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Comparison of Major Plastics

Name of Plastic  Polymer Repeat Unit

Properties Comparisons Typical Uses

Brand Names

Polyethylene (PE) —C—C5

Polypropylene {PP}
- C—C¢
C
Polyvinyt chloride
(PVC) - (|3— Cy
Cl
Polystyrene (PS)
—+—C—C3¢

« Siffness increases .
from LDPE and
LLDPE to HDPE
Strength increases
from LDPE to LLDPE
o HDPE

Resistant to water
and sclvenis

Low melting point

* Inexpensive
Excellent electrical
resistance

* Resisis stress .
cracking

Stronger and stiffer .
than HDPE

Resistant to water and
solverts

» Low cosi

Moderately strong and =
siiff {rigid))

» Often highly filled .
{rigid)
Flexible {plasticized) .
Flame retardant

Low cost .

L] - -
- & & & &

-

-

*

= Stifier than HDPE

= Clear (yellows with age)

¢ Low cost bui not as low  »
as PE

* Brittle

*

Trash bags (LDPE
and LLOPE)

Mitk jugs (HDPE)
Toys (HDPE)

Trash carts (HDPE)
Pipe for natural gas
(HDPE)

Packaging films and
containers
Electrical wire
coating

Containers with
integral hinges
Microwave containers
Utility fibers {(woven
bags, ropes,

carpets)

Pipe (rigid and
flexible)

Bottles (flexible)
Toys {flexible)
Packaging film
(flexible)

Car mats, seats
{flexible}
Foamed pads
Hose coating
{flexible)

Cups and other
containers

Toys

Foamed insulation,
cups and other
objects

Yita v.

+ Alathon {DuPont)

= Dowlex (Dow)

+ Escorene {Exxon}

» Hostelen {Hoachst)

» Marlex (Phillips)

+ Petrothene (USI1)

+ Tenite (Eastman)

+ Fortifiex {Solvay}

* Pefrothene {Quantum)

‘s Novapal {Nova)

+ Sclair (Nova)

« Marlex (Phillips)

* Polyfort (Schulman)
* Pro-Fax {(Montefl)

+ Vistalon {Exxon}

+ Vrestolen {Huls)

* Amodur (Rhone-
Poulenc}

« Ensolita (Uniroyal)

+ Fiberloc (Uniroyal}

» Gean {BF Goodrich)

+ Vynide (ICl)

= Vygen {General Tire}

+ Pelaspan {Dow)

« Styrofoam {Dow}

* Dylene (Arcc)

* Dylark (Nova)

* Hunisman EPS
(Huntsman)
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Polyacrylenitrile
{PAN)

ABS

Nylon/polyamide
(PA)

Acetals/

polyoxymethyleng
(POM)

Polyester,
thermoplastic
(PET)

Polycarbonate
(PC)’

.t 0—C—C—0—C—

—~C—C + Easily colored
* Weather resistant
* Reasonably fough

+ Good harrier

C=N

= Tough, impact resistant

+ Strong and stiff

* Wide range of
properties

+ Moderate cost

* Moderataly resistant to
uy

« Stronger than ABS or
PVC

= Tough

+ Slightly water
absorbant

+ Abrasion resistant

PS, PAN, PB

H H O 0

—~N+CHEN—C+CHC5

—+C—O0- * Mechanical properties
compete with nylon

+ Low water absorption

Q + Optically clear
( [ + Strength and stitfness
—Co- slightly less than rylon
n

O C + Optically clear
I | + Tougher than nylon

_&O_C_Oﬁ@_c_@_)_ » Not quite as strong or
l r stiff as nylon

C

*

. &+ » 9

L]

Fibers for sweaters
Fibers as a
precursor to carbon
jibers

Additive in ABS

Housings
{telephones, etc.)
Suitcases

Small household
appliances

Carpet

Ropes

Gears

Cloth (jackets,
parachutes, etc)
Automobite parts

Gears and
mechanical parts,
especially in water
Sliding parts

Soda bottles

Film for cassettes
and videos
Automobile trim
Fibers for carpets
and clothes

High-impact
windows

Impact automobile
parts

Small househald
appliances

+ Barex (BP)
+ Ovlon (DuPont)

+ Cycolac (GE)

* K-resin {Phillips)

* Novodur (Bayer)

* Lustran (Bayet}

* Magnum {Dow)

* Polyman {Schulman)

* Durathan (Bayer)

+ Uliramid (BASF)

» Zytel {DuPont)

* Capron {Allied Signal)
* Celangse (Hoechst)

» Keviar (DuPont)

* Vydene (Monsanto)

* Celcon (Hoschst)
* Delrin {BuPont)
= Uliraform (BASF)

= Kodar (Eastman}
* Rynite (DuPont)
+ Ultragur (BASF)
* Hytrel (DuPont)

+ Impet {Hoechst)
* Mylar (DuPant)

= Dacron (DuPont)

* Lexan (GE)
= Merlon (Bayer)
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Preface

This edition refains the general objectives and format of the previous edition with some
important additions and reorganizations to clarify some topics. The principal objective of
Plastics: Materials and Processing, Second Edition, is to introduce plastics to a broad
cross section of readers who have a need to gain, improve, or refresh their knowledge of
plastics. The book is intended for students of technology, engineering technology, and en-
gineering, and for professionals int the plastics industry {such as technical and nontechni-
cal managers, staff in plastics companies, foremen, and operators). The text emphasizes
the fundamentals of plastics materials and processing, yet it is detailed enough to be a
valuable resource for future reference, This combination of fundamentals and details
makes the book ideal as a textbook for an introductory course in plastics. The instructor
can emphasize those fopics that have special application for the class and can also assign
additional reading to enhance the overall knowledge of the student in the entire field of
plastics technology. The book is also an excellent resource for seminars in plastics tech-
nology, as well as for company courses and personal study.

The book is not, however, a reference for design data and plastic properties. That role
is fulfilled adequately by the several encyclopedias, handbooks of plastics, and computer
databases that are published regularly and therefore can present more up-to-date data.

The text parallels an introductory plastics course taught for many years at Brigham
Young University. (Hence, the text itself, the objectives, problems, and format have been
tried in practice and have been shown to help students succeed.) This is the enly plastics
course available for most of these manufacturing engineering and technology students,
who have reported its value during later work experience in the plastics industry. The text
provides a proper foundation for advanced courses in polymer synthesis, polymer proper-
ties, and plastics processing,

A background and basic understanding of high school or freshman chemistry, physics,
and mathematics is suggested. A few important mathematical formulas are presented and
used to show how the various variables are related, to enable important operational cal-
culations to be made, and to illustrate the mathematical theory of key plastic properties,
Molecular {(chemical) formulas for many of the plastics materials are given, along with an
introduction of basic organic chemistry that provides the reader the necessary background
to readily understand molecular formulas. As the reader gains experience in plastics, these
chemical formulas will serve as valuable references to a deeper understanding of the rela-
tionships among plastic structure, properties, and processing.

Plastics is a category of materials that traditionally includes commercial and engineer-
ing thermoplastics and thermosets. If a broad view of plastics is taken, elastomers and
highly modified natural polymers can also be included, This book takes the broad view, thus
allowing comparisons of similar concepts and principles within all these related materials.
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PREFACE

Plastics are introduced at three levels of focus: (1) the molecular, (2) the micro (poly-
mer chains and crystals), and (3) the macro {physical properties), Through knowledge of
all three levels, readers can understand and predict the properties of the various plastics
and their performance in products. Manufacturing methods for plastics and the changes
in plastics properties that result from manufacturing are also related to the three levels,

Each chapter in the book has an introductory section that describes the major con-
cepts of the chapter. The chapter then expounds the subject in qualitative and limited {no
derivations) quantitative terms. Extensive figures and tables give visual and comparative
understanding to the concepts. At the end of each chapter, a case study highlights in de-
tail some important aspect of the chapter in a specific circumstance. Also at the end of the
chapter is a summary of the major concepts and objectives. Questions then follow to test
the reader’s understanding (rather than mere recollection} of the principles presented in
the chapter. A list of references is provided to assist the student in finding additional ma-
terial on the subject of the chapter.

The learning of plastics is directly connected with the vocabulary of plastics. Not only
are the concepts often expressed in unique terms, but the industry communicates in these
terms, Therefore, terms that have unique meanings in plastics technology are italicized
when they are infroduced in the body of the text and defined briefly when they are used.
Furthermore, all of these new terms are included in the index for easy reference. A valu-
able cost estimating form for injection molding parts is also included in Appendix 1.

Plastics has many highly interrelated topics. Ideally, topics such as molecular interac-
tions, crystallinity, thermal transitions, steric effects, processing methods, and product ap-
plications should all be perceived simultaneously in order to gain the best appreciation of
each. Simultaneous perception is, however, very difficult when the topics are new. This book,
of necessity, presents the material in a linear fashion. However, for best understanding, the
hook should be reexamined in a rapid, overall reading so that the whole picture of plastics
can he appreciated, The structure of the book—with the chapter outlines and summaries,
case studies, questions, and appendix—is intended to assist in gaining that overall view,

New Features

In this new edition, some concepts have been reorganized so that the flow is easier for the
student. For instance, the tooling chapter of the first edition has been distributed into
tooling sections in each of the processing chapters, thus integrating tooling and process-
ing for each process. Similarly, the testing section has been put inte the chapters where
properties of plastics are discussed. The chapter on design has been moved to immediately
follow the chapters on properties, thus giving an immediate example of how the proper-
ties can be used in specific examples.

The second edition has several new charts and ﬁgures, which not only improve on
previous charts but also allow some concepts to be understood in a broader overall view,
often better than was done with text only. A glossary of new terms has been added to each
chapter.

A form (Design Matrix) that can be copied and used for designing new plastic parts has
been added in Appendix 2. A case study in the chapter on design illustrates, in detail, how
to use this form.

Brief characteristics of the major plastics are printed inside the front and back covers
for easy reference and comparison.
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———— CHAPTER ONE

INTRODUCTION TO PLASTICS

CHAPTER OVERVIEW

This chapter examines the following concepts:
Definitions of plastics and polymers
History of plastics

Raw material supply and pricing

Strategic materials

The plastics industry

Uses of plastics in modern society

DEFINITIONS OF PLASTICS AND POLYMERS

Plastics is not a uniformly defined term. Some prefer to define plastics in a relatively nar-
row sense, focusing on specific properties (such as formabhility), Others prefer to define
plastics more broadly, viewing collectively properties, processing, and design characteris-
tics of a group of related materials, This book uses a relatively broad definition, with the
objective of assisting the reader to appreciate the fundamental similarities between a large
group of related materials.

Plastics are materials composed principally of large molecules (polymers)
that are synthetically made or, if naturally occurring, are highly modified. This
definition of plastics can be fllustrated in a systematic classification diagram, as shown in
Figure 1.1. In addition to their similar nature as synthetic polymers, all plastic materi-
als have the property that at some stage, they have been or can be readily
formed or molded into a useful shape. (The word plastic comes from the Greek plas-
tikos, which means to form or moid.}

As Figure 1.1 shows, all materials can be classified as gases, simple liguids, or solids,
with the realization that most materials can be converted from one state to another
through heating or cooling. If only materials that are solids at normal temperatures are
examined, three major types of materials are encountered: metals, polymers, and ceram-
ics. The polymer materials can be further divided into synthetic polymers and natural

1
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CHAPTER ONE

All Materials

Simple
Liguids

Solids

Polymers
{Poltymeric Molecules)

i

Gases

Metals Ceramics

Synthetic (e.g.. wood, leather, cotton, | Natural ’
Polymers natural rubber, hair, skin) Polymers

- - l I ¥ - T -
- Do not oceur Occur naturally but | Modified ™
i naturally made by non- Natoral i
natural process 4

1 E :
Seg, nylon, polyester, polyethylene) {e.g., celluloid or ceflophane) ,/
~ {e.g.. synthetic rubber) -

e

PLASTICS
(If shaped or motded)

Figure 1.1 Diagram illustrating the definition of plastics.

polymers. Most synthetic polymers are those that de not occur naturally and are repre-
sented by materials such as nylon, polyethylene, and polyester. Some synthetic polymers
could be manufactured copies of naturally occurring materials (such as synthetic rubber)
ot even natural pelymers that have been so radically modified that they no longer possess
the general properties of the original natural polymer, such as celluloid or cellophane,
which are derived from cellulose. Therefore, natural rubber is not a plastic but is consid-
ered as a reference material in the chapter on elastomers. (Some narrow definitions of
plastics exclude all elastomers from the plastics group.) Hence, by our definition, plastics
include all non-naturally occurring polymers, all synthetic elastomers, and all
highly medified natural polymers, as shown in the circled area within Figure 1.1.

Definition of Polymers

A detailed explanation of polymers is given in the chapter on the molecular nature of mate-
rials. However, a simple understanding of polymers can be gained by imagining them to be
like a chain or, perhaps, a string of pearls where the individual pearls represent small mol-
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Introduction to Plastics 3

ecules that are chemically bonded together, Therefore, a polymer is a molecule made
up of smalley molecules that are joined together by chemical bonds, The word
polymer means many parts or units. The parts or units are the small molecules that com-
bine, The result of the combination is, of course, a chainlike molecule {polymer). Usually
the polymer chains are long, often consisting of hundreds of units, but polymers consisting
of only a few units linked together are also known and can be commercially valuable.

All molecuies, whether the small type or the large type that result when particular
smali molecules join together, are made up of atoms {such as carbon, hydrogen, oxygen,
or nitrogen), When any small molecule is formed, the atoms join together info a specific
arrangement that is characteristic of the particular molecule, The types of atoms and their
arrangement determine the properties of the molecule. For instance, the small molecule
called methane (natural gas) always has one carbon and four hydrogens, which are
arranged in a tetrahedral (pyramid) shape. Another small molecule, ethylene, is a gas de-
rived from petroleum that always has two carbons and four hydrogens arranged so that
two hydrogens are connected to each carbon and the carbons are also linked to one an-
other in a planar arrangement. Ethylene is one type of small molecule that can be com-
bined into very long chains to make polymers (polymeric molecules), whereas methane
cannot be readily combined to form polymers. Plainly ethylene and methane are different
small molecules and have different chemical properties.

Therefore, the chemical properties of a molecule determine the types of reactions into
which the molecule can enter. In the example of ethylene and methane, the ethylene is
more chemically reactive under the conditions needed to form polymers, The reasons for
this chemical reactivity and the nature of the chemical reactions that take place are a
major study of chemists and are beyond the scope of this book, However, some specific ex-
amples are given in the chapter on the molecular {chemical} nature of polymers, espe-
cially concerning the reactions that take place when small molecules combine to form
polymers. For now, the polymer-forming process can be understood in general terms by
examining Figure 1.2, where the combining of small molecules to create a polymer is de-
picted. Note that each small molecule has two reactive forces, thus allowing each small
molecule to be bonded to two others and a long chain to be formed.

The chains formed are called polymers, or polymeric molecules, Another term that is
widely applied to polymeric molecules is macromolecules (from the Greek makros, mean-
ing long or large). The chains become new molecules with properties that are different
from those of the original small molecules, even though the individual units might all be
the same. These molecular chains can be short, in which case the molecule is likely to be
a liguid at room temperature, These short molecular chains are sometimes called
oligomers. An example of a short-chain molecule would be cooking oil. Long-chain mole-
cules are usually solids or viscous liquids. When the chains are fong, often containing
thousands of units, the polymer could be a plastic {(provided other definitional conditions
are met) and might be called a giant molecule, All plastics are giant molecules, although
some giant molecules are naturally occurring and are not, therefore, plastics by the defi-
nition used in this book. :

Chemical reactions are usually represented as two or three molecules reacting to-
gether to form a single, or perhaps a few, new molecules. In reality, a very large number
of identical molecules react to form a great number of identical, new molecules. When
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Figure 1.2 lllustration of small molecules combined into a polymer chain.

many molecules of the same type are combined together, the properties that are usually
measured are for the large collection of molecules. These properties are called collective
ot bull properties of the material. The bulk properties are determined by both the mole-
cular properties (properties that depend upon the molecular nature of the material—such
as chemical reactivity) and the collective properties {properties that depend upon the in-
teraction of the molecules—such as crystal formation). Subsequent chapters examine
both the molecular and bulk properties of plastics because understanding many properties
of plastics, such as mechanical strength, melting point, and solvent reactivity, depends
upon understanding both the molecular and the bulk nature of plastic materials.
Another term that is often associated with polymers and plastics is resin. Although no
definitton for resin is universally accepted, a convenient definition is: a resin is a poly-
mer that has not yet been formed into its final useful shape. When initially made,
polymers are usually viscous liquids or, if solid, are granules (powders) or flakes. In some
cases the granules or flakes are formed into some intermediate shape (such as small pellets),
but these can also be called resins because they are later formed into a shaped plastic part.
Because of this close connection between the terms resins, plastics, and polymers,
these terms are sometimes used interchangeably, although correctly used there are differ-
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ences, To summarize: polymers are any material made up of molecular chains; plastics are
synthetic, [ong-chain polymers that can be or have been shaped; and resins are solids or
liquids that are subsequently shaped into a plastic part.

HISTORY OF PLASTICS

The history of humankind's use of polymers and eventual development of plastics has fol-

lowed a general pattern of events,

1. Discovery of the pelymer, (This usually implies a naturally occurring polymer, but some
discoveries of synthetic polymers were made in the laboratory unintentionally.)

2, Use of the polymer. (The early applications were usuaily based upon the obvious prop-
erties of the polymer and required little modification of the material.}

3. Realization of deficiencies of the material and attempts at modification, usually by
trial and error.

4. Investigation of the properties of the material and development of a conceptual view
or model of the material’s basic nature. (This step may take many years.)

5. Systematic modification or synthesis of materials that might mimic the properties of
the natural polymer or, in latter cases, development of synthetic materials that do not
have natural analogues but have useful properties in their own right.

A time summary of the history of plastics is given in Table 1.1,

Since the beginning of history, people have benefited from naturally occurring pely-
mers. These polymers have provided the raw materials for satisfying basic needs such as
clothing {cotton, wool, sill, flax, fur}, shelter {(lumber, asphalt), and food (starch, protein)
and many higher needs such as communication (papyrus, wood pulp), music (strings,
dfues, reeds, lacquers), decoration {amber), defense and war (arrows, spears, bows), and
recreation (rubber). Most of these polymers could be used with only minor modifications,
such as weaving the wool or cutting and shaping of wood.

Ancient people found that some natural polymers could be made more useful by mak-
ing slightly greater changes to the polymer material. For instance, the flax plant could be
beaten with rocks or between rollers to crush the cell structure and allow the long fibers to
be separated from the rest of the plant. These long flax fibers were then woven into linen
cloth. Even when more extensive modifications were made in a natural polymer, such as the
soaking of hides in tannic acid (tanning of leather)} to prevent hardening when they dried,
little change was made to the resultant material except cutting, shaping, sewing, and other
changes in physical shape. Many of these polymers are still important today.

Although most of these natural materials would not be considered plastics (they are
not synthetic), some natural materials were molded in ways similar to modern plastics.
For instance, the sap or resin from resinous trees like pines and firs was found te harden
if feft to stand in the air and could therefore be placed into a mold of some desired shape
and allowed to solidify, The solid part could he removed and it would retain the shape of
the mold. Jewelry, amulets, and idols were made by this method. The modern term resin
comes from this tree-sap analogy. -

An ancient natural polymer used in plasticlike processes is lac, which is a resin from cey-
tain shrubs that forms the basis of shellac or lacquer. The use of lac as a wood coating mater-
ial was known and reported in about 1000 B.c. and was described in detail by explorers to India
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Table 1.1 History of Plastics
Year Event

Pre-1800 People discovered and used natural polymers (examples: wool, cotton, leather, wood, silk,
flax, lacquers, rubber) with little modification of the polymer.

1839 Charles Goodyear discovered the process for vulcanizing natural rubber,

1868 Caliuloid was invented by John Weslsy MHyatt. This is considered to be the first plastic,
because it was made by substantially modifyihg a natural pelymer and then molding the
resulting material into new shapes.

1877 Fredrich Kekulé proposed the chain model for polymers.

1893 Emil Fischer and Hermann Leuchs proposed a chain structure for cellulose and then
synthesized the molecule, thus confirming their proposed structure.

1909 Leo Baekeland announced the invention of phenolic resin, the first polymer made from purely
synthetic maferials.

1924 The polymer chain structure for synthetic polymers was proposed by Herman Staudinger.

19251940 Several polymers made by the addition polymerization method were introduced (examples:
PVYC, PMMA, PS, PE, PVAc, PAN, SAN}.

1934 Nyion and the condensation polymerization process were invented by Wallace Carothers.

1940-1950 Several polymers made by the condensation polymerization method were introduced
{examples: PET, unsaturated potyester).

1950-1955 Low-pressure catalysts were developed by K. Ziegler and G. Natta.

1955~-1970 Many polymers made by a variety of methods were introduced (examples: PC, silicones,

) PPO, acetal, epoxy/polyurethans).

1955-1970 Composite materials were developed using synthetic resins and strong, stiff reinforcements
such as fiberglass, carben fiber, and aramid fibers.

1970-1990 Production and development of new manufacturing methods for plastic parts were expanded,
resulting in lower prices, improved quality, and applications where other materials, such as
wood and metal, had previously been used.

19802000 Resins with sophisticated structures were developed, giving special properties such as high
thermal resistance, low flammability, light sensitivity, electrical conductivity, biodegradability,
and biocompatibility.

19902000 Several new catalysts that significantly improved the properties of many resins were

developed, thus further expanding the capabilities of plastics.

in the sixteenth century. Modern paints employ the same basic principles of drying from a sol-
vent base as did ancient lac.

Natural rubber is another polymer that was described by sixteenth-century explorers.
The natives of Central and South America had found that by coagulating the latex sap
from certain trees, a flexible, bouncy material was produced. In 1839, Charles Goodyear
discovered that natural rubber heated with sulphur retained its elasticity over a wider
range of temperatures than the raw rubber and that it had greater vesistance to solvents.
This process came to be called sricanization. If very large amounts of sulphur were added,
the rubber stiffened significantly. This material is known as hard rubber. Later, others
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extracted several materials from natural rubber and characterized these, eventually break-
ing down the rubber into its basic chemical constituents. These were then recombined
and, in 1897, an elastic, rubberlike material was synthesized, Hence, in the case of natural
rubber, the steps in the pattern of polymer discovery—use, characterization, modification,
and synthesis—were followed, Natural rubber is not strictly considered a plastic, but
highly meodified natural rubber and synthetic rubbers would be plastics.

In the nineteenth century, wood pulp, plant fibers, or cotton fibers {all made of celiulose,
anatural polymer) were treated with nitric acid to form a highly explosive material called gun
cotton or more commonly today, nitrocellulose. It was used as a substitute for gun powder in
both the American Civil War and World War I. If the nitrocellulose had a lower nitrogen con-
tent, it was less explosive and could be treated with camphor to become pliable and moldable.
This material was known as Celluloid. Celluloid was used for early motion picture fitms, wa-
terproofing coatings, combs and other molded items, and making billiard balls (slightly ex-
plosive if impacted very hard). Celluloid, invented in 1868 by John Wesley Hyatt, is considered
to be the first commercial plastic. It was soon discovered that treatment of nitrocellulose with
other acids and solvents resulted in quite different materials that could also be pressed into
films or forced through small holes to form continuous fibers. These became known as cello-
phane and rayon. By the definition of plastics given at the beginning of this chapter, these
highly modified natural polymers are viewed as plastics, that is, polymers that are substan-
tially made (or modified} by synthetic (nonnatural) processes.

Near the end of the nineteenth century and the beginning of the twentieth century,
key postulates on the molecular structure of polymers were made that gave impetus to the
development of new, wholly synthetic polymers. The synthetic fabrications then led to
other, improved or expanded structural postulates. For instance, in 1877, Fredrich Kekulé,
a pioneer in modern organic chemistry, proposed that natural organic substances consist
of very long chains of molecules from which they derive their special properties. In 1893,
Emil Fischer proposed a chain structure for cellulose that was followed shortly thereafter
by the synthesis of a long, linear molecule based on sugar by Hermann Leuchs, an associ-
ate of Fischer. This synthesis confirmed many of the features of the Kekulé and Fischer
structures of natural polymers,

Chemists also began to synthesize and explore the properties of polymers that were
built up from small molecules rather than derived from natural polymers, although the
syntheses were largely done hy trial and ervor. One of the earliest developed (early 1900s)
wholly synthetic polymers was phenolic {(named Bakelite by Leo Bakeland, the inventor).
It was formed by mixing and heating phenol and formaldehyde, two easily obtained, widely
used chemicals. The process resulted in a resin that could be shaped (molded) and then,
with time and elevated temperature, solidified into a hard material with excellent theymal
and electrical insulating capabilities. The material is still used as handles for cooking pans
and electrical switches although other plastics now compete for these applications.
Shortly thereafter other polymers based upon formaldehyde were synthesized, some of
which found use as coatings for paper and wood and are still widely used in kitchen coun-
tertops {Formica®) and for the adhesive in particle board tumber and plywood.

Several other polymers were then found by mixing simple gases under extreme condi-
tions {usually high heat and pressure)} to form powdery solids. This synthesis method is today
called the addition, chain-growth, or free radical polymerization, which are described in

MacNeil Exhibit 2011
Yita v. MacNeil IP, IPR2020-01139

Page 23



CHAPTER ONE

detail in Chapter 2, Polymeric Materials (Molecular Viewpoint). The most common example
of this was the reacting of ethylene gas to form polyethylene. Other polymers made during
this time and by similar processes were polyvinyl chloride (PVC), polystyrene (PS), and poly-
methyl methacrylate (PMMA}. The processes were poorly understood with successful results
often coming enly because of fortuitous accidents., For instance, the discoverers of polyeth-
ylene had great difficulty duplicating their original successful synthesis, After much investi-
gation they discovered that a trace amount of oxygen was necessary for the reaction to pro-
ceed and that in the original experiment a small leak in the apparatus had provided this small
oxygen source. In most of these cases the polymeric natures of the products were not well un-
derstood, despite the early work of Kekulé and Fischer. (Many scientists believed that the solid
products of small molecules were simply smail molecules held tightly together by physical,
not chemical, forces and were structurally different from the naturally occurring polymers.)

The structural model for modexn, wholly synthetic plastics can be traced to the proposed
structure of a polymer by Herman Staudinger in 1924. He proposed that a polymer was a lin-
ear structure consisting of small units held together by normal chemical bonds. This struc-
ture model was disputed by many leading chemists of those days. However, the emergence of
X-ray diffraction and of the ultracentrifuge were key analytical tools that were used to inves-
tigate the structure of polymers and eventually confirmed the Staudinger structure.

This well-defined structural model led to a decision by the DuPont Company in the early
1930s to make a polymer entirely from small molecules with specific, and preconceived,
properties. DuPont hired Wallace Carothers, from Harvard University, to make a material
that had properties similar to natural silk. After several years of experimentation and devel-
opment, the polymer that we now call nylon was created. Even more important, Carothers
developed a new process for making polymers and clarified the supporting molecular struc-
ture model. Within a short time, this knowledge of the nylon polymerization process (called
condensation polymerization or step-wise polymerization} led to the development and un-
derstanding of additional processes for fabricating other polymers by simply varying the
type of small molecules used as the starting materials. These polymerization processes will
be discussed in more detail in the chapter on Polymeric Materials (Molecular Viewpoint),

The combination of good structural models and several polymerization methods (addi-
tion and condensation), coupled with the needs of World War II and the post-war consumer
boom, resulted in rapid developments of many new polymers and hundreds of diverse new
applications for plastics. Polytetrafluoroethylene, or PTFE (Teflon®), was discovered (by ac-
cident) and then synthesized and became an important material for wire insulation, chem-
ical-resistant, and nonstick applications. Other developments in plastics included synthetic
rubber; scratch-resistant, weatherable, transparent plastics for aircraft, buildings, and pack-
aging; lightweight, low-cost, nonflammable, nonwrinkling fibers for clothes, carpets, and
other textile applications; sophisticated coatings and packaging materials for food wrap-
pings and containers as well as paints; unique electrical devices and insulators; and struc-
tural materials for buildings, aircraft, and automobiles. Plastics successfully replaced tradi-
tional materials {such as wood and metal) in many applications, but occasionally with less
than acceptable results before the long-term behavior of the plastic was well understood.
Hence, plastics developed a reputation for being “cheap” and short-lived. In some applica-
tions, however, plastics were indispensable and filled the requirement better than any other
material. An example would be wire insulation, which combined flexibility with the good
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electrical insulative capability of plastics. Improvements in plastics materials and use in
more approprtate applications have largely removed the negative image of plastics.

Catalysts developed by Ziegler and Natta allowed low-cost production of high-density
polyethylene and polypropytene, which began to be produced in large volumes. Investiga-
tions surrounding the use of these catalysts further illuminated the processes of polymer-
ization and the resulting polymeric structure was refined. The concepts of crystallinity in
polymers and the dependence of properties on molecular structure were undeystood at a
much deeper and more meaningful level. These concepts led to other catalysts, improved
processing methods, and stronger, londer-lasting, and less expensive polymers, Some of
these pelymers were new materials, but in some cases new plastic materials were made by
blending or combining previously known polymers.

The combining of plastics with fiber reinforcement materials, usually ceramics or
metals, but occasionally very strong and stiff polymers, provided further advances in prop-
erties available for society, These combinations of materials, called composites, were eas-
ily formable because of the plastic material but were very strong and stiff because of the
reinforcements, Fiberglass-reinforced plastic, carbon fiber epoxy, and carbon-carbon com-
posites are typical examples that have been used extensively in automotive, aerospace, and
sports applications.

Other areas of polymer development include electrically conductive polymers, light-
sensitive polymers, biodegradable plastics, hiocompatible plastics for medical applications,
and devivation of plastic feedstocks from sources other than petroleum, such as coal and
plant materials.

While the developments in plastic materials have been astounding, the developments
in the processing, fabrication, and analysis of plastics have heen equally important. A mul-
titude of plastic-manufacturing methods are now available, each with one or more partic-
ular advantages. These processes allow plastic materials to be shaped inexpensively and ac-
curately while achieving desired functionality or desired material characteristics and
optimize performance. New equipment and new methods are still the subject of extensive
development efforts.

This history of plastics began with people’s use of and curiosity about natural poly-
mers. Improvement of these natural polymers was inevitable, Over time fortuitous events
led to the discovery and characterization of synthetic polymers. Eventually the underlying
concepts of polymer synthesis, structure and properties were so well developed that poly-
miexs could be made to fill specific end-use requirements. Today, the development, char-
acterization, and fabrication of polymers involves chemists, mathematicians, statisticians,
design engineers, and manufacturing engineers, among others. In many cases the tasks of
these experts overlap, which may facilitate the advancement of the field of plastics as the
skill levels required for further advancements continue to increase.

RAW MATERIAL SUPPLY AND PRICING

Although the history of plastics begins with natural polymers, modern plastics are gener-
ally made from small molecules and built up into polymeric chains rather than by con-
verfing existing natural polymers into plastics, The small molecules used to make most
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plastics are derived chiefly from crude oil. (The major exception is plastics based upon the
molecule ethylene where about half of the ethylene is derived from natural gas, although
the rest of the ethylene is from crude oil.) The plastics component of crude oil is approx-
imately 2% of the total volume of crude oil consumed (Figure 1.3). Plastics can also be ob-
tained from coal, trees and other plant products (corn, nut husks, soy, oats, tree sap), as
well as from other naturally occurring materials {fish, animals, algae), although crude oil
is currently the least expensive and most widely used source,

The prices of raw materials for plastics are dependent on the price of oil, but not to the
same extent as fuels, which are the [argest use component of crude oil. Other factors such as
production costs, capacities, and demand generally have a greater influence on costs. For in-
stance, the costs of polyethylene (PE} and polyvinyl chloride (PVC}) are low {approximately
ane-quarter) compared to the costs of polycarbonate (PC) and polyethylene terephthalate
(PET), yet the amount of crude oil contained in all of them is not much different, The differ-
ences in price arise from differences in the processes and, eventually, in the amount of the
plastics produced (price-volume relationship). The process complexity is dependent upon
cost of raw materials, costs of non-petroleum components, costs of equipment, variations and
complexity of the processing conditions, labor, environmental protection costs, and energy
consumed, Table 1,2 gives the prices of various plastics in 1998, showing the high variability

U.8. Petrolenm Consumption, 1988

Transportation
62%

Plastics
2%

Industrial
{excluding plastics)
25%

Residential and
Commercial
11%

Figure 1.3 Plastics as a compenent of petroleum consumption in the United States,
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of prices with a range of $0.38 per pound for polyéthylene to $6.70 per pound for polytetra-
fluoroethylene {(PTFE) and $33.00 per pound for polyetheretherketone (PEEK).
Table 1.2 Prices of Various Plastics (1999)

Plastic Type PE PS PET nylon PC PTFE PEEK
Price ($/pound) 0.38 0.40 0.45 1.30 1.70 86.70 33.00

The pricing pattern for a new plastic material has usually been to sell the new plastic for
uses that place a high value on the properties of the plastic so that high prices can be justified.
As time goes o, the manufacturer of the plastic develops more economical methods of man-
ufacture and the price drops, which allows the development of other uses. Eventually the vol-
ume and market stability warrant the erection of a full-size manufacturing facility rather
than the semiworks or pilot plant that are initially used. The economies of scale and inevitable
competition usually result in a dramatic price reduction for the plastic over the subsequent
few years and then a leveling off of the price as the process and consumption (demand) be-
come stable and the major uses are identified and demonstrated. The long-term price then
hecomes a function of the complexity of the process and the volume (as already discussed).
The price-volume relationship is illustrated in Figure 1.4 for several plastic and nonplastic
materials. The general linearity of the curve in this figure confirms the strong price-volume
dependence of all these materials. The deviations from the line, which are generally small,
confirm that the process complexity is a factor in the price, althoughi it is a secondary factor.

500

200 Cellulosic

30 -

Price, ¢ (U.8)/1b

1 1 L 1 L ®
107 108 10° 1010 101
Production volume, Ib/yr

Figure 1.4 Price-volume relationship for plastics and other selected materials {1998 data).
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STRATEGIC MATERIALS

One consideration often overlooked in the manufacture of materials is the location and
long-term stability of the source of the principal raw material and other critical ingredi-
ents. In times of social unrest (such as wars or economic embargoes) or when the supply
of a material is controlled (such as diamonds or oil}, the availability of the raw materials
may diminish, Alternative starting materials or alternative finished goods must then be
found, especially for applications that are strategic to national goats, Germany, for in-
stance, was cut off from the world’s supply of natural rubber during World War I. Because
rubber was critical to the German goals, a substitute had to be found. The result was syn-
thetic rubber (a plastic), which filled most of the applications previously filled by natural
rubber. In the United States the silk supply was cut off. This was an impetus for the cre-
ation of nylon,

Those times of social instability were also periods that fostered the development of new
uses for existing materials not previously envisioned. Nvlon was designed as a sillc substi-
tute but became widespread as a rope material during WWII, even though hemp, the previ-
ously dominant rope material, was not a major target for the original nylon development.

Because plastics are so ingrained in modern life and fulfill so many critical applications
for national defense and other national goals (in almost every country), the availability of
the raw materials should be examined from a strategic point of view. As already discussed,
the principal raw material for most plastics is oil. That can certainly be a problem raw ma-
terial for most of the world. However, because plastics malke up only a small amount of the
oil consumed, residual oil from old oil fields could be used as an interim source for plastics
in the event normal crude oil supplies were interrupted. Alternate sources of raw materials
such as agricultural products, coal, and natural gas could also be expanded. The major im-
pediments to the use of these alternate sources are raw material cost compared to oil and
the difficulty of converting some of the manufacturing sites for the chemicals to accept the
new raw material feed stocks. Therefore, plastics can usually be made from raw materials
that are generally available, although at a somewhat higher cost to produce,

This situation of relatively stable raw material sources also exists for paper, glass, and
some metals, especially iron and copper. Other metals, such as chrome {used in stainless
steel), are far less available and have fewer alternate materials, and must, therefore, be
stockpiled or otherwise secured for strategic purposes.

