions and shape after substantial
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deformation by weak stress and release of the stress. Elastomers (or rubbers) are an
important group of polymers that may be either thermosetting or thermoplastic. This
group of materials includes thermoplastic elastomers, melt-processable rubbers,
thermoplastic vulcanizate, synthetic rubbers (e.g., butyl, neoprene, nitrile, and sili-
cone rubbers), and natural rubber.

An elastomer is a material that at room temperature stretches under low stress to
at least several times in length and snaps back to the original length on release of
stress. The properties of typical elastomers are defined by the following
requirements:

a. They must stretch rapidly and considerably under tension, reaching high elon-
gations (200—1000%) with low damping (i.e., little loss of energy as heat).

b. They must exhibit high tensile strength and high modulus (spiffiness) when
fully stretched.

c. They must retract rapidly, exhibiting a phenomenon of snap or rebound.

d. They must recover their original dimension fully on the release of stress,
exhibiting the phenomena of resilience and low permanent set.

The molecular requirements of elastomers may be summarized as follows:

a. The material must be a high polymer.

b. It must be above its glass transition temperature (T,) to obtain high local
segment mobility (most thermoplastics and thermoset plastics operate below
their T,).

c. It must be amorphous in its stable (unstressed) state for the same reason.

d. It must contain a network of cross-links to restrain gross mobility of its chains.

The process by which a network of cross-links is introduced into an elastomer is
called vulcanization.

Up until World War II, almost all elastomers were based on natural rubber. During
the war, synthetic rubbers began to replace the scarce natural rubber. Since that time
production of synthetics has increased until it now far surpasses that of natural
rubber. There are thousands of different elastomer compounds. Not only are there
many different classes of elastomers, but also individual types can be modified with
a variety of additives, fillers, and reinforcements. In addition, curing temperatures,
pressures, and processing methods can be varied to produce elastomers tailored to
the needs of specific applications.

There are roughly 20 major classes of elastomers. Two basic specifications pro-
vide a standard nomenclature and classification system. The ASTM standard D1418
categorizes elastomers into compositional classes. A joint ASTM-Society of
Automotive Engineer (SAE) specification, ASTM 2000/SAE J200, provides a
classification system based on material properties.

The nomenclature for elastomers, common names, ASTM designations, and gen-
eral properties and characteristics are summarized in Appendix C. A listing of
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representative tradenames, suppliers, and characteristics of specific elastomers may
be found under the name of the elastomer.
See also specific elastomers by name.

electrical laminate The electrical and electronic industries use large quantities of
laminated materials for primary and secondary insulations. Laminate reinforcements
include paper, fabrics, and glass mats. Resins include phenolic, melamine, silicone,
epoxy, and polyester. There are generally two classes of laminates used in the electrical
and electronic industries: copper-clad laminates that are covered with copper foil for use
in printed wiring boards and unclad laminates that are used without foil for insulation.

The National Electrical Manufacturers Association (NEMA) has organized and
maintained standards on the manufacture, testing, and performance of laminated ther-
mosetting products in the form of sheets, rods and tubes. NEMA material descriptions
and the properties of NEMA-type laminates are provided in Appendix E.

The available thicknesses of laminates are a function of the type of resin binder and
the thermal conductivity of the reinforcement. Cotton-based laminates can be molded
up to 10 in. thick, whereas some glass-based grades are limited to 4 in.

Key physical properties are highly influenced by the reinforcing form. Paper-
based laminates have a higher water absorption than do glass fabric-based grades.
Phenolic resin-based grades have higher water absorption than do epoxy resin-based
grades. Izod impact strengths are highest for those laminates based on glass fibers,
and the same is true for flexural strengths. In most applications the dimensional sta-
bility of laminates is important. Laminates may contain considerable internal strain
that can result in deformations called warp and twist.

The electrical strength of laminates is strongly affected by humidity. The electri-
cal strength of paper-based grades decreases dramatically as humidity increases;
sometimes by a factor of eight. That of the glass fiber grades also decreases, but only
slightly. NEMA Laminate Grades G-5, G-7, and G-9 are used in arcing applications
and all excel 180 s in the ASTM D495 arc resistance test.

electric discharge machining Electric discharge machining (EDM) is a metal
working process applicable to mold construction in which controlled electrical
sparking is used to erode the workpiece and form shapes.

electric insulation The term electrical insulation applies to any material that
can retard the flow of electricity. Electrical insulators are used to prevent the passage
or escape of electric current from conductors.