PLASTICS INDUSTRY

A diagram of the plastics industry is given in Figure 1.5, with each of the major functions rep-
resented in a box. The interactions between the various functions are illustrated by the ar-
rows. The heavy arrows are the most common paths. Generally these interactions are sales,
and they are made in the directions shown by the arrows, but sometimes the interactions are
simply intercompany transfers when a company has integrated more than one function in-
ternally. The integration of several steps is quite common it the plastics industry,

The resin manufacturers convert chemicals (derived from crude oil, natural gas, coal,
and other sources) into the basic polymer materials. Hence, these processes are called
polymerization processes.
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Figure 1.5 Diagram of the
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These resins, which require further processing to be useful, are generally made in
large, highly integrated manufacturing facilities that resemble oil refineries in their size
and scope. The enormous investments required to build such facilities have resulted gen-
erally in large petrochemical companies becoming resin manufacturers. Some of the most
well-known resin manufacturers are DuPont, ICI, Exxon, Mobil, Hoechst, Shell, BASF, and
Allied Signal, among many others. There are approximately 40 major resin types, with
each resin type differing from all others according to the fundamental chemical nature of
the polymer. Most of the resin types are available from more than one resin manufacturer.
Some of the most common of these resin types are: polyethylene, polypropylene, poly-
styrene, polyvinyl chloride, nylon, pelycarbonate, polyurethane, and polyester,

Most of the processes used to make resins are flow processes that require careful control
over temperature, pressure, flow rate, catalyst, and other associated parameters in order to
obtain the desired properties and to minimize the production of unwanted side products. This
text considers only the most basic concepts in polymerization (in the chapter on polymeric
materials) so that the reader will be able to appreciate the way polymers are made and under-
stand the changes in polymer properties that arise from the polymerization processes. The
emphasis of this book is on the molding of the resins after they have been polymerized,

The resins usually exit from the polymerization reactor in one of three physical forms:
liquids, granules, or flakes. The liquids are roughly the consistency of honey. The granules
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resernble laundry soap powders in texture, size and consistency, The flakes resemble un-
cooked oatmeal or instant potato flakes in texture and size, If sold directly from the reac-
tor, the liquid resins are generally packaged in 5-gallon, 55-galkon, or tank car containers.
The granules and flakes are generally packaged in 50-pound bags, palletized cartons or
gaviords (1,000 pounds}, in hopper trucks, or in rail cars,

In many cases the resin manufacturers send the granules and flakes through one more
process in order to make a more consistent product for later processing and/or to remove
contaminants, especially solvents, that might be present. In this additional processing step
the granules and flakes are converted into pellets that are shaped like small rods about 0.1
inch (2 mmy) in diameter and (.2 inch {4 mm) long. (They are like spaghetti that has been
chopped into very short pieces.) This additional processing step also gives the resin man-
ufacturers an opportunity to adjust the average pellet properties by blending resins of the
same polymer material from different batches. Blending is often much easier than trying
to fine-tune the resin-making operation itself for each of the minor differences in products
that might be offered. Every resin type is available in many varieties, each of which is
made by a slightly different set of polymerization process parameters or by blending of the
materials from different polymerization batches. These varieties differ slightly from each
other in physical properties but are similar in overall properties within each resin type.
Minor additives could also be included in the pelletizing step.

Most resins are sold from the resin manufacturers directly to the molders. If a molder
does not buy in large enough quantities to be supplied directly from the resin manufac-
turer or, perhaps, desires some speciaf services not provided by the resin manufacturers,
the molder might buy from a resin distributor, who typically buys in large quantities and
then ships in smaller lots. The molder may also need services such as color matching, ad-
dition of processing aids, or grinding. In these cases the molder would buy from a com-
pounder,

The molders convert the resins {liquids, granules, flakes or pellets) into the desired
shapes by using one or more plastic-molding processes. Typical molding processes are ex-
trusion, injection molding, compression molding, and casting. These and other plastic-
meolding processes are discussed in detail in this text.

Molding companies that have plastic parts as their principal products usually have many
plastic processing machines and make parts in large quantities, Typical examples of these
companies are plastic-pipe extruders, injection molders of automotive parts, or plastic-toy
manufacturers,

Other molders are companies whose principal product is something other than a plas-
tic, but in which some plastic part or parts are used. These companies would typically have
only a few plastics processing machines., Examples of this type of company might be a
manufacturer of medical devices that uses special plastic fittings, airplane manufacturers
who use plastic parts within the airplane, or a milk processor who uses plastic milk jugs.

These essentially nonplastics companies may elect to have an outside company do the
molding for them. Such outside companies are called job shops or custom molders, which
typically would have several injection molding machines, often of different sizes, and
would make parts for companies who use these parts as components in their products,
These job shops often provide other services for the companies such as part design assis-
tance, mold making, and, perhaps, some assembly.
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Still other molders make standard-shaped parts that are usually sold to companies
that perform additional shaping operations. These shapers of already-molded parts are
called fabricators. A typical fabricator buys extruded sheet and vacuum forms this sheet
info a finished product, such as a case for same instrument. Another typical fabricator
buys PYC plastic film and laminates the film to cloth. If the fabricators choose to buy in
small quantifies or desire special services, they may also buy from stock parts distributors
that warehouse standard plastic shapes, such as sheets, rods, and blocks.

Molders, fabricators, and stock parts distributors may also transfer their parts to a func-
tion that is concerned with finishing, assembling, or infegrating the plastic part into a larger
assembly, These operations are distinguished from fabricating because they are focused on
mechanical operations such as cutting, bonding, and painting rather than forming from
standard shapes by secondary molding. Finishing, assembling, and integrating are often done
in-house by the molder or fabricator but can be done by companies dedicated to this type of
specialized operation. Companies that use plastic parts in their products and buy the parts
from molders are often involved in this functional step. For instance, furniture companies
will cut and shape foam for use in their products, Likewise, aircraft companies could buy
molded parts and then rivet or otherwise join them to major ¢components of the airplane,

Molders, fabricators, stock parts distributors, and finishers may all sell directly to end
users, but they may sell to some service provider that may perform some finishing step. For
instance, a physician might use epoxy resin and fiberglass to mold a cast for a patient’s bro-
ken arm. A landscaper might bond together components of a sprinkler system, A homeowner
might install a plastic roof on a carport or make repairs to a damaged plastic automobile part.

USES OF PLASTICS IN MODERN SOCIETY

Most consumers have relatively little insight into the characteristics of specific plastics
unless educated by advertising. For instance, many people are unfamiliar with nylon ex-
cept as a textile fiber for hosiery, tents, and carpets. Even then, they generally do not un-
derstand the properties of nylon that make it a good choice for these applications. They
may, however, be more familiar with natural products such as cotion or wool, which
might compete with nylon. Similarly, many consumers classify all plastic materials into a
general category, unaware of the differences in performance that are possible. Such a com-
ment as “Tt broke because it is just plastic” might be typical of such a characterization.
The selection of a material for a particular design is based on careful analysis of engi-
neering properties as they relate to the design function coupled with a consideration for the
manufacturing capabilities and costs of the material. Since plastics are solid materials when
in final use, some characteristics of plastics, as compared to other solid materials, chiefly
metals and ceramics, are listed in Table 1.3, Note that some characteristics can be an ad-
vantage in one application but might be a disadvantage in another application. For instance,
the low melting point of plastics is an important advantage in processing because the mold-
ing can be done at lower temperatures than are commen with the shaping of metals and ce-
ramics. However, this same low melting point also leads to a narrower useful thermal range
because plastics lose many of their beneficial mechanical properties at lower temperatures
than do most metals and ceramics. Therefore, the list of characteristics should be reevalu-
ated for each application, Another caution in interpreting Table 1.3 is that there is much
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diversity within each type of material, which leads to overlaps in properties between plas-
tics, metals, and ceramics. The table gives general properties associated with the type of ma-
terial and is not necessarily representative of all materials in that type. In some applications,
the need for a particular property or properties may be so dominant that other, less desir-
able properties can or ought to be accepted. For instance, even though plastics may wear
out much more rapidly than steel, the high elongation and good recovery of plastics and the
ability to form them into various shapes has led to a preference for plastics (rubber) for au-
tomobile tires, The ride comfort is worth the loss in long-term wear.

Table 1.3 Characteristics of Plastics When Compared to Metals and Ceramics

Characteristic Advantage/Disadvantage
Low melting point Ease of processing/Lower useful thermal range
High elongation Low brittleness/Higher creep and lower yield strengths
Low density Lightweight products/Low structural strength
Low thermal conductivity Good thermal insulation/Dissipates heat poorly
Electrical resistance Good electrical insulation/Doesn’t conduct electticity
Optical clasity (some types) Usefulness as a clear material/Degradation by sunlight
Easily colored Use without painting/Difficult to match colors
Solvent sensitivity Can be applied as a solution/May be affected by solvents
Flammable Waste can be burned/May cause fumes or fire hazard

Plastics are, by their basic nature, capable of being formed. In general, therefore, the
use dictates the form of the plastic part. An infinite variety of forms are achievable, Some
applications have traditionally used standard forms, including sheets, films, rods, tubes
and pipes, fibers, blocks and slabs.

Because plastics are so prevalent in the world today, only a partial list of applications
can be given. Even a complete and comprehensive list of current applications would
quickly be outdated since the application of plastics is such a dynamic segment of indus-
try. The following list is intended to show the breadth of these applications across many
industries and to illustrate some applications that may be little known.

Packaging

»  Wrapping for thousands of different food items. These wraps can be a single plastic or
multitayered films using up to seven different plastics and may be flexible or rigid.

w Bottles and other containers for items such as milk, soda pop, shampoo, medicine, liquid
laundry products, cleaning agents, insecticides, distilled water, microwavable food, motor
oil (often with see-through windows to tell how much is left in the bottle), and blood.
Blister packs for tools and small hardware items.

Trash bags and grocery sacks.

w Shrink wrap for palletized containers, small card-display items, and protective ship-
ping coatings.

s Foam packing for impact-sensitive equipment such as computers, electrical instru-
ments, and furniture.
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Medical

Hip joint replacement parts.

Artificial legs, feet, and arms.

X-ray tables and other items that must be transparent to X rays.
Disposable surgical clothes and instruments,

foundation material for skin grafts.

Eyeglass frames and lenses.

Toothbrushes, combs, and other personal care items.
Dental fillings, bridges, and coatings.

Diagnosis equipment and tools,

Recreational

Boat hulls, masts, kayaks, surfboards, canoes, and sails.
Rackets, golf clubs, poles for vaulting, and oars.

Bobsleds, go-carts, racing cars, dune buggies, and snowmobiles.
Athletic shoes.

Skis, jet skis, ski poles, ski boots, and ski-lift chairs,

Golf ball covers, golf club shafts, and golf club heads.

Bicycle parts, helmets, and pads.

Textiles

Clothing.

Carpets.

Nonwoven fabrics.

Diapers and other disposables.

Fibers used for clothes either by themselves or blended with natural fibers,
Netting for sports (basketball, soccer).

Upholstered fabrics for furniture, draperies, and wall paper material.

Furniture, Appliances, and Housewares

Telephones and other communication equiprnent.
Computer and small appliance cabinets or housings.
Foam cushioning, molded structural parts.
Luggage.

Paint

Floor covernings (carpets, vinyl flooring)

Catheters and other tubes that assist in providing entry to the body’s organs.

17

Artificial hearts, lungs, and other organs and synthetic blood vessels, valves, and

MacNeil Exhibit 2011

Yita v. MacNeil IP, IPR2020-01139

Page 33



18

CHAPTER ONE

Institutional seating.

Components of washers, drvers, refrigerators, table tops, picture frames, clothes ham-
pers, and lawn chairs.

Transportation

Automotive components, including bodies (such as the Corvette), body panels, inte-
rior trim, seats, and engine parts.

Airplane components.

Missiles and rockets.

Train, monorail, and light-rail cars.

Seat covers and dashboard covers,

Truck bed liners.

Gas tanks.

Recreational vehicle interior components.

Industrial

Pipes, valves, and tanks (especially for corrosion protection),
Gears, housings, activation rods,

Adhesives and coatings.

Vibration damping pads.

Electrical circuit boards,

Wire insulation and devices (connectors, plugs, sockets).
Gaskets, sealants.

Entertainment

Musical instruments (guitars, violins, drums).

Stereo and TV components,

Cases for radios, tape players, cassette tapes, and CDs.
VCR tapes and housings,

Toys,

Construction and Home Owner

Moldings.
Sprinklers and pipes.
Countertops.
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Sinks, shower stalls, plumbing fixtures.

Flooring (vinyl and carpeting).

Cups, plates, and storage containers.

Paint.

Protective tarps, tie-down belts, cords, and rope.
Outdoor signs and lighting covers.

Trash containers and other pails, buckets, and tanks.

Plastics have ever-increasing application in our modern world (Photo 1.1). Some new
applications of plastics continue to be replacements for other, more traditional materials
(such as replacement of aluminum sheets by carbon/epoxy composites in airplane struc-
tures), Other applications are possible because of the unique properties of plastics (such
as [ubrication-free bearings}. The possibilities for plastics use seem endless.

Photo 1.1 Molded pilastic
industrial and consumer
parts (Courtesy M. A.
Hanna Company)
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CASE STUDY 1.1

The Development of Nylon

In 1928 the DuPont Company hired a brilliant 32-year-old research chemist, Wallace
Carothers, who had graduated with a Ph.D. from the University of Illinois and then taught
organic chemistry at Illinois and Harvard Universities. DuPont agreed that Carothers
would be given the finest staff and facilities in order to develop a concept that he had been
exploring, He believed that he might be able to create a giant molecule (a large polymer)
by a new technique that involved a series of condensation reactions. (In condensation re-
actions molecules combine together to create larger molecules and a by-product mole-
cule, like water, that condenses out of the reaction like dew condensing out of the atmo-
sphere on a humid evening.) Carothers’ idea was to choose reactant molecules that had
two reactive ends so that each molecule could be chemically connected {bonded) to two
others. If reacted in series and if continued long enough, the result would be a very long
chain made up of the starting molecules all bonded together (a polymer),

DuPont management realized that such a material made up of bonded molecules
would be similar to naturally occurring polymers such as silk. The research objectives for
Carothers were, therefore, to explore the concepts of this new reaction (pure research) but
to keep in mind that the end result should be a usable product, ideally a synthetic silk {ap-
plied research).

The soundness of Carothers’ concept was demonstrated in 1930 when his chief associ-
ate, Dr. Julian Hill, observed that the compound he had been treating in the molecular
still (a device that removed the byproduct and thereby encouraged the condensation reac-
tion to continue) had become tough and semirigid, yet elastic. These were properties long
associated with natural pelymers. The change of the reactants into these polymeric mate-
rials was clear evidence that Carothers’ team was on the right track. Carothers named the
new materials “superpolymers.”

About 2 weeks later, Hill made a second highly important observation. While in-
vestigating the properties of the solid material, Hill found that when melted, the thick,
molasses-like material could he pulled into a fiber shape that was not brittle but was tough
and surprisingly strong. Some of the basic research objectives had been met—a reaction
to make a polymery, the equipment to extend the chain, and a strong, pliable fiber—but the
material still melted at too low a temperature, softened in hot water, and was sensitive to
normal cleaning fluids. Obviously it was not yet a viable substitute for silk, The research
team had been working on a reaction system that made a class of organic chemicals
known as esters. Although these would later become a large and important group of poly-
mers, further research was needed.

Carothers then turned his attention to reactions of molecules containing the organic
chemical group acetylene, He felt that this system could lead to a synthetic rubber, This
work paralleled the work of other chemists and, although many important chemicals
were developed, the synthetic rubber he sought was not formulated. {One of the discov-
eries he made was an oil that had the odor of musk, a highly prized ingredient in per-
fume that was, up to then, obtained only from the rare musk-ox of Asia at almost pro-
hibitive prices.)
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At the urging of his associates, Carothers returned to the concept of a synthetic silk.
He conceived a more practical synthesis route and focused on a different class of organic
chemicals, the amides. On May 23, 1934, another “superpolymer” was synthesized by this
new technique. This time, Carothers himself demonstrated how the “superpolymer” could
be made into a fiber, He drew the hot viscous substance into a syringe and from the nee-
dle squirted a tiny stream of it into the air. The floating stream cooled into a wispy fila-
ment, as fine as those of a spider’s web, The lustrous filament had excellent heat stability,
withstood normal washing and cleaning, and was equal in strength and pliability to silk
and other natural fibers such as cotton and wool, “Here,” said Carothers, walking into the
office of the DuPont chemical director in charge, “is your synthetic textile fiber.”

The DuPont Company began an intensive effort to build an experimental or pilot plant
to produce sufficient quantities of the material so that commercial tests could be run. The
material labeled by Carothers as 66 polymer was selected as the most promising for im-
mediate investigation from the strictly practical standpoint, Eventually the pilot plant pro-
duced the materials and small-scale manufacturing was demonstrated.

On October 27, 1938, almost 11 years after the hiring of Carothers, DuPent publicly
announced the development of “a group of new synthetic superpolymers” from which,
among numerous applications, textile fibers could be spun of a strength-elasticity factor
surpassing that of cotton, linen, wool, vayon, or silk,

This new group of synthetic materials based on amide reactions was given the name
nylon and quickly captured the imagination of the world. Newspapers hailed the discovery
as “one of the most important in the century of chemistry.” DuPont exhibited nylon stock-
ings at the 1939 World’s Fairs of New York and San Francisco. Nylon hosiery {quickly
dubbed “nylons”) created a sensation when, on May 15, 1940, the first limited quantities
were placed on sale. This began the “nylon riots” and during the next 12 months approx-
imately 64,000,000 pairs of all-nylon hose were bought by American women, with a de-
mand that far exceeded the supply.

Few, if any, major inventions have been so immediately successful as nylon. By the end
of 1941, DuPont had varn plants in operation or being built capable of producing more
than two million miles of nylon yarn daily. By 1941, most of the toothbrushes made in the
United States, half of the hairbrushes, and scores of industrial and household brushes
were being bristled with nylon filaments. Nylon was being used for tennis and badminton
racquet strings, catheters, surgical sutures, fishing lines, musical strings, wire insulation,
hot-melt glues, self-lubricating bearings, and many wartime applications such as para-
chutes and ropes.

Carothers’ sudden death in 1937 cut short a career that might have added many other
contributions. It would be difficult, however, to surpass the contribution he made to plas-
tics technology with the development of nylon,

SUMMARY

Plastics are very large molecules that arve synthetic and can be or have been shaped. This de-
finition generally excludes unmodified or slightly modified natural polymers. If the natural
polymer has been substantially modified, the material can be considered to be a plastic,
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assuming it is formable, {Obviously some arbitrariness or opinion is contained in the as-
signment of sorme materials, but that represents the situation in practice where some peo-
ple and organizations consider some borderline materials to be plastics and others do not.
On most materials, however, widespread agreement exists.)

The history of plastics illustrates the principles of scientific investigation and develop-
ment for materials. The material is first discovered and a use identified. Then some defi-
ciencies are identified and modifications are attempted, usually based on trial and error.
The material is systematically investigated and a basic model for the structure or nature
of the material is developed. The material is then systematically modified or synthesized
based upon the model,

The basic chemicals used to make plastics are generally derived from crude oil, al-
though other sources are also important. The prices of plastics are, therefore, somewhat
dependent upon the price of crude oil.

The plastics industry has three major functions and several minor functions that are
fulfilled by thousands of companies. The most basic function is resin manufacture. The
resins are transferred to molders who use plastics processing methods to shape or mold
the plastic into desired forms, Often, the plastic part is then transferred to a finisher, as-
sembler, or integrator who makes mechanical changes to the plastic part or combines the
plastic part with other parts to make up an assembly or the total product.

Plastics have a wide variety of applications in modern society. The applications touch
almost every facet of our lives, and have become virtually indispensable, often without our
being aware that a plastic part has been used. The versatility and moldability of plastics
suggest that the use of plastics will continue to grow.

GLOSSARY

Atom The smallest entity of an element (such as carbon, oxygen, nitrogen, hydrogen),

Bulk or collective properties Material properties that are characteristic of the mate-
rial when a large amount of the material is present.

Chemical properties Material properties that depend upon the chemical nature or re-
activity of the molecule,

Compounder A processor of plastic resins who adds minor constituents (such as color)
to the plastic and then resells it.

Custom molder A plasiics manufacturer whao will do molding for other manufacturers
on a contract basis.

Fabricator A finisher of moided plastic parts, often performing some finishing, assem-
bling, integrating, or decorating of the plastic.

Job shop Another name for a custom molder.

Molecule Groups of atoms joined together into specific arrangements that impart cer-
tain properties to the group,

Natural pelymers Those polymers that occur in nature and are, therefore, not synthetic.

Oligomer A relatively short-chain polymer.

Pelletizing process The manufacturing step that converts raw polymer material into
small pellets, often used to purify or add materials to the raw polymer.
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Plastic Materials composed principally of very large molecules (polymers) that are syn-
thetically made o, if naturally eccurring, are highly modified.

Polymer A long molecule made up of many smaller molecules that are joined together
by chemical bonds,

Polymerization process The chemical reaction process that converts small molecules
into polymers,

Resin A polymer that has not yet been formed into its final useful shape.

Resin distributor A company that buys resin in large quantities and resells in smaller
quantities.

Resin manufacturer A company, usually very large, that conducts polymerization
processes and therefore makes polymer resins.

Stock parts distributor A company that warehouses plastic parts already formed into
simple shapes such as sheets, rods, and tubes.

Synthetic polymers Those polymers that do not occur naturally and are, therefore,
manufactured; they may also include those natural polymers that are highly modified.

Vulcanization The process of adding sulphur to natural rubber while heating the
batch, thus resuling in improved properties in the rubber; a cross-linking reaction.

QUESTIONS

1. What are the three necessary and sufficient criteria that must be satisfied by all plas-
tics materials?

2. What is a resin?

3. Identify and describe the forms of plastic resins,

4. TIdentify gun cotton and indicate why it is important in the development of modern
plastics.

5. What is the first modern plastic that was synthesized with a specific set of properties
in mind, who sponsored the work, and when was it done?

6. Give several reasons for the development and use of plastics.

7. Define the term polymer and relate it to the term plastics.
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———— CHAPTER TWO

POLYMERIC MATERIALS
(MOLECULAR VIEWPOINT)

CHAPTER OVERVIEW

This chapter examines the following concepts:

» Fundamentals of matter (periodic table, electron configuration, atomic properties,
valence)

Bonding (ionic, metallic, covalent, secondary)
Basic concepts in organic chemistry {carbon atom bonding, carbon-carbon molecular
orbitals, functional groups, naming organic compounds)

m Polymers (general concepts)

a  Formation of polymers {addition polymerization, condensation polymerization, com-
parison of addition and condensation polymerization, other polymer[zat:ons
Thermoplastics and thermosets
Copolymers

INTRODUCTION

Although this chapter discusses atoms, molecules, reactions, bonding and other concepts
basic to chemistry, the intent of the chapter is not to teach chemistry but, rather, to give
the fundamental knowledge necessary to understand the basic nature of polymers. That
basic nature of polymers {and therefore plastics) is largely dependent upon the types of
% atoms used to make up the polymers and the ways in which the various atoms are
i@ arranged along the polymer chains, This is called the molecular viewpoint, A larger view
: that considers the effects of clusters of molecules is called the micro viewpoint and will be
considered in Chapter 3, Micro Structures in Polymers. An even larger view, which looks
at the bulk properties without regard to substructures, is explored in the chapter called
Mechanical Properties (Macro Viewpoint).

The reader is urged not to be worried or intimidated when chemical formulas are
used. These formulas are simply pictorial representations of the arrangements of atoms in
molecules where the bonds between the atoms are represented by lines and the atoms are

25
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represented by their chemical symbols, which are the symbois given in the periodic table
of elements. Simple rules are used to create these symbolic representations of molecules,
much like those used to create algebraic formulas using symbols such as +, —, =, and
(). Just as mathematical symbols are the “language” of mathematics, these chermnical
symbols are the “language” of chemistry, Having a basic understanding of this language
will enable the reader to communicate with others in discussing chemistry, polymers, and
plastics and will allow important concepts affecting the properties of plastics to be ex-
plained in an efficient and unambiguous way.

FUNDAMENTALS OF MATTER

Matter is anything that has weight and occupies space. All gases, liquids, and solids are
matter. Heat, light, and electricity, however, are not matter; they are forms of energy, The
conversion of matter (mass} to energy reieases enormous amounts of energy,

Some ancient Greek philosophers maintained that matter was continuous, like energy,
but others believed that matter was composed of small units or building blocks that
were called aforns. Over many centuries the atomic model of matter has fit the experi-
mental data of normal chemical reactions better than the continuous model, The atomic
model, which says that matter is composed of small, discrete particles cailed atoms, has
been adopted by scientists today.

Scientists have found over 100 different types of atoms; about 90 occur naturally and
the remainder are synthetic, that is, manufactured. The atoms have been arranged in a
table that illustrates how these atoms are formed and assists in understanding the prop-
erties of these different atoms. The table is called the periodic table and is shown in
Figure 2.1.

Periodic Table

All material is composed of various combinations of these basic atoms. Chemistry and ma-

terials science are studies of how the atoms are combined and the properties that come

from the various combinations. The potential combination patterns of the atoms are infi-

nitely humerous, but knowledge of some basic fundamentals will lay the foundation re-~
quired for an adequate study of plastic properties.

Materials that consist of only one type of atom are called elements (that is, there are

103 elements in Figure 2.1). Elements are some of the most common materials known,

such as gold, iron, carbon, and helium. Therefore, the periadic table is not only a listing

of the atoms, it is also a listing of the elements. Each element {or atom type) 1s symbol-

ized on the periodic table by the capitalized initial letter of the element’s name, such as H

for hydrogen, O for oxygen, and S for sulphur. To avoid confusion, a second, lowercase let-

ter is sometimes used to distinguish elements beginning with the same letter, such as cal-

y cium {Ca), and chlorine (Cl). Some symbols were derived from the Latin names, such as
- Na for sodium (natrium) and Fe for iren {ferrum).

Atoms were originally thought to be the smailest form of matter. Scientists now real-

ize that atoms are actually compiex structures made up of many smaller subatomic parti-
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Figure 2.1 Periodic table.

cles. The most important of these are protons, neutrons, and electrons, Protons are posi-
tively charged identical particles, neutrons are neutral identical particles, and electrons
negatively charged identical particles. The variations in combinations of protons, neu-
trons, and electrons make up the differences between the atom types.

The most fundamental differences between the atoms are the number of protons and
the arrangement {configuration} of the electrons. Therefore, the periodic table is a se-
quential listing of the atoms according to the number of protons, with grouping of the
atoms to reflect the similarity of electron configurations. The number of protons is shown
on the periodic table as the afomic number, and each element is unique in its atomic
number,

The atomic weight is also shown for each of the elements in the periodic table. The
atomic weight is the average of the number of protons and the number of neutrons. The
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number of protons is Axed for each element, but the number of neutrons can vary, (When
the number of neutrons is different in two atoms, the atoms are called isofopes of one an-
other,) The atomic weight and, therefore, the number of neutrons are relatively unimpor-
tant in determining atomic properties of interest in this text.

The protons and neutrons are bound closely together in a mass that is called the nu-
cleus of the atom. The nucleus of each element is different because the number of protons
in the nucleus of each efement is different, Each nuckeus also has a positive charge, with
the magnitude of the charge depending upon the number of protons, (Each proton is as-
signed an atomic charge of +1.)

The electrons are not part of the nucleus but, rather, are moving rapidly around the
nucleus in what has been called an efecéron cloud. If the number of electrons surround-
ing the nucleus equals the number of protons, the arrangement is neutral in atomic
charge, because the total of positive and negative charges is the same. (Each electron has
a charge of —1.} The neutrons have no charge and so the number of neutrons makes no
difference in determining charge balance. The neutral condition is the situation for each
of the elements as depicted in the periodic table. Hence, as the number of protons in-
creases across the periodic table, the number of electrons in the element also increases in
order to maintain electrical neutrality. (Note that the number of electrons does not
change the atomic weight of the element because electrons are so much lighter than the
protons and neutrons that their mass is neglected in the atomic weight calculation,)

Electron Configuration

The arrangement of the electrons about the nucleus of an atom greatly influences the
chemical and physical properties of the element. This arrangement of electrons is called
the electron configuration of the atom. The electrons are arranged around the nucleus in
electron orbitals, each of which represents the location in space where each electron is
most likely to he found. The electron orbital is, in essence, a representation of the many
pathways that an electron is likely to take when it surrounds the nucleus,

A fundamental vule of nature states that atoms try to be in their lowest-possible en-
ergy state, thus requiring that the electrons always try to take the lowest-possible energy
orbital. Another rule of nature states that only two electrons (which must be paired) can
exist in any single electron orbital, If the atom has more than two electrons (as do all
atoms with atomic numbers greater than helium), the subsequent electrons must go into
different orbitals. These additional orbitals are progressively higher in energy than the
earlier ones. Therefore, as the number of electrons increases in an atom, the energy of the
electrons is progressively higher,

Scientists have determined that the energies of the electrons in all the known ele-
ments can be grouped into seven major energy levels {or shells). These levels correspond
to the seven periods (rows) of the periodic table. The shell with the lowest number is clos-
est to the nucleus and also has the lowest energy.

Scientists have also found that within each of these energy levels the actual electron
orbitals can have four different shapes, depending on somewhat more minor differences in
electron energy. Beginning with the towest energy these electron orbitals are called s, p,
d, and {, The s orbitals are spherical, and the p orbitals are shaped like dumbbells, with the
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s orbital

p, otbital p, orbital p, orbital

Figure 2.2 Electron cloud representations of s and p electron orbitals.

lobes of the dumbbells lying along the x, ¥, and 2 axes. The s, py, p,, and p, orbitals are
represented in Figure 2.2, The shapes of the d and f orbitals are more complicated and are
not represented.

The grouping of the elements into columns reflects the electron vrbital that is being
filled by the last electron in the atom. The first two columns are created when the s or-
bitals are being filled. The six columns on the right of the periodic table reflect the filling
of p orbitals. The ten columns in the middle of the table are for d-orbital filling, and the
two rows at the bottom of the table are formed when the f orbitals are filled.

Atomic Properties

One atomic property that is revealed from the periodic table is chemical stability. All the
elements in the last column (VIIIA in the periodic table) are very stable. They are some-
times referred to as the inert gases. This stability is understood by realizing that the s and
p orbitals are totally filled in each shell when the atoms in this group are reached in the
electron-filling sequence. Independent tests have confirmed that the completion of s and
p orbitals gives a low energy and, therefore, very stable state. This stable configuration is
sometimes called the octet rule because the number of electrons in the s and p orbitals is
eight (2 plus 6).

If completion of the s and p orbitals gives a very stable configuration, then having
seven electrons (one short of the octet) suggests that the element would have a strong
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tendency to attract ancther electron and achieve the stable eight-electron (octet) configu-
ration. This has been found to be true. Fluorine, which is in the next to the last column
(VIIA), is very reactive and will withdraw electrons from other atoms, This tendency to at-
tract electrons is called elecfronegativify. Fluorine has the highest electronegativity of any
element. Chlorine (below fluorine) also has a high electronegativity as would be expected
from the octet rule. Oxygen and nitrogen (in the two columns adjacent to fluorine) also
have high electronegativity because of the combination of their need for only a few elec-
trons (two or three) to complete the octet and their small size (which accentuates the
strong tendency to attract electrons). In general, F, Cl, O, and N are the atoms with the
strongest electronegativity.

All the atoms on the right side of the periodic table lack only a few electrons to com-
plete an octet and therefore generally have a tendency to take on additional electrons.
These atoms are called nonmetals.

As might be expected, having only a few electrons more than the stable octet gives
rise to a tendency of the atom to give up electrons. The atoms with these properties are
found on the left side of the periodic table. Groups 1A and IIA have the strongest tendency
to give up electrons. An atom that has a tendency to give up an electron is called a mefal
The line that separates the metals and nonmetals runs generally along the line {top to bot-
tom) beginning with Si, As, Te, and At.

Those atoms that readily take on or give up electrons are said to have high chemical
reactivities because the changing of the electron configuration of an atom is the essence
of a chemical reaction. Therefore, we can say that when the electron configuration of an
atom is changed by interaction with another atom, the two atoms have entered into a
chemical reaction. The resulting materials are, therefore, chemically different from the
atoms before the efectron change occurred. '

Valence

The ralence of an atom is a number that reflects the number of electrons that an atom
will usualty attract or give up. I the atom attracts one electron, it will have one more neg-
ative charge than the neutral element and the valence will be —1. Fluorine and all of the
group VIIA elements would be an examples of atoms with this valence {—1). Oxvgen and
the other group VIA elements would attract two electrons and would have a valence of -2,
Atoms from the nonmetal side of the periodic chart (the right-hand side} will normally at-
tract electrons and will have negative valences.

Atoms on the metal side of the periodic table {the left-hand side) will normally give up
electrons. For instance, sodium (Na) and the other 1A would have a valence of +1 because
they would give up (lose) an efectron and therefore have one fewer electron than the neu-
tral element, The elements in group IIA, such as calcium (Ca), would lose two electrons
and therefore have a valence of +2, In some cases an element may have more than one
valence because several semistable electron configurations can exist for that element. This
is especially true when the d and f electrons are being added. For example, iren (Fe) can
have both +2 and +3 valences. These atoms are located in the middle of the periodic
table.
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BONDING

Bonding occurs when two or more atoms having appropriate chemical reactivities
come into close proximity resulting in an attraction between the atoms. In energy
terms, the attraction is the result of a lowering of the energy of the system. This phe-
nomenon is illustrated in Figure 2.3. If the atoms are at a large distance from each
other, there is little interaction and the system is neither stable nor unstable. As the
distance between the atoms decreases, the energy begins to decrease and the system
becomes more stable. Eventually the atoms reach an optimal separation which is at the
bottom of the energy curve. This separation is the bond length and the depth of the
energy well is a measure of the bond energy, or the energy that would be needed to
break the bond and separate the atoms completely, If the atoms approach closer than
the bond length, repulsion occurs that leads to an unstable energy condition and the
atoms separate slightly to again achieve the optimum energy condition that exists at
the bond length.

Hence, attractions between atoms or other phenomena that result in lower energies
are likely to cause bonding between atoms. Interactions between the electrons of the var-
ious atoms are the origins of most of the attractions between the atoms and therefore con-
trol the bonding. Several types of electron interactions are known and each gives rise to a
different type of bonding, including ionic bonding, metallic bonding, covalent bonding,
and secondary bonding.

Figure 2.3 Bonding energy as
a function of distance.
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Ionic Bonding

Tonic bonds are formed when an atom that has a strong tendency to give up electrons
(a metal) is in close proximity to an atom that has a strong tendency to accept electrons
{a nonmetal). This nearness of the atoms allows a transfer of one or more electrons
(depending on the valence of the atoms} from the outer electron shell of the metal atom
to the outer electron shell of the nonmetal, This transfer results in both atoms having sta-
ble octet electron configurations, The metal atom will have a positive charge and the non-
metal will have a negative charge. These charged atoms (or any other charged particles),
whether positive or negative, are called ions.

When a large number of these metal and nonmetal ions are grouped together, they
often enter into an arrangement where each of the positive ions is surrounded by negative
ions and vice versa. The initial electron transfer and the resulting arrangement when
many ions are in close proximity are illustrated in Figure 2.4 where sodium (Na) is the
metal and chlorine {Cl) is the nonmetal. The resulting product is symbolized NaCl, com-
mon table salt. This type of highly organized and regular structure is called a crystal.
Crystals are not the only structure that ionic materials may form, but they are common,
especially in ionic materials that are solids. This will be discussed further in the section
on solids, liquids and gases.

Notice that in a crystal the jons have attractive forces (bonds) to all of the surround-
ing ions of different charge. This attraction is much like the attraction between north and
south poles on magnets and is typical of all ionic materials. In general, positively charged
species and negatively charged species of any kind will have this type of attraction. It is
called electrostatic attraction.

Attractive forces

Metal ion Nonmetal ion
Na atom Cl atom '
@ o ()~ o))
¢ 3
I Cl e
&
&

Na+m¢/ Seg \C;ion
Electron was transferred @ @@ @

{a) Formation of a metal {Na*) ion and a nonmetal (b} Many metal {Na*) ions and nonmetal (C1?)
{CI') ion as metal atom and nonmetat atom ions in a crystal structure showing attractive
approach each other forces between oppositely charged ions

Figure 2.4 Jonic bonding and the resulting crystal structure.
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Most solid materials having ionic bonds are called ceramics; typical examples would be
table salt and most rocks. Ceramic structures are usually very stable. This stability is
shown in the high melting point, high strength, and rigidity of ceramics. The high
strength and rigidity are associated with resistance to moving one row of ions relative to
the next. Any movement of one row of a ceramic would cause ions of the same charge to
come close to each other which would vesult in a repulsion. This repulsion would be seen
as a resistance to movement, thereby requiring more energy to be put into the structure
to get it to move.

Metallic Bonding

i Metallic bonding occurs when two metal atoms are in close proximity. In this case both
' atoms have a tendency to give up their electron(s). No transfer of electrons from one atom
to the other atom can occur as was the case in ionic bonding. If bonding is to exist, how-
ever, some change in electron configuration must occur. In this case, since both metal
atoms have a tendency to give up electrons, the energy is lowered in the system when a
releasing of electrons occurs. The number of outer shell electrons released by each
atom is the number that will result in a stable, low-energy electron configuration and is
reflected in the valence of the atom. In metallic bonding the electrons given up by the
atoms (which become positively charged ions) are not accepted by any other atom but are
free to move between all the metal ions. This group of freely moving electrons has been
called the sea of elecfrons and is characteristic of metal bonding. Metal bonding is de-
picted in Figure 2.5. The metal atoms {iron, in the case depicted) approach each other and
give up their electrons when in close proximity, thus forming a sea of electrons.

The initial assumption when contemplating a structure of positively charged ions is
that the metal ions would repel each other and no bonding would occur. However, the

Sea of electrons

6

Metal i mns

Fe atom

e

Electrons {free to move)

() Formation of metal (Fe**) ions and sea of
electrons as metal atoms approach each other

Figure 2.5 Metallic bonding of iron and the resulting crystal structure.

({b) Many mctal (Fc"*) ionsina crystal struciure
surrounded with a sea of ¢lectrons
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electrons are able to cancel the repulsive forces by moving between the positive ions.
Hence, metal ions can also form regular crystal structures, although the forces between
the metallic ions are generally not as strong as are the forces in jonic crystals. The case
! depicted in Figure 2.5 is normal metallic iron, which is written simply as Fe. In this case,
: the +2 valence state of Fe is depicted. In general, materials having metallic bonding are
called metals. The physical properties of metals are somewhat different from ceramics be-
cause of the differences between ionic and mefallic bonding. In metals, generally [ess en-
ergy is required to move the rows of the crystal relative to each other, This freer move-
ment is facilitated by the sea of electrons which reduces the repulsion between positive
ions as they move near each other. Mefals are, therefore, Jess strong and less brittle {more
ductile) than ceramics, all other things being equal. Some metals are known to have
higher strengths than would be anticipated from purely bond energy considerations, This
additional strength is caused by changes at the micro (multiple crystal} level and in the
macro (bulk) fevel. Further investigation of these changes is made in metallurgy and ma-
terials science and is beyond the scope of this text.

It i+ possible for two different metal atoms (such as Fe and Cr) to also form a struc-
ture wimilar to the one depicted. Again, each atom would give up its electrons and form a
positively charged ion. The electrons would form a sea of electrons that would move freely
about the ions. The specific arrangement of the atoms would depend on several factors in-
cluding the size of the ions, their charge, and the relative amounts of each ton, Materials
of this type that are composed of two or more metals are called metallic alloys.

Covalent Bonding

Copalent bonding, the third type of bonding and the type of bonding most important in
plastics, occurs when two nonmetal atoms are in close proximity. In this case both atoms
have a tendency to accept electrons, These tendencies to accept electrons are satisfied for
both atoms by a sharing of electrons between the outer electron shells of the two
atoms. The number of electrons shared is dictated by the need for each of the atoms to
form a stable electron configuration and, usually, to satisfy the octet rule. {Hydrogen is an
exception because its stable configuration is two electrons only.) In most cases of bonding
between nonmetal atoms, a nonmetal atom (especially carbon) will share some electrons
with one atom and simultaneously share other electrons with one or more different non-
metal atoms. Hence, covalent bonds would be formed from one atom to several other
atomns, A sharing of electrons between nonmetal atoms is depicted in Figure 2.6.

Every covalent bond is made up of two electrons. The electrons in the bend
move rapidly around both of the atoms making up the bond rather than being statically
stationed between the atoms. This encirclement holds the atoms together and constitutes
the bonding force between the atoms. In other words, the electrons form a cloud about
the two bonded atoms, In this case (see Figure 2.6) C (carbon) shares its four outer shell
efectrons with four different H {hydrogen) atoms. The resulting structure gives C the re-
quired octet of electrons. H needs only two electrons to reach its stable electron configu-
ration, and that is also accomplished through the sharing, A representation showing the
distribution of the electrons to accomplish this sharing and a representation showing just
the bonds {two electrons per bond) are both given in Figure 2.6,
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L Each H has two

electrons by sharing

Covalent bonds
(shared electrons}

{a) Formation of covalent bonds between nonmetal atoms (one C and for H atoms)

H
H—(C—H
| A___ Bach (~)is a pair of

H shared ¢lectrons

() Representation of the resulting CH, molecule

Figure 2.6 Covalent bonding between one carbon (C) and four hydrogens
{H} to form methane (CH,).

The resulting structure of one carbon (C) and four hydrogens (H) is symbolized CH;
and is called methane. The properties of the new entity, CH,, are substantially different
from the properties of either C or H separately as a result of this covalent bonding. The
new entity, which is composed of two or more atoms, is called a molecule, the smallest en-
tity that contains more than one atom and possesses all of the properties of the combined
unit. The resulting molecule, CHy, is represented as meaning that one carbon and four hy-
drogen atoms combined inte one unit.

Another example of covalent bonding is seen in Figure 2.7. In this case carbon {C)
bonds with two oxygen (O) atoms. In order to obtain its stable octet electron configura-
tion, the C must share two of its electrons with each of the O atoms. The O atoms must
each share two of their electrons with the C as well. Hence, four electrons are shared be-
tween the C and each of the O atoms. Since each two {and only two) electrons constitute
a bond, the four electrons shared by each O and C must result in two covalent bonds. This
bonding pattern is also represented in Figure 2.7. Nonmetal atoms may share two, four,
six, or, in theory, eight electrons to form, respectively, one, two, three, or four covalent
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(a) Formation of covalent bonds between non-metal atoms (O and C)

Slightly positive charge
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(b} Bond representation of the CO, molecule showing polarity of C===( bonds

Figure 2.7 Covalent bonding between cne carbon (C) atom and two
axygen (O} atoms to form carbon dioxide (COy).

bonds. These bonding patterns are logically called single, double, triple, and quadruple
honds.

Because the electrons are shared between atoms, neither of the atoms develops a
charge in the same sense as in fonic and metallic bonding, where the electrons are trans-
ferred rather than shared. Hence, the atoms when in covalent bonds are not called ions.
However, because of differences in electronegativity between the atoms in a covalent bond,
one of the atoms may have a stronger attraction for the electrons than will the other.
When this difference in electronegativity occurs, the electrons are unequally shared and
the electrons spend more time near the atom with the higher electronegativity. This phe-
nomenon produces a bond that has one end slightly negative compared to the other end,
Such a bond is called a polar bond and is depicted in Figure 2,7, where the oxygens are
more electronegative than the carbon and will, therefore, be the negatively charged ends
of the polar bonds. A polar bond is also called a dipole hecause there are two poles, like a
north and a south pole on a magnet.

To symbolize that the charge is of lower magnitude than that developed by the full
transfer of an electron, or in other words that the charge is only partial, the slight posi-
tive charge is represented as a 8™ for the positive end and a &~ for the negative end, rather
than a {7} or a () as was done in ionic and metallic bond representations.

The electronegativities of C and H in Figure 2.6 are almost the same; hence the cova-
lent bonds between them are nonpolar—that is, the shared electrons spend about as much
time near the H as they do near the C,
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Secondary Bonding

Several types of atomic attractions exist that are much weaker than the ionic, metallic,
and covalent bonds that have already been described. These weaker attractions are called
secondary bonds and exist chiefly between molecules, rather than within molecules.
One of the most common of these secondary bonds is Aydrogen bonding which is depicted
in Figure 2.8.

As already explained, some covalent bonds are polar; that is, the density of the electron
cloud is greater around one atom in the bond than around the other atom (because of the
difference in electronegativities of the atoms). This polarity causes one site on the mole-
cule to be somewhat negative and another site on the molecule to be somewhat positive.
For instance, the oxygens in Figure 2.7 are slightly negative and the carbon is slightly pos-
itive. A similar situation is illustrated in Figure 2.8, where the oxygens are negative and
the hydrogens are positive. Note in Figure 2.8 that the negative locations (oxygens) on one
malecule can have an attraction for the positive locations {hydrogens) on another mole-
cule. These attractions between molecules are called hydrogen bonds.

Not all attractions between positive and negative locations on different molecules in-

volve hydrogen atoms, but so many cases do involve hydrogen that all attractions of this
type are called hydrogen bonds. Perhaps a better name would be dipole bonds, but these
types of bonds have been called hydregen bonds for many years and so the name persists.
Remember that these honds can exist only between molecules in which polar covalent
bonds are the primary bonds.
“ Another type of secondary bond is called van der Waals bonding and has been attrib-
4 uted to the attraction that afl molecules have for each other, somewhat like the gravita-
tional attraction that exists between all bodies. The gravitational attraction is dependent
upon the masses of the bodies and the distance between them. Since molecules are so
small, the van der Waals attraction will only occur at very short distances. Even then, it is
quite weak, several times lower in strength than ionic, metallic or covalent bonding and
even lower in strength than hydrogen bonds.

Some scientists have suggested that a third type of secondary bonding occurs. This
third type is called induced dipole bonding and occurs when one end of a polar bond ap-
proaches a nonpolar portion of another molecule, -

Figure 2.8 Hydrogen bonding between
water molecules.
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A momentary and very slight polarity is induced in the nonpolar molecule {CH;) be-
cause of an attraction of the electrons in the vicinity of the H by the negative end of the
polar molecule (COs). This will occur only at extremely short distances.

The effect of all types of secondary bending is to give a slightly lower energy to a sys-
tem of molecules than they would have independently. Hence, the grouped arrangement
is slightly more stable and energy must be added to the system to det the molecules to
separate. This important consideration, that is, the addition of energy to cause clustered
molecules to separate, forms the basis for an understanding of the difference between
solids, liquids, and gases.

Nonbonded Interactions Between Polymers

Secondary bonding can have a major effect in polymer systemns. These bonds are less
strong than covalent bonds but still require energy to be overcome. If one atom in each
polymer were to participate in a secondary bond, the force of attraction would be unde-
tectably small. However, with thousands of atoms all participating, as might occur in long
polymer chains, these secondary forces can become large enough to influence some of the
properties of polymers,

A typical polymer that illustrates this strong secondary bonding is nylon (polyamide);
it is shown in Figure 2.9,

The hydrogen honds in the amide polymer occur in every repeating unit between the
partiafly positive and the partially negative centers. In this case the oxygen (which has a
high electronegativity) shares electrons with the carbon but shares them unequally. The
electrons are around the oxygen more than the carbon, thus making the oxygen slightly
negative and the carbon slightly positive. Likewise, the nitrogen has the electrons for
more time than the hydrogen, making the nitrogen slightly negative and the hydrogen
slightly positive. Therefore, two regions in each amide unit (the oxygen-carbon region and
the nitrogen-hydrogen region) can have hydrogen bonding.

These regions can have an attraction with oppositely charged regions on other poly-
mer molecules, For instance, the negative oxygen atom can form an attraction with a hy-
drogen atom on another molecule.

The number of secondary bonds formed between polymers can he increased and the
overall energy of the system lowered when a polymer folds back and forth, thus bringing
many sections of the polymer into close contact and facilitating the formation of sec-

Figure 2.9 Hydrogen honding @
in polyamide (nylon}.
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ondary bonds. The stable structure formed has some similarities to the regular crystal
structures of metals and ceramics and is therefore called a crystalline region in the poly-
mer. In many polymers the physical shape of the polymer prevents the polymer chains
from getting close encugh to form secondary bonds; thus in these polymers, crystalline
regions are not present. More discussion about these crystalline structures and the types
of polymers that can form crystalline regions is given in later chapters of this book.

In general, the effect of crystalline regions on the properties of polymers is to increase
the melting point of the polymer, because more energy is needed to impart totally free
movement to the polymer. These therwr -! interactions are discussed in the chapter on mi-
crostructures.

Secondary bonding will also increase the strength and the creep resistance of plastic
materials because the molecules require more enerdy to slide relative to each other, These
properties are associated with the input of energy into the polymer mass. When any en-
ergy is input, the tendency for materials to move relative to each other is increased, but
this movement is resisted by the intermolecular attractions. These interactions and other
mechanical properties will be discussed in detail in the chapter on mechanical properties.

Still other intermolecular forces have been identified. One of the most important is
chain entanglement. These entanglements are less dependent on the forces between
atoms than on forces involved with entire molecules. They are also discussed in the chap-
ter on mechanical properties.

BASIC CONCEPTS IN ORGANIC CHEMISTRY

One common scientific view that was prevalent before the age of modern chemistry clas-
sified all materials as either living or nonliving, (Anything that had ever been living or
that was derived from anything that had ever lived was considered part of the living clas-
sification.) These two classifications were called, respectively, organic and inorganic.
Chemists studying organic materials noted that these materials were generally based on
the chemistry of the carbon atom, Because of that connection between organic materials
and carbon atom chemistry, the study of carbon chemistry became known as organic
chemistry. (The study of the chemistry of all the other atoms was called inorganic chem-
istry.} Today, many materials based on carbon are fotally synthetic and may never have
been alive, but they are still studied within the broad category called organic chemistry.

What is so special about the chemistry of carbon that it should be classed separately
from all the other elements in the periodic table? In part, at least, the answer seems to he
tnis: There are so very many compounds of carbon, and their molecules can be so large and
complex. Most plastics are based on carbon and are, therefore, part of organic chemistry,

The number of molecules containing carbon is many times greater than the number
that do not contain carbon. These organic molecules have been divided into families based
upon the arrangement of carbon and other common atoms into various characteristic
grouping patterns. They generally have no counterparts among the inorganic compounds.
Much of organic chemistry is devoted to investigating the reactions of these families of or-
ganic compounds, including the ways the atoms rearrange and combine, and the proper-
ties of the resultant, new organic molecules,
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Carbon Atom Bonding

Carbon has an atomic number of six and therefore has six protons in its nucleus and, in
its elemental state, six electrons surrounding the nucleus. Two of these electrons are in
the first shell and do not enter into normal chemical bonding, The remaining four elec-
trons are in the outer shell and are available for bonding, The electron clouds of the four
outer electrons for atomic carbon were depicted in Figure 2,2. Normally, in elemental
(atomic} carbon, each of the orbitals (s, py, py, p,) would have one electron, Carbon needs
four more electrons to complete its outer shell and obtain the stable octet configuration.
Therefore, carbon will always form four bonds and the valence is four. Because carbon is
a nonmetal and most of the other atoms forming compounds with carbon are also non-
metals, the type of bonding between carbon and these atoms would be covalent, as dis-
cussed previously in this chapter.

The electron configuration of an atom is changed when the atom becomes part of a
molecule. This change occurs because of interactions between the bonding atoms and all
other atoms. The case of carbont bonding to four hydrogens illustrates the type of changes
in atomic orbitals that occur when the atoms bind together in a CHy molecule. This
process is illustrated in Figure 2.10.

In the bonding of the carbon with the four hydrogens, three rules must be satisfied in
order to achieve the [owest-energy, most stable state. These saime rules apply to the bond-
ing of all atoms.

m The number of electrons involved in the bonding must satisfy the octet rule,

s The number of bonds is dictated by the rule that each bond has two electrons.

w Each pair of bonding atoms moves as far away from all other pairs as possible, within
the constraint of maintaining the proper bond distance with the central atom. This
requirement arises from the repulsion that exists between atoms in which the stable
electronic configuration has been satisfied. Spatially this separation can best be done
for the CHy case if the hydrogens move to the corners of a tetrahedron with the car-
bon in the center, This idea is illustrated in Figure 2.10.

As indicated in Figure 2.10, the carbon atom orbitals change shape in order to ac-
commodate the preferred spatial arrangement of the hydrogens. The one s and three p
atomic orhitals change into four new orbitals which are oriented about the carbon so as
to point towards the corners of the tetrahedron, Because these new orbitals were formed
by mixing different atomic orbital types (in this case s orbitals and p orbitals), the new or-
hitals are called Aybrid orbitals. After the molecule has been formed, all of the orhitals in-
volved in banding will be called meolecular orbitals.

The electron configuration about carbon can also be represented with electrons as
dots, as shown in Figure 2.11 for CH, and another organic molecule, CH,Cl.

Both molecules demonstrate how covalent bonds are represented by the electron-dot
methed. In CH5CI (Figure 2.11b) note that a chlorine atom has taken the place of one of
the hydrogens {(that is, one of the four H atoms is replaced by a Cl atom). The chlorine
atom has seven electrons in its outer shell prior to bonding. One of these is used in the
covalent bond while the others continue to surround the chiorine atom. After the covalent
bond is formed between the chiorine and carbon atoms (each atom contributing one elec-
tron to the bond), chlorine will have a total of eight electrons in its outer shell, thus
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After bonding

Orbital
rearrangement Molecular
- orbitals
(a) Atomic orbitals (b) Molecular orbitals
H
H H
H

{c) Tetrahedron representation

Figure 2,10 Carbon atom bonding with four hydrogen atoms to form CH,.

forming a stable configuration with eight electrons in the outer shell. The carbon in
CH;CI also has eight outer shell electrons so it, too, is stable. Thus, the carbon-chlorine
bond is stable when electrons are shared as shown. The electron-dot formulas are some-
what easier to write than the drawings of Figure 2.10, but the spatial orientation is lost.
Both representation systems are commonly used.

H s Cl:

. -« a—covalent bond
H:C:H H:C:H

« - a— govalent bond .

H H

(a) Methane (CH,) (b) Chloromethane (CH,CI)

Figure 2.11 Carbon atoms bound by covalent bonds.
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Many other atoms can combine with carbon in configurations similar to hydrogen
and chlorine to form various molecules. Each atomn has a characteristic bonding pattern
that is dictated by the number of electrons in its outer shell, (The valence of the atom.)
Table 2.1 lists the most common atoms in organic chemistry and the number of bonds
each can form.

Table 2.1 Number of Bonds for Typical Atoms (Important in Plastics}

Atom Number of Bonds (Typically)

C
H
Cl
N
O
Si
F
Br

B N N S P N

Carbon-Carbon Molecular Orbitals

Another key to the large number and complexity of carbon-containing molecules is that
carbon can form bonds with itself. Such a molecule (C;Hy) is illustrated in Figure 2.12a.

In C,Hy (called ethane) the covalent bonds with the hydrogens were formed in the
method that has previously been described for CH, except, in this case, only three hydro-
gens are bonded to each of the carbons. That leaves each of the carbons with only seven
outer shell electrons, One way for the carbons to obtain the stable octet configuration is
for the carbons to bond with each other, The electron-dot representation and the simpler
representation where each pair of electrons is represented by a single line are shown in
Figure 2.12a,

Suppose that a new molecule, C,H,, is made by removing one hydrogen and its elec-
tron from each of the carbon atoms in C,Hg. This action will create two unbonded elec-
trons {called fee radical electrons), as shown in Figure 2.12b. This is an unstable condi-
tion because the carbons no longer have eight outer electrons. The unbonded electrons
must find other electrons with which to bond. One possibility is that the two free radical
electrons, one on each of the carbons, could bond to each other. If that were fo occur, two
bonds between the carbons would result, as illustrated in Figure 2.12¢. The bonding pat-
tern formed between the carbons would then be a double bond. The resulting molecular
formula would be C;H; (called ethene or ethylene). Molecules containing a carbon-carbon
double hond are said to be unsafurated. Molecules with only carbon-carbon single honds
are called safurated.

Although the two bonds in the double bond appear to be near each other and identi-
cal in shape in the simplified drawing of Figure 2,12¢, they are really quite different. This
difference comes about because of the previously discussed rule that bonded atoms must
try to move as far away from each other as possible, while still maintaining the proper
bond distance with the atom to which they are bonded. In the case of C;Hs, only three
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ﬁ H liI Iil H H free radical i A
b W Wb
(a) .Ethane (C,Hg) {b) Unstable configuration
double bond
. ﬁ ﬁ .

AN
b

(c} Ethene or ethylene (C,H,)

Figure 2,12 Bonding in carbon molecules.

atoms are bonded to each of the carbons. Hence, instead of the tetrahedral arrangement
used when four atoms are bonding to the carbon, a flat trigonal arrangement is used
that gives the three atoms bonding to carbon their farthest separation,

The pair of electrons in C;Hy (one on each of the carbons), which form the second
bond hetween the carbons, have not been forced to spatially rearrange by the approach of
a bonding atom. They have retained their atomic orbital configuration. In this case, both
of these electrons were in atomic p orbitals, which are dumbbell-shaped. These two elec-
trons can then form a new bond and create a new molecular orbital by an overlapping of
their orbitals, Such a configuration is illustrated in Figure 2.13.

When two electrons in a molecular orbital are spatially arranged in a cylinder shape
along the axis of the carbons, the electrons make up a sigma (o) bond. This is the type of
bond that is initially formed between the carbons in C;Hj, as shown in Figure 2.13. It is also
the type of bond that is formed between the carbons and the hydrogens in C,H,, although
these are not shown in the figure, and between all of the atoms in CsH,, The other two elec-
trons in the double bond between the carbons are located above and below the axis of the

Figure 2.13 Types of bonding in double bonds (ethylene). pi () bond

sigma {7y bond
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carbon atoms in dumbbell-like lobes which are characteristic of atomic p orbitals. The over-
lap of these p orbitals makes up a new molecular orbital, which is called a pé (x) bond.

The sigma (o) bond is more stable than the pi (1) bond because in the sigma bond the
electrons are held more tightly by the carbon atems. The relative stability of the ¢ and =
bonds is one of the important factors in determining the chemistry of molecules that con-
tain double bonds. Molecules that contain only carbon-carbon single bonds {such as
ethane) and molecules that contain at least one carbon-carbon double bond (such as eth-
ylene) are two examples of functional groups that serve as the hasis of grouping organic
compounds into families of molecules,

Functional Groups

Over the vears, organic chemists have noted certain chemical characteristics associated
with various groups of atoms, called fimctional groups, and have given these groups
names so that whenever they are encountered in a larger molecule, the characteristic
chemistry of the group can be anticipated. The division of organic molecules into families
has been made largely on the basis of these functional groups. The science of organic
chemistry is largely the science of learning how these functional groups are formed and
the characteristic chemistry they exhibit. The most common of these functional groups
are represented in Figure 2,14,

These functional groups can be attached to basic groups of carbon atoms, generally by
replacing one of the hyvdrodens attached to the carbon, to form new molecules, much as
chlorine was attached in CH;Cl illustrated previously. These groups impart characteristic
chemical and physical properties to the new molecule. The chemistry of these groups is
beyond the scope of this text and is covered in textbooks on organic chemistry. Only in a
few cases will the chemistry of a particular group be discussed in this text, and these cases
will be explained in a simple context.

The variety of molecules that can be made from combinations of these functional
groups and various arrangements of molecules can be seen in Figure 2.15. Each molecule
is composed of only 3 carbons with hydrogens and oxygens, but with different arrange-
ments, The properties of these molecules vary greatly because of these arrangement dif-
ferences. For instance, isopropyl alcohol, the first molecule shown in Figure 2.15, is the
chemical commonly used as rubbing alcohol. By simply rearranging the atoms (preserv-
ing the same number of carbons, hydrogens and oxygens), the material becomes
methylethyl ether, which can be used as an anesthetic. By changing the arrangement and
the way that the oxygen is bonded to the carbon, two hydrogens are lost and the material
hecomes acetone, a common solvent used in applications such as fingernail polish re-
mover. Three other rearrangements of the atoms in acetone (keeping the same number of
atoms) result in the formation of methyl acetate {a sweet-smelling chemical used in per-
fumes), propicnaldehyde (a sharp-smelling chemical related to cinnamon), and propanoic
acid {a chemical related to vinegar). These arrangements of three carbons with hydrogens
and oxygens illustrate the many properties that are possible with only minor changes in
the arrangement of the atoms in these various molecules. By adding other atoms, in-
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Figure 2,14 Functional groups in

organic chemistry.
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Name
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acid

ketone

aldehyde

ester

amide
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Figure 2,15 Various molecules
of carbon, hydrogen and oxygen

illustrating the differences in

properties with different atornic

arrangements.

Struciure

i
H H-(lj—H
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H

l
H—(|:— —O0—H
H

|
H—C—

]
(f—O—(lf—H
H H H

Name

Isopropyl alcohol

Methyethyl ether

Acetone

Methyl acetate

Propionaldehyde

Propanoic acid

creasing the number of carbons and making other arrangements of the atoms, a nearly in-
finite number of molecules can be formed.

One group of particular interest that should be discussed in more detail is the aro-
matic group. Two equivalent representations are given in Figure 2.14. The first represen-
tation shows a ring of carbon atoms with three double bonds. The pi () bond electrons
not only overlap with the carbons that share the double bond, they also overlap with the
pi (w} bond electrons in adjoining carbons, allowing these pi electrons to move in a circu-
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lar pattern around the ring, which results in a very stable structure. The second, equiva-
lent, representation of the aromatic molecule eliminates the carbons (they are assumed to
be at the vertices) and shows the electrons as a circle inside the hexagon of carbons.

Molecules that contain the aromatic group are said to be aromatic. Molecules that do
not contain the aromatic ring are called aliphatic. All the organic molecules in Figure
2.14 except those labeled “aromatic” are aliphatic. Hence, carbon-carbon single and dou-
ble bonds, carbon bonded to oxygen, nitrogen, or any other element would be aliphatic.
Only molecules where six carbons are bonded together in a ring structure and the ring has
three double bonds that alternate around the ring would he considered aromatic. If sev-
eral of these aromatic rings are attached to the molecule, it is said to be highly aromatic,
Molecules can, therefore, range from highly aromatic to highly aliphatic, The characteris-
tics of aromatic and aliphatic molecules will be important in the discussions of several key
polymers in subsequent chapters,

Naming Organic Compounds

A detailed discussion of the naming of organic compounds is beyond the scope of this
book. However, some basic concepts will allow the reader to understand the methods used
_in naming polymers, which are derived from the system used to name organic chemistry
compounds,

The basis for the naming system of organic chemistry is to indicate the family of or-
ganic compounds to which a molecule belongs. This family classification is usually de-
pendent upon the functional group that predominates in the chemistry of the molecule,
For instance, the molecule might have an alcohol group, in which case the molecular
name would be alcohol (such as ethyl alcohol). A newer naming system would indicate
that the molecule was an alcohol by ending the root name of the compound in -ol, which
is the suffix for alcohel, such as ethanol. Sadly, neither of the naming systems has been
universally adopted, especially for molecules which were named many years ago.

The second step in naming an organic molecule is to indicate the number of carbons
in the molecule. Prefixes are used for this purpose. The prefixes are given in Table 2.2, The
third step is to indicate the number of functional groups in the molecule. Prefixes are also
used for this purpose. To avoid confusion, the prefixes for indicating the number of car-
bons are different from the prefixes used to indicate the number of functional groups.
(Note that the prefix “mono” is omitted from the name of the compound unless that omis-
sion would cause confusion.)

Table 2.2 Prefixes Used in Naming Organic Chemistry Molecules

Number Counting Carbons Counting Functicnal Groups
1 Meth Mono
2 Eth Di
3 Pro Tri
4 But Tetra
5 Pent Penta
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Some examples may help in understanding the system. Take, for instance, the two
miolecules shown in Figure 2.11. The first molecule (CH) has only ene carbon and so will
have “meth” as the prefix. This molecule has no functional groups and so is assigned to
the alkane family. The name is, therefore, “methane” where the “ane” ending indicates
alkane, The other molecule in this same figure (CH;Cl) is also part of the alkane family
hut in this case one functional group (Cl) is present. Hence, the name of this molecule is
chloromethane.

The molecules in Figure 2.12 also illustrate the basic naming principles, The first mol-
ecule (CsHg) has two carbon atems and will therefore have the prefix “eth.” All of the
bonds are carbon-carbon single bonds and so the molecule is part of the alkane family. The
name is, therefore, ethane, The last molecule in the same figure (C;Hy) also has two cay-
bons and will have the prefix “eth.” However, this molecule has a carbon-carbon double
bond and therefore is part of the ethene family. (Notice that the ending of ethane and
ethene indicate the differences in these families.) The last molecule will thervefore be
named ethene. The older name is ethylene, which is a slightly different name but pre-
serves many of the same characteristics of naming the family type, the number of carbons,
and the number of functional groups.

The science of polymers and plastics utilizes these names for the naming and catego-
rization of polymer materials, It is for this reason that the functional groups and their
names are introduced in this text.

Just as two carbon atoms are bonded together in ethane (C;Hg), three, four or many more
can also bond in a chainlike arrangement, sometimes thousands of atoms long. These long
chains of atoms are called polymers, from the word origin meaning many units or parfs.
The polymers are formed by building them up from many very small units or individual
groups called monomers, meaning single units. A three-dimensional perspective repre-
sentation of monomers built into a polymer chain is illustrated in Figure 2.16.

The number of atormns to which any one atom can bond is determined according to the
rules for stable configurations (four bonds in the case of carbon) as discussed previousty
in this chapter, The proper number of electrons for a stable configuration is shown for
each atom in Figure 2.17a. Although the electron-det notation is important for a basic un-
derstanding of the bonding, this method of representing polymers is somewhat tedious to
write. Therefore, a shorter method (called standard notation), in which only the atoms
and the bonds are shown, is illustrated in Figure 2.17b. It is understood that each dash
represents two bonding electrons and that the number of electrons in the outer shell of
each atom is appropriate for the type of atom considered, although only bonding electrons
are indicated. (Note that each carbon has eight electrons and that between one carbon and
one oxygen there are four electrons, When this occurs, a double bond is formed, just as
with carbon-carbon double bonds.) An even shorter notation system is illustrated in Fig-
ure 2.17c. In this system the hydrogen atoms honded to carbon atoms are eliminated to
permit focusing on the other atoms, which are usually more important in the properties
of the polymer. (Remember, however, that the hydrogens are really still attached; they are
just not shown.)
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Monomer

- o

Polymer

Figure 2.16 Three-dimensional perspective representation of ethylene monomers built
into a polymer chain (polyethylene}.

The parentheses going through the bonds at the ends of the polymer (Figure 2.17¢)
indicate that the atoms shown are only a segment of a much longer polymer chain. The n
is a whole number that represents the number of such units contained in the entire poly-
mer. An important feature of polymers is that the atoms along the polymer chain can bond
both to other atoms along the chain and to atoms off the chain. Those atoms along the
chain are sometimes called the backhone atoms and those off the chain are called pendant

H Pendant atoms .~ "H "~ — Pendant
i 1 greup
H H H o H:C:HHy H H H ¢ H-C-Hgg
S LT N LA
t0:C:C1iC:C:0:C:C Yy -(—0—(|3—CIC\—;|:‘-—~O—(|3 T—}ﬁ
H H H H  Backboneatoms H H
(a} Electron Dot Notation (b) Standard Notation

o C

40— C—C=C—C—0—C—C}
(c) Shorthand Notation

Figure 2.17 Polymer chain showing various notation systems.
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R
+85i—0—8i—0—S8i)5
0O H l
T c ¢ 0
+C—C—0~—C—N—C—C; I
{a} Carbon-based polymer ' {b) Silicon-based polymer

Figure 2.18 Polymers with atoms other than carbon in the chain.

atoms or pendant groups, if several atoms are grouped together, The functional groups
shown in Figure 2.14 can be either pendant groups or part of the backbone chain,

Some polymers can also have atoms along the chain itself which are different from
carbon, although carbon is by far the most common. These noncarben chain atoms can
significantly affect the properties of the polymer. Some polymers with noncarbon atoms
are illustrated in Figure 2.18. The polymer in Figure 2.18a is a carbon-based polymer {that
is, carbon is a principal atom along the chain), but nitrogen and oxygen are also part of
the chain. The polymer illustrated in Figure 2.18b is not based on carbon but rather on
silicon. Although silicon-based polymers have some important applications, the carbon-
based polymers are far more important and are the principal focus of this text. (Silicon-
based polymers are discussed in the chapter on elastomers.)

Just as was discussed previously in the section on the periodic table, whenever two
atoms are bonded which have different electronegativities, the sharing of the electrons
may be unequal, that is, the electrons may spend more time in the vicinity of one atom
than in the vicinity of the other atom, When unequal sharing of electrons occurs, the
bond is a polar bond indicating that it has a positive end (pole} and a negative end (pole),
Another way of expressing this concept is that the covalent bond has some ioric charac-
ter. meaning that the electrons are unequally shared and therefore slightly ionic. The limit
of unequal sharing is, of course, electron transfer from one atom to another, and that
would resuit in ionic bonding, as discussed previously. A gradation in bonding is therefore
possible, from pure covalent to pure ionic. In general, if an appreciable sharing of the elec-
trons exists, as occurs with afl bonds hetween two nonmetal atoms, the bond is covalent.
Polymers consist of covalent bonds, although some polarization (ionic character) often
exists.

For example, in the molecule represented in Figure 2.19, the pendent oxvgen is more
electronegative than the carbon which is double bonded to it and so the oxygen would be
partially negative and the carbon partially positive. (The term partially is used here to in-

Figure 2,12 Polar bonding in polymers. - e
|

‘(—C—C—(%_—CBTNS_—C‘—C—}E
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dicate that the charge is less than would occur if an electron were transferred completely.)
This same carbon is also bonded to an oxygen which is in the chain. The bond between
these two atoms is also polar, again because the oxygen is more electronegative than the
carbon. The polar nitrogen and hydrogen bond is also shown. In this bond the nitroden is
partially negative and the hydrogen is partially positive. Carbon and hydrogen have ap-
proximately the same electronegativity and so C-H bonds are nonpolar.

FORMATION OF POLYMERS

Polymers are formed by causing small units (monomers} to chemically bond together and
build up into long polymeric chains. Two principal methods are used to cause this bond-
ing of monomers to occur: chain-growth polymerization or addition polymerization and
stepwise polymerization or condensation polymerization, Each of these polymerization
methods will be described in detail and then they will be compared and contrasted.

Chain-Growth Polymerization or Addition Pol);merization

The addition polymerization mechanism, sometimes called the chain-reaction mecha-
nism, proceeds by several sequential steps, whose essential features are iflustrated in Fig-
ure 2.20.

The steps for addition polymerization are:

Step 1. introduce the monomer containing a carbon-carbon deuble hond into the re-
action vessel. {The simplest molecule containing a carbon-carbon double bond is ethylene,
which was also depicted in Figure 2.12 and Figure 2,13 and will be used as the example to
depict addition polymerization in Figure 2.20.) A high concentration of monomer is usu-
ally introduced. (Because the monomer is a gas, the concentration is usually increased by
increasing the pressure of the monomer inside the reaction vessel.) Monomers can also be
liquids and solids, although these are less common.

Step 2. Inject an indtiafor (usually a small amount is sufficient) into the reaction ves-
sel such that the initiator mixes with the monomer, An initiator is any material that will
start the polymerization reaction. In the most commeon case, the reaction is started by the
formation of free radicals, that is, molecules that contain an unpaired electron. Peroxide
molecules are commeon initiators for addition polymerization because when heated, they
hreak apart to form free radicals. Peroxide molecules contain two oxygens that are bonded
by a single bond and two organic functional groups that are bonded to each of the oxy-
gens. Heated peroxides break apart at the oxygen-oxygen single bond to form the free rad-
icals. These peroxide free radicals are unstable (because of the unshared electrons) and im-
mediately try to join with some nearby electron to form a covalent bond, {Note that
initiators are sometimes called catalysts. This is an improper use of the term catalyst be-
cause catalysts are not “used up” in the reaction, but initiators are reactants in the poly-
merization process and are used up as the reaction proceeds, Nevertheless, the use of cat-
alyst to describe these initiators is widespread, In this text, however, a distinction between
initiator and catalyst will be made and only when a catalyst meets the strict definition of
not being a reactant will that term be used.)
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Figure 2.20 Addition polymerization steps.
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Step 3. A convenient source of relatively available electrons is the ar-bond in the carbon-
carbon double bond of the monomer. As previously discussed, ar-bond electrons are quite
far removed from the center of the carbon-carbon bond. These electrons are, therefore,
rather loosely held and readily available for interaction with the free radicals. This inter-
action of the peroxide free radical and the +r-bond is illustrated in Figure 2.20a. This step
is sometimes called the initiation step.

Step 4. The peroxide free radical extracts one of the two electrons in the w-bond, thus
breaking the w-bond and forming a new bond connecting the peroxide with one of the car-
bons previously having the ar-bond. The other electron in the w-bond is now unpaired. It
is, therefore, a free radical. This new free radical moves to the other carbon, which previ-
ously had the r-bond. This sequence is shown in Figure 2.20b.

Step 5. This new free radical is also unstable and will try to form a bond. A convenient
source of relatively available electrons is the m-bond of another monomer molecule. (This
is especially true at high monomer concentrations.) This interaction is depicted in Figure
2.20¢.