See also dielectric; dielectric properties.

electrocoating Electrocoating is a sophisticated dipping method of coating that
was commercialized in the 1960s to solve severe corrosion problems in the automo-
tive industry. In principle it is similar to electroplating, except that organic coatings,
rather than metals, are deposited on products from an electrolytic bath.
Electrocoating can be either anodic (deposition of coatings on the anode from an
alkaline bath) or cathodic (deposition of coatings on the cathode from an acidic
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bath). The bath is aqueous and contains very little volatile organic solvent. The phe-
nomenon called throwing power causes inaccessible areas to be coated with uniform
film thickness. Electrocoating is gaining a significant share of the primer and one-
coat enamel coating market.

Advantages of electrocoating include environmental acceptability owing to
decreased solvent emissions and increased corrosion protection to inaccessible
areas. It is less labor intensive than other methods, and it produces uniform film
thickness from top to bottom and inside and outside for products with a complex
shape. Disadvantages are the high capital equipment costs and higher material costs,
and more thorough pretreatment is required. Higher operator skills are also required.

electroformed mold An electroformed mold is a mold made by electroplating
metal on the reverse pattern of the cavity. Molten steel may then be sprayed on the
back of the electroformed mold to increase its strength.

electroless and electrolytic-plated plastics
See metallization of plastics; plating.

electromagnetic shielding Electromagnetic shielding (EMS) is the presence of
a conductive, protective encasement around an item of electrical or electronic equip-
ment or some of its components. Electromagnetic shielding is installed to exclude or
reduce electric and/or magnetic flux within or beyond the equipment or one or more
of its elements. EMS is often provided by conductive plastics.

EMS shields equipment that can produce electromagnetic interference (EMI) or
that is affected by it (e.g., computers, television sets, telephones, etc.). Metal hous-
ings provide excellent shielding. However, conductive plastics offer lower part
weight and greater facility of production. Very high conductivities have become
achievable at low loading levels with some conductive metal fillers such as stainless
steel fibers.

electromigration Electromigration is a detrimental effect of uncontrolled, or
migrating, current on a plastic or insulating material. A common example is electro-
migration between conductors on a printed wiring board. This electromigration
allows undesired current flow between adjacent conductors, resulting in permanent
surface deposits called dendrites or trees. These deposits cause deterioration of the
circuit function for which the printed wiring board has been designed.

electronic plastic Electronic plastics are defined as that group of plastic mate-
rials having certain electrical properties, which provide high performance in specif-
ic electronic product applications. This term has come into use in recent years
as plastic suppliers have sought to develop and produce a wide variety of controlled-
property and higher-purity plastics that better meet the requirements of high-
performance and advanced electronic devices, assemblies, and systems. In addition,
military and space agencies have sponsored major programs to achieve specific
improvements in plastics not available in commercial plastics.
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The property improvements sought cover a wide range of electrical and electronic
performance requirements, such as:

¢ lower electrical losses for high-speed circuitry used with advanced semicon-
ductors for high-speed computer systems

e Lower thermomechanical stresses for sensitive semiconductor devices and fine
metallic interconnections in microelectronics

e Lower-thermal-expansion printed circuit boards for fine-featured solder joints
in high-density interconnection circuitry

o Greater resistance to carbon tracking during arcing in high-voltage systems

o Greater resistance to electrical interference effects of electrostatic discharges
(ESD) in electrical and electronic systems

e Improved resin flow control around closely spaced high-density semiconductor
assemblies

e Many more specific property improvements for plastics used in advanced and
high-performance electrical and electronic systems.