Step 6. The new free radical extracts an electron from the mr-bond of the new monomer
molecule and forms a new bond which links the atom on the growing chain with the new
monomer atom. The wr-bond in the new monomer is broken by this step and a new free
radical is formed. This sequence results in a lengthening of the chain by the length of the
new monomer (two carbons in this case) and the creation of a reactive site at the distant
end of the chain. This step is referred to as the propagation step. (See Figure 2.20d.)

Step 7. This process of creation of a free radical, attack on a w-bond, formation of a
bond with a new monomer, and creation of a new free radical can continue as long as a
monomer is available to react, provided some other readily available electron source does
not interfere with the process by reacting with the newly formed free radical. The chain
can, therefore, become very long, often growing to several thousand units. The chain
quickly becomes so Tong that the presence of the peroxide on the end becomes insignifi-

cant in the total picture (except for some analytical techniques which.examine the end

groups). At this point, the polymer is usually represented simply by the repeating unit,
that is, by the unit that is added to the chain in each step. This unit is usually the
monomer, but without the w-bond because it has been lost in the polymerization process.
In its place, two bonds have been formed, one on each of the carbons which originally held
the m-bond. This representation is given in Figure 2.20e. The n represents the total num-
ber of units in the chain. The name of the polymer is usually the name of the monomer
preceded by the prefix “poly.”

Step 8. Eventually the polymer chain must be ended, Several reactions can result in
chain termination. One of the simplest is that the carbon free radical meets another free
radical (either peroxide or carbon). In this case the two unpaired {free radical) electrons
join together forming a covalent hond between the two free radicals. If two carbon free
radicals join, the chains will be combined. Another chain termination mechanism is that
the free radical will combine with some other electron-rich molecule, This molecule could
be a contaminant in the reaction vessel or could be a molecule intentionally introduced to
stop (quench) the polymerization reaction. This step is called the termination step and is
the last step in the addition polymerization process.
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: Still another possibility is that the carbon free radical could extract an electron from

! a bond other than a w-bond. This is far less likely to occur because the electrons in other

: bonds are generally much more tightly held. Howevey, it can happen, especially at high

temperatures, where all electrons become excited and more active. When this occurs, the

| most likely place for the free radical to extract another electron would be from a carbon-

| hydregen bond in another polymer chain. Should this happen, a bond between the two

carbon atoms in the two chains would be formed and a hydrogen free radical would be re-

leased. The carbon-carbon bond would result in a connection between the two chains that

would be like two different branches of a chain. This process is, therefore, called dranch-

ing and is illustrated in Figure 2.21. The released hydrogen free radical would be available

. to react with other -bond electrons or for any other reaction common for free radicals,

- It could, for instance, texminate some other chain. Other reactions which result in termi-

;. . nation are also possible. These are, in general, of less importance than those already
discussed. :

Many different monomers can be polymerized by addition polymerization. All of them

must have a carbon-carbon double bond but can have several side chains attached to

! the carbons containing the double bond. Several of the most important are listed in

i Figure 2.22,

Initiation of the addition polymerization reaction can also occur with materials other

than peroxides, Almost any material that forms free radicals or that attracts an electron

! from the ar-bond will work, Both positive and negative ions {charged atoms or molecules)

Figure 2.21 Branching reaction in addition HE H H H
polymerization. [ | | |
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Figur@ 2.22 Common Monomer Polymer
monomers that polymerize using
addition polymerization.
on pelymerizati c=c C—C
Ethylene Polyethylene
c=¢ - ? —Co
C C
Propylene Polypropylene
T e
Cl Cl
Vinyl chloride Polyvinylchloride
CcC=cC +C—C
Styrene Polystyrene
T |
C 2(’3 ~+C— (il ¥
i I
| ]
C C
Methyl methacrylate Polymethylmethacrylate

work in some cases. Ultraviolet light, X rays, and other energy sources can also cause free
radicals to form, either directly with the w-bond or with an intermediate atom (such as
oxygen).

Another important consideration in addition polymerization is the use of a true cata-
lyst. As indicated previously, catalysts are materials that promote the effectiveness of a
chemical reaction but are not consumed in the reaction itself. A typical catalyst for addi-
tion polymerization is a metal, such as titanium, platinum, or various metal-organic mol-
ecule combinations that form a solid surface within the reaction vessel, These metals
attract the growing polymer chain and hold it in a particular orientation, thereby
facilitating the chain-lengthening reaction with the monomer, which is also attracted by
the catalyst. In some cases the holding of the growing polymer in a specific orientation
can permit the formation of polymers with specific orientations of any side groups which
may be attached to the double-bond carbons. A well-known catalyst system of this type is
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y called the Ziegler-Natta catalyst, named after the developers of the system. These catalfysts
(1) promote the polymerization, (2) can permit specific orientation reactions to occur, and
(3) can give the added benefit of initiating the reactions,

Step-Growth Polymerization or Condensation Polymerization

The condensation polymerization mechanism, sometimes called the step-growth poly-
merization mechanism, proceeds by several steps, which are quite different from the steps
involved in addition polymerization. Before considering the specific steps in condensation
polymerization, some concepts regarding the reactions of functional groups (active reac-
. 1 tion sites) should be considered, because these form the basis of condensation polymer-

f ization, The most fundamental of these basic concepts is the reaction between functional

: groups that is illustrated in Figure 2.23.

Each step in a condensation polymerization involves a reaction between dissimilar
functional groups which are part of monomer molecules. These functional groups are
specifically chosen from the many available in erganic chemistry to react in the desired
way and to give the properties desired in the resulting material. (Figure 2.14 lists several
functional groups used to form cominercially important pelymers),

The most common type of reaction to form condensation polymers involves the for-
| mation of a new covalent bond between the functional groups and the simultaneous for-
mation of a small molecule, such as water, which is a by-product of the reaction. (The
joining of two molecules with the formation of a small by-product molecule is called con-

S I
—C—07—-C— + H,O

—€C—0<H+H—0>C— —» / X
alcohol acid new bond ester

{a) Reaction of an alcohol and an acid to make an ester and water

e

|l ] |

-

ackd new bond amide

amine

{b) Reaction of an amine and an acid to make an amide and water

Figure 2.23 Reaction between dissimilar functional groups, which is
the basis of condensation or step-growth polymerization reactions.
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Monomer Name
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I
IT —-C-—C—C—C—C—C —l? hexamethylenediamine
H H
I
hosgene
Cl—Cc—i phoss
H— (l) C|) —H
(lji—C—--C“--C—C—(lZ| adipic acid
0 O '
H— (|) (|) —H
ﬁ —@—ﬁ terephthalic acid
O O
H—O (IZ O0—H
©_(|: _@ bis-phenol A
C

Figure 2.24 Typical molecules having two functional groups, which are,
therefore, bifunctional.

densation and is the process from which the polymerization method takes its name.) For
instance, an alcohol can react with an acid to form an ester with water as the condensate;
or an amine can react with an acid to form an amide, again with water as the by-product,
These reactions are represented in Figure 2,23,

For polymerization to occur each monomer molecule must have two reactive func-
tional groups (otherwise the monomers would react once and then stop, with no chain
being formed). Monomers that have two groups are bifunctional. In most monomers the
reactive sites are on either side of a short chain of carbon atoms. Some typlcal examples
of bifunctional monomers are given in Figure 2.24.

The reactive ends are identical on both ends of each of these monomers which are
therefore called symmetric bifunctional monomers. These are the usual, but not the only

MacNeil Exhibit 2011
Yita v. MacNeil IP, IPR2020-01139

Page 73




58

CHAPTER Two

kind of monomers that can be used for condensation polymerization. (The use of non-
symmetrical monomers will be illustrated in appropriate sections later in this text.)

While the general mechanism for the condensation reaction was represented in Figure
223, a complete step-by-step illustration of a condensation reaction to form a specific
product is useful and is shown in Figure 2.25.

The particular condensation polymerization reaction illustrated is of great historical
and commercial significance. The reaction shown is used to make nylon, which launched
the use of condensation polymerization as a method for making polymers, This reaction
uses two symmetric bifunctional monomers—hexamethylene diamine (a monomer with
two amine groups on either side of six carbons) and adipic acid (a monomer with two acid
groups on either side of four carbons). The resulting material is a polyamide, usually
known as nylon (6/6), where the numerical designation in the name represents the num-
ber of carbons in each monomer; in this case each monomer has six carbons. For sim-
plicity, the hexamethylene diamine monomer will be referred to as “monomer A” and the
adipic acid monomer will be called *monomer B.”

The steps in the condensation polymerization process are as follows:

Step 1. The two different monomers (A and B), each having two active sites, are in-
troduced into the reaction vessel. The materials are heated and vigorously stirred or agi-
tated to facilitate the reaction. (No initiator or catalyst is normally needed in condensation
reactions.)

Step 2. One end of monomer A reacts with one end of monomer B and a new bond is
formed linking the two monomers which begins the polymer chain. A molecule of water
condensate is formed as a by-product, as shown in Figure 2.25a. The reaction occurs be-
cause of the inherent tendency of acids and amines to react. (Reactions of some functional
groups occur without the creation of a by-product molecule, atthough these reactions are
far less common.)

Step 3. The beginning polymer chain has active functional droups on each of its ends.
{This s because both monomers had two active sites before they reacted.} In the case
shown in Figure 2.25, one end of the beginning polymer chain is an amine group and the
other end is an acid group. The amine group can react with one of the adipic acid
monomers (monomey B) and the acid group on the other end can react with one of the
diamine monomers (monomer A). The reaction of the acid end of the beginning polymer
with monomer A is illustrated in Figure 2.25b. In this reaction monomer A is added to the
beginning polymer which extends the chain and forms a longer polymer. Again a molecule
of water is created as a by-product. Note that this reaction step is not dependent upon any
previous reaction step, in contrast to the chain reaction mechanism of addition polymer-
ization. For this reason, this reaction method is called stepwise polymerization. The water
is removed by a special distillation process as the reaction proceeds.

Step 4. The longer polymer chain still has reactive groups at both ends. An amine can
react with the acid meonomer (monomer B) or an acid end can react with an amine
monomer {monomer A) to produce new bonds and add to the chain to create an extended
polymer, as shown in Figure 2.25¢, Water is again made as a by-product. This process of
reaction with an ever longer polymer can proceed until all the monomers have reacted.,
Long polymer chains can be formed but are typically not as long as with addition poly-
merization. Although the actual dimensional length of the chain is very small (because
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Figure 2.26 Condensation reaction steps to form a polyamide (nylon 6/6).
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atoms are so small), it is significant that the material now has thousands of bonded units
and the collection of these units into a polymer-chain has significantly altered the prop-
erties of the material as compared to the original monomers,

Step 5. Not only can monomers react with each other and with growing chains, two
growing chains can react with each other. This would happen if the amine end of one poly-
mer were to encounter and react with the acid end of another polymer. If this happens,
the length of the polymer chain can grow very rapidly because the process joins already
created [ong chains instead of adding a single monomer. Eventually the chains will be-
come so long that further movement enabling the reactive sites on the polymers to come
into close proximity for bonding is no longer possible. The reaction is then terminated
simply by cooling which further reduces the movemnent and slows the tendency of the
functional groups to react. The polymerization reaction can also be terminated by adding
a material that has only one active end. This is called guenching the reaction and is done
after the polymers have reached the desired length. The quenching material is said to
form end-caps.

When the polymer chains become very long, the end groups are relatively unimpor-
tant as far as polymer properties are concerned and the polymers are best represented by
a generalized polymer structure showing the repeat unit, that is, the smallest unit that
reflects the basic structure of the polymer. In the case of a condensation polymer, this re-
peat unit is a combination of the two monomers which were used to form the polymer, as
indicated in Figure 2.25d. These polymers are named by using the prefix “poly” with the
name of the new type of functional group created. For instance, the reaction between an
amine and an acid creates an amide and so the polymers are called polyamides. The name
nylon is just a common name for polyamides.

In some cases the by-product is not water, but it is almost always a small, stable mol-
ecule. An example of a by-product other than water is the reaction between phosgene and
bis-phenol A to form polycarbonate. Hydrochloric acid (HC) is the by-product,

Comparison of Addition and Condensation Polymers

The methods of addition polymerization and condensation polymerization differ in several
key areas. These differences are summarized in Table 2.3,

One difference between addition polymerization and condensation polymerization is
the chain-growth mechanism. In addition polymerization the polymer grows in a chain
reaction manner, that is, once started it is self-propagating. An initiator is normally used

“to start the reaction, In ¢condensation polymerization the polymer grows in a step-by-step

manner, that is, the polymer chain increases in discrete steps, Initiators are not needed for
condensation reactions to occur,

Fach of these two major types of polymerization is also characterized by the type of
monomer used to form the polymer. In addition polymerization, the monomers have a
carbon-carbon double bond which is the single active reaction site. In condensation poly-
merization each monomer must have two active sites that are functional groups but are
not carbon-carbon double bonds. The typical pattern is for one condensation polymeriza-
tion monomer to have two identical functional groups on each of its ends. This monomer
is mixed with a different monomer that also has two identical functional groups on each
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Table 2.3 Characteristics of Addition and Condensation Polymerization Methods
Addition or Chain-Growth ~ Condensation or Step-Growth

Polymerization Polymerization
Polymer growth mechanism Chain reacticn Step-by-step reactions
Dependence on previous step Yes—sequential MNo—independent events
dependent events
Initiator needed Yes MNo
Type of monomer Contains carbon-carhon Has reacting bifunctional
double bond groups on the ends
Number of active sites 1 2
(functional groups) per
monamer
Number of different types of 1 2 {usually)
monomers needed to form
polymer __
By-product formed No Yos (usually)
Basic (polymer repeat unit) Monomer without the Two monomers joined
representation double bond and with together
bonds on either side
Polymer chain characteristics A few, long chains Many not very long chains
Branching Possible Unlikely

of its ends, but not the same functional groups as the first monomer. For condensation
polymerization to occur, the functional groups of the first monomer must react with the
functional groups of the second monomer to form the polymer. Therefore, condensation
polymerization generally requires that two types of monomers be present, whereas only
one type of monomer need be present for addition polymerization. (Condensation poly-
merization can also be done when a single monomer has two different end groups which
will mutually react. These are, however, rare.)

In view of these differences, some monomers polymerize by the addition mechanism
while others polymerize by the condensation mechanism, No polymer can be formed by
both mechanisms, although a polymer may be formed by one mechanism and then enter
into a later reaction that uses the other mechanism. {This is seen in ¢rosslinking, to be
discussed later.)

The formation of a by-product condensate is typical in a condensation polymerization
but does not occur in addition polymerization reactions. Some minor products, such as
very short-chain polymers, may be formed in addition polymerization, but these are the
result of collisions between various free radicals formed during the course of the reaction
rather than a specific product from each polymerization step.

The polymer formed from addition polymerization can be represented by the
monomer without the double bond and with two bonds extending on either side, thus indi-
cating that a chain is present. The basic polymer formed from condensation polymerization
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can be represented by two monomers joined together as they would be in the polymer
after the condensate has been extracted.

Some differences in the polymers produced by the addition polymerization and con-
densation polymerization processes can be seen from an examination of their mecha-
nisms. Because of the relativeiy small amount of initiator used in addition polymerization,
only a few chains begin to grow. The chain reaction mechanism proceeds very quickly, es-
pecially in the presence of a catalyst, and results in a few very [ong chains in a short pe-
riod of time. Eventually the monomer is entirely combined into the chains and the reac-
tion stops.

In condensation polymerization any two different monomers which meet can initiate
a chain. Therefore, many chains are growing simultaneously. The growth of these chains
depends upon their ability to encounter monomers or other chains and react effectively.
Eventually the monomer is essentially all reacted, but because these chains still have ac-
tive ends, the growing chains can continue to react among themselves, thereby increasing
the length of the chain. This chain combination continues until the chains become so
long that further movement is difficult, even at the elevated temperatures normaily used
in the polymerization process or until a quenching agdent is added, The likelihood of very
long chains is, therefore, more common with addition polymerization than with conden-

sation, and the likelihood of having many polymer chains being formed is greater with
condensation than with addition.

Polymerizations Other Than by Addition and Condensation Mechanisms

Some polymerizations use reactions other than addition or condensation. For instance, a
di-isocyanate can react with a di-alcohol (diol) to produce a polyurethane. No condensate
is formed in this reaction, but some rearrangement of the atoms occurs when the bond
between the monomers is formed. Atom rearrangement also occurs in the formation of
acetal polymers from formaldehyde,

Another method for making acetal polymers involves the opening of a trioxane ring.
Epoxy resins also use the opening of a ring to create two reactive ends, which can bond to
other monomers and form a polymer,

These and a few other methods have been used both experimentally and commercially
to form polymers, but by far, the greatest number of polymers are formed by either the ad-
dition or the condensation polymerization method.

THERMOPLASTICS AND THERMOSETS

All plastics, whether made by addition or condensation polymerization, can be divided into
two groups called thermoplastics and thermosets. Thermoplastics are solids at roem tem-~
perature that are melted or softened by heating, placed into a mold or other shaping de-
vice, and then cooled to give the desired shape. The thermoplastics can be reshaped at any
time by reheating the part. Thermosets can be either liquids or solids at room tempera-
ture that are placed into a mold and then heated to cure {harden), thus giving the desired
shape and solid properties. Thermosets cannot be reshaped by heating.
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e - Crosslinks 4

Figure 2.26 Crosslinking of polymer chains.

Two such very different behaviors would be expected to arise from a basic difference
between thermoplastics and thermosets, In addition to the normal covalent bonds which
join the atoms together in the polymer chain, the thermoset plastics also have covalent
bonds which join the chains one to another, These bonds between chains have been given
a special name, crosslinks, and are illustrated in Figure 2.26,

When the appropriate sites for reactions exist, crosslinks are normally formed by heat-
ing the polymer materials, a process called curing. The heating gives sufficient energy to
excite the molecules and cause them to move close enough together that attractions be-
tween the bonding sites can occur, causing the bonds to form. Hence, thermoset materi-
als become firm, cured, or “set” with thermal energy. The crosslinks can either be formed
as the polymers themselves are being formed or can be formed between specific sites along
existing polymer chains that can join together in normal covalent bonds. Thermoplastic
materials, which are characterized by not being crosslinked, will soften and become more
“plastic” or pliable or melt with thermal energy, Details of the nature of thermoplastics
{commodity and engineering) and thermosets are given in later chapters.

COPOLYMERS

Some unique polymers can be created by mixing together more monomer types than the
minimum required to effect normal polymerization, such as mixing ethylene monomer
and propylene monomer. Addition polymerization requires only one type of monomer to
create a polymer chain, whereas condensation polymerization normally requires two
monomers, each with two active ends, When more than these minimum numbers of
monomer types are mixed, the polymer will contain some combination of the monomer
types present. Polymers with mixed monomers are called copolymers, and they are, there-
fore, characterized as having more than one type of repeat unit. {(When only the mini-
mums of monomer types are present, that is, when the normal polymer is made, the poly-
mer is called a homopolymer.)
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Figure 2.27 Copolymer patterns for addition polymerization.

Copolymers in four general patterns can be made by both the addition and the con-
densation polymerization methods. These are illustrated in Figure 2.27 for the simpler
case of addition polymerization, Some commercial copolymers, all to he discussed later in
this text, are acrvlonitrile-butadiene-styrene (ABS), styrene-acrylonitrile (SAN), and ethyl-
ene-vinyl acetate (EVA). (Some copolymers can be referred to as ferpolymers, which re-
flects that three monomer types are polymerized together.)

The determination of which tvpe of copolymer would be formed is dependent upon the
basic nature of the monomers and their mutual reactivity, the conditions of the reaction
{such as concentrations, temperatures, catalysts, etc,} and any specific modifications that
might be made to the monomers or polymers allowing the copolymerization step to be ac-
tivated as desired. All these conditions are used for various copolymerizations,

One monomer, X, which could polymerize alone, is mixed with another monomer, Y,
which could also polymerize alone. The mixture of monomers can produce a random
copolymer structure (Figure 2.27a} where there is no pattern in the order of the
monomers along the polymer chain. This is the most commeon copolymer pattern.

Another pattern could be a regular or alfernating copolymer pattern, as shown in Fig-
ure 2.27b. In this pattern the monomers have a regular, alternating sequence that can be
represented as X-Y-X-Y, etc. This polymer should not be confused with a normal conden-
sation polymer although the alternating pattern is the same. In the copolymer case illus-
trated, two addition monomers were present (one more than the number needed to poly-
merize) so a copolymer was made. Because copolymerization requires movre than the
minimum number of monomers, a copolymer in a condensation polymerization requires
three monomers and the resulting polymer would require at least the pattern A-B-C
whereas the regulay polymer pattern is just A-B.

A third type of copolymer pattern occurs when long sequences of one monomer join
long sequences of the other monomer to form the chain. This pattern is called a block
copolymer and is shown in Figure 2.27c., This pattern is characterized by several
monomers of one type in a row along the backbone followed by several monomers of the
second type, also along the backbone, such as X-X-X-Y-Y-Y-X-X, etc.
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The fourth pattern is a graft copolymer (Figure 2.27d). In this type of copolymer a
polymer chain is formed by one monomer (X) and then a chain of the other monomer Y)
is attached as a branch to the main backbone.

In general, the properties of random and alternating copolymers are averages of the
properties of the two homopolymers. The properties of block and graft copolymers are not
averages but have some characteristics like one homopolymer component and some prop-
erties like the other homopolymer.

CASE STUDY 2.1
Modifications to Improve Teflon® Processing

Teflon® is a registered trademark of the DuPont Company for its polymers with a carbon
backbone and fluorine molecules attached to the carbons at all possible bonding sites.
Molecules containing fluorine and carbon are called fluorocarbons. This molecule is rep-
resented in Figure 2.28a.

The PTFE material, polytetrafluorocethylene, was discovered rather than intentionally
made. A chemist at DuPont (Roy Plunkett) was working with tetrafluovoethylene (TFE}, a
gas, and found on one occasion the gas cylinder pressure was zero, suggesting that the
tank was empty. He lifted the tank and noted that it was unusually heavy for an empty
tank and desired to understand why. He cut open the tank and found a white, waxy pow-
der in the bottom. He then realized that the TFE was a monomer that had spontaneously

P o i
A e
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TFE PTFE F
(a) Polymerization of tetrafluoroethylene (TFE) (b) Polyhexaffuoropropylene (PHFP)

to polyietraflucroethylene (PTFE)
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(¢) Perfluaroalkoxy (PFA)

Figure 2.28 Fluorocarbon polymers.
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polymerized to PTFE, the resulting solid material. Because TFE had a carbon-carbon dou-
ble bond, the addition polymerization method was suspected, and was later confirmed.

The DuPont Company named the new polymer material Teflon® and began to explore its
properties. The polymer was found to he more inert and stable than the analog hydrogen-
carbon material, polyethylene, (Polyethylene is the same structure as PTFE except that all
the hydrogens in polyethylene are replaced by fluorines in PTFE). The differences in prop-
erties are because of the nature of the carbon-fluorine bonds.

Fluorine is the most electronegative of all the atoms. Therefore, the carbon-fluorine
bond is highly polar, with the negative end toward the fluorine, Hence, the electrons are
held very tightly by the fluorine molecule, The bonds are very strong and this pulls the
fluorine atoms close to the carbons along the backbone. The fluorines act as shields to the
carbons and do not allow the carbons to be attacked by other chemicals, nor will the flu-
orines be extracted. Hence, the polymer is very inert.

This inertness contributes to other characteristic properties of PTFE. For instance,
PTFE will not combine with oxygen and so it will not burn nor can it be corroded. Because
the electrons are held so tightly, it will not conduct electricity, Because PTFE resists form-
ing bonds with other materials, very few things stick to it and it has been used extensively
in making nonstick surfaces for cooking pans. (The PTFE flows around the roughened
edges of the pan surface during manufacture to give a mechanical bond. No chemical
bond is formed; hence, the PTFE can be removed by scraping.)

PTFE chains are very long, straight, and stiff, allowing PTFE molecules to pack together
tightly. PTFE has the highest density of any plastic. Furthermore, temperatures have little
effect. PTFE is unaffected by cold, remaining unchanged at temperatures as low as —268°C,
only a few degrees above absolute zero. Likewise, it resists high temperatures. PTFE does
not begin to melt untit 327°C and then does not become a liquid, but a translucent gel. At
temperatures above this point, PTFE decomposes. This resistance to elevated temperature
has been both a benefit and a detriment for the use of PTFE. While it allows PTFE to be
used in many high-temperature applications, it also means that PTFE is difficult to process
by normal thermoplastic processing techniques that require melting of the polymer.

Originally PTFE was made into useful parts by packing the powder into a mold and
then heating the mold, under pressure, to just below the melting point. This treatment
caused the polymer particles to fuse together into a solid mass, a common process in met-
als and ceramics called sinfering. The fabrication of larde parts was therefore difficult.
Also, the time required to make a part was very long compared with the traditional ther-
moplastic manufacturing processes,

Therefore, the DuPont Company sought a way to make a polymer that had the bene-
ficial properties of PTFE but would be easier to process by traditional plastic manufactur-
ing methods. The key to success was the discovery of polyhexafluoropropylene (PHFP), a
polymer related to PTFE. As seen in Figure 2.28b, the PHFP is based on propylene (a
three-carbon group) rather than on ethyfene. The resultant polymer has a pendent carbon
atom and fluorines at all possible bonding locations. This pendent group means that the
chain has far more flexibility and will, therefore, melt at a lower temperature, The pendent
group also means that the material loses some of the beneficial properties characteristic
of PTFE. PHFP has greater adhesion for other materials, is more electrically conductive,
and is slowly attacked by some chemicals.
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DuPont found, however, that a copeolymer formed from mixing TFE monomer and
HFP monomer had properties that were intermediate between PTFE and PHFP. 1t proved
to be a good compromise. The new copolymer material was called fluorinated ethylene
propylene (FEP) and is currently in wide use. This material can be molded with normal
thermoplastic processing methods.

Another possibility for improvement of PTFE is a modification that gives a slightly
higher affinity for bonding with other materials. This can be done by adding oxygden to the
side chain, as is shown in Figure 2.28¢, The oxygen allows the fluorocarbon material to
bond with other materials, such as with the metal in a cooking pan. This material (PFA)
is the basis for the new, nonstick coatings that have been produced. Again, the ideal prop-
erties of PTFE are diminished, but other properties such as adhesion, perhaps more ad-
vantageous, are enhanced,

Other useful polymers have been made by mixing pure polymerized PTFE with other
polymers. These are not copolymers because the monomers are not mixed but, rather, the
already polymerized polymers are combined. A good example is the mixing of PTFE with
polyamideimide (PAD), a very strong and heat-resistant polymer. This mixture was found
to be useful in applications where mechanical wear resistance was important, such as non-
lubricated bearings. The PAI was resistant to the high temperatures typical of this appli-
cation {even higher temperature capability than PTFE} and also resisted the abrasion. The
PTFE was found to enhance the sliding of the parts against each other and further en-
hance the abrasion resistance.

Therefore, if the ultimate chemical resistance or nonstick behavior is desired, pure
PTFE can be used. If some compromise in properties is acceptable, FEP, PFA or a mixture
of PTFE with another polymer such as PAI might be acceptable. The result is a wide range
of fluorocarbon materials, each having some unique and beneficial properties which can
be tailored to fit each application.

SUMMARY

Matter is composed of atoms which are, themselves, made up of protons, neutrons, and
electrons {along with other sub-atomic particles whose description is beyond the scope of
this text). The protons and neutrons exist at the center of the atom in small, dense groups
called nuclei with the electrons arranged around the nucleus. Neutral atoms will have the
same number of protons (+ charges) and electrons (— charges). (Isotopes, which are not
discussed in this text, are materials with the same number of protons, but with different
numbers of neutrons.) Changes in the number of protons define diffexrent types of atoms.
Therefore, when one proton is present, a particular type of atorn is created (hydrogen).
Two protons define a different atom (helium), three define another {lithium}, and so on.
Each atom has a unigue atomic number that corresponds to the number of protons in the
atom. At this time over 100 different atom types have been defined. These atom types are
called elements, _

The elements can be arranged in a simple table wherein they are grouped according to
their chemical natures and atomic numbers. This table is called the periodic table, be-
cause similar chemical properties repeat in periods.
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The chemical properties of the atoms are primarily dependent on the arrangement of
the electrons. The electron arrangement, called electron configuration, is a function of the
energy of the electrons and the inability of more than two electrons to occupy the same
energy level. These energy levels are characterized by their location (shell) and their shape
{orbital). The chemical nature of the atoms depends upon whether the atom has a ten-
dency to lose or gain electrons.

If an atomn that tends to lose electrons comes close to an atom that tends to gain elec-
trons, one or more electrons are transferred between the atoms and the atoms become
charged, one positively and the other negatively, The charged atoms are called ions. The
attraction between these positive and negative ions forms a bond that is called an ionic
bond. Ceramic materials often have ionic bonds. If an atom that tends to lose electrons
comes close to another atom that tends to lose electrons, both atoms will give up their
electrons and a loosely-held sea of electrons is formed. This results in a metallic bond. If
an atom that tends to gain electrons comes close to another atom that tends to gain elec-
trons, the atoms will share their electrons, This is a covalent bond, and molecular mate-
rials, including polymers, have this type of bond.

To the extent that the atoms share the bond unequally, because one atom may have a
greater affinity for the electrons than the other, the bond is polar. The affinity for electrons
is called electronegativity. Secondary bonds between molecules can be formed that are
much weaker than the ionic, metallic, or covalent bonds. Some secondary bonds can
occur hecause of the attractions of polar bonds between molecules, These are called hy-
drogen bonds. In the case of water, the hydrogens are positive, compared with the oxygen,
and will form secondary bonds with the oxygens in other water molecules. Another type
of secondary bond is a van der Waals bond, and that results from induced polarity between
maolecules.

Carbon atoms are able to form many molecules of differing size and complexity.
Therefore, the study of carbon-based molecules has been given a special attention and is
calted organic chemistry. Carbon atoms have six electrons, with two in an inner shell and
four in an outer shell, The outer shell electrons are generally the only ones that enter into
chemical reactions. These four outer shell electrons will form four covalent bonds and
achieve a very stable electron configuration. Since each covalent bond has two electrons,
the stable configuration consists of eight electrons around each carbon atom and is called
a stable octet. Most other atoms also gain stability when they are surrounded by eight
electrons in their outer shell.

Some groupings of atoms that occur frequently in organic chemistry have character-
istic properties and are called functional groups, The study of these group characteristics
is largely the focus of organic chemistry and is the basis for the namlng of organic mole-
cules, including polymers.

Carbon atoms can bond to themselves, often creating long chains of carbons with
other atoms attached to the chain. These long atom chains are polymers and are formed
by the building up of the chain from smaller units, called monomers, Twe principal meth-
ods for forming polymers are the addition polymerization method and the condensation
polymerization method. Addition polymerization generally requires the presence of a car-
bon-carhon double bond in the monomer. Condensation polymerization generally re-
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quires that two monomers be present, each with two active sites that can react between
the monomers.

Polymers which are synthetic and which are formed in order to produce a useful prod-
uct are called plastics, The raw, formable material is called a resin, Plastics can be divided
into two large groups—thermoplastics and thermosets, Thermoplastics are solid materi-
als that are heated to melt and then placed in a mold and cooled to solidify. Thermosets
are either solid or liquid materials that are placed into a mold and then shaped and heated.
This heating causes the material to crosslink,

Thermoplastics are convenient to use because the polymerization step has been ac-
complished by the plastic resin manufacturer, usually in large facilities resembling oil re-
fineries. The product is a fluffy powder or flake which is often processed into small poly-
mer strands, about the size of spaghetti, which are chopped into small pellets. These
resins are shipped to the plastic fabricators, who then (1) remelt the material, (2} mold it
into the various desired shapes, and (3) resolidify it to gain the solid properties desired in
the finished part.

The length of the polymer chains produced by the addition polymerization and the
condensation polymerization processes has a profound effect on the properties of the poly-
mers. Whereas the monomers are usually gases or liquids, the polymers are solids, often
with melting points of several hundred degrees. In general, the longer the chain length,
the higher is the melting point of the polymer,

Thermoset materials undergo a crosslinking reaction while in the mold. This reaction
takes longer than the cooling of thermoplastics. For some applications, such as the coat-
ing of fibers or encapsulation of inserts, thermosets are easier to process than thermo-
plastics. The crosslinked materials cannot be remelted after they are formed,

Occasionally a thermoplastic material will be polymerized into such a large molecule
{with no crosslinks) that it also will reach its decomposition temperature before it melts,
Although the hehavior is like a thermoset, the plastic is still considered to be a thermo-
plastic because it lacks the essential feature of thermosets—covalent bonds (crosslinks)
between the polymer chains.

When several different types of monomers are reacted together, a polymer with mixed
monomers can occur, These polymers are called copolymers and usually have properties
that are intermediate between the two types of non-mixed polymers,

GLOSSARY

Addition polymerization Chain-growth polymerization.

Aliphatic Molecules that do not contain the six-membered benzene ring.

Aromatic Molecules containing the six-membered benzene ring.

Atomic model A model of the fundamental nature of matter, which states that all mat-
ter is made up of small, discrete particles called atoms,

Atomic mumber The nurnber of protons in an atom,

Atomic orbital The normal region in which an electron will be when surroundmg the
nucleus of an atom.
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Atomic weight The average sum of the number of protons and neutrons in the nucleus
of an element, reflecting the fact that the same element can have different numbers of
neutrons.

Backbone atoms Those atoms along the main chain of a palymer,

Bifunctional A molecule having two reactive functional groups.

Block copolymer A copolymer in which groups of monomer types occur together
along the backbone.

Bond An attraction between atoms or molecules.

Bond energy The energy needed to break a bond apart and separate the atoms com-
pletely.

Bond length The optimal (normal) separation distance for two bonded atoms,

Branching When a polymer has a side chain.

Catalyst A molecule or material that facilitates a chemical reaction but does not, itself,
become part of the reaction products. Initiators are sometimes erroneously called cat-
alysts,

Ceramics Solids that typically have ionic bonds.

Chain-growth polymerization A method for forming polymers that proceeds by a
free-radical mechanism {also called addition polymerization).

Chemical reactivity The tendency of an atom to change its electron configuration
through interaction with another atom.

Condensation polymerization Stepwise polymerization,

Copolymer A polymer formed from more than the minimum number of monomers,
thus creating a polymer with properties of two or more normally separate polymers.

Covalent bond Attraction between fwo atoms as a result of their sharing electrons,
with each bond consisting of two and only two electrons,

Crosslinks Covalent bonds between polymer chains.

Crystal A highly organized and regular group of atoms or molecules.

Curing The process of hardening a polymer by the formation of crosslinks.
Dipole A polar bond.

Dipole bond Another name for hydrogen bond.
Double bond When the same two atoms share four electrons.
Electron cloud The space occupied by electrons surrounding the nucleus of the atom,
Electron configuration The arrangement or distribution of electrons about the nu-
cleus in an atom or throughout the space surrounding the nuclei in a molecule.
Electrom orbital A region surrounding the nucleus of the atom where a particular
electron is most likely to be found.

Electromegativity The tendency of an atom to attract electrons.

Electrostatic attraction Attraction between positive and negative centers or particles.

Element A material that consists of only one type of atom.

End-cap Reactions or entities which occur at the ends of polymer chains and result in
the stoppage of the polymerization reaction,

Fluorecarbon A polymer based on carbons, with fluorine atoms in all or almost all of
the bonding sites,

Free radical An atom containing an unpaired electron,

MacNeil Exhibit 2011
Yita v. MacNeil IP, IPR2020-01139
Page 86



Polymeric Materials (Molecular Viewpoint) _ 71

Functional group Certain arrangements of atoms (usually containing carbon) that
have characteristic properties.

Graft copolymer A copolymer in which a chain of one polymer is attached to the chain
of a different polymer type.

Homopolymer A polymer made from only the minimum number of monomer types.

Hydrogen bond A secondary bond caused by the attraction between a positive location
on one molecule and a negative location on another molecule or between widely sep-
arated parts of the same molecule.

Initiator A molecule that reacts (usually by decomposing to free radicals) to start a re-
action.

Tonic bond Attraction between negative and positive ions.

TIonic character A relative measure of the amount of polarity in a molecule.

Ions Atoms which have either lost or gained electron{s) and therefore have a net posi-
tive or negative charge.

Isotope Two atoms having the same number of protons but a different number of neu-
trons and, therefore, different atomic weights.

Macro viewpoint Properties of polymers which depend upon the bulk nature of the
material without regard to the substructures.

Matter Anything that has weight and occupies space.

Metal Atoms which tend to give up electrons.

Metallic alloys Mixtures of two or more different metals.

Metallic bond A type of attraction in which positive ions are held together by a sur-
rounding sea of electrons.

Micre viewpoint Properties of polymers which depend upon the nature of clusters or
groupings of molecules.

Molecular orbital The normal region where electrons will be within a molecule.

Molecular viewpoint Properties of polymers which depend upon the nature of bond-
ing between atoms or molecules. )

Molecule The smallest entity that contains more than one atom and possesses all the
properties of the combined unit.

Monomer A single unit that can be combined with others to form a polymer.

Nonmetals Atoms which tend to accept electrons.

Nucleus The dense central portion of the atom containing protons and neutrons.

Octet rule A stable electron configuration achieved when eight electrons are in the
outer shell,

Pendant atoms Those atoms attached to but not part of the backbone of a polymer.

Periodic table A systematic listing of the elements arranged according to the number
of protons in the nucleus of each atom and the configuration of electrons surround-
ing the nucleus.

Peroxide A common initiator molecule.

Pi bond A dumbbell-shaped molecular orbital.

Polar bond A covalent hond in which the electrons are unequally shared between the
atoms.

Polymer A molecule made of many parts.
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Quench To add a material that stops a polymerization reaction.
Random copolymer A copolymer in which the arrangement of different monomer seg-
ments along the backbone is random.
Regular copolymer A copolymer in which the arrangement of different monomer seg-
ments occur in a predictable repeating pattern.
Repeating unit A representation of the polymer in which only the portion added in
cach step is shown along with the total number of units in the chain.
Ring opening A chemical reaction that can be used in some polymerization methods.
Saturated molecule A molecules containing no carbon-carbon double bonds.
Sea of electrons A group of freely moving electrons that are typical of metallic bond-
ing.
Secondary bond Attraction between atoms or molecules that is much weaker than
fonic, metallic, or covalent bonds.
Sigma bond A cylindrically shaped meolecular bond.
Single bond When only two electrons are shared between two atoms,
Stepwise polymerization A method for forming polymers that proceeds by the elimi-
nation {condensing out) of a small molecule.
Symmetric bifunctional monomer A molecuie having two identical functional
groups that can be used to form a polymer.
Terpolymer A polymer made from three types of monomers.
Thermoplastic A polymer, solid at room temperature, that can be melted, put info a
mold or other shaping device, and then cooled to solidify in the desired shape.
Thermoset A polymer that may be either a liquid or a [ow-melting solid at room tem-
perature that can be placed into a mold and then heated to cure (harden).
Triple bond When the same two atoms share six electrons.
Unsaturated molecule Molecules containing a carbon-carbon double bond.
Valence A number that reflects the number of electrons that an atom will usually dive
" up or attract in chemical reactions,
van der Waals bonding A type of secondary bonding (very weak bonds) due to the at-
traction that all molecules have for each other, effective only at very short distances,

QUESTIONS

1. Describe the differences in the carbon and oxygen atoms.

2. Why is an octet of electrons a stable configuration?

i 3. Identify the type of bond and the product formula expected between potassium (K) and
[ bromine (Bi) and explain the basic nature of this bond. Show the resulting electron
|§ - configurations of K and Br after the bond is formed,

L 4, Identify the type of bond and the product formula expected between magnesium (Mg)

: and chlorine (Cl) and explain the basic nature of this bond. Show the resulting elec-
i ' tron configurations of Mg and Cl after the bond has formed.

. 5. Describe the type of bonding between carbon and chlorine.

: 6. What is an initiator and why is it important in a polymerization reaction?

| 7. Why is it harder to make very long polymer chains using the condensation polymer-
ization method than by using the addition polymerization method?

PP
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8, Describe the bonding in a carbon-carbon double bond. Include in this description an
explanation of the mechanism by which the various bonds are formed. What does the
existence of a double bond tell about the other atoms bonded to the carbon atoms?

9. Define monomer and polymer. Write typical polymeric repeating unit structures for
both addition and condensation polymerization and explain the various symbols con-
tained therein.

10. Which polymerization method, addition or condensation, is expected to result in
branched molecules? Why?

11. Describe crosslinking and the resultant properties that it will create.

12. What is a copolymer and how are copolymers formed?

13. What is the molecular difference between thermoset and thermoplastic materials?
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. CHAPTER THREE

MICRO STRUCTURES
IN POLYMERS

CHAPTER OVERVIEW

This chapter examines the following concepts:

Amorphous and crystalline

Solids, liquids, and gases

Thermal transitions

Effects of thermal changes on polymers

Polymer length, molecular weight (average molecular weight and molecular weight
distribution (MWD))

Physical and mechanical property implications of molecular weight and MWD

Melt index

a Steric (shape) effects

INTRODUCTION

This chapter focuses on the shapes of polymer chains and the interactions between poly-
mer chains rather than on individual atoms or small groups of atoms along the polymer
chains. This level of focus is called the micro view, as opposed to the molecular view of
the previous chapter. The macro {an even larger) view, which looks at bulk properties of
polymers, is discussed in the foliowing two chapters.

The length of the polymer chain, the ways polymer molecules or chains interact with
other chains, and the shape of the chain, especially as the shape is dictated by pendent
groups, are key parameters in determining many polymer characteristics, including
solid/liquid behavior and crystallinity.

The chain interactions can be of two types. The first type is a coiling of several poly-
mer chains about each other with entanglement, much as a nest of snakes would inter-
twine. The second type of interaction is a systematic closely packed folding of sections of
a chain into a regular pattern. Each of these interactions is discussed in detail in this
chapter.

75
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AMORPHOUS AND CRYSTALLINE

Amorphous and crystalline describe the randomness or regularity of the entangiement of
polymer chains. Amorphous, which means “without shape,” describes those polymers or
regions within a polymeric structure in which the entanglement between polymer chains
and within a chain is random. In many polymers, however, the entanglement can be very
regular with large regions of the chains packing together into regular, repeating struc-
tural patterns. When this occurs, these vegularly packed regions are called crystals and the
polymer is said to be crysfalline. A polymer with some crystalline regions is illustrated in
Figure 3.1, Some polymers which are crystalline include high-density polyethylene
{HDPE}, polypropylene (PP), acetal, and nylon,

The areas of crystallinity are composed of folded chains which are held together by
crystal bonds (secondary branch). These honding forces between the chains are localized
to the tightly packed, crystalline areas. This bonding occurs because the crystal structures,
when they occur, represent structures with lower energy than a random, noncrystalline
arrangement of the molecule. The lower energy occurs because the molecules form bonds
that release energy. These crystalline sections are scattered throughout the polymer with
some nonstructured {(amorphous) areas between them,

The amount of crystallinity in the polymer depends upon several factors. Perhaps the
most important is the size and regularity of the pendent groups (the groups attached to
the main pelymer backbone). If these pendent groups are relatively small and are regularly
spaced along the polymer chain, they will not interfere with each other and the polymer
chains can pack closer together. Forces of attraction and other similar interactions be-
tween polymers, such as hydrogen bonding, also increase crystallinity, Still another influ-
ence on crystallinity is the manner in which the polymer is cooled from the melt. Slow
cooling aflows the crystalline regions to organize while there is still movement among the
chains and, therefore, favors crystaliinity, provided the molecular structure is appropriate.

The amount of crystallinity, that is, the total number of atomns involved in a crystalline
structure as opposed to the number in amorphous regions, can vary widely. In some poly-
mers, ne crystailinity is formed. In others, if all of the conditions are favorable, the crys-
tallinity can approach 100%, but is more likely to be in the 60 to 70% range. Polymers

Crystalline areas

2
) e
. <

Figure 3.1 Crystalline and amorphous regions in a polymer structure.
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whose structures favor crystallinity, such as HDPE, PF, acetal and nylon, are referred to as

crystalline polymers, even though the actual crystallinity in the particular material may be

only moderate,

The degree of crystallinity is the amount of the structure of the polymer that is crys-
talline, as opposed to amorphous. Three methods have principally been used to determine
the degree of crystallinity of a polymer. These three are: specific volume (specific gravity
or density), X-ray diffraction, and infrared spectroscopy.

As the material becomes more crystalline, it also hecomes more dense. Especially in
polyethylene and other plastics with a wide range of possible crystallinities, the density is
the most common method of expressing crystallinity. For instance, polyethylene with a
density of 0.97 g/fcc would be high density (HDPE) while a density of 0.92 g/cc would be
low density polyethylene (LDPE). The following methods are commenly used to measure
specific gravity and density,

n Specific Gravity (ASTM D 792). This test determines the weight of a sample in
air and then immersed in water. The ratio of the weights is the specific gravity, or the
density of the material compared to the density of water. Most plastics have specific
gravities in the 0.9 to 3.0 range. Small samples (about 1 inch®) are used in the test
and are suspended in the water by a thin wire.

» Density by Density-Gradient Technique (ASTM D 1505). The density of mate-
rials is determined by comparing the point at which a small sample (usually a peilet)
will be suspended in a fluid of varying density with the suspension points of smail
glass floats of known densities. This method uses a density-gradient column prepared
by adding two miscible liquids (usually water and ethanol) in varying concentrations
so that more of the dense liquid is near the bottom of the celumn and more of the
less dense liguid is near the top. The glass floats of known density are then carefuily
added to the column. The floats sink according to their densities and, by noting the
depths, a plot of depth versus density can be established for the column. Then the
plastic samples are added to the column and, by noting the depth at which they are
suspended, their density can be read from the calibration chart. After some time
(usually weeks), the liquids in the column mutually diffuse and the column must be
refilled and recalibrated. A density-gradient column is illustrated in Figure 3.2.

w Bulk Density (ASTM D 1895). The bulk density is the apparent density of the
material, that is, the density of the material without compaction or modification,
This property is important when the plastic material is a powder or a flake. The test
is conducted by carefully allowing the plastic to flow into a beaker or other container
of known volume. The excess material is scraped off the top, and the container with
the material is weighed. The weight of the container is subtracted from the total
weight, and then density is calculated as the weight per volume. A related property is
the bulk factor, which is the bulk density divided by the density of the plastic part
after molding, Another related property is pourability, which is a measure of the time
required for a standard quantity of material to flow through a funnel of speCIﬁed di-
mension. Results are given as g/cc or pounds/foot®,

m Sieve-Analysis (Particle-Size) Test (ASTM D 1921). The size of the particles
and the distribution of the particle sizes in a particular batch can be important in
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Figure 3.2 Density-gradient column method for determining density, showing the column
and a plot of the column calibration. |

some processes and in compounding, For instance, rotational molding fusion can be
highly dependent on the sizes of the particles. Also, when large and small particles
are mixed together, melting tends to be uneven and can result in nonuniform mold
filling and surface defects such as orange peel. The test to determine the size distrib-
ution of the particles is simply to pour the powdered material through a series of
sieves with various opening sizes. The distribution is then determined by weighing
the different sieves before and after the test. A shaker usually is emploved to facilitate
passage of the material through the sieves.

X-ray diffraction is useful in determining the degree of crystallinity because X-rays will
develop a characteristic pattern when diffracted through a crystal structure. (This same
technique is used to investigate crystal properties in metals and ceramics.) Infrared spec-
troscopy can also be used to investigate crystallinity because the vibrations and rotations
of the atoms that are detected by infrared spectroscopy are affected by the crystal struc-
ture and, therefore, appear at slightly higher energy levels than do freely rotating and vi-
brating atoms. Hence, a shift in spectrographic pattern is detected when crystalline re-
gions are present, Differential scanning calorimetry is another method that has been used
but not as frequently as the others.

Because of the bonding forces within a crystal, crystallinity affects many physical
properties in ways that are similar to other intermolecular attractions already discussed.
Tensile strength, for instance, is increased by crystallinity because of the high resistance
to movement in the crystalline redions and the need to overcome the intermolecular
(crystalline) forces. This resistance can be very high in some cases, resulting in a marked
increase in these properties over amorphous polymer analogs,

The effect of crystallinity on impact toughness is somewhat more involved. The ¢rys-
talline sections of a polymer are not as effective in absorbing and dissipating impact en-
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ergy as are the amorphous regions because the atoms in the crystalline regions are not as
free to rotate, vibrate and translate. This restriction on atomic movement causes highly
crystalline materials to be stiffer and more brittle, Therefore, even though the strength in-
creases, the impact toughness often decreases for highly crystalline materials,

As will be discussed further in the chapter on chemical and physical properties, these
properties are also affected by crystallinity, For instance, solubility of the polymer is gen-
erally reduced in crystalline materiais because of the compactness of the crystalline struc-
ture compared to the amorphous region, This compactness retards the access of solvent
molecules to the bulk of the structure,

Crystallinity is a basic property of plastics that should be considered in the selection
of a polymer for any application, Many polymers can be obtained in a range of crystallini-
ties, thus allowing the designer a wide choice of material properties. Another major effect
of crystallinity is in thermal changes.

SOLIDS, LIQUIDS AND GASES

Matter can be described in terms of its physical state, that is, its physical condition at any
one moment. The possible states are known as solid, liquid, and gas. When in its solid
state, matter has a fixed volume and a fixed shape. An example would be an ice cube. The
ice cube will occupy the same volume of space, no matter how much larger than the ice
cube the container may be. Furthermore, the ice will maintain its shape (a cube) regard-
less of the shape of the container, provided the container is larger than the cube and no
other changes are made, such as temperature.

When in a liquid state, matter has a fixed volume hut not a fixed shape, Water is an ob-
vious example of a liquid. When placed in a container, such as a glass, the water will flow
to take the shape of the container. If placed in a container of a different shape, such as
going from a glass to a cup, the water will change its shape accordingly. The water will,
however, maintain its volume, even though it might be placed in a much [arger container,

When in a gaseous state, matter has neither a fixed volume nor a fixed shape, Steam or
water vapor is the corresponding gas to ice and water. When placed in a container, the gas
will take the shape of the container and will occupy the entire space available within the
container. If the size or shape of the container is changed, the gas will change accordingly.

Most types of matter can be converted from one state to another by changing the tem-
perature or, less commonly, changing the pressure. For instance, ice will change into a
liguid at the melting point, which will, in turn, change into steam at the boiling point.

The single most important property that controls the state of a material is the freedom
of movement of its atoms or molecules. If the particles can move independently, the ma-
terial is likely to be a gas. If the particles are highly restricted in their movements, the ma-
terial is likely to be a solid. A liquid is between the two in ease of particle movement,

For instance, in ice, the molecules are locked in a three-dimensional crystal structure
with relatively strong bonds holding each water molecuie in place relative to its neighbors.
As heat is added to the ice crystal, the atoms gain more energy and begin to vibrate and
move slightly. More heat will result in more vibrations, rotations and other localized move-
ment until, eventuafly, the molecules have more energy than the energy associated with the
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crystal structure bonds which hold the molecules in place. (These are secondary bonds act-
ing in three dimensions.) When this energy point is reached, the ice melts. However, even
after melting there are still some secondary bonds acting between water molecules. These
secondary bonds are generally not three dimensional and are, besides, weaker than in the
solid case because the molecules are farther apart and secondary bonds are very distance de-
pendent. With added energy, the molecules continue to gain greater energy which imparts
further increases in vibrations, rotations, and other movements until eventually the energy
of the remaining secondary bonds are exceeded and the molecules begin to act completely in-
dependently. This is the boiling point. The molecules with energies above this boiling point
energy are no longer associated with the rest of the molecules and are free to move about
within the container, They will, therefore, fill the container in a random fashion, character-
istic of a gas. Additional energy input will cause ali of the liquid to boil and become a gas.

Additional energy could still be added to the gaseous system. This will continue to
cause the molecules to vibrate, rotate and move until eventuaily sufficient energy is pre-
sent in the system that the bond energy is reached. When that occurs, the atoms in the
molecule will separate and the material will no longer be water but will revert to hydro-
gen and oxygen atoms. The point where the covalent bonds are broken is called the de-
composition point, (Further energy addition could conceivably break the atoms apart but
these eneyrgies are associated with nuclear reactions, such as occur in atom bombs, and
are beyond the scope of this text.)

As the number of atoms in a molecule increases, the number of sites for secondary
bonding also increases. Hence, the amount of energy required to break these bonds and
convert the material from a solid to a liquid also increases. Polyimers, which have very
long chains of atoms, will generally have higher melting points than smaller, nonpoly-
meric covalent materials. Other characteristics within the molecules that could increase
secondary bonding (such as having polar sites that can form strong hvdrogen bonds) will
also increase the melting point of covalent materials.

Ionic selids {ceramics) and metallic solids (metals) can also be melted if sufficient en-
ergy is added to the system to cause the bonds between the particles in the solid structure
to separate. In these cases, the particles are atoms and the bonds that hold the materials
together are the jonic or metallic bonds which were discussed in the chapter on molecu-
lar structures. These bonds are much stronger than the secondary bonds that hold cova-
lent solid structures together. Hence, the energies required to melt ceramics and metals
are generally much higher than the energies required to melt covalent solids. The melt-
ing points of ceramics and metals are also higher than covalent solids. (The energies to
break the covalent bonds in covalent molecules are roughly the same as the energies to
break apart the atoms in ceramics and metals. But, in the case of covafent molecules,
these energies are associated with the decomposition point rather than the melting point.)

All the changes in state (solid to liquid to gas) are reversible with the subtraction of
energy from the system, Gases can be condensed to liquids and liquids frozen to solids by
cooling. Most materials can be changed from one state to ancther and back repeatedly,
with some important exceptions which will be discussed later,

The changes between the solid and liquid states with the addition of energy are im-
portant in the understanding of plastics. As discussed in the Introduction to Plastics chap-
ter, the definition of a plastic material implies that it is used as a solid but at some time
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has been shaped or molded into a useful shape. The shaping or molding is usually done as
a liquid. Hence, almost all plastics have made a transition from the liquid to the solid
state. Many of the processes discussed in the later chapters in this text will discuss differ-
ent methods of making these transitions.

THERMAL TRANSITIONS OF POLYMERS
Responses to Heat Inputs

The responses of polymer materials to heat inputs are similar in some ways to those of
small molecules, as has been described in the section on solids, liquids, and gases. The
input of thermal energy (heat) is both common and very important for polymeric materi-
als. When polymers are heated, the basic nature of the polymer is to move internally to ab-
sorb the energy input, This internal motion can be molecular twisting, vibrating, stretch-
ing, translation, and other movement. The extent. of these motions is detected by a rise in
the temperature of the polymer. Some of these motion modes occur at lower energy in-
puts than others (for instance, vibrating occurs with'littlé energy input), but as the
amount of energy input increases, all the motion modes become active and the tempera-
ture increases greatly as a measure of this increased molecular motion.

At low temperatures, polymers are solids. The motions of atoms within a solid poly-
mey are initially limited to small movements (usually vibrations) of a few atoms. As the
amount of heat input increases, these motions become both larger in amplitude and in-
volve more atoms. Because of the limited amount of motion allowed in a solid material,
the easiest way to absorb the energy is to involve more of the atoms along the polymer
chain but to limit the motions to those that take up the least space and energy—vibra-
tions, rotations, and twisting. Hence, with moderate heat input, the majority of the atoms
are in a mode of increased vibration, rotation, and twisting, The properties of the polymer
during this stage of heating are little changed except for an increase in the temperature of
the polymer and a minor increase in the space occupied by the polymer (volume), because
the motions take slightly more space and the atoms are forced apart. This situation is rep-
resented in Figure 3.3, which graphs the thermal transitions of an idealized plastic.

The minor increase in volume is measured by the coefficient of thermal expansion.
The size of the coefficient of thermal expansion is dependent on the amount of energy re-
quired to force the atoms apart. This quantity is discussed in more detail later in this
chapter.

Creep

As the polymer is heated further, translational movements become more important. Trans-
lational movements occur when atoms move from one place to another in space, beyond
the movements of vibration, rotation, and twisting, which are centered about a stationary
reference position. These increased movements allow the polymer chains to slowly disen-
tangle and to move apart, thus increasing the space between the atoms. This increase in
space results in a decrease in the strength of any secondary bonds that may be present and
a decrease in the entanglement between polymer chains.
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' With these changes, the polymer’s movement under applied external loads is in-
i creased. In other words, the solid polymer slowly moves under applied loads, This phe-
nomena is called creep. Creep becomes greater as the temperature of the polymer in-
creases and as the amount of secendary bonding and entanglement decreases. Therefore,
polymers that have high secondary bonding, such as crystalline polymers, have inherently
less creep than do amorphous polymers, assuming other factors are equal. Creep is also
reduced by high entanglement, by the presence of large pendant groups that inhibit move-
ment, by crosslinking, and by the inherent stiffness of the backbone of the polymer. These
effects are discussed later in this chapter in the section on steric (shape) effects and in the
chapter on mechanical properties.

Heat Distortion Temperature (HDT)

At some temperature the plastic will become s0 pliable and so easily distorted under load
that it may neot perform the function that is intended, especially if that function is struc-
tural. The temperature at which this happens varies widely among different plastics and
among different applications. For instance, although one plastic may be “dishwasher safe,”
that is, it will not distort at dishwasher temperatures (about 120°F, or 50°C), another plas-
tic will curl and deform. Therefore, the first plastic material is thermally stable at dish-
washer temperatures, but the second is not. In another instance, two plastics may be very
suitable for cassette tape cases in normal use but one will distort when left inside a car in
the summer. The designer of plastic parts should, therefore, be aware of the maximum
structural use temperature. Aromatic content, crosslink density, crystallinity, and sec-
ondary bonding can all raise the temperature at which distortion occurs.
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A convenient test, the deflection temperature under load (ASTM D648), can be used to
measure this upper use temperature. In this test, illustrated in Figure 3.4, a sample of the
plastic material {5 X ¥ X V4 inch) is placed in a heated bath of mineral oil or some other
liquid that is thermally stable at the temperatures to be used and will transfer heat read-
ily to the sample. A specific weight (designated by the test procedure and dependent upon
the type of plastic material being tested) is then placed on the sample. The entire appara-
tus is then heated, usually with stirring to insure good heat evenness in the liquid. The
temperature at which the sample deflects {(hends} a specified distance under these condi-
tions is the heat distortion temperature (HDT). The HDT is often considered the maxi-
mum structural use temperature, especially for any application in which the part will be
loaded mechanically.

For some applications, the maximum use temperature may be lower than the HDT be-
cause of excessive creep of the plastic material. Plastics with high creep may, given encugh
time, eventually distort, even under only moderately elevated temperatures, or even at
room temperatures. The maximum structural use temperature is, in these cases, deter-
mined from the lowest temperature at which change in the plastic material oc-
curs which would be detrimental to the particular application.

The Vicat softening temperature (ASTM D 1525) is also used to measure the maximum
structural use temperature of a plastic. The Vicat test measures the temperature at which
a flat-ended needle penetrates a sample to a specific depth,

Another test used to determine a maximum use temperature is the UL temperature
index (UL 746B). Underwriters Laboratories (UL), an independent organization concerned
with consumer safety, has developed a temperature index to assist UL engineers in judg-
ing the acceptability of individual plastics in specific applications involving long-term

Height

Therrnometer ———-y f gauge
— Stirrer

___...-‘/r.-._——_‘_‘-‘““‘--..
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Figure 3.4 Deflection under load test to determine heat distortion temperature.
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exposure to elevated temperatures. The UL index lists a temperature for each plastic that
is considered the magimum long-term use temperature. The index temperature is deter-
mined by exposing samples to circulating air at various temperatures for 10,000 hours.
That temperature that causes a sample to lose 509% of its mechanical property (usually
strength or toughness) is the index rating temperature.

Glass Transition Temperature

When one atom in a polymer chain moves in translation, it has a tendency to pull sur-
rounding atoms with it. Hence, these translatienal movements require more energy than
do vibrations, rotations, or twisting. With further heating beyond the HDT, several adja-
cent atoms (perhaps five or six) will eventually have enough combined energy to move
{translate) as a unit, perhaps with a semirestricted motion somewhat like that of a jump
rope or a sinusoidal wave, because some segments of atoms in the polymer are very free
to move, whereas other adjacent segments remain more restricted, This coordinated,
long-range translation results in a significant increase in the flexibility of the material in
the region where the long-range motion occurs,

When some of the atoms begin to exhibit this phenomenon, added thermal input will
cause other polymers to begin similar motions, thus absorbing the input thermal energy
and causing the temperature to remain constant. Temperatures such as this, where added
heat does not increase the temperature but causes some change within the material, are
called thermal transitions. (The melting of ice is a thermal transition.) In this case, the
thermal transition that occurs when the polymer molecule begins to make coordinated
long-range movements is called the glass transition temperature (Ty). The relationship
between the HDT and the 7, is shown in Figure 3.3.

Note that the HDT is not a formal thermal transition in the sense of T, or, as we shall
see, a melting point. The temperature does not stop when the HDT is reached, but some
internal change in state occurs within the polymer. HDT is highly dependent on the
weight applied and the shape of the sample, as well as the temperature, and should there-
fore be considered only as a convenient reference temperature. The HDT is much easier to
determine experimentally than is 7, thus leading to the widespread use of HDT in char-
acterizing polymer use temperatures.

The most important method for determining T, is the differential scanning calorime-
try (DSC) test (ASTM D3417 and D 3418), This test involves measuring the heat absorbed
by a sample when that sample goes through thermal transitions. The DSC test allows
these transitions to be identified for a plastic material by noting the absorption of heat
from a plot of heat versus time as the sample is gradually heated. Results identify the tem-
peratures of the transitions.

: Where previously (below T,) the polymer was rigid and hard, with the long-range

! movements of several adjacent atoms that occur above the glass transition temperature,
the polymer becomes pliable and leatherlike. (7, is called the glass transition temperature
because glass behaves similarly.)

The changes in physical properties at T, allow this transition to be determined using
a test called thermomechanical analysis {TMA). The TMA method places a probe into the
sample and measures the changes in the size or mechanical behavior of the sample as the
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temperature is progressively raised. TMA can determine the coefficient of volume expan-
sion of a sample and can also determine the 7 of a sample because the sample becomes
more pliable above the glass transition temperature. TMA data can also be used to deter-
mine the maximum use temperature of the material. Results are a plot of mechanical
changes versus temperature.

If the polymer is (1) tightly entangled, (2} extremely stiff, or (3) highly restricted in
some other way, T, will be high, indicating that considerable energy must be imparted in
order to induce the characteristic long-range movements. In fact, the backbones of some
polymers are so stiff that the polymers appear to be hard and stiff even above 7, It is,
therefore, sometimes difficult to tell from just feeling the polymer whether it is above or
below its glass transition temperature,

Melting

As more and more heat above T, is put into the polymer, the thermoplastic polymer con-
tinues to soften and become more pliable, because larger and larger segments of the poly-
mer become excited and gain coordinated movements, The polymers continue to disen-
tangle from each other. Eventually, the polymer has so much internal energy that entire
polymer molecules are moving freely relfative to all the other polymers in their vicinity,
and melting occurs, (If the polymer is joined to those neighboring polymers by covalent
bonds, it is a thermoset, and melting does not occur, as explained later.) Hence, melting
is simply the process of polymer chains gaining sufficient energy to move independently.
Initially only a few polymers have sufficient energy to move independently, but with
increased thermal input, all the polymers will gain this freedom. The temperature at
which this occurs is called the melfing point or melting temperature, T,,, and it is a ther-
mal transition as defined previously for 7,. Figure 3.3 shows the relative position of the
melting temperature and the other thermal transitions which have already been
discussed, .

The thermal transitions are also depicted in Figure 3.5, where the differences between
thermoplastics (both amorphous and crystalline) are shown and compared with a ther-
moset. Note that in a typical amorphous thermoplastic the polymer is hard and stiff
below the T, and passes through the HDT and then to T,. Above T, the polymer would be
leathery up to the melting temperature, where it would, of course, melt to a liquid.

In the amorphous thermoplastic polymer, the melting point, T, is shown as a range
over which melting would occur, This melting range is caused by the wide variations in
entanglement, chain length, and secondary bonding between polymer chains that often
occur in amorphous plastics.

As can be seen in Figure 3.5 for the case of crystalline thermoplastics, there is no
T,. In highly crystalline polymers where the crystal bonding energies are strong, resulting
in tightly held molecules, almost no translation motiens occur until the input energy is
sufficient to overcome the crystal bonding energies. The crystalline structure prevents the
long-range, coordinated atomic motions that are characteristic of the change from rigid
structures to leathery structures. When the energy reaches the threshold energy equal
to the crystal bonding energies, the crystal lattice breaks apart and the molecules be-
come free to translate, Therefore, crystalline theymoplastics remain quite rigid up to the
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Figure 3.5 General thermal behavior for thermoplastic and thermoset plastics.

crystalline melting point, which is quite sharp (narrow temperature range). The tempera-
tures at which the crystalline areas break apart are usually high enough that other effects,
such as secondary bonding and differences in chain length, have little effect on the melt- :
ing point sharpness.

This behavior is obviously important in certain applications where the plastic mater-

ial must give structural support. Hence, crystalline materials are more likely to be used in
structural applications than are amorphous polymers. The melting point for a crystalline
thermoplastic is typically somewhat higher than for an amorphous thermoplastic {all
other things being equal), because of the higher energy required to break the crystalline
bonds. .
g Most real polymers are mixtures of crystalline and amorphous regions. The two types
: of regions act independently in thermal transitions, Therefore, the crystalline regions have
sharp melting points and the amorphous regions have glass transitions and broad meiting
temperatures.

For thermoset materials, the presence of crosslinks restricts the movements of the
atoms in the polymers, thus increasing 7, (and HDT) over the values that would occur in
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otherwise equivalent amorphous or even crystalline thermoplastics. The restrictions from
the crosslinks stiffen the thermoset material above 7, so that it is less leathery and more
rigid than thermoplastics. This pattern is depicted in Figure 3.5, where this region is la-
beled semirigid. The behavior of Formica™ countertop material {a thermoset) is a good
example of how the properties of a thermoset will change in the region of T, It is hard in
normal use but can be softened somewhat by heating so that it can be bent and shaped to
fit the contour of the counter. As with all thermosets, fusther heating of the countertop
material will not cause it to melt, but rather to degrade or, at extremely high tempera-
tures, to burn.

Furthermore, crosslinks largely prevent the formation of ¢rystal regions. Most ther-
mosets will, however, exhibit a glass transition temperature. The 7, is related to the num-
ber of crosslinks formed, because higher crosslinking will give further restrictions to the
molecules and require higher temperatures to effect the long-range movements that are
characteristic of the glass transition. This direct relationship between 7, and crosslink
density has led to the use of T, as an indicator of the extent of cure (crosslinking). Because
T, is one measure of the maximum use temperature of the plastic for structural applica-
tions, the use range can be increased by increasing the number of crosslinks, which in
turn raises 7. '

In crosslinked thermosets the melting point is dramatically increased relative to ther-
moplastics, as shown in Figure 3.4 with the dotted line. As discussed later in this chapter
when molecular size effects are examined, the larger the molecule, the greater the energy
that needs to be input to melt it, thus raising the melting point. For thermosets, the in-
crease in molecular weight is so great that the melting point is raised above the decom-
position temperature, thus creating a situation where there is no real melting point be-
cause the thermoset material will start to decompose before it will melt.

Characteristics of the polymer that raise 7, or T, have a tendency to raise its maxi-
mum structural use temperature as well. Therefore, in general, thermoplastics have lower
thermal stability temperatures than thermosets because the crosslinks in thermosets raise
Ty and T,,. Other polymer characteristics that raise the amount of energy required to
impart internal movements and, therefore, raise the maximum use temperature are
higher degrees of aromatic character, hydrogen bonding, and the stiffness of the polymer
backbone.

Decomposition

In its melted state, the polymer contains a high amount of energy; this is manifested in
translation, vibration, rotation, and twisting motions. If additional energy is input, the
amplitude and speed of the motions increase. This increase in amplitude is especially im-
portant in the case of vibrations, because eventually the vibration amplitude will become
large enough that the bonds will break. At this point, a sufficient amount of the input
energy, which randomly moves through the molecule, has localized in the bond and
equals the bond energy. This breaking of covalent bonds causes a loss of properties and a
change in the basic nature of the polymer. This is called decomposition or degradation,
and the temperature at which it occurs is the decomposition temperature (Tz). For
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thermoplastics, decomposition would generally occur in the liquid state; for thermosets,
it generally occurs in the solid state, as shown in Figure 3.3 and Figure 3.5.

When thermoplastics degrade, they often release a gas and may form crosslinks, thus
becoming thermoset materials at high temperatures. When thermosets are heated, either
those formed from overheated thermoplastics or from intentional crosslinks, a char is
formed. These chars are similar to charcoal, which is, in fact, the char of wood. When a
char is formed, by-product gases are often released and the polymer may begin to change
color, often yellowing or blackening.

At very high temperatures when oxygen is present, the polymer or the gases that may
be given off by decomposition may ignite, This is called combustion, a rapid decomposi-
tion.

The decomposition temperature can be determined using DSC or TMA but is proba-
bly easier to obtain using a test called thermogravimetric analysis {TGA). TGA is a proce-
dure in which the sample is progressively heated and changes in the weight of the mate-
rial are recorded. The weight changes are usually associated with the volatilization or
decomposition of components of the sample, Often some portions of the sample, such as
mineral fillers, are not volatilized or decomposed and the concentrafions of these
materials can be determined. {To get the weight of these materiats without a char being
present, the char is usually subjected to heat in an oxygen atmosphere, thus causing
the char to burn away.} The results of the TGA test are a plot of weight changes versus
temperature.

In small molecules {smaller than polymers), additional heating of a melted material
will cause the material to gain enough transkation energy that all the attractions present
in the liguid will be overcome and the material will evaporate into a gas, as was discussed
earlier in this chapter and illustrated by the example of water turning to steam. But, he-
cause polymer chains are so large, the temperature at which the liquid attractions will
break is higher than the decomposition temperature. Hence, polymers degrade before they
evaporate.

Processing Temperature

One other important temperature for plastics is the processing temperature. This is the
temperature at which a plastic material can conveniently be molded. The processing tem-
perature is determined experimentally and is somewhat different for different processing
equipment and conditions. Nevertheless, an approximate value can be useful as a starting
place for new processing conditions. Some examples of the important temperatures asso-
ciated with common plastics are given in Table 3.1.

Non-Thermal Energy Inputs

In addition to thermal sources of energy, energy input could come from a mechanical
source (such as impact) or from any other energy source (sound, light, X rays, etc.). With
all these energy inputs, the polymer moves internally to absorb the energy. If the internal

MacNeil Exhibit 2011
Yita v. MacNeil IP, IPR2020-01139
Page 103



Micro Structures in Polymers

Table 3.1 Thermal Propetiies of Selected Plastics

89

Polymer Tq Tin Processing Temp

Polyethylene—low density (LDPE) —130to —13°F 208 to 240°F 300 to 450°F
{(—901toc —25°C) (98 to 115°C) (149 to 232°C}

Polyethylene—high density (HDPE) —160°F 266 to 280°F 350 to 500°F
(—110°C) (130 to 137°C) (177 to 260°C)

Polypropylene (PP) —103to —24°F 320 to 356°F 374 to 550°F
{(—-25to —20°C) (160to180°C) (190 to 288°C)

Acrylonitrile butadiene styrene (ABS) 212°F 230 to 257°F 350 to 500°F
{100°C) (110 to 125°C) (177 to 260°C)

Nylon (6,8) 120°F 470 to 500°F 500 to 620°F
(49°C) (243 t0 260°C) (260 to 327°C)

Polysthylene terephthalate (PET) 150 to 175°F 413 to 509°F 440 to 660°F
(66 1o 80°C) (212 t0 265°C) (227 0 349°C)

Polycarbonate (PC) 300°F 284 to 300°F 520 to 572°F
{149°C) (14010 149°C) (271 to 300°C)

Polyphenylene oxide {(PPO) 37510 428°F 500 to 900°F 400 to 670°F
(19010 220°C) (260 to 482°C) (204 to 354°C)

motions can dissipate the energy sufficiently, then no breakage of bonds will occur, How-
evet, if the energy input is large or very rapid, the polymer may not be able to dissipate the
energy sufficiently and in some area the localized energy can exceed the bond strength,
When this occurs, the polymer breaks. This localization of energy can occur with any type
of energy input, although mechanical impacts are a very common source of such energy
concentrations because these impacts give very large, rapid energy inputs at a single
location. .

The energy inputs can add together. Sometimes these additions will create localized
energy concentrations that are sufficient to exceed the bond energies, even when the in-
dividual inputs would not be sufficient to cause breakade. This may happen, for instance,
when internal stresses are introduced inte a plastic material as part of the molding oper-
ation, and then later thermal stresses, such as rapid cooling, may cause the material to
crack.