Low-electrical-loss plastics are those having reduced dielectric constant and/or
reduced dissipation factor. There is a constant and continuing effort to achieve these
electrical property improvements for high speed circuitry used in high-speed com-
puter systems and electronic data transmission systems, because the speed of elec-
tronic signals is greatly affected by these electrical loss characteristics of plastics.
For instance, the speed of an electronic signal is delayed in a mathematical relation
to the increased dielectric constant of plastics used in the electrical assembly,
whether the plastic is used as a substrate for circuitry interconnections or as a coat-
ing or molding used to cover or encapsulate electrical or electronic devices in the
assembly.

Thus the lower the dielectric constant of the plastic, the greater the signal speed.
Dielectric constant values of plastics are controlled by such parameters as polymer
structure, plastic formulation and additives, polymer purity, and operating tempera-
ture and frequency of the electrical system. Therefore, lowest electrical losses
require not only high-performance plastics, but also achieving the lowest operating
temperature by thermal management techniques and/or use of plastics whose prop-
erties are more stable as operating temperatures rise.

Certain classes of plastics, such as silicones, fluoropolymers, and others, have more
stable electrical properties than many other plastics and polymer structures. In plastics
having less stable electrical and electronic properties, these properties worsen as oper-
ating conditions worsen. For instance, dielectric constant and/or dissipation factor
increase as temperature or humidity increase, with this increase often being dramatic
or even destructive at the glass transition temperature of the plastic. Those property
values are also affected by the frequency of the electrical system. (See also dielectric
constant; dissipation factor.)

High-thermal-conductivity plastics are those that have been formulated to
provide higher thermal conductivity while maintaining good electrical insulating
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properties. This is increasingly critical because of the increasing heat dissipation
requirements of electronic systems. Thermally stable plastics are also important for
the same reason. (See also high-thermal-conductivity plastics; thermally stable
plastics)

electrostatic discharge (ESD) Electrostatic discharge (ESD) is the undesirable
generation of electricity under various conditions, often caused by mechan-
ical movements such as handling of plastic parts or walking on plastic carpets.
Electrostatic discharges can create voltage levels sufficient to be physically and
uncomfortably felt and to damage sensitive electronic components such as semicon-
ductors.

High-resistivity materials such as certain plastics are specifically susceptible to
the generation of ESD. This problematic property of certain plastics is often
improved by incorporating certain conductive additives and fillers called antistats to
the plastic to reduce the resistivity of the plastic material.

See also static electricity; antistatic agent.

electrostatic powder coating
See powder coating.

elongation Elongation is the deformation of a material caused by stretching. It
is a measure of the elasticity or toughness of a material. As a rule of thumb, a rub-
ber with less than 100 percent elongation will usually break if doubled over on itself.

Specifically, elongation is the increase in gauge length of a tension specimen with-
in the elastic limit when it is subjected to a tensile stress. Elongation is usually
expressed in percentage of the original length and is often called percentage elonga-
tion. It is also expressed in units of in./in.

The elongation at break is the elongation recorded at the moment of rupture of a
specimen, also expressed as a percentage of the original length.

embossing Embossing is the process for decorating plastic sheets or molded
products generally with mating dies or rolls that produce a raised design on one side
and a corresponding depressed design on the opposite side of the part. Generally,
embossing is a technique used to create depression of a specific pattern on plastic
film or sheeting. Such embossing, in the form of surface patterns, can be achieved
on molded parts by the treatment of the mold surface with photoengraving or another
secondary process.

Embossing may be applied to continuous rolls of material or to single sheets or
pieces. The design may be raised on one side and the other side remains flat, as in
the embossing of belts, handbag materials, etc. Embossing may also be carried out
by a rotating cylinder, when it is sometimes referred to as calendering. The process
of imprinting or decorating plastics by means of a depressed design is also, although
incorrectly, called embossing. Such a marking is caused by a heated die under
pressure.

See also hot decorating.
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emulsifier An emulsifier is a substance that is surface active and allows two
immiscible liquids to remain intimately mixed and stable. An emulsion is a suspen-
sion of fine droplets of one liquid in another.

Emulsifiers impart stability to an emulsion by lowering the interfacial tension
between the two immiscible liquids that make up the emulsion (one dispersed in the
other in the form of droplets). In the plastics industry emulsifiers are used with any
product that is in the form of an emulsion, or they can be used in the emulsion poly-
merization of various polymers.