The interpal motions that accompany all energy inputs can become quite extensive
and may result in changes in mechanical or other properties because they may facilitate
movement of one polymer chain past another, For instance, the origin of tensile strength
is the resistance to maotion of one polymer chain past another. If the internal motions are
high, less resistance of movement between polymers would be experienced and the tensile
strength would decrease. On the other hand, some mechanical properties may be im-
proved by some energy input, For instance, elongation would be greater when the maole-
cules have more interna) freedom of motion, Toughness, which is a combination of both
strength and elongation, could be either raised or lowered, depending on: the specific
conditions.
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EFFECTS OF THERMAL CHANGES ON POLYMERS
Flexibility

The properties of plastics are quite different below and above these thermal transitions, An
understanding of these changes is important in predicting how and under which condi-
tions the polymers can be used. Generally a highly crystalline material wiill soften slightly
but retain its shape and generally stiff or brittle characteristics up to temperatures near
the melting point. This behavior indicates that most of the energy is in vibrations rather
than translations, as would be expected from a compact, crystalline structure. Therefore,
the maximum structural use temperature {to maintain stiffness and strength) for crys-
talline materials is reasonably close to T,

Amorphous materials are relatively rigid, stiff and brittle at temperatures below 7, the
glassy region, with mechanical properties somewhat like crystalline polymers. Above T,
the material becomes significantly softer and takes on many physical characteristics that
are much like leather (tough, pliable, flexible} and therefore it is called the leathery re-
gion. These relationships are ilfustrated in Figure 3.6.

The glass transition temperature is a convenient tool for predicting the useful tem-
perature range for using a particular polymer. In some cases a polymer must be flexible
when in use, (Some examples would be rubber, a plastic strap, and a plastic flexibie hinge.)
This flexible behavior is characteristic of the leathery region, Therefore, materials of this
type will be largely amorphous and will have a T, at a very low temperature so that the
temperature of use will be above 7,. When the temperature of use is above 7}, the mater-
ial is pliable. However, as the temperature is lowered, the temperature may drop below T,
i and the material will change to its glassy state and become brittle, Examples of plastic ma-
' terials becoming brittle at low temperatures are common and include such items as em-
brittled cold rubber balls, toys which break when used outside in the winter, and indoor

Figure 3.6 Glass Amorphous plastic
transition and meMing point
relationships for
thermoplastics.
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trash carts which break from being dropped when used outside in the winter. If you lived
in a cold location that had an extremely low temperature, you might need to worry about
the temperature dropping below the T, of the tires on your car. If you tried to drive on the
tires when they were below their 7}, you might break the rubber and ruin the tires.

In other uses, a polymer must be rigid and stiff, such as for an electrical wall outlet or
a compact disk box. In these cases the polymer must be used below the glass transition
temperature. Because most amorphous polymers have a gradual onset of pliability near Tg
a convenient rule of thumb is that the maximum use temperature for a polymer to stay
rigid (that is, safely in the glassy region) is approximately 75% of the glass transition tem-
perature. For instance, if the 7, for a resin is 300°F (149°C), the safe-use temperature
would be 222°F (107°C).

In summary, if the desired properties of the plastic material are pliability and re-
siliency rather than structural support, then the plastic should be used abeve the T, For
instance, rubber materials would almost always be used above their T, If the desired prop-
erties are rigidity and strength, then the material should be used below the 7.

Thermal Degradation

When degradation occurs, most mechanical and physical properties of the plastic mater-
ial are seriously altered. Mechanical strength, stiffness, and elongation often drop precip-
itously.

The accumulation of thermal energy, that is, the exposure to high heat, can occur in
many ways. For instance, the polymer could be a component of an oven, or a frying pan
handle, or could be near an exhaust duct for high-temperature gdases. But the most com-
mon situation in which a plastic material will be exposed to high temperatures is during
processing. Thermosets are heated to cure them so that crosslinks will be developed. Ther-
moplastics are heated to melt them so that they can be molded. Neither type of plastic ma-
terial should be subjected to excessive heat during these processing steps or thermal
degradation can occur. For thermosets this usually means not extending the thermal cure
cycle for longer times or at higher temperatures than are necessary, For thermoplastics
this usually means not heating to a higher temperature than is required for melting and
proper viscosity control for molding,

With thermoplastics, however, another problem arises because thermoplastics can be
processed several times. The most common instance occurs when scrap material is re-
processed, usually after chopping or grinding this material into small pieces so that it can
be more easily and uniformly fed into the processing equipment. The scrap material being
reprocessed is called regrind, Experience has shown that when regrind material is
processed, the evidence of thermal degradation is much more apparent than is seen with
nonregyind (virgin) material.

A method for limiting the effect of regrind problems is to mix the regrind with a large
amount (usually over 60%} of virgin material. In this way the amount of regrind in any
scrap will be continuously diluted and the effect of thermal degradation on part properties
will be minimal. '

Each thermal process causes some thermal degradation to occur, even at temperatures
well below the decomposition temperature, This degradation is the result of random local
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buildups of energy, which can be sufftcient to break one or more of the covalent bonds in
the energy concentration area. In most cases this degradation is limited to the breaking of
a few bonds and the effects are not detected in the overall behavior of the polymer.

If the plastic material is only processed (melted) once, this degradation is usually min-
imal, but with each subsequent reprocessing the effects become more evident, Therefore,
plastics have an accumulated thermal degradation that is a function of the number of
times the material has been heated or melted or, in other words, a function of the accu-
mulated time at elevated temperature. This phenomenon is called a thermal history of the
plastic material. These effects are most evident when high temperatures are used for pro-
cessing, Some plastics, such as polyvinyl chloride (PVC), are especially sensitive to ther-
mal degradation and minimization of their thermal history is important to insure that
good performance is maintained.

Another problem with thermoplastic melts is their tendency to form small solid
masses that cannot be melted. These masses, which are called gels, result from crosslinks
formed when side-chain honds break (allowing the by-product gas to form) and then re-
combine to form a bond with an adjacent polymer chain. (This is another form of thermal
degradation because the desired properties are altered by heat.) These crosslinked masses
form most often in continuous processes such as extrusion where some thermoplastic ma-
terial may get caught in a crevice or on a nonsmooth part of the system and remain there
for a long period of time at a high temperature. These gels may eventually break free,
causing a defect in the part or may remain in place and, when cooled, cause great diffi-
culty in disassembling the various parts of the system.

In some thermoplastics, the degradation and melting temperatures are close to each
i other and substantial degradation could occur hefore melting, Thermoplastics of this type
are, generally, not processable by traditional thermoplastic processing methods like ex-
trusion or injection molding. An example of this type of material is polytetrafluoroethyl-
ene (PTFE), which is processed by methods more akin to metal processing, such as pow-
der fusion. (Recent modifications in PTFE have changed the relative positions of the
melting and degrading temperatures so that when modified, usually by copolymerization,
this polymer can be normally processed,) |

In thermosets the degradation product is a char. This char material usually resists fur-
ther heating and is, therefore, an excellent thermal insulator, Some plastics {such as phe- ,
nolic} take advantage of this property in applications requiring a high thermal insulation |
after exposure to high heat, such as rocket exhaust nozzles and high-temperature insula- |
fion,

Aging

When a relatively low amount of heat is applied to the polymer over a long period of time,
the cumailative effects can be similar to high-temperature degradation. That is, the poly-
mer can reach its thermal stability limit and could eventually begin to degrade. This effect
is called thermal aging or simply aging.

Because of the long-term nature of aging, the effects of this process are much more
difficult to detect than the more rapid types of thermal-induced change. The consequences
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are, however, potentially catastrophic. With aging, the part will gradually lose mechanical
strength and elongation resulting in an embrittlement that can easily lead to failure.

Aging cannot really be prevented, but the useful life of plastic parts which may be es-
pecially subject to long-term, slightly elevated temperatures can be extended by the use of
thermal stabilizers, :

Oxidation is a similar long-term process in which oxygen reacts with the polymer. This
reaction causes changes in the polymer’s properties similar to aging, Oxidation can also be
slowed through the use of additives,

Thermal-protective Additives and Processing Methods

Several materials have been developed to assist in the reduction of thermal degradation in
thermoplastics. These materials, which preferentially absorb heat, are added o the plastic
material and therefore reduce the amount of thermal energy absorbed by the polymer
chains. These materials are commonly called thermal stabilizers. Some of the most effec-
tive are powdered inovganic minerals such as limestone, talc, and alumina, These materi-
als absorb heat because of their large heat capacities and therefore “protect” the plastic
material. In some cases, however, the presence of these inorganic materials is detrimental
to other desired properties of the plastic material. For instance, they add weight and de-
crease tensile strength. Organic heat stabilizers are also available, and although more ex-
pensive, are preferred where strength, weight, or other problems with inorganic materials
may exist, Materials such as PVC that have relatively low bond energies are especially sen-
sitive to thermal degradation. The most commonly used heat stabilizers in PVC are mized
metal salt blends (such as Ba/Cd/Zn stearates), organotin compounds (such as mercap-
tides), and lead compounds (such as stearates).

Another technique that is used to protect heat-sensitive plastics is the use of process-
ing aids. These are materials that lubricate the process, often by melting at low tempera-
tures to facilitate the melting of the remainder of the polymer. Waxes are some of the most
common processing aids, When they are added to a polymer mix, the processing temper-
ature can be reduced 60 to 90°F (20 to 30°C). Some materials, such as the stearate salts,
can serve as both thermal stabilizers and processing aids.

Thermal degradation can also be reduced if energy is input to the polymer by meth-
ods other than heat, Therefore most plastics processing equipment use both mechanical
and thermal energy to melt the plastic material. The mechanical energy is often put into
the system by screw mixing, which has the added benefit of conveying the polymer
through the heating zone. (These processing machines will be described in detail later in
this text in chapters which discuss the vavious processing methods.}) Some equipment,
such as twin screw extruders, have a very high mechanical input and are, therefore, espe-
cially useful in processing heat-sensitive materials such as PVC.

Thermal Conductivity

Thermal conductivify is a measure of how quickly or easily heat moves through or along
a material. As already discussed, when plastics are heated, they have a tendency to move
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internally and therefore absorb input energy. If the energy is absorbed, it is not transferred
along. Hence, plastics have low thermal conductivities in comparison to metals. Typical
thermal conductivities for plastics and metals are given in Table 3.2. These values are de-
termined using the thermal conductivity test (ASTM C 177). Thermal conductivity is de-
fined as the rate at which heat is transferred by conduction through a unit cross-sectional
area of a material when a temperature gradient exists perpendicular to the area. The coef-
ficient of thermal conductivity is sometimes called the K factor. The primary technique for
measuring thermal conductivity of plastic materials is the guarded hot-plate method. This
method is complex and the equipment is expensive, Great care must be taken to ensure
that operator technigue does not enter into the fest results.

Table 3.2 Typical Thermal Conductivities, Heat Capacities, and Coefficients of Thermal
Expansion for Plastics and Metals

Material Thermal Conductivity Heat Capacity Thermal Expansion {(CTE)

Plastic 0.03 to 0.06 Btu/h-ft °F 0.4 to 0.9 Btu/lb °F 9to 12inin. °F x 1073
{0.05 to 1.0 W/m-K) (0.4 to 0.9 calfg °C) (5 to 7 cmicm °C X 107%)

Metal 30 to 60 Btu/h-ft °F 0.1 to 0.3 Btufib °F 2to 8in.fin. °F x 107°
(50 to 500 W/m-K) (0.1 10 0.3 calfg °C) (1 to 4 emiom °C x 107%)

Plastics are, therefore, ideal materials for insulating applications, provided the tem-
perature does not get higher than the thermal stability temperature. Some plastics, espe-
cially thermosets, have a combination of high thermal stability temperatures, high degra-
dation temperatures, and low thermal conductivities. Such materials are excellent for
thermal insulators at moderately elevated temperatures (up to about 600°F or 300°C) and
can be found in products such as handles for frying pans and toasters.

A property related to thermal conductivity is heat capacity. This is the measure of the
temperature rise in a given weight of material for a given amount of heat input. As might
be expected, the tendency of polymers to absorb energy internally results in rather high
heat capacities, as can be seen in Table 3.2.

Thermal Expansion

Most materials expand when heated and contract when cooled. Because plastics absorb
input energy through internal motions, the polymer chains usually move apart to allow
for this motion, Hence, plastics are likely to expand more than metals or ceramics when
heated. This change in dimension of a material with input heat is called thermal expan-
sion and is usually measured as the ratio of the change in a linear dimension (such as
overall length) to the original dimension per unit change in temperature, The resulting
quantity is called the coefficient of thermal expansion (CTE). The tests for coefficient of
thermal expansion (ASTM D 696 for linear and D 864 for volume) are conducted by plac-
ing a sample inside a tube that is submersed in a temperature-controlled bath. A quartz
rod is placed against the sample and heid in place by a low-force spring. The movement of
the quartz rod is sensed by a dial gauge or by an electronic measuring device. The sample
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Figure 3.7 Test apparatus {dilatometer) used for measuring coefficient
of thermal expansion (CTE).

is heated and the movement of the guartz rod against the sample is noted over the tem-
perature range of interest. The apparatus used is called a dilafometer. A diagram of a test
apparatus for making CTE measurements is given in Figure 3.7. Test specimens can be
from 2 to 5 inches long and round so as to fit easily within the testing device. Results are
given as length/length °F.

Typical CTE values for plastics and metals are given in Table 3.2. Ceramics have CTEs
in the range 0.06 to 2 in/in. °F, which are much lower than for either plastics or metals.
Therefore, the addition of ceramics {such as fillers) into a plastic resin can lower the over-
all CTE of the mixture, The addition of fiber reinforcements, especially ceramic fibers, will
denerally decrease the CTE for plastics because the polymer chains are not allowed to
move freely, being restricted in their movement by the fibers.

This expansion of plastics when hot must be taken into consideration when designing
a part. For instance, if a tight fit is desired between a metal screw in a plastic part, the use
temperatures should be kept in a narrow range, otherwise at high temperatures the plas-
tic material will expand much more than the metal and the screw will become loose,

The CTE for plastics must also be considered when designing a mold for plastics.
When a plastic part is formed, it is usually at an elevated temperature and will shrink con-
siderably when cooled. Consequently, the mold cavity should be precisely oversized so that
the finished part can shrink to the correct dimensions.

Thermal Stresses

If a plastic part is constrained so that it cannot expand or contract with changes in tem-
perature, internal energy called thermal stresses develop. The magnitude of these stresses
will depend upon the temperature change, the method of shape confinement, and the CTE
of the plastic material, These stresses {which represent retained energy) can result in
lower overall mechanical and thermal properties because the total energy threshold for
a particulay property is reached at a fower applied energdy level, If other stresses are
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introduced, such as from drilling holes, internal imperfections, or mechanical stresses,
the part may fail prematurely.

In some cases, these thermal stresses can be relieved by heating the material in a man-
ner that allows free chain movement. This stress-relieving process is called anrealing.
Generally, annealing is done at a moderately elevated temperature for a [ong time rather
than at a high temperature for a short time, When annealed, some materials may actually
contract because the molecules are allowed to move te a more energy-favorable configu-
ration which may be closer together. Metals are annealed in much the same way as de-
scribed here for plastic materials,

Plastic materials can build up stresses from energy inputs other than thermal. For in-
sfance, a part could be stretched and then quickly cooled so that the molecules cannot
move to return to their original positions. Alternately, the molecules may be forced into a
highly oriented state, as is often done in the extrusion process, and be cooled before the
natural randomization of the molecules can occur. Both of these instances result in inter-
nal stresses which can generally be relieved by annealing. i

Thermal Effects on the Rate of Chemical Reactions i

Some processes that have been discussed involve chemical reactions (such as thermal
degradation and aging} whereas others are changes in physical state {such as thermal
transitions, thermal expansion, and thermal stresses). The difference between the chemi-
cal reactions and the physical changes is that in chemical reactions the bonds between the
atoms in a polymer are broken and reformed in new configurations, whereas in physical
changes the molecules are merely separated from neighboring molecules,

The dependence of physical changes on thermal input ts additive and linear. That is,
the transition is dependent upon the amount of heat input directly. This can be described
mathematically as a linear function between heat input and temperature and the transi-
tions are directly related to the temperature.

With chemical reactivity, the relationship between temperature and the rate of the
chemical reaction is more complicated. The rate was shown to be an exponential function
of temperature. This relationship was formalized in 1886 by Svante Arrhenius and is called
the Arrhienius equation, shown as Equation (3.1):

Rate = A¢~&FD (3.1}

where A is called the collision factor and is a measure of the effectiveness of collisions he-
tween reacting species, ¢ is the natural logarithm base, £ is an activation factor which in-
dicates the amount of energy required to make the reaction occur, R is the gas constant,
and 7' is the temperature in absolute units (Kelvin). The rate of the reaction increases as
A increases, decreases as £ increases, and increases as T increases. The rate of the reaction
approximately doubles with every 10 K {or 10°C) rise in temperature.
_ _ The Arrhenius equation is very important for predicting the rate of any chemical re-
b action, For instance, oxidation and degradation by ultraviolet light can be described by the
S ' Arrhenjus equation. Several other phenomena which do not involve chemical reactions,
: such as diffusion, viscous flow, and electrolytic conduction, can also be described by the
Arrhenius equation.
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POLYMER LENGTH

The length of the polymer chain is a key factor in determining the nature of the interac-
tions between polymers. To understand this, examine the general formula of a polymer
which can be represented by the following expression:

+A%

where A is the polymer repeat unit and » is the number of repeat units in the chain, This
is the same representation, in a general form, that was introduced in the chapter on mol-
ecular structures for various specific thermoplastic and thermoset polymers. The repeat
unit {A) was previously defined as the basic representation of the polymer unit, The repeat
unit is usually just the molecular formula of the monomer or monomers which make up
the polymer, with minor adjustments in the bonding to reflect the new bonds which were
created to form the polymer and, perhaps, the separation of a condensate. The value of n
can be very large, often in the hundreds or thousands of units for some polymer types. The
length of the chain can, therefore, be found if the parameter 72 is known. Rather than at-
tempting to measure a value for n directly, a much simpler experimental measurement of
the size of the polymer is to determine the molecular weight, which can be directly related
to the number of repeat units in the chain (#) and therefore to the chain length. There-
fore, the molecular weight and the polymer chain length are closely related and are often
discussed interchangeably.

MOLECULAR WEIGHT

The molecular weight of a polymer is defined as the sum of the atomic weights of each of
the atoms in the molecute. The atomic weights can be found by referring to the periodic
table. For instance, the atomic weight of carbon is 12 g/mole, so each carbon in the mol-
ecule would be counted as 12. The atomic weight of hydrogen is 1 g/mole, of oxygen is 16
g/mole, and so on. When the exact molecular formula is known, the molecular weight is
easy to calculate, For example, water (H;0) would have a molecular weight of 18 g/mole
(16 + 1 + 1), methane (CHy) would be 16 g/mole (12 +1 + 1 + 1 + 1), and benzene
{CeHyg) would have a molecular weight of 78 g/mole [(6 X 12) + (6 X 1)]. The molecular
weight of a polymer could be likewise calculated if the exact formula is known. For in-
stance, if the polymer is polyethylene with 7 equal to 1000, the molecular {repeat unit)
formula would be as follows:

= CoHs 1000

The molecular weight would be 28,000 g/mole {[(2 X 12) + 4} X 1000} since each C;H,
would have a weight of 28 g/mole and there would be 1000 of these units.

Average Molecular Weight

In all real polymer systems the nature of the polymerization process results in chains
with many different Jengths. In other words, the polymer molecules {chains) are usually
different molecular weights. This variation in the molecular weight of molecules is a
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characteristic of polymers that is not found in small molecules. For instance, all methane
molecules (CHy) have the same molecular weight—16, But ail polyethylene molecules do
not have the same molecular weight. In one batch of polyethylene polymers the molecu-
lar weights could vary over several thousands. It is not possible to examine each of the
polymer chains to determine its precise weight, Therefore, an exact molecular weight for
each cannot be determined and the value of n is not precisely known. The polymer chains
must be treated as a group and a reasonable representation of the polymer must be some
average group representation. Statistics are a convenient tool to allow determination of
representative group values of the polymer chains.

A useful statistical concept that can be used to characterize polymers is called the dis-
fribution of values. A value can be any quantity that is to be examined. For instance, a
value could be the height of students in a class. The distribution would be determined by
counting the number of students in the class of each height. The distribution can he vi-
sualized by plotting the number of students in each group on one axis and the various
heights on the other axis, resulting in what is commonly referred to as a hisfogram,

For polymers, an important value to be examined is the molecufar weight. Therefore, the
molecular weight distribution is simply a count of the number of molecules of each molec-
ular weight, The molecular weight distribution ¢an be envisioned by plotting the number of
molecules of each molecular weight against the molecular weights as shown in Figure 3.8,

Rather than plot every single molecular weight along the x-axis, the molecular
weights are often grouped so that similar molecular weights can be counted together,

Top mid-points
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Figure 3.8 Plot of number of molecules at each molecular weight
versus molecular weight thereby defining a molecular weight
distribution.
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{This could be like grouping all the students having heights between 65 and 70 inches into
one group and all those with heights between 70 and 75 inches into another group, and
so on), These groups are called counting cells. The counting cells would, therefore, be
plotted along the x-axis with the width of the cell corresponding to the range of values to
be put into that cell. (In the student height example, one cell would have a width from 65
to 70 and the next cell would be from 70 to 75.) The number of molecules in each count-
ing cell would be plotted on the y-axis and would determine the height of the cell. The
counting cells are, therefore, rectangles with a width the same as the spread in values and
the height the number of values within that spread. The counting cells are given a sub-
script (i} so that each can be identified in a general representation, as shown in Figure 3.8.
When this is done, the histogram has been completed.

A curve can be drawn representing the overall shape of the plot by connecting the tops
of each of the cells at their midpoints. This curve between top midpoints can then be mod-
ified slightly to give a continuous and smooth curve, as is represented by the line labeled
Molecular Weight Distribution (MWD) in Figure 3.8, (The implications of the shape and
other variations in the molecular weight distribution curve are discussed in detail later in
this chapter.)

An average molecular weight can then be determined by summing the weights of all
the chains and then dividing by the total number of chains. The average molecular weight
is an important method of characterizing the polymer.

The actual calculation of the average molecular weight can be done in three slightly
different ways. One way calculates a quantity known as the number average molecular
weight (M,)) and can be calculated by Equation (3.2}

_ 2NM,

M,

PR
where M; is the molecular weight of species i that is of the weight of molecules in count-
ing cell , and &V; is the number of molecules of a particular molecular species 7 (compris-
ing molecules in the same counting cell). This method of calculating an average molecu-
lar weight gives equal value to all chains, large or small. A sample problem illustrates the
value of a number average molecular weight distribution,

(3.2)

Calculation of Number Average Molecular Weight

What is the number average molecular weight of a polymer sample in which the
polymer molecules can be divided into 5 groups with the following molecular
weights (in g/mole):

Group 1 50,000
Group 2 100,000
Group 3 200,000
Group 4 500,000
Group 5 700,000

The ratios of the number of molecules in each group are 1:4:5:3:1.
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Solution:
MW, = [1{5 X 10°) + 4(1 X 10%) + 5(2 x 10%) + 3(5 X 10
+1U7 X111 +4+5+3+1)
= 2.6 X 10° g/mole = 260,000 g/mole

The distribution of samples given in the sample problem is plotted in Figure 3.9. This
distribution is obvipusly nonsymmetrical. Such nonsymmetrical distributions are called
skewed distributions. In this case, the fadl of the skew, that is, the small region at the end
of the curve, is toward higher molecular weights.

The number average molecular weight (1,) can be determined experimentally by an-
alyzing the number of end groups (which permits the determination of the number of
chains) or through some other property of the polymer that depends on the number of
molecules {called colligative properties) such as boiling point elevation, freezing point de-
pression or osmotic pressure {pressure through a membrane), Therefore, if the number
average molecular weight (M) of the polymer can be determined experimentally, the av-
erage number of repeating units (1) can be calculated by dividing by the number average
molecular weight by the molecular weight of the repeating unit (), as shown in Equa-
tion {3.3).

(3.3)

The molecular weight of the repeating unit is simply the weight of the unit shown in the
repeating unit representation of the polymer. For instance, M, for polyethylene would be
28 g/mole.

The number of repeating units {n) is sometimes called the degree of polymerization
(DP) and relates to the amount of monomer that has been converted into polymer. If the
average molecular weight (M,) is large, n will also be large, since 1, is constant for each
type of poiymer. Hence, in this case, many groups have joined together and the polymer-
ization has proceeded to a high degree, Due to the length of most polymer chains, poly-
mer molecular weights of several hundreds or even thousands are not unusual.

Another way of determining average molecular weight favors large molecules more
than small. This average is particularly useful in understanding polymer properties that
relate to the weight of the polymer, such as permeation through a membrane or light scat-
tering. In this method the molecular weight can be represented by the weight average
molecular weight (M,,) which is given by Equation (3.4).

_ S N M
SN
The parameters are the same as those used in Equation (3.2), A calculation of the weight
average molecular weight using the same data as used in the calculation for number av-
erage molecular weight would result in a weight average molecular weight of 4.2 X

10%g/mole. The higher value for the weight average molecular weight, when compared
with the number average, is a reflection of the fact that the distribution used in the sam-

M, (3.4)
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Figure 3.2 Molecular weight distribution illustrating the sample probiem.

ple calculation is skewed, having a long tail toward the higher molecular weights. The
weight average molecular weight is also shown in Figure 3.9.

A third way to calculate the average molecular weight emphasizes large molecules
even more than the weight average calculation. This third method is called the z-average
meolecular weight and is useful for some calculations involving mechanical properties. The
experimental method relating to this method would be ultracentrifuge, a separation
method that uses the weight differences of the polymers to separate them when they are
spun in a centrifuge. This average would be even more toward the high molecular weight
tail than the other averages.

Molecular Weight Distribution

As already indicated, the nature of the polymerization process results in chains of varying
size {molecular weight) and a distribution of the size and weight of the polymers. In some
polymerization processes growing chains would successfully react with many monomers
to form very long chains, and in other processes the chains would be considerably shorter.
This variance in chain size or molecular weight is called the molecular weight distribu-
tion (MWD) which is another important method of characterizing polymers.
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Figure 3.10 Broad and narrow molacular weight distributions.

In some cases the molecular weight distribution would be very narrow indicating that
most of the polymers were nearly the same length. Other molecular weight distributions
would be quite broad indicating that the polymer batch has some short and some long
polymer chains. Examples of narrow and broad molecular weight distributions are given
in Figure 3.10.

The molecular weight distribution as well as the average molecular weight are con-
trofled by the conditions of the polymerization, A detailed discussion of these conditions
is beyond the scope of this text, but several of the books in the hibliography treat this sub-
ject in detail.

Molecular weight distributions can be symmetrical, as in Figure 3.8, or skewed, as in
Figure 3.9. When the distribution is symmetrical, the average molecular weight can be
easily approximated graphically. For skewed distributions this approximation is much
more difficalt and the formulas or experimental methods described earlier in the text
must be used.

The molecular weight and molecular weight distribution of a plastic material can be
determined by the difference in absorption of small and [arge molecules on special parti-
cles that line a tube through which the plastic is caused to flow on a substrate {such as
paper} on which the samples are placed. This test is called gel permeation chromatogra-
phy (GPC) and follows procedures given in ASTM D 3593. Materials are separated by the
differences in the absorptivity that are associated with molecular weight. After time, these
differences can be seen and quantitatively measured.
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Physical and Mechanical Property Implications
of Molecular Weight and MWD

Both the average molecular weight and the shape of the molecular weight distribution can
significantly affect some key physical and mechanical properties of the polymer such as
tensile strength, impact toughness, creep resistance, and melting temperature. In general,
a higher average molecular weight increases all of these properties. The reason is primar-
ily explained by entanglement. Entanglement is simply the mutual wrapping of polymer
chains around each other, Higher molecular weights imply longer polymer chains and
longer polymer chains imply more entanglement, When the polymers are highly entan-
gled, they resist sliding over each other, Entanglement, therefore, affects the plastic much
like the secondary or intermolecular bonding (hydrogen bonding) discussed in the chap-
ter on polymer structure—molecular viewpoint. Both entanglement and secondary bond-
ing create forces (infermolecular aftractions) that tend to keep the molecular chains as-
sociated together. These forces are less strong than primary bonds {crosslinks) between
the molecules. The forces from entanglement and secondary bonding can, therefore, be
broken with much lower energy input than would be required to break crosslinks. All of
the mechanical properties will be discussed in greater detail in the chapter on mechanical
properties, where the effects of both microstructure and macrostructure on these proper-
ties can be seen. However, some deneral relationships between molecular weight, molec-
ular weight distribution, and varicus mechanical properties are discussed here as a back-
ground for other discussions.

One of the most basic mechanical properties is fensile strength, which is the resis-
tance to two forces pulling on a sample of the polymer in opposite directions. Entangle-
ment and other intermolecular attractions have a strong effect on tensile strength. As the
molecules are pulled in opposite directions (tension), the energy levels of the molecules
increase. This increase in energy level creates more molecular movement {vibration, rota-
tion and translation}, which has the effect of gradually disentangling the molecules, Ever
morve tensile force will create more disentanglement until the molecules are free to slide
relative to each other. The force required to cause this sliding of molecules is called the
tensile force. Hence, the more enfangled the molecules, the more tensile force that is re-
quired to cause them to slide,

The effect of molecular weight distribution (MWD) on tensile strength is more subtle
than the effect of molecular weight. A broad MWD, especially when skewed to the small
end, implies that some of the molecular chains are much shorter than the average. These
shorter chains becorne disentangled much more readily than would a chain of average
length. The net effect of the broad MWD is, therefore, a lowering of the resultant tensile
strength.

Impact toughness {or impact strength) is another important mechanical property of
polymers that is significantly affected by molecular weight. Impact toughness measures
the ability of a material to withstand an impact blow, that is, to absorb energy. The case of
impact toughness is, however, somewhat different from tensile strength because impact
toughness depends on the ability of the material to absorb energy through vibrating and
minor movements rather than just resist input forces. If the material cannot move, the
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impact energy will be concentrated in one area and rupture will occur, Materials that do
not allow this movement or vibration are said to be brittle. (Crosslinking and, to a lesser
extent, secondary bonding, restrict movement and therefore embrittle the plastic.) Long
chains, however, mean that the energy can be transmitted afong the chain and shared over
more atoms, eventually being dissipated through vibrations, minor translations, and heat,
With entanglement, some of the energy can also be transferred to other molecules in the
mass, thus further reducing the concentration of the energy. Therefore, impact toughness
is generally increased by increasing molecular weight up to the point where embrittle-
ment becomes important,

The effect of MWD on impact toughness is much the same as the effect on tensile
strength. A broad MWD results in more short molecular chains that have a diminished
ability to entangle and, therefore, a diminished ability to transmit the energy between
chains. This means that the impact toughness is reduced by a broad MWD.

Other mechanical properties, such as elongation, creep, and stiffness, show the same
trends as tensile strength and impact toughness. In general, higher molecular weights will
increase these mechanical properties and broader MWD will decrease the properties.

The most important thermal property for polymers (the melting point) has already
been introduced. The melting temperature {or melting point) is a measure of the
amount of thermal energy that has to be put into the polymer mass to induce the moie-
cules to slide freely relative to each other. When the entanglement is great, the amount of
input energy required to get free movement is high and the melting temperature goes up.
A high melting temperature can be useful in allowing a plastic to be used for high-
temperature applications, but can also be a detriment in processing because the process-
ing temperature will be higher, Hence, low molecular weights generally reduce melting
points and improve ease of processing.

; The net effect of increasing molecular weight is, therefore, an increase in many me-

chanical properties and an increase in melting point. In most cases the increase in me-
chanical properties is desirable and the increase in melting point is acceptable, perhaps -
even desirable.

It would be possible, at least in theory, to continue to increase mechanical properties
and melting point by increasing molecular weight until the chains were so long that the
entergy required for melting would exceed the energy of the bonds. At this point decom-
position wouild occur, This situation is, in fact, the case for thermoset polymers, The
crosslinks increase molecular weight by linking the molecules together. This increases
mechanical properties but also increases the melting point. Generally, there are enough
crosslinks formed in these thermoset materials that the materials cannot be realistically
melted.

In actual practice, increases in mechanical properties are nof linearly related to in-
creases in molecular weight, as can be seen in Figure 3.11,

Initially the mechanical properties increase rapidly with increases in molecular
weight. Eventually, however, the rate of increase in mechanical properties slows with in-
creases in molecular weight and a practical maximum value for mechanical properties ap-
pears o be reached, Therefore, increases in molecular weight beyond a certain limit will
result in only smail increases in mechanical properties. Increases in molecular weight
have a much stronger effect on melting point. Therefore, for thermoplastic polymers that
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Figure 3.11 General mechanical and melting properties as a function of molecular weight.

are to be processed by melting, a practical limit of molecular weight is dictated by a di-
minishing of the increases in mechanical properties versus the increase in melting tem-
perature and a desire to melt the polymer for ease of processing,

Plastic processing can also be affected by the molecular weight distribution. In some
types of processes, a narrow distribution is preferred while in others a wide distribution
gives better processing. A narrow distribution means that the material will melt over a
narrow range of temperatures, (This is because the molecules are almost the same size
and will, therefore, require ahout the same epergy to cause them to move freely.) Uniform
melting can be useful in processes, such as injection molding, that depend upon a rapid
freezing of the molten polymer, The freezing, which is just the reverse of melting, will be
done over a narrow temperature range that can be easily controlled. On the other hand,
some processes, such as extrusion, work better with a wide molecular weight distribution.
Processes of this type require a high melf strength, which is a measure of the ability of the
molten material to be shaped. Honey and taffy, for instance, have high melt strengths be-
cause they can be pulled and shaped while molten, as opposed to water, which has little
melt strength. Like honey or taffy, plastics with a broad molecular weight distribution
have high melt strengths. The smali molecules melt first and lubricate the entire mass,
thus giving some ease of sliding to the very large molecules, even while they are still
slightly entangled. This lowers the effective melt temperature. The large polymers give
strength to the melf because of their residual entanglement.

An interesting use of modifying the molecular weight distribution to give selected pro-
cessing capabilities is seen in ultrahigh molecular weight polyethylene (UHMWPE). This
material, as the name implies, has extremely long polymer chains and, consequently, ex-
cetlent strength, impact toughness, and a high melting point as compared to other poly-
mers of the same family. The nature of the polymerization process usually results in a nar-
row MWD. Except for the high melting point, this material works well for injection
molding. However, the material is not good in extrusion and related processes requiring a
high melt strength. The processing temperature is, of course, very high, but even more
important for these processing methods, the material has little melt strength because by
the time all of the molecules are melted, they are too free moving, Any attempt to lower
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Figure 3.12 Bimodal molecular
weight distribution.

Mumber of Molecnies atc Each Weight
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the temperature slightly to get more melt strength results in freezing. The temperature
range for operating is just too narrow,

This problem has heen effectively solved by adding a lower molecular weight polyeth-
ylene. This second material acts as the low-melting lubricant which is similar to the be-
havior of broad-MWD material. In this case, however, two rather distinct distributions
exist, as shown in Figure 3.12. This type of distribution is called himodal, The case cited
is an example of a high-bred material which has been customized for specific properties
by combining two polymers.

MELT INDEX

Rather than attempt to determine the average molecular weight and the MWD, either by
calculation or by using some of the experimental methods already mentioned, many im-
portant flow characteristics of the polymer, which are strongly dependent on these prop-
erties, can be found using a simple test calted the melf index. This method is so simple
that it is the preferred method for determining these molecular weight and molecular dis-
tribution characteristics in industry. In fact, the melt index is one of the most common
parameters specified when describing a polymer, A typical device for conducting this test
is shown in Figure 3.13.

In the melt index test, a large block of metal in which heating coils have been imbed-
ded surrounds a tube into which several grams of the polymer material to be tested are
placed. This apparatus allows a constant, preset temperature to be maintained on the poly-
mer. The desired temperature for the test is selected and the apparatus is brought to this
ternperature. {The temperature depends upon the type of polymer to be tested.) A
weighted piston (with the weight specified by the test methed for each type of polymer) is
then placed in the tube so that it applies a constant force on the polymer. To avoid confu-
sion, the temperature and weight conditions are reported with the results of the test. Ta-
bles of suggested values for these parameters are given in the testing literature. (For in-
stance, this test is outlined in ASTM D 1238 as Sfandard Test Method for Flow Rates of

MacNeil Exhibit 2011
Yita v. MacNeil IP, IPR2020-01139
Page 121




Micro Structures in Polymers W7

Figure 3.13 Melt index test.
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Thermoplastics by Extrusion Plasfometer.) Typical examples of temperature/weight con-
ditions are: polyethylene 190°C/1.0 kg, nyion 235°C/1.0 kg, and polystyrene 200°C/5.0 kg,

Under the constant temperature and weight that is appropriate for the type of polymer
to be tested, the polymer eventually begins to flow slowly (extrude) out the small orifice
at the bottom of the tube. When this flow is constant, the polymer extrudate is removed
(that is, wiped away or cut off at the orifice} and discarded. A stop watch is started and
after a set amount of time {(usually from about 15 seconds to 5 minutes) as specified by
the test method according to the type of polymer, the extrudate that has come out during
the set time is carefully removed and weighed. The weight of the material extruded dur-
ing the specified time is the melt index expressed in grams per 10 minutes.

The melt index is not an intrinsic or fundamental property of a polvmer. It is, rather,
a convenient method for expressing important flow characteristics of the polymer which
clarifies the way in which the polymer can be processed. The melt indek has been found
to relate closely with average molecular weight, and, to a lesser extent, with MWD.

Note that if the melt index is a large number, that means that much material flowed
through the orifice in the allotted time, Material with this behavior, that is, high flow,
would have short chains and, therefore, low molecular weight, Hemnce, a high melt
index indicates a low molecular weight. The oppesite is also true; a low melt
index means a high molecular weight. The viscosities of the polymers also provide a
general comparison. Polymers with a high melt index flow quickly through the test appa-
ratus and are fow in viscosity. Polymers with a low melt index flow slowly and have a high
viscosity. Typical values for melt index and molecular weight for polyethylene samples are
given in Table 3.3.

Table 3.3 Comparison of Melt Index and Average Molecular Weight

Waeight Average Molecular Weight {g/mole) Melt Index {g/10 min)
100,000 10
150,000 0.3
250,000 0.05

MacNeil Exhibit 2011
Yita v. MacNeil IP, IPR2020-01139

Page 122




108 CHAPTER THREE

The values given for melt index and moleculay weight in Table 3.3 are approximate and
could vary as much as 20% depending upon the shape of the MWD. For instance, if the
MWD were skewed to the high end, the weight average molecular weight would be moved
toward higher values. Therefore, Table 3.3 should only be considered as indicative of the
types of results that can be obtained.

The use of melt index values for processing can be illustrated for polyethylene. In gen-
eral terms, melt index values of above 15 for polyethylene would be considered to be quite
low in molecular weight and would be used when ease in processing would be highly de-
sirable. Fractional melt indices (helow 1.0) would be more difficult to process and would
be used when mechanical properties performance is very important.

- As with the relationship between molecular weight and mechanical properties (see
0 Figure 3.11), the relationship between molecular weight and melt index is also nonlinear

50 that in the region of high molecuiar weight, large increases in molecular weight result
in only small changes in melt index. Note that with molecular weight and melt index,
however, the relationship is an inverse. (High molecular weight results in a low melt
index.)

The underlying purpose for determining melt index is to estimate the ease of melting
of the polymer. As already noted, the melting characteristics of a thermoplastic polymer
almost always indicate the ease of processing the polymery, particularly the amount of heat
and/or mechanical and shear energy which must be added to the polymer to melt it, The
melt index test approximates the melting conditions for the polymey, although with less
shear and mechanical energy than would normally be used for commercial plastics pro-
cessing. Even though it is only approximate in duplicating the melting conditions, the
melt index has proven to be a convenient approximation to the melting characteristics of
the plastic. Hence, high melt index numbers indicate ease of melting, lower energy input
required and, often, easy processing,

SHAPE (STERIC) EFFECTS

The effects of the shape or size of the atoms or groups of atoms are called sferic effects.
These steric effects are very important in determining some of the microproperties of
polymers. Because the shapes and sizes of polymer molecules may be difficult to envision,
chemists have developed several different methods to represent the shapes and sizes of
molecules when written. Some of these representation methods are illustrated in Figure
3.14 for the simple molecule 2-chloropropane {CsH;Cl).

As suggested in Figure 3.14, the shape and size of the pendent groups has a major ef-
fect on some of the important properties of plastics, When the pendent groups are large,
crystallinity is almost always reduced or eliminated simply because the molecules cannot
get close enough together to form crystalline bonds or because no stress-free or low-hin-
i drance packing pattern exists. Because of this lack of crystallinity, the initial assumption
would normally be that the properties most enhanced by crystallization, such as tensile
strength and thermal properties, would be lower. This expected decrease in properties does
not necessarily occur because the bulky pendent groups of one molecular chain interfere
with the hulky pendent groups on another chain. The effect of this hindered movement
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Figure 3.14 Various 1
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would be to increase mechanical and thermal properties just as would the intermolecular
bonding and other interactions such as entanglement, which have previously been dis-
cussed. Therefore, the two effects arising from steric hindrance—low crystallinity and hin-
dered movement—counteract each other and the net effect on properties depends on
whichever of the factors happens to dominate for the particular polymer.

Bulky groups may hinder rotations or flexibility, which can affect properties such as
T,,. If the movements are hindered, 7, would be expected to increase.

Many large molecular groups can be bulky and cause the effects described. In particu-
lar, aromatic pendent groups are very bulky and have the effect of increasing mechanical
and thermal properties. An example of this behavior is seen in polystyrene, a very hard and
brittle polymer which has a pendent aromatic group.

On the other hand, some pendent groups are very flexible and, although they prevent
crystallization, they do not inhibit translational, rotational, or flexing movement. (The
lack of hindrance of movement of one molecule relative to another can be explained by the
ability of these flexible side chains to easity move to avoid interfering with another mole-
cule). An example of this rather large pendent group arrangement that does not increase
stiffriess is the branching that occurs in low-density polyethylene, a very flexible material
that has long pendent groups. The net effect in these cases is a reduction of crystallinity
without the hindrance-of-movement effect encountered in the case of bulky pendent
groups. Therefore, in these cases, the mechanical and thermal properties all decrease. An
example of this pendent type would be an aliphatic branch. {Aromatic and aliphatic are
discussed in the chapter on polymeric materials {molecular viewpoint) and are iflustrated
in Figure 3.15.)

Therefore, no general rule can be stated as to whether a bulky pendent group will in-
crease or decrease the properties except that the general trend for pendent aromatic
groups is to increase and for pendent aliphatic groups is to decrease these properties.

The steric nature of the backbone also affects the physical properties. If the backbone
itself is stiff, the strength, impact toughness and temperature properties will generally
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Figure 3.15 Aromatic and aliphatic pendent groups and backbone constituents.

increase. The atoms or groups contained within the backbone itself can have a major ef-
fect on backbone stiffness. The inclusion of aromatic groups in the backbone will cause
the backbone to be stiffer because of steric interferences with other backbone atoms and
also with pendent atoms. Aliphatics along the backbone result in more flexibility in the
backbone.

Some of the highest strength and stiffest plastics are those with extensive aromatic
groups atong the backbone. These materials have high melting points, high glass transi-
tion temperatures, and often excellent solvent resistance. Two groups of polymers of this
type are the aramids and the liguid crystal polymers. One aramid is Kevlar®, which is
made into a fiber that is used for bulletproof vests and other composite reinforcements,
and another aramid is Nomex®, which is used for a super strong plastic and coatings. The
polymer backbones are so stiff that the crystal structure is partially retained, even in the
liguid phase, and are called liquid crystals. This results in a directional solid material that
can be very strong. These polymers are often used for high-temperature and high-strength
applications, such as aerospace. Examples of liquid crystal polymers include Xydar® and
Vectra®.

CASE STUDY 3.1

Mechanical Properties of Polyethylene (PE) as Functions
of Density and Melt Index

The relative effects of polymer density and molecular weight on physical properties can be
complicated and sometimes confusing. This potential confusion arises because density and
molecular weight have similar effects on some mechanical properties (such as tensile
strength) but have opposite effects on other properties {such as brittleness). To further
complicate these property dependencies, in some cases the effects of density will dominate
and in others, the effects of molecular weight will be stronger,
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During the manufacture of a polymer, the processing variables can usually be selected
to vary density and molecular weight independent of each other, at least within some gen-
eral ranges of operability. Therefore, many polymers can be made with all of the possible
combinations of high density/high molecular weight, high density/low molecular weight,
low density/high molecular weight, and low density/low molecular weight. These variabil-
ities were found in the case of some polyethylene (PE) resins which were furnished for this
case study by Paxon Polymer Company. The pertinent data for these polymers is diven
Table 3.4, As is usual with polymers, the molecular weight is measured as the melt index,
Because the melt index and molecular weight have an inverse relationship {as molecular
weight gets larder, melt index gets smaller), the reciprocal melt index is also given in the
table. Use of the reciprocal melt index will allow some comparisons to be made more sim-
ply than could be done with the melt index itself.

Table 3.4 Polyethylene Resin Density and Melt Index Data
{Courtesy of Paxon Polymer Company)

Reciprocal | Tensile Tensile
Density Melt Index (MI) Melt Strength Toughness
Resin {g/em®) {g/10 min}) index (1/MI) {MPz) {Jicm®)
AABO-003 0.960 0.3 3.33 30 24
AA45-004 0.945 0.35 2.86 22 34
BA50-100 0.949 <01 10 25 36
AA55-600 0.953 55 0.02 27 9

As was previously discussed in this chapter, the tensile strength of a polymer should
increase with increases in density and with molecular weight {or reciprocal melt index).
These guantities are plotted in Figure 3.16 for the four resins in this case.study. Note that
the relationship between the tensile strength and density is, as predicted, a straight line.
Hence, as density increases, so does tensile strength. The relationship between tensile
strength and reciprocal melt index (1/melt index) is not a straight line. In this case, other
factors seem to be dominating the relationship, These relationships can be summarized as
follows for polyethylene:

u Density is a strong determiner of tensile strength, perhaps the dominant factor. Ten-
sile strength has a linear relationship with density.

m Tensile strength does not always have a linear relationship with molecular weight
(reciprocal melt index). Other factors such as molecular shape, secondary bonding,
and crystallinity, seem to dominate.

As previously discussed, toughness should increase with increasing molecular weight
and may decrease with increasing density because of the enhanced brittleness associated
with crystalline structures common to high-density resins. These relationships are plotted
in Figure 3.17. _

The relationship between toughness and density is not linear. There may be some re-
duction in toughness at higher densities, as would be expected from brittleness consider-
ations but the data is scattered (see Figure 3.17a). The relationship between toughness
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Figure 3.16 Plots of tensile 31
strength versus (a) density and
(b) reciprocal melt index for four
polyethylene resins.
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Figure 3.17 Plots of toughness sol
versus (a) density and
(b reciprocal melt index for 4S5k
four polyathylene resins.
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and molecular weight (reciprocal melt index) is much stronger. The toughness increases
with increasing molecular weight, but the relationship is not linear. At high molecular
weights, increases in molecular weight seem to have a diminishing effect on toughness.
This refationship was described previously in this chapter and explains why molecular
weight cannot continue to be increased in order to obtain ever higher polymer physical
and mechanical properties.
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SUMMARY

The intent of this chapter was to examine and explain polymer properties that depend
upon the interrelationship of several molecular chains. This perspective is called the
micro view {as compared to the molecular view of the previous chapter and the macro
view of ensuing chapters).

When the polymers are solids, the polymer chains become entangled, and portions of
the polymer molecules can pack closely together. In some polymers this packing becomes
very regular, often because a polymer will fold back and forth on itself, but other times be-
cause it aligns tightly with neighboring molecules, When this close packing occurs, sec-

} ondary bonds form between the polymers. These areas of close packing are called c¢rys-
ST talline regions because of the analogy with metallic and ceramic crystals, which are also
regular and held together by bonds between the elements of the crystal. In other mole-
cules, however, the molecules do not pack closely and the overall regions of the molecules
are random. These regions are called amorphous. Therefore, regions within molecules can
be either crystalline or amorphous, and the molecules themselves are often referred to as
being crystalline or amorphous, depending on which type of region dominates. Crys-
tallinity in a polymer increases the density of the polymer,

Polymer strength and stiffness are increased by crystallinity. Therefore, a direct rela-
tionship between density and strength is commonly found.

When polymers are heated, the heat is absorbed by the polymer through increases in
molecular movement. Initially this movement is small and resuits in only minor increases
in volume with very little additional change in polymer properties. With increased heating
the motions become very large and the molecules begin to slide and disentangle. When
this occurs, the polymer is less able to support loads. A common test in which polymers
are subjected to loads at elevated temperatures is called the HDT and it measures the
point at which the ability of the polymer to support loads is diminished beyond a set
amount.

Further heating of the polymer will cause increased movement until several atoms
within the molecule move in long-range, coordinated movements. The temperature at
which this happens is called the glass transition temperature, 7,,. This is a thermal transi-
tion in the polymer because further heating will not raise the temperature until all of the
molecules in the batch are able to move in similar long-range motions. Below 7, the poly-
mer is rigid and hard. Above T, the polymer is pliable and leathery.

The next transition of the polymer is at the melting point, Here the polymer mole-
cules can move freely from each other, If the polymer is amorphous, the melting occurs
over several degrees because of the various lengths and other interactions of the polymers.
When the polymer is crystailine, the melting point is quite sharp and corresponds to the
breaking of the secondary bonds that hold the crystalline structure together,

Beyond the melting point, further heating will eventually cause the molecule to de-
grade because the thermal energy is sufficient to break the primary bonds of the mole-
cules.

Imagine a polymer of enormous chain length. As this polymer is heated, the energy
5 causes hoth vibrational and translational motions, as with the nermal-sized polymer. The
enormous polymer, however, is so large that very high energies are required to reach the
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level of activation needed to melt it. Before the entire polymer can be totally activated, the
vibrational energies in the bonds might exceed the hond strengths and the pofymer could
begin to degrade. The melting point of this polymer has been increased (due to the long
chain length) such that the melting temperature has become higher than the decomposi-
tion temperature. This situation, in which the enormous chain length causes the melting
temperature to be higher than the decomposition temperature, can often occur if fully
formed polymer chains are bonded together, as occurs in the curing of thermosets. When
a bond occurs between two chains, the total length of the resultant chain would be ap-
proximately double the length of the separate chains. Further bonds between this double-
length chain and other chains would give further rapid increases in total chain length
until, conceivably, the entire structure could be bonded together with these interchain
honds. These interchain bonds are called crosslinks and the process of forming these
bonds is called crosslinking or curing. Polymers that have these crosslinks are called ther-
mosets; their structures have become rigid (sef) with temperature because these bonds be-
tween the polymer chains are formed with heating. Because of the very high cumulative
length of these crosslinked polymers, these thermoset materials decompose before they
melt.

Plastics can also degrade over long periods of time. This degradation is from the ac-
cumulated effects of heat, often from repeated processing or from exposure to high tem-
peratures in use. Hence, elevated temperatures for long periods of time are to be avoided.

Thermal conductivity is a measure of the ability of a material to conduct thermal en-
ergy, Most plastics are poor thermal conductors compared to metals. This lack of thermal
conductance allows plastics to be used extensively as insulative handles for cooking pans
and for other devices that may get hot,

When materials get hot, they generally expand. This is called thermal expansion and
is generally higher for plastics than for metals and ceramics. Thermal expansion is an im-
portant consideration in designing a mold for plastics to ensure that the finished part is
the proper size, even after the subsequent normal contraction as the part cools. If the part
is constrained so that it cannot change its size with thermal changes, some stresses arise
within the part. These are thermal stresses, and they can lead to premature failure in some
circumstances if not relieved. They can easily be relieved by annealing.

The molecular weight of polymers is an important measure of the size of polymer
chains. Because polymer chains can be of several different lengths, statistics are used to
describe the molecular weight. Hence, molecular weight is described as an averagde of the
polymers contained within the sample. Several types of averages can he found. The most
common of these types are the number average and the weight average molecular weights,
The number average molecular weight gives equal weight in the average calculation to
every polymer chain, regardless of its size, The weight average molecular weight gives
greater emphasis to the large molecular weight chains, If the molecular weight averages
can be found experimentally, the degree of polymerization (DP) can be calculated, The de-
gree of polymerization is the number of monomer units which have been linked together
in the average polymer chain. :

Molecular weight distribution (MWD) is another statistical measure of polymers, This
property describes how similar in size the polymers are. If the MWD is small (narrow),
most of the polymers are of the same length, which is usually desirable when injection
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molding the polymer, A wide MWD indicates that the polymers have a wide variety of sizes
and is often desirable in extrusion processes.

Melt strength is a property that is related to MWD. Melt strength is a measure of the
ability of the polymer to be shaped while in a moiten state, Melt strength arises when
some of the molecules have become free to move extensively {as they would in a liquid)
while other molecules are still strongly interacting with surrounding molecules. Hence,
some molecules are melted and others are not. The melted molecules give fluidity to the
polymer sample and the non-melted molecules give strength, Melt strength is enhanced
by wide MWD because small molecules can become melted while long molecules are still
not melted.

The melt index is a method of measuring the effects of molecular weight, In this test
the tendency of a polymer to melt is measured. High molecular weight materials are more
difficult to melt and therefore have a low melt index. Hence, molecular weight and melt
index are inversely related.

Mechanical and physical properties of polymers are often increased (non-linearly) with
increasing molecular weight. This relationship is especially true for toughness.

The density of a polymer is a measure of how tightly the polymer chains can pack to-
gether. High density means that the packing is close. Often, close packing is the result of
the formation

The shape of a polymer can strongly effect the polymer’s crystallinity. If pendent
groups are large, these groups will tend to interfere with the groups on other molecules
and prevent close packing. Hence, crystallinity is less likely, The presence of large groups
will also effect mechanical and physical properties of the polymer. These effects are com-
plicated and not easily predicted except that the presence of aromatic groups will gener-
ally increase strength and toughness.

GLOSSARY

Aging Long-term, low-temperature degradation.

Amorphous Without shape; refers to areas within polymers or to types of polymers
dominated by areas in which no regular structural pattern {such as crystallinity)
ocCurs.

Annealing Moderate heating to allow relief of internal stresses.

Arrhenius equation An exponential function that relates, among other quantities, the
rate of chemical reactions to the temperature.

Bimodal A molecular weight distribution in which two peaks occur, often because low
and high molecular weight materials have been mixed.

Char The material remaining after a polymer decomposes.

Coefficient of thermal expamnsion (CTE) A quantitative measure of the increase in
volume or length of a material as it is heated,

Colligative properties Properties that depend on the number of particles in the
material,

Combustion The burning of a polymer or decomposition at very high temperatures in
the presence of oxygen.

MacNeil Exhibit 2011
Yita v. MacNeil IP, IPR2020-01139
Page 131




Micro Structures in Polymers 117

Creep The tendency of a polymer to distorf under external loads, especially as the tem-
perature increases.

Crystallinity Areas within a polymer or types of polymers in which the polymer mole-
cules fold into a tight, regular structure.

Decomposition The breaking of primary bonds in a molecule.

Decomposition temperature (¥y) The temperature at which decomposition begins to
oceur.

Degradation The decomposition of a material,

Degree of crystallinity The amount of the structure that is crystalline as opposed to
the amount that is amorphous.

Degree of polymerization (DP) The number of repeat units in a polymer molecule,

Differential scanming calorimeter (DSC) A test that determines thermal transi-
tions (such as T, T, and 7;) by measuring the heat gained by a sample as it is heated
at a specific rafe.

Distribution of values A statistical method for relating quantities that are not afl ex-
actly the same,

Entanglement Wrapping of polymer chains about each other,

Gel permeation chromatography (GPC) A method for determining molecular
weight and its distribution based on the differential absorptivity of solvated polvmers
on strips of paper.

Gels Small solid or semisolid masses that resist melting, usually caused by minor
crosslinking of thermoplastic resins.

Heat capacity The measure of the temperature rise in a given weight of material for a
-given amount of heat input.

Histogram A graphical representation of the number of occurrences of a particular
value (or parameter) at each possible occurrence of that value.

Impact toughness A measure of the ability of a material to wlﬂwtand an impact blow.

K factor A measure of thermal conductivity.

Melt index (MI) A test measuring the weight of a polymer that can be extruded
through a small orifice in a particular time.

Melt strength The ability of a molten material to be shaped.

Melting point (T,.) The temperature at which a material changes from a solid to a lig-
uid {or vice versa).

Molecular weight The sum of the atomic weights of all atoms in a molecule and a
measure of the size of the molecule,

Molecular weight distribution (MWD) A count of the number of molecules of each
molecular weight; it measures the variability in the molecular weights of the mole-
cules in a sample.

Number average molecular weight (M,) The average molecular weight as normal-
ized by the total number of chains.

Processing aids Materials that lower the thermal requirements to process a polymer,
usually done by lubricating the matesial, _

Regrind Scrap material that is made during the molding process that is ground into
flakes and reused in the process.

Steric effects The influence of molecular shapes on the properties of a material,
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Tensile strength A measure of the force required to pull a sample apart.

Thermal conductivity The measure of how quickly or easily heat moves through or
along a material.

Thermal expansion The increase in dimension of a material upon heating.

Thermal history The accumulation of the effects of elevated temperature processing,

Thermal stabilizers Materials that assist polymers in withstanding the effects of heat.

Thermal stresses Internal energy built up due to thermal effects.

Thermal transition A temperature at which some basic change occurs in the nature
of the material, such as melting, as evidenced by a holding of any temperature rise
with increased energy input until the change is complete.

Thermogravimetric analysis (TGA) A test that measures the weight loss of a sample
as it is heated at a specific rate; often used to determine T

Thermomechanical analysis (TMA) A test which measures changes in the mechan-
ical properties of a material (as sensed by penetration of a flat needle} as the material
is heated at a specific rate.

Virgin material Resin that has not been previously processed (that is, nonregrind).

Weight average molecular weight (M,) The average molecular weight, as normal-
ized by the total weight of each molecule.

z-average molecular weight A measure of molecular weight that heavily weights the
influence of large molecules,

QUESTIONS

1. Contrast the interatomic or intermolecular forces present in solids, liquids, and gases,
Explain the consequences of these forces and how they are normally overcome.

. Can all materials exist as solids, liquids, and gases at various temperatures? Explain.

3. Name three methods of reducing the amount of thermal degradation that might occur
in a heat-sensitive plastic. How does each reduce thermal degradation?

4, What is a heat history, as applied to polymers, and why is it important in polymer
technology?

5. What are thermal stresses and how are they caused in plastic materials? How can they
be relieved?

6. What is the difference between a number average and a weight average molecular

weight?

7. Why must average molecular weights be used for polymers rather than exact molecu-

lar weights based upon the molecular formula as is done for small molecules?

. Discuss the relationship between melt index and molecular weight.

. Contrast and discuss the difference between amorphous and crystalline regions in a

polymer.

10. Explain why the properties of a polymer below the glass transition temperature are
different from the same properties in the same polymer above the glass transition
temperature.

11. Discuss how vou would expect the glass transition to be affected if a large, pendent
group were added to the monomer unit.

b3
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12. Explain the effects of crosslinking on the glass transition temperature,

13. Discuss the implications on MWD when the number average molecular weight and the
weight average molecular weight are widely different,

14. Explain bimodal distributions of polymers and their usefulness.

15. Discuss how copolymerization would affect crystallinity.

16. Given the following data, calculate the number average molecular weight and the
weight average molecular weight, and discuss whether the MWD distribution is wide
or narrow compared with a normal commercial ratio of 20.

N (x10%57891086321
Mi(X10%12345678910

17. Why does processing of a crystalline material like nyfon require more critical thermal
control as opposed to an amorphous material like ABS?
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———— CHAPTER FOUR

MECHANICAL PROPERTIES
(MACRO VIEWPOINT)

CHAPTER OVERVIEW

This chapter examines the following concepts:
m Mechanical properties in solids (types of forces, elastic behavior and definitions)

m Mechanical properties in liquids—viscous flow {viscous behavior and definitions,
Newtonian and non-Newtonian flows, measurements of viscosity)

» Viscoelastic materials (viscoelastic behavior and definitions, time dependence, long-
range and short-range interactions)

» Plastic stress-strain behavior {plastic behavior and definitions, interpretation of plas-
tic behavior, mechanical model of plastic behavior, non-tensile forces)

Creep

Toughness and impact strength
Reinforcements

Fillers

Toughness modifiers

INTRODUCTION

Previous chapters have considered the properties of polymers from the molecnlar view
and from the micro view. This chapter and the chapter on Chemical and Physical Prop-
erties will consider polymers from the macro view, that is, from considerations of the
bullc material. This view is the view of actual use. It is, therefore, an important view, but
is best understeod in conjunction with the molecular and micro views. This chapter will
examine the mechanical properties of polymers, Mechanical properties describe how poly-
mers behave when subjected to varicus forces such as tension, compression, shear, and
impact. :

The mechanical properties of traditional, nonplastic materials {such as metals and ce-
ramics) have been used for centuries to understand materials, scientifically investigated

121
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for decades, and described quite well using classical mechanics theory. This classical the-
ory often models the mechanical behaviors of these materials as systems of simple me-
chanical devices, stech as springs and dashpots, which can be described using conventional
mathematics (usually calculus). Various mechanical conditions, such as impositions of dif-
ferent types of forces, have been studied and adequately solved over the years. The classi-
cal theory has been found to work well for traditional materials, which are generally di-
visible into two categories—elastic sofids (such as iron, concrete and copper) and viscous
Auids (such as water, oil, and molten steel). Elastic solids are materials that completely re-
cover their shape and restore the energy imparted to them after an imposed force has been
removed. Viscous fluids are materials that flow when exposed to an imposed shear force
but when the force is removed, immediately stop their flow and do not return any of the
imposed energy.

Some other materials, such as polymers, do not follow these classical equations and
definitions, These nonclassical materials have properties that seem to be combinations of
viscous fluids and elastic solids and are therefore called viscoelasfic. For instance, they
may flow when exposed to an imposed force {like a viscous fluid) but return energy and
recover some shape when the force is removed (like an elastic solid). The degree to which
a viscoelastic material behaves like a classical elastic solid or a classical viscous liquid de-
pends upon the basic nature of the material {crystallinity, inferchain interactions, chain
stiffness, and other molecular and micro view characteristics). All of these characteristics
are influeniced by many of the conditions under which the test is conducted, but temper-
ature and time are especially important,

Example of Time and Temperature Dependence of a Polymer

The rate {time) and temperature dependence of the mechanical properties of “silly putty”
(a familiar viscoelastic material} can be seen from a few simple experiments. If a piece of
“sifly putty” were rolled into a ball and then dropped to the floor, it would bounce. This
behavior would be like an elastic solid, wherein the original shape was recovered and the
energy that was put into the ball was returned in the form of a bounce, However, if the
same material were left on a table overnight, it would flow into a puddle shape. Hence, at
high rates, that is short times for the experiment (like the dropping impact), the material
behaves as an elastic solid, while at low rates (like sitting overnight) the material behaves
like a viscous fluid,

The temperature dependence of “silly putty” can be seen by performing the same ex-
periments at different temperatures, If the ball of “silly putty” were heated to a tempera-
ture considerably higher than room temperature and then dropped, the ball would bounce
very little but would stick to the ground and quickly flow inte a puddle. On the other
hand, if the ball were cooled to a temperature significantly below roem temperature and
then left on the tabletop, the ball would retain its shape with little flow, even over several
days (provided the temperature remained low), Therefore, short reaction times and low
temperatures favor elastic properties, and long reaction times and high temperatures
favor viscous properties. The “silly putty” is, therefore, a viscoelastic material.
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Most plastics are viscoelastic. In order to understand viscoelastic behavior, a back-
ground in classical elastic and viscous behavior is helpful. Therefore, these two subjects
are introduced first, and then viscoelastic behavior is examined.

MECHANICAL PROPERTIES IN SOLIDS (ELASTIC BEHAVIOR)

Types of Forces

Whenever a force is applied to a solid material, that material will deform in response to
the applied force. The most common types of force are: a pulling force (called fensile
force), a pressing or pushing force on the end of a columnar sample {(called compressive
force), a pressing or pushing force on the middle of a supported, long sample (called a
bending or flexural force), a rotational or torsional force (called a forsion force), or a com-
bination pushing force with a sliding force {(called a shear force). These forces are illus-
trated in Figure 4.1. Tensile forces are often the easiest to visualize and will, therefore, be

Figure 4.1  Types of forces. T l

l T

(a) Tensile force (by Compressive force
) N
{¢) Flexunal force {d) Torsion force
(Bending)
» [ K
/ i
! !
' !
RN

{(e) Shear force
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used to develop the concepts needed to understand mechanical properties. The other
forces will be examined later in this chapter. Most of the concepts derived from a consid-
eration of tensile forces are fundamental and will be directly applicable to the other forces,
although in a stightly different form.

Elastic Behavior and Definitions

If only small deformations are considered and the solid material will return to its original
shape when the force is relieved, then the deformation is called elastic. In elastic defor-
mations all of the mechanical energy that was put into the material by the applied force
to cause the deformation was held within the material and was then used to cause the ma-
terial to return to its original shape and position. A common example would be a spring
that is deformed slightly, thus imparting potentiai energy to the spring, which is then
available within the spring to cause it to return to its original shape. Another. way of say-
ing this is that energy was returned or recovered. Energy is always recovered in elastic
deformations,

So that materials of different sizes can be directly compared, the force is usually di-
vided by the area of the sample to give units of pascals {newtons per square meter) or
pounds per square inch. (The length dimension is not important in this calculation be-
cause it is assumed that the applied force is evenly distributed over the entire length of the
sample between the pulling forces.) The force divided by the area is called the stress (o)
and the units are force per area (typically pascals or pounds per square inch). The dis-
placement {movement) of the material is called the sfrain (). Normally the strain is given
as the change in length (Af) divided by the original length (/) and the units are dimen-
sionless. The elongation is a measure of the strain when the force is tension, Elongation
is usually expressed as a percentage increase in length compared to the original length of
the test specimen. Plots of the stress versus the strain such as the type shown in Fig-
ure 4.2 are called sfress-strain curves or stress-strain diagrams.

Figure 4.2 Stress-strain relation-

End of linear region for upper curve
ships for elastic solids.
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The relationship between stress and strain can be given by an equation such as (4.1},

gzcz& (4.1)
where F is the force, A is the cross-sectional area, o is the stress (force divided by area), €
is the strain, and £ is the proportionality factor which is called the modulus, sometimes
referred to as Young’s modulus for the tensile stress case. The modulus is the slope of the
stress-strain curve. If the modulus is large (corresponding to a steep angle of the curve),
the material resists deformation strongly. Such materials are said to be s£i/f

If the stress-strain curve is linear, regardless of its slope, the stress and strain are di-
rectly proportional and £ is a constant over the elastic region (the straight portion of the
curve). Such materials are said to follow Hooke’s law and to be Hookean. Hooke’s law ap-
plies to mechanical springs and can be written in the form

F=)x (4.2)

where F is the force, x is the displacement, and & is the proportionality factor which is
called the spring stiffness and is constant for small displacements. This equation is
similar to Equation (4.1) with only minor modifications for area and original length to
fit normal forms of the two equations. Hence, the two equations are, in essence, the
sarne,

If the stress-strain curve is nonlinear, the material is said to be non-Fookean. The
non-Hookean modulus is not constant and is defined only at specific points on the curve
using calculus as the derivative of the stress to the strain. In both the linear and nenlin-
ear cases the material returns to its original shape and position when the force is relieved,
so the material is elastic, (The return to original shape is indicated in Figure 4.2.) Most
metals and ceramics are Hookean solids.

MECHANICAL PROPERTIES IN LIQUIDS (VISCOUS FLOW)
Viscous Behavior and Definitions

The stress-strain relationships discussed for solids do not apply to liquids. This can be eas-
ily seen by imagining a sample of water being pulled in tension. The water is incapable of
being pulled in this way. Hence, a tensile stress on water will not produce a displacement
(strain). Therefore, different mechanical behavior relationships must be developed from
those used for elastic solids, The most common mechanical formulation involves the re-
lationship between stress and the velocity gradient (that is, the change in velocity with
distance) as illustrated in Figure 4.3,

In Figure 4.3 a fluid is contained between two plates, one stationary and the other
movable. The moveable plate has an area A and is subjected to a force F. This force causes
the layer of liquid next to the moving plate to be displaced at a certain velocity. The move-
ment of that layer of fluid influences the next lower layer to move, but its velocity is less
than the first layer and is therefore shown as a shorter arrow in Figure 4.3. This reduction
in velocity from layer to layer is caused by the tendency of the second layer of fluid to resist
movement, This resistance to movement is much like inertia and is called the viscosify
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Moving plate of area A

—}V// 77

Flnid

A

Velocity gradient Stationary plate

or shear rate

i_ T | Figure 4.3 Stress and velocity gradient relationships.

of the fluid, Higher-viscosity fluids have higher resistance to flow. (Honey has a higher vis-
cosity than water.) The same scenario holds true for succeeding lower layers of fluid, as in-
dicated in Figure 4.3. Therefore, the stress (F/4) causes a pelocity gradient {change in ve-
locity with distance) in the fluid. The velocity gradient can also be thought of as a change
in the shear with respect to time, a shear rate (). (This alternate notation is possible be-
cause the force is a shear force and the velocity is both a function of distance and time.)
Note that a critical assumption of this analysis is that each layer has a resistance to the

movement induced by the previous layer. This resistance to flow, viscosity, is defined hy
Equation (4.3)

F_ _dv _ .
1o T (4.3)

where F74 is the stress, dv/dx is the velocity gradient (expressed as a derivative), ¥ is the
shear rate and m is the viscosity. Only fluids which have this resistance to flow (viscosity)
will be discussed, but almost all normal liquids possess viscosity. The unit of viscosity is
the poise (i.e., 1 poise = 1 g em™! s™1). The study of the flow of viscous fluids is called
rheometry and devices which assist in determining the viscosity are called rheometers.
Note the similarity of Equations (4.3) and (4.1). The viscosity is a proportionality con-
stant for viscous liguids much as the modulus is a proportionality constant for elastic
solids. An important difference between the mechanical behavior of viscous fluids and
elastic solids is in the recovery of original shape, position and energy in each of the sys-
tems. In elastic solids, the solid material returns to its original shape and position after
the force is relieved. This means that whatever mechanical energy was put into the system
to deform it is still in the material and can be used to cause the material to return to ifs
original form, thus returning the energy. In viscous Auids, when the force is relieved, the
system does not return to its original shape and position. Instead, the fluid simply stops
moving. The energy that was put into the system by the force on the system (the sliding
of the piate in Figure 4.3} is not recovered but has been dissipated in the fluid as heat. This

heat was caused by the internal forces needed to overcome the viscosity of the liquid and
cause it to flow.
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Newtonian and Non-Newtonian Flows in Fluids

When the stress-velocity gradient or shear rate curve is linear, the liquid system is said to
be Newtonian and the viscosity is constant. Water is an example of a Newtenian liquid.
When the stress and velocity gradient or shear rate are not linear, the fluid is non-Newton-
fan. Two types of non-Newtonian behavior are possible and are illustrated in Figure 4.4,

Materials which become thinner (less viscous) at high shear rates are called shear-
thinning or pseudoplastic, whereas materials which thicken at high shear rates are called
shear-thickening or dilatant. Most polymer liquids are shear-thinning. An example of a
shear-thinning material is the ink in a ballpoint pen. The ink flows readily when sheared
(such as during writing), but not otherwise (such as when the pen is in your pocket.) Di-
latant behavior is not observed in polymers,

Because shear thinning is so important in polymer processing, some additional dis-
cussion on this point is needed. The key to understanding Newtonian and non-Newtonian
flows is to keep in mind the basic nature of liquids. Initially, we can consider simple mol-
ecules, such as water. At the micro level, liquids are composed of molecules that have
enough energy to move about easily (as compared to solids, which move only under
strong forces), but not so much energy that the molecules are flying in all direction (as do
gases). Using the analogy that simple molecules are like marbles, we can understand how
they behave when they are subjected to a shear force. The solid molecules don’t move and
are like marbles locked in a gelatin matrix; the fiquid molecules slide over each other like
several marbles being rolled inside a bag; and the gas molecules bounce against each other
like marbles being shot at each other during play.

The resistance to movement of the smal] liguid molecules is usually minimal (that is,
the viscosity is low) and is linear in its dependence on the rate of shearing, that is, the rate
at which the bag of marbles is squeezed.

The shear-thinning (pseudoplastic} nature of polymeric liquid materials requires a
change in the analogy. Rather than being like rigid marbles, each polymer molecules is
like a miniature octopus. Therefore, as the molecules move past each other, they can
lightly entangle, like the arms of two passing octopuses might entangle. If the molecules

Figure 4.4 Newtonian and non- Non-Newtonian
Newtonian liquids. {shear thickening
ot dilatant)

Non-Newtonian

g (shear thinning
“ or pseudoplastic)
L e Newtonian

Velocity gradient j—-: or shear rate ¥
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pass slowly, this entanglement can be quite strong, thus resulting in high viscosity. If the
molecules pass quickly (high shear rates), the entanglement is minimal and the viscosity
is tower. During high shear, the arms of octopuses, which are moving quickly, would be
streaming out behind them and would not interact with other octopuses in the neighbor-
hood.