Although small amounts are used, emulsifiers that act as surface-active agents or
surfactants can have a significant effect on the surface behavior of the system in
which they are placed. The chemistry of the emulsifying action generally involves
the use of a material that has a molecule, or ion, that contains a hydrophilic group at
one end and a hydrophobic group at the other end.

There are three basic types of emulsifiers: anionic, cationic, and nonionic. Choice
of an emulsifier is dependent on the system to be emulsified, the degree of stability
required, and the end use conditions.

Major suppliers of emulsifying agents include Akzo Chemicals Inc.; Ashland
Chemical Inc.; Dow Chemical; Du Pont; Emery Group; Mobay Corp.; and Witco Corp.

emulsion polymerization Emulsion polymerization is one of the four basic
methods of producing a polymer: bulk, solution, emulsion, and suspension poly-
merization. If a monomer can be polymerized in a water emulsion, then one can
retain the low viscosity needed for good heat control without the hazards associated
with the handling of solvents. Such a procedure is called emulsion polymerization.
Polyvinylidene fluoride is an example of a polymer that can be produced in this way.

Reactant rates and molecular weights are usually higher with this method than
with mass or solution polymerization. The molecular weight distribution is also
often quite narrow, water is cheaper and less hazardous than solvent, and recovery
steps are not complex. However, ingredients must be added to aid emulsification.
This added contamination and the requirement of a drying step constitute significant
disadvantages for the process.

enamel Enamel is a coating that on hardening has an enameled or glossy face.
The word enamel in the paint industry refers to glossy varnishes with pigments or to
paints of oxide or sulfate pigments mixed with varnish to give a glossy face. They
vary widely in composition, in color and appearance, and in properties. As a class,
enamels are hard and tough and offer good mar and abrasion resistance. They can be
formulated to resist attack by the most commonly encountered chemical agents and
corrosive atmospheres.

Because of their wide range of useful properties, enamels are one of the most
widely used organic finishes in industry and are especially used as household appli-
ance finishes. Enamels are generally baked, which drives off the solvent and fuses the
resin into a uniform vitreous layer. Modified phenol melamine and alkyd melamine
synthetic resins produce tough and resistant enamel coatings. Quick-drying enamels
are cellulose lacquers with pigments.
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encapsulation Encapsulation (also called potting) is a process in which parts,
mainly electronic units or assemblies, are coated with any one of a variety of plastic
materials to provide electrical insulation, resistance to mechanical and thermal shock,
and protection of the part from the effects of moisture and chemical attack. There are
a number of techniques for encapsulation of parts, and because many of them are sim-
ilar to casting, the encapsulation process can be considered an offshoot of the casting
process.

Encapsulation is often performed with resins containing fillers such as mica, alu-
minum oxide, milled glass fibers, and many others. Although epoxies are the resins
most generally used, polyesters, filled and unfilled silicones, urethanes, and polysul-
fides are also used. By the proper choice of fillers it is possible to match expansion
rates of the electronic part and the encapsulant, increase the thermal conductivity of
the part, and considerably upgrade the electrical and mechanical properties of the
assembly.

In some assemblies where a transparent encapsulant is necessary to see the part,
filled materials cannot be used. In these cases a clear elastomeric material, such as
silicone, is normally used. The gel-like structure of the encapsulant then absorbs the
thermal stresses simply by deforming, thus not stressing the electronic component.
When transparent encapsulants are used, the job of locating and replacing a damaged
or defective component is simplified.

The encapsulation operation may be as simple as pouring the filled, catalyzed
resin over the part, or it may be improved by the use of a vacuum to remove all the
air from the component and the resin. The part to be encapsulated is usually placed
in a temporary container, the resin is introduced under vacuum conditions, and the
entire assembly is cured. After curing the container may or may not be removed.

The above technique is usually applied when small quantities of parts and assem-
blies must be encapsulated or for very large parts where automatic equipment may
not be practical. For large quantities of parts (e.g., resistors, capacitors, transistors)
transfer molding is generally used. Current techniques use transfer molding with lig-
uid resins. These resins can be injected at considerably lower pressures than the
molding powders that were formerly used. The advantages of the lower pressures are
that part deformation is reduced, lower clamping pressures are required, and some-
what less expensive tooling may be used. These liquid resins can be one- or two-
component materials. Polyester resins are the materials in widest use, but epoxies,
silicones, and urethanes are also used.

See also transfer molding.

endothermic reaction An endothermic reaction is a reaction in which heat is
absorbed.
engineering plastic Engineering plastics are high-stability, high-performance

thermoplastics that lend themselves to engineering design, for example, gears and
structural members. They have a sufficiently high set of physical properties to be
used in engineered products. In many applications engineering plastics can be con-
sidered as alternatives to metals. These plastics are usually suitable for applications
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up to 125°C, well above the thermal stability of many commercial plastics. The next
higher grade of plastics, so-called high-performance plastics, is usually suitable for
product designs requiring stability above 175°C.

Included in the term engineering plastics are several structural plastics with or
without fillers or reinforcements. The following properties are associated with
“engineering” plastics: (1) high strength-to-weight ratio, (2) retention of mechanical
properties at elevated temperature, (3) low creep, (4) low coefficients of thermal
expansion, (5) good electrical properties, and (6) good chemical resistance.

Generally included under the classification of engineering plastics are:

e Acrylonitrile butadiene styrene
o Acetal

e Acrylic

¢ Fluorocarbon

e Nylon

e Phenoxy

e Polybutylene

e Polyaryl ether

e Polycarbonate

e Polyether (chlorinated)

e Polyether sulfone

e Polyphenylene oxide

e Polysulfone

e Polyimide

e Rigid polyvinyl chloride

e Polyphenylene sulfide

o Thermoplastic urethane elastomers
e Many reinforced plastics

engraved roll coating Engraved roll or gravure coating is a coating process by
which the amount applied to the web is metered by the depth of the overall engraved
pattern on a print roll. This process is frequently modified by interposing a resilient
offset roll between the engraved roll and the web.

Engraved roll coating is a common method of printing on plastic film. The
gravure (also called rotogravure) transfers ink from cells etched or engraved on a
copper- and chrome-plated cylinder to the material being printed. The cylinder
rotates in an ink fountain, and the cells pick up the liquid ink. A doctor blade wipes
excess ink from the roller, leaving ink only in the cells. The low-viscosity liquid inks
used in this process contain a volatile solvent.

Gravure is mainly used when the design requires good continuity of sharp pattern
details and rich color effects. It is a high-speed process; however, it can be expensive
for short runs because of the cost of the cylinders.
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environmental stress cracking Environmental stress cracking (ESC) is the sus-
ceptibility of a thermoplastic article to crack or craze under the influence of certain
chemicals, aging, weather, or other stress. Environmental stress cracking and craz-
ing are significant and frequent modes of failures for plastic products.

Whether a particular substance will act as a stress cracking agent for a particular
polymer depends primarily on their respective chemical natures. For example, many
normally glassy polymers are susceptible to various organic liquids and their vapors,
whereas environmental stress cracking agents for polyethylene include solutions of
surface-active agents.

Several standard ASTM test methods include requirements for environmental
stress cracking. ASTM D1693 is a test for environmental stress cracking ethylene
plastics, ASTM F484 for acrylic plastics, and ASTM F791 for transparent plastics.
ASTM D1939 is a test for environmental stress cracking for extruded or molded
ABS parts, ASTM D2561 for blow-molded polyethylene containers, ASTM D5419
for threaded plastics, and ASTM F1248 for polyethylene pipes.

Environmental stress cracking effects are generally more prevalent in noncrystal-
lizing or amorphous polymers. Semicrystalline polymers can also be affected
through their amorphous regions in particular. In general, environmental stress
cracking effects are more severe at higher temperatures. This is probably assoicated
with the higher mobility of the molecules involved.

epichlorohydrin (ECH, ECO) Epichlorohydrin polyether elastomers are
homopolymers (ECH) and copolymers (ECO): chloromethyloxirane homopolymers
and chloromethyloxirane copolymer with oxirane. Chloromethyl side chains provide
sites for cross-linking.

Epichlorohydrin rubber posseses a blend of the good properties of neoprene and
nitrile. Epichlorohydrins have excellent resistance to swelling when exposed to oils
and fuels; good resistance to acids, alkalis, water, and ozone; and good aging prop-
erties. High chlorine content provides inherent flame retardance, and, as with other
halogenated polymers, flame-retardant enhancers may be added to increase UL 94
flammability rating.

ECH and ECO can be blended with other polymers to increase high- and low-
temperature properties and oil resistance. Modified polyethers have potential use
for new, improved synthetic rubbers. ECH and ECO derivatives, formed by nucle-
ophilic substitution on the chloromethyl side chains, may provide for better
processing.

epoxy—glass
See laminates

epoxy resin Epoxy resins are characterized by the epoxide group (oxirane
rings), which make these resins cross-linkable. The most widely used resins are
diglycidyl ethers of bisphenol A (DGEBA). These are made by reacting epichlorohy-
drin with bisphenol A in the presence of an alkaline catalyst. By controlling the
operating conditions and varying the ratio of the epichlorohydrin to bisphenol A,
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products of different molecular weights can be made. For liquid resins, n (see
Fig. E.1) is normally less than 1; for solid resins, n is 2 or greater. Solids with very
high melting points have n values as high as 20.
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Figure E.1 General chemical structure of epoxy (diglycidyl ether of bisphenol A).

The resins in this group range from low-viscosity liquids to solid resins melting
up to 175°C. Generally the higher the melting point, the less curing agent is needed.
The cured properties of all these resins are similar, but the toughness increases as the
melting point increases. Although most of the DGEBA epoxies are light amber,
transparent, colorless epoxies are available for optical embedments.

The electronic industry demands epoxy resins with minimum ionic contamina-
tion, particularly sodium and chlorine. Most manufacturers supply DGEBA epoxy
with less than 100 ppm ionic contaminants and some with less than 1 ppm chlorine
and sodium.

Chlorinated or brominated bisphenol A is used to produce flame-resistant epoxies.
As the halogen content increases, the viscosity generally increases. Epoxies have
also been synthesized that contain high weight percents of fluorine. They can be
used with silicone amines to yield products with very low moisture pickup, 0.25% at
20°C. These materials are extremely stable on high temperature exposure and during
outdoor weathering.

Epoxy resins based on biphenyl F have some important advantages over the bis
A epoxies. Compared with bis A epoxies, bis F epoxies have a lower room-temper-
ature viscosity; a crystallization time twice as long; better resistance to sulfuric acid,
acetone, and methanol; but at twice the price. The cured epoxy bis F is generally
tougher than bis A epoxy cured with the same curing agent, but it will have a lower
glass transition temperature, (T,).

Another class of epoxy resins is the novolacs, particularly the epoxy cresols 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 functional materials are particularly recommended for transfer molding
powders, electrical laminates, and parts in which superior thermal properties, high
resistance to solvents and chemicals, and high reactivity with hardeners are needed.

The novolacs cure more rapidly than DGEBA resins and have higher exotherms. The
cured novolacs have higher heat deflection temperatures than DGEBA resins. They
have excellent resistance to solvents and chemicals. Novolacs also have excellent elec-
trical properties, which are retained at high service temperatures.

Another group of epoxy resins, the cycloaliphatics, is particularly important when
superior arc track and weathering resistance are necessary requirements. A distin-
guishing feature of cycloaliphatic resins is the location of the epoxy group(s) on a ring
structure rather than on an aliphatic chain. Cycloaliphatics can be produced by the
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peracetic epoxidation of cycle olefins and by the condensation of an acid such as
tetrahydrophthalic anhydride with epichlorohydrin, followed by dehydrohalogenation.

Cycloaliphatic epoxy resins have superior arc-track resistance, good electrical
properties under adverse conditions, good weathering properties, high heat deflec-
tion temperatures, and good color retention. Some members of this group are low in
viscosity and serve as reactive diluents in laminate structures. Properties of these
materials can be modified by blending flexible and rigid resins. Massive castings
have been made with cycloaliphatic epoxies.

Brominated epoxies have all the other characteristics of the resins in the epoxy
family, and in addition they are relatively flame resistant because of the bromine con-
stituents in the molecular structure.
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