Types of shear forces that are encountered in polymer processing include: squirting
the polymer through a small hole at the injection port of an injection molding machine,
pushing the polymer along a thin channel in a mold, and squeezing the polymer between
a turning screw and the walls of a barrel during extrusion, All these shearing forces cause
the viscosity of thé polymer to decrease.

Note, however, that temperatures can also have a major effect on the viscosity at the
same time. Changes in temperature indicate that thermal energy (heat) is being added or
subtracted from the polymer. If heat is added at the same time that shear occurs, as is
done in an extruder, the polymer viscosity will drop greatly. If heat is withdrawn (cooling)
at the same time that shear is occurring, the viscosity may increase in spite of the shear- !
ing forces because energy is leaving the polymer through heat loss at a faster rate than it
is entering the polymer by shearing. This situation is encountered in an injection mold
where shear occurs at the injection nozzle and through the runners and gates, but so does ;
cooling, resulting in a thickening (increase in viscosity) of the polymer. Care must be ex-
ercised that the polymer is not cooled so quickly that it will become too thick to fill the
mold cavity.

A property closely related to shear-thinning is thivetropic behavior that is also a thin-
ning of the material. The differences between the two properties are that shear-thinning is ;
dependent on shear rate, whereas thixotropic thinning is independent of shear rate but de- i
pendent on time, at a constant shear rate. For example, many paints and dels are |
thixotropic, Imagine the process of painting, If the painter increases the rate at which the
paint is applied {increasing shear rate), the paint will not necessarily get thinner. Trying
to spread the paint by brushing faster is not likely to work. However, if an area is brushed |
for a long time without increasing the rate of brushing, the paint is likely to thin and
spread more evenly. Then, after the brushing has stopped, the paint will again thicken.

This thinning with shearing over time and subsequent thickening when the shear has
stopped is typical of thixotropic materials,

Measurements of Viscosity

The flow of viscous materials can be measured in several ways, both in solutions and as
melts. These methods vary in the range of viscosities over which they are applicable. Be-
cause of the wide range of viscosities possessed by polymers (viscosities typically range
from 1077 poise to 10'* poise}, measuring the viscosity in one range and then extrapolat-
ing that data to a widely different use range should be avoided.

For low viscosities, the method most commonly used to determine viscosity is the cap-
illary pipette (ASTM D2857). In this method the flow of the fluid {usually a solution)
through a pipette is timed. The time for the pure solvent to flow through the pipette is
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also measured and then the two values are compared to give a relative viscosity (),
which is the ratio of the viscosity of the polymer solution to the pure solvent.

The relative viscosity can be used to obtain a quantity known as the infrinsic viscosity
[]. The procedure for obtaining the intrinsic viscosity is to divide the relative viscosity by
the concentration (C) at each point that the relative viscosity is obtained. This quantity
(n,/C) is then plotted versus the concentration. A linear plot is obtained which can he ex-
trapolated to zero concentration. The value of the quantity 1,/C at zero concentration
{(where the line intercepts the ¢ axis) is the intrinsic viscosity, [n].

Because its value is determined by extrapolating the polymer solution to infinite dilu-
tion, the intrinsic viscosity represents the viscosity that a polymer would have if the poly-
mer chains were isolated from each other. In other words, it is the viscosity of the poly-
mer when it is dependent only on the basic nature of the polymer molecules, the
temperature, the pressure, the solvent effects, and (most important in this context) the
polymer molecular weight. This fundamental picture of viscosity gives rise to the idea of
an “inherent” or “intrinsic” viscosity, which is, one hopes, independent of effects outside
the solution itself. The infrinsic viscosity is therefore useful as an experimental method
for determining the average molecular weight (¥). The relationship between intrinsic vis-
cosity and molecular weight can be given by Equation (4.4),

[n] = KM* (4.4)

where K and @ are constants that are determined from plots of the log of [v] versus the
log of M . The type of molecular average determined in this calculation, M, or M, is de-
termined by the specific procedures used in the test, but conversions between these two
types of molecular weight averages can be made using the methods discussed in the chap-
ter on polymeric microstructures.

A widely used method for determining viscosities in the middle of the viscosity scale
is the rotating spindle or cylinder method. The Brookfield viscometer is of this type and
has been used extensively for many years. This testing device uses a rotating spindie or
cylinder that is immersed in the test liquid. The torque is measured and converted into
units of viscosity on a convenient dial indicator. By measuring the torque required to spin
the spindle or cylinder, the stress can be found. The shear rate is determined from the ro-
tational speed and the gap distance between the spindie or cylinder and the walls of the
vessel containing the liquid. The ratio of the stress to the shear rate is the viscosity. The
size of the spindles and cylinders is changed to expand the range of viscosities over which
the viscometer can be used. In some cases a “T” spindie {a spindle with a cross-member)
that rotates and descends into the liquid is used to give more accurate measurements for
thixotropic materials. This test apparatus is illustrated in Figure 4.5a,

The cone-and-plate method determines the viscosity of a plastic by shearing it between
a rotating cone and a plate as indicated in Figure 4.5b, The angle of the cone is selected
to impart a near-constant shear rate on the polymer across the entire surface of the plate,
(Because the cone is traveling further at the edge, the shear rate is higher there and so the
gap distance between cone and plate is greater to compensate.) The angle is typically
about 5°, The determination of the viscosity is similar to that for the rotating cylinder,
with appropriate adjustments for geometries,
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Polymer

(a) Rotating spindle (or eylinder) viscometer {b) Cone and plate viscometer

Figure 4.5 Spindle-type and cone-and-plate viscometers.

Another method to determine viscosities uses Zahn and Ford cups, which are small
cups with known-sized holes in the bottom, These are flled with the liquid to be tested
and then the drain time is measured. These cup tests are not as accurate as other meth-
ods and are principally used for quality control measurements within a plant where fluids
of similar viscosities are compared. For additional accuracy, the liquid can be pressed
through a capillary with a known weight. This method, called capillary extrusion, is simi-
lar to the melt index test discussed in the chapter “Microstructures in Polymers.”

For viscosities at the high end of the viscosity range (for instance, with melted ther-
moplastics or elastomers), heated viscosity measurements are often used. These measure-
ments require a machine that is capable of slowly heating the polymer at a very precise
rate and simultaneously shearing the polymer. Two types of machines are very common.
One is called a rheometer (from the name for the study of viscosity), which uses either a
capillary with a pressure system or two plates to shear the polymer (ASTM D 1238, D 1823,
and D 3835). The other instrument is a Mooney viscometer (ASTM D 1646, D 1417, and D
3346), which uses a toothed plate inside a die to shear the polymer. They can both be used
on a wide variety of materials, but the Mooney is most often used for elastomeric materi-
als. The rheometer is somewhat more flexible in its applications and is used for thermo-
plastics and, occasionally, for elastomers.

In classical mechanics, the behavior of viscous liquids is related to a dashpot, much as
the behavior of elastic solids was modeled by a spring. A dashpot is a piston moving in a
Newtonian (viscous) fluid. The dashpot behavior depends upon the force applied and the
change in the movement {displacement) of the piston, which is in a slow-reacting mater-
ial. This behavior is described by Equation (4.5),

F=bx (4.5)

L where F is the force, £ is the change in displacement (distance) with time and & is the pro-
portionality factor. This equation for viscous liquids is analogous to Equation (4.2) for
elastic solids, in that both describe the behavior of the materials in terms of simple
mechanics.
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VISCOELASTIC MATERIALS

Viscoelastic Behavior and Definitions

Most polymer materials have some characteristics that are similar to viscous liquids and
some that are similar to elastic solids. These materials are therefore known as viscoelas-
fic. Viscoelastic materials can be either liquid or solid, although the distinction between
liquids and solids in these materials is not a clear one. A representation of this continuum
of properties hetween pure viscous liquid, viscoelastic liquid, viscoelastic solid, and elastic
solid is given in Figure 4.6. In this figure the simple mechanical devices which have been
previously used to describe viscous liquids (dashpot) and elastic solids {spring) are shown
with their appropriate equations. Because the viscoelastic materials are combinations of
the viscous liquids and elastic solids, the two simple methods for combining the mechan-
ical elements (in series and in parallel) are also shown. The series arrangement of the
spring and dashpot elements hehaves much like a viscoelastic liquid (Maxwell model),

Indefinite
boundary

Liquids % Solids

Viscous | Viscoelastic Viscoelastic | Elastic
Liquids I Liquids % Solids | Solids
i 7 |
i _ |
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I : |
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Figure 4.6 Continuum of viscoelastic properties and representations
using simple mechanical devices.
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whereas the parallel arrangement is more like a viscoelastic solid (Voiget or Kelvin modei).
Both of these simple mechanics models can be useful for simple analysis and conceptual
purposes hut should be considered as approximations to actual systems,

The use of the various models is seen more readily in the different mathematical for-
mulations which arise from the way the models are expressed. These formulations are be-
vond the scope of this text, but are useful for the advanced student in understanding, pre-
dicting, and comparing the behavior of the various materials.

Plots of the responses of a typical solid-ltke matertal with elastic behavior, a liquid-like
material with viscous flow, and a viscoelastic material with plastic behavior to a given
steady force are given in Figure 4.7,

The plot of the applied force (stress) is shown in Figure 4.7a. The plot of response of
the solid-like material (Figure 4.7b) indicates a direct and linear response to the applied
force. The solid-like material moves (strains} instantaneously to the application of the
constant force and continues at this position so long as the force is applied. At the mo-
ment the force is relieved, the solid-like material immediately returns to its original posi-
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li..f (b) Solid-like {elastic behavior) {c) Liquid-like ({viscous fluid) {d) Viscoelastic (plastic behavior)
2 ; Figure 4.7 Liquid-like, solid-like, and viscoelastic materiais mechanical response to an
imposed steady force.

MacNeil Exhibit 2011
Yita v. MacNeil IP, IPR2020-01139
Page 146



Mechanical Properties (Macro Viewpoint) 133

tion, This behavior is like a spring that is instantaneously stretched and held in an elon-
gated position. At the moment the force is relieved, the spring returns to its original, non-
stretched shape,

The plot of the response of the liquid-like material possessing viscous flow is shown in
Figure 4,7¢c. In this material the imposition of the steady force begins to deform the ma-
terial, but the movement gradually increases as time proceeds. This movement will con-
tinue so long as the steady force is applied. This behavior is like honey being subjected to
a block sliding against it. The honey will begin to flow when the force is first applied, and
will continue to move as long as the force is applied. When the force is relieved, the honey
will stop moving but will not return to the original position,

The response of a viscoelastic material to an applied steady force is illustrated in Fig-
ure 4.7d. The viscoelastic material begins to move immediately upon application of the
force, but not as much as the solid-like material, although move than the liquid-like ma-
terial. The response is, therefore, intermediate between the two other materials. The vis-
coelastic material will continue to move so0 long as the force is applied. When the force is
stopped, the viscoelastic material will attemnpt to recover to the original position, but will
be slowed in this recovery. That slower recovery response is illustrated in the plot as a
sloping, nonlinear curve which continues past the time the force is relieved. Hence, the
viscoelastic material is like both a solid and a viscous liquid.

Time Dependence of Solid and Liquid Viscoelastic Materials

The time dependence of viscoelastic materials is an important consideration that signifi-
cantly affects their behavior. The shear rate (time) dependence of viscoelastic liquids has
already been discussed. Most polymer viscoelastic liquids exhibit shear-thinning, and
many are thixotropic.

The time dependence of viscoelastic solids is iflustrated in Figure 4.8 where the slope
(viscosity) of the stress-strain curve is seen to rise with increasing shear vate. At the micro
level this time (rate) dependence can be understood in polymeric solids by noting that
forces on polymeric systems are resisted by the substantial entanglement of the polymer

Figure 4.8 Time dependence of Increasing shear rate, -y
viscoelastic (polymeric) materials
showing the changes in stress-strain with
shear rate.

Siress, ¢

Strain, €
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chains and by secondary bonding. (Remember that these intermolecular forces are
quite small in liquids and are mostly momentary entanglements that give rise to non-
Newtonian behavior, as previously described and illustrated in Figure 4.4.) In solids, how-
ever, as energy is added through mechanical forces, the chatns will gradually disentangle
and the secondary bonds will eventually dissolve, thus allowing the molecules to translate
{move) refative to each other to relieve the stress. However, this untangling and sliding
takes time to accomplish. Therefore, at higher shear rates, the polymer molecules do not
have as much time to move and the disentanglement is forced, resulting in a greater re-
sistanice to movement. The result is an apparently stiffer (higher-viscosity) material.

Glass Transition Temperature (Viscoelastic View)

The glass transition has been previously defined as the point (temperature) at which the
energy in the system is sufficient to initiate long-range molecular motions, thus impart-
ing a pliable and leathery nature to the solid material. These motions were considered
from a thermal viewpoint, but they can also be understood from a viscoelastic viewpoint.

As has been previously explained, solid viscoelastic materials can be thought of as hav-
ing two behaviors—viscous and elastic. The elastic behavior is typified by a relatively
minor deformation of the solid when subjected to a force with a full return of the mater-
ial to its original shape when the deformation force is stopped. The solid material remains
hard and rigid. The energy put into the system is recovered completely when the force is
removed. The mechanical analogy is a spring.

Polymer molecules that behave like elastic solids can be thought of as being many
small springs, When they are stretched and then released, they return to their original po-
sitions. At the micro level, the small springs are the molecuies themselves, which are
stretched and bent but not displaced relative to their neighbors. No disentanglement oc-
curs. This behavior can exist only if the movements are small. Hence, these are called
short-range movements.

The viscous nature of a polymer solid can be associated with long-range movements.
The viscous material will move more freely than an elastic solid when a force is imposed,
and all the energy input into the material may not be returned because of permanent de-
formations {such as disentanglement) or the creation of internal heating,

The long-range movements require more energy to activate than do the short-range
movements. Hence, above a certain level of internal energy, the hehavior of the material
will more likely be dominated by [ong-range movements, and below this characteristic en-
ergy level, the material will exhibit only short-range movements. The point where this oc-
curs is, of course, the glass transition temperature (7).

The time for the long-range movements to occur is also longer than the time involved
in short-range movements. Therefore, by subjecting the system to stresses over very short
times, the long-range effects can he avoided, Hence, the long-term effects can be circum-
vented by either lower temperatures or shorter times. This is called the time-femperature
superposition. The reverse of the experiments just explained is also true, that is, higher
temperatures can be related to longer times. The earlier example of “silly putty” clearly re-
flects the time-temperature superposition phenormenon.
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Plastic Behavior and Definitions

Up to this point, the discussion of mechanical properties in solids has focused principally
on situations of small strain (small movement) where behavior is elastic. The deviation
from ideal elasticity in viscoelastic materials was addressed, but not the behavior of these
materials at high strain (large deformations). In testing and in actual use high strains are
often encountered. Therefore, the behavior of viscoelastic materials at large deformations
is significant. A plot of stress versus strain over the entire range of strains is presented in
Figure 4.9,

The elastic region in the stress-strain curve of Figure 4.9 is the initial part of the
curve, identified as the linear region where the stress and strain values are small. In this
region the modulus is given by the Hooke’s law relationship, as shown in Equation (4.2).
The point where the stress-strain curve begins to deviate from linearity is called the pro-
portional limif. Another key feature of the stress-strain curve (Figure 4.9) is the onset of
permanent deformation, which is marked as the yield point.

In most materials, the onset of nonlinearity (proportional limit) and the onset of per-
manent deformation (vield point) are very close to each other. (They are shown quite far
apart in Figure 4.9 just to illustrate clearly that they are actually different points.) The
onset of nonlinear behavior in polymer materials need not necessarily result in permanent
deformations. For instance, elastomeric materials can have highly recoverable properties
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Figure 4.9 Stress-strain behavior over the entire strain range for a typical
polymeric material,
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{that is, they return to their original shape} but still be nonlinear in their stress-strain
hehavior.

In structural materials the vield point is important because it marks the upper limit
of applied stress from which full recovery of shape occurs when the stress is removed.
Imagine a coat hanger that deflects when a normal load (a coat) is placed on it and then,
when the coat is removed, the hanger recovers (elastically} to its original shape. However,
if an excessively heavy coat is put on it, the yield strength may be exceeded, in which case
the hanger would be permanently deformed (although some elastic recovery would be
seen, but not enough to regain the original shape). In nonstructural materials the yield
point is less critical except when shape retention is important. If the stress is removed be-
fore the stress-strain curve reaches the yield point, full recovery will occur by either re-
tracing the same path (full energy recovery} or by returning to the origin by a lower path
(energy loss or Aysteresis). The energy loss path is characteristic of viscoelastic materials,
as previously discussed.

Beyond the yield point, the material is permanently deformed. That is, even when the
stress is removed, the material will not recover to its original shape. The region beyond
the vield point is called the plastic region. The nonrecovery of shape is indicated in
Figure 4.9 using point 4 as the point where the stress is removed. Point 4 is in the plas-
tic region, that is, bevond the yield point. The loading follows the curve past the vield
point and finally reaches point A. The strain at point A is noted as point B. When the
stress is removed, the material will recover part of its original shape and move from a
strain of B to a strain of C. {The recovery actually follows the dotted line from A te C. The
dotted line is parallel to the slope of the stress-strain curve in the elastic region.) The dis-
tance from the origin to point C is the amount of strain that is not recovered or perma-
. nent deformation.

At some point on the normal stress-strain curve, a maximum stress level is reached.
This is the highest stress that can be tolerated by the system and is called the strength or
the witimate strength. (For tensile stresses, this value is called the ultimate tensile
strength, or, by analogy, the ultimate flexural, compressive, or torsion strength, depend-
ing on the type of stress imposed.) If the stress is continued, the strain gets higher but the
stress decreases because of the ability of the molecules to slide over each other, This gives
movement {strain) in the polymeric structure but does not require increasing amounts of
stress. Eventually the maximum strain of the material is reached and rupfure (breakage or
faifure) occurs. The strain value at rupture is called the strain fo failure, that is, the ac-
cumulated strain or movement to the point of failure.

Interpretation of Plastic Behavior

The molecular interpretation of elastic and plastic behavier is that in the elastic region the
strain results from recoverable movement-—strefching out of the twisted molecules in the
i amorphous regions and minor deformations in the crystalline regions. At the yield point
nonrecoverable movements begin that result in permanent deformation. Some of the
most common are: disentanglement of the molecules, slip of one molecule past another in
a way that the slip could not be recovered, slip along a crystal plane, and formation of a
crack. Further input of mechanical energy will lead to continued movement and increased
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Figure 4.10 True and engingering
straess-strain. Necking ; (
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Engineering
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energy in thelmolecule until the amount of energy in the molecule reaches the level of
bond energies. At that point, further increases cause bond rupture and the sample breaks.

The behavior described at the molecular level is illustrated in Figure 4.10 as the true
stress-strain line. True stress-strain, as opposed to engineering stress-strain (the other
line in Figure 4.10), is defined so that the strain is the instantaneous value of the stress-
strain curve (do/de) rather than the change in strain divided by the original strain {Ae/e,),
which is the definition of the engineering stress-strain. The true stress-strain is not used
in common practice, but the situation depicted in Figure 4.10 illustrates its usefulness.
The true stress-strain curve shows the increasing resistance to the stress as the material
deforms plastically. The engineering stress-strain, however, shows a reduction in the stress
after the yield point. This reduction is a result of the thinning of the test sample. Because
the sample thins (called necking), the force required to elongate the sample is greatly re-
duced and appears as a reduction in the stress-strain curve, In summary, the true stress-
strain curve reflects what is actually happening at the molecular level—a continuous in-
crease in the stress—while the engineering stress-strain curve reflects the necking of the
sample and better indicates what a plastic part might do in actual use.

Therefore, when the engineering strain-to-failure is reported, the value is often given
as a ratio of the amount of deformation compared to the original length, In plastic mate-~
rials, a related quantity is even more commonly reported. This quantity is the elongation,
which is simply the engineering strain-to-failure reported as a percentage of the original
length of the sample.

Mechanical Model of Plastic Behavior

A mechanical model can be huilt from classical mechanical elements for the plastic defor-
mation of viscoelastic materials, much like those models already discussed for the elastic
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Figure 4.11 Mechanical model for plastic deformation of viscoelastic
materials,

and viscous cases, This model, which is shown in Figure 4.11, uses the parallel-element
maodel of the spring and the dashpot and adds an element which represents a permanent
deformation. The new element can be thought of as two pieces of sandpaper, one station-
ary and the other pressed against the first. A minimum force is required to cause these
two pieces of sandpaper to slide relative to each other so some small movement can occur
in the dashpot and spring without any movement in the sandpaper. If the minimurmn force
that causes the sandpaper to slide is not exceeded, the movement of the system is re-
versible (returns to the original position when the force is relieved) and corresponds to
elastic behavior. When the minimum force is exceeded, sliding of the sandpaper will occur.
This sliding is irreversible because the sandpaper will not slide back when the force is re-
moved. This behavior corresponds to plastic behavior.

Tensile Forces

The tensile properties are determined using procedures such as those given in ASTM D
638, Normally the sample is shaped so that the part will break between the grips regions
of the tensile test machine. The most common shape for plastic samples is called a “dog-
bone” shape and is illustrated in Figure 4.12. The increased width of the sample in the
gripping zones ensures that the sample will break within the failure zone.

Gripping Zone Gripping Zone
! Il-l—-— Failure Zone h-: }
i i ‘ I ' !
i 1/2 inch I 344 inch

i i | H
.I | ! |
| L |
- 84 inches >

Figure 4,12 Typical tensile specimen shape (dog bone} for plastic samples.
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The major plastic tensile properties determined by this test are tensile strength, ten-
sile yield, tensile modulus, and elongation. Because of the viscoelastic nature of plastic
materials, care should be taken to ensure that sample results that are to be compared are
taken at the same rate of pull and at the same temperature, as these parameters can
strongly affect the tensile results. The results of the tensile test are usually expressed as
tensile strength (in psi or Pa), tensile modules (in psi or Pa}, and elongation {in inch/inch,
mm/mm, or %).

Nontensile Forces

The mechanical behavior, elastic and plastic, has been described up to this point in terms
of responses to a tensile force applied to the material. However, in Figure 4.1 several forces
besides tensile forces were illustrated. All these forces are also important in plastic ma-
terials.

Compression Properties. The compressive force gives information about the strength
and stiffness of a columnar sample that is supported vertically, then pressed on its ends as
shown in Figure 4.13a. The equations and symbols for stress, strain, and moduius (o, €, £)
developed for the tensile force also apply to the compressive force, but are named com-
pressive strength, compressive modulus, etc. The compressive strength and modulus can
be quite different from the tensile strength and modulus because of the difference in the
ability of the polymer material to support a columnar load versus a pulling load. In gen-
eral, compressive strengths and moduli are lower than tensile values for polymers.

Compression properties are measured following procedures such as those given in
ASTM D 695, Compressive strength is not as significant in most plastics as are some of the
other mechanical properties. Because of the low modulus of most plastics, the compres-
sion samples must be quite thick or be supported, The dependance of the test results on
sample geometry has led to a recommendation of the testing association that compression
values be used for structural studies only if the test samples are the same shape as the
parts will be in actual use.

Compressive force

Compression Cotnpression test foot
sample

Foam sample

{a} Compression test (b) Compression set test

Figure 4.13 Compression test methods.
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For foam samples, the compression test is very important but is usually run under
quite different conditions than would be used with a rigid plastic sample. The compression
tester for foam samples uses a compression foot with a large diameter to Hmit the pene-
tration, and registers quite low loads. The compression test for foams is therefore some-
what unique, as are many other tests associated with foam materials such as open-cell
content, compression set, tear-resistance, and the various cushioning tests described in
the chapter on foam materials, Test results are compression strength (psi or Pa), com-
pression modules (psi or Pa} and strain-to-failure {inch/inch, mm/mm, or %). This test is
illustrated in Figure 4.13b. When the yield point is exceeded in compression, a permanent
deformation or compression set occurs. This compression set is imporatnt in characteriz-
ing the behavior of flexible foams.

Flexural Properties. Flexural strength and modulus also use the same symbeols as those
associated with tension and compression forces. In fact, the bending forces which are used
to determine flexural strength and modulus induce tension and compressive forces in the
sample as illustrated in Figure 4,12b. It is not surprising, therefore, that flexural strength
and modulus are often thought of as combinations of tension and compression.

The flexural properties are determined using procedures like those given in ASTM D
790, Many plastic parts are used in applications where flexural properties are important.
For instance, plastic seating must have a minimum flexural strength and medulus or the
seat will bend (sag) excessively or break. The flexural sample is a simple rectangular-
shaped beam that is placed over two rests or supports and then loaded in the middle of the
beam between the supports (see Figure 4.14). The beam is typically Y8 X ¥ X 4 inches,
although this size can vary for different materials, Results are given as flex strength (psi
or Pa), flexural modulus {(psi or Pa), and flexural elongation (inch/inch, mm/mm, or %).
The flexural modulus is the most important flexural property for plastics.

Torsion and Shear Properties. The equations describing the torsion and the shear
forces illustrated in Figure 4.1 do not use the same symbols as the tensile, compressive
and flexural forces, aithough the equations are of the same form. The stress-strain equa-
tion for torsion and for shear, analogous to Equation (4.1), is given in Equation (4.6) as
follows:

T= 0y (4.6)

Lead

!

Original position —-a
L=

Figure 4,14 Flexural tensile and modulus test schematic.
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where T is the shear stress, G is the shear modulus, and v is the shear strain. The shear
strain, and its time derivative, the shear rate, have already been introduced in this chap-
ter in discussing the shears induced in viscous flow. While the values for the shear
strength, shear modulus, and other shear-related values may be quite different from the
tensile-related values, the basic concepts regarding the microstructure origin of these pa-
rameters are generally analogous.

Blushing. Plastic deformations from any type of stress will act first on the amorphous
portions of the plastic. During the stretching and unfolding of the molecules in these
areas, adjacent molecules can be brought into close alignment. This alignment can result
in the formation of some crystailinity in that region, especially in simple molecules that
afign easily. This increased crystallinity can be noted by a change in the index of refraction
of the polymer and the newly crystalline area takes on a cloudy appearance. This phe-
nomenon is called dlushing. The most common occurrence of blushing is when a plastic
is severely bent. The blushing appears at the outer edge of the bend where the tensile
forces are the strongest and the molecules are stretched the most. The increased crys-
tallinity at this site causes the local modulus of the material to increase. This phenome-
non is, therefore, somewhat analogous to work-hardening in metals, If the material is sub-
jected to repeated bending at the same place, the material will eventually break because of
the embrittlement from the higher crystallinity.

The deformations discussed up to this point have occurred over a relatively short span of
time and with relatively large forces being applied. Most viscoelastic materials will also
show significant deformations with small loads but over long periods of time, This prop-
erty is called creep and is defined as the gradual deformation of a material under a load
that is less than the yield strength of the material. (When loads greater than the vield
strength are applied to any material, it will permanently deform.) Creep is illustrated in
Figure 4,15 for a simple beam. A load is applied over a long period of time and this load
causes the material to deform. When the load is removed, a small amount of the defor-
mation will be immediately recovered (the elastic or short-range portion of the defor-
mation). However, the long-rangde portion is not immediately recovered, This deforma-
tion is much slower to recover and in some cases will not be completely recovered
{permanent set}.

The amount of creep is strongly dependent upon the amount of the load, the time the
load is applied, and the temperature of the material. Increases in any of these parameters
will cause the creep deformation to be greater. These relationships can be expressed by the
modified stress-strain equation, (4.7},

oy = E(ts‘r) E{t,ﬂ (4-7)

where oy is the applied stress (usually a constant over the course of the experiment), £
is the creep modulus and e is the amount of deformation (strain due to creep). Both
the modulus and the deformation are functions of time and temperature. Furthermore,
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: Figure 4.15 Creep in viscoelastic Viscoelastic beam
i materials. \ _ {original position

-

)

increases in the amount of stress (&) from experiment to experiment will also in¢rease the
amount of deformation,

If a viscoelastic material is loaded for a long period of time, at a high temperature,
with a substantial load, the sample will eventually break. This is called creep rupture, and
i it is useful in developing allowable stress limits in plastics applications. If the stress-to-
rupture test is performed at several loads, the times for rupture will be different {assum-
ing constant temperature). A plot of the stress level versus the time to failure (usually
plotted using a log-log scale) gives the allowable stresses for design considerations with
the additional allowance for safety factors. Such a plot is given in Figure 4.16.

Creep results from the stretching and gradual uncoifing of the molecules as they are
. subjected to the constant stress. Initially only the stretching of the polymer occurs, but
with longer times, the molecules gradually uncoil and eventually begin to slip past each
E. other, All of these phenomena result in deformation (strain). Higher applied stress levels

Figure 4.16 Creep-rupture data on
log-log plot.

Creep-rupture

" curve

Applied Stress (log force)

Time to Failore {log time)
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Figure 417 Creep data showing increasing creep (strain) with higher applied stresses,

result in more strain because there is more force to give the energy to cause the molecy-
lar movement. Likewise, higher ternperatures supply more energy that can be used to fa-
cilitate molecular movement,

Properties of the plastic that retard molecular motion will reduce the amount of creep.
For instance, crystallinity and crosslinking, because of the intermolecular forces, will re-
duce creep. High molecular weight will also reduce creep because the additional entan-
glement with higher chain length requires greater disentanglement before movement can
occur. Creep is also reduced by large and stiff polymer repeating units because of the
greater energy needed to cause these materials to disentangle.

No single ASTM standard applies to creep measurements. The creep tests usually are
done by subjecting the sample to the type of force that it will be subjected to in actual
use, and then measuring the change in strain or elongation as a function of time. For in-
stance, tensile creep is measured by placing the sample under a specified tensile load and
then measuring tensile elongation as a function of time. Because creep is so sensitive to
temperature, creep measurements often are conducted at specified temperatures other
than room temperature. The results are usually presented as a plot of strain (%) versus
time for various loads. The creep results are often presented in a plot like that shown in
Figure 4.17.

TOUGHNESS AND IMPACT STRENGTH

The ability of a material to absorh energy without breaking (rupture) is called foughness.
Toughness is related to the area under the stress-strain curve {such as the area under the
engineering stress-strain curve in Figure 4.9} because energy absorption is the summa-
tion of all of the force resistance effects within the system, Using calculus, this summation
is accomplished by integrating the equation describing the stress-strain curve. Generally,
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the toughness of a material is much more important when the force is applied suddenty
in an impact rather than over a relatively long period of time as it is done in the stress-
strain experiment. Therefore, a property called impact foughness (sometimes called im-
pact strength) is defined as the maximum force that a material can withstand upon sud-
den impact without rupture.

Impact toughness is strongly dependent upon the ability of the material to move or
deform to accommodate the impact. This movement is related to elongation or strain.
Therefore, materials which exhibit high elongation are often tough, especially if they also
have good strength. However, the modulus is usually low in these materials {low stiffness).
Hence, materials with high elongation and low modulus are called tough, and materials
with low elongation and high modulus are calied brittle,

High molecular weight favors high toughness. This results from the combination of
higher strength and better sharing of the impact force along the polymer chain by caus-
ing more atoms to rotate, vibrate, and stretch to absorb the energy of the impact. Crys-
tallinity gives higher strength, but fower toughness unless the nature of the backbone
changes. For instance, even though nylon is crystalline, the ability of this material to ab-
sorb energy by passing the energy from one molecule to another through intermolecular
forces makes it very tough. Crosslinking of a brittle polymer will usually decrease tough-
ness because of the increased limitation of motion within the polymer mass caused by the
intermolecular bonds, but crosslinking of a flexible polymer will increase impact tough-
ness because of the greater ability of the polymer to transfer the energy.

The Izod and Charpy tests (ASTM D 265} utilize a pendulum-impact testing device {il-
lustrated in Photo 4.1 and Figure 4.18). The sample is clamped in the sample holder ei-
ther vertically {for Izod) or horizontally {Charpy). The samples may have a notch cut in
them to initiate the rupture,

In the Charpy and Jzod tests, the pendulum will generally break the sample and con-
tinue its path beyond the impact point. Some of the energy in the pendulum will be ab-
sorbed in the breaking of the sample; therefore, it will not swing as high after the im-
pact as it started before the impact. The reduction in height (potential energy) can be
related directly to the energy absorbed by the sample. A pointer, which is pulled by the
pendulum and then stops at the maximum height, records the maximum height of the
swing.

Hence, the energy absorbed from the impact can be measured from the height of the
pointer. This energy absorbed is a measure of the toughness of the sample. The samples
are typically ¥s % ¥2 X 2 inches but can be of other thicknesses up to ¥ inch. The thick-
ness strongly influences the test results, so precise thickness measurement is required.
The results are usually expressed as impact toughness {Izod or Charpy) with units of foot-
poundsfinch or J/m.

Another test to determine impact toughness is the falling darf fest (ASTM D 3204 for
rigid sheets, D 1709 for PE film, and D 244 for thermoplastic pipe and fittings). In each of
these tests the sample is placed under a column that guides a metal dart, tup, or other im-
pacting device onto the sample. The impactor has an accelerometer attached that mea-
sures the energy absorbed on impact and thus determines the toughness of the sample.
The weight of the impactor, the drop height, and the size of the impactor point can all be
varied to accommodate different plastics and different sample thicknesses.
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Photo 4.1 Izod/Charpy impact test machines. (Courtesy: Tinius Qlsen Company)

Figure 4.18 Charpy/lzod impact
toughness tests.
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Some tests lack the accelerometer and measure the toughness by noting the drop
height and weight of the impactor that cause sample rupture to occur. The test results are
expressed as foot-pounds/inch or J/m. In some cases the results are given as the height at
which 50% of the samples break. This is called the stair-step procedure.

In some dart-impact testers, the weights of the dart and the heights can both be var-
ied so that subtleties of impact breakage might be explored in more detail. Accelerometers
can be attached to the sample to aid in understanding the energy absorption.

Abrasion and Hardness. Abrasion resistance (ASTM D 1044 and D 1242) is defined as
the ability to withstand mechanical action (such as rubbing, scraping, or erosion) that
tends progressively to remove material from a surface. Plastics are often placed in environ-
ments where surface abrasion occurs, This abrasion can be a performance problem and so
the ability of a plastic material to withstand abrasion must be measured. Abrasion, however,
is a very complicated phenomenon, Many theories support claims that abrasion is closely
related to the frictional force, load, and true area of contact. An increase in one or move of
these parameters will usually increase abrasion. Other factors are the test method, type of
abrasion, and heat generated. This complex behavior, depending on several factors, makes
abrasion difficult to measure. Abrasion resistance is most often measured as the [oss in
weight of a material when subjected to a standard testing condition, The Taber test is a
common abrasion test in which a wheel of known abrasiveness is placed on a sample,
weighted, and then rotated around the surface of the sample for a set period of time or set
nummnber of cycles (usually 5000). Other methods to measure abrasion include measurement
i of the loss of optical clarity for transparent samples and loss of volume for samples of fixed
,! dimensions, The samples are generally 4-square-inch plates, The sample is weighed to the
y nearest mg before and after the test. Results are expressed as weight loss in mg/1000 cycles.
Hardness is defined as the resistance of a material to surface deformation, indentation,
or scratching, These several hardness tests (ASTM D 785 for Rockwell, D 2240 for Durom-
eter or Shore, and D2583 for Barcol) are designed for materials of widely differing hard-
nesses, All of the tests use an indentation method to determine the hardness of a sample,
although the type of indentor and the pressures involved vary among the tests, The Rock-
% well test is for rigid plastics like acetal, polystyrene, and polycarbonate. The Barcol test

also measures hardness in very hard plastics and was designed specifically for reinforced
and nonreinforced rigid plastics. The Durometer or Shore hardness test is mainly used for
measuring the hardness of soft materials, The indentor of the Durometer test is somewhat
larger than the indentors of the other tests and so penetration into the softer samples is
restricted by the indentor, Tests can be run on actual parts so no special sample is re-
quired, Results are given as a numbey read from the scale on the tester. Reports indicate
the tester used and the scale read, such as “20 Shore A hardness.”

REINFORCEMENTS

: The strength and modulus of many plastic materials can be substantially increased by the
addition of strong, high-modulus materials, called reinforcements. These reinforcements
are often in the shape of fibers (such as fiberglass) because fibers can be made very stiff,
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primarily in their long direction. In some cases the orientation of the fibers can be con-
trolled so that a substantial number of the fibers are in one or more directions, thus al-
lowing the strength and modulus to be greater in one direction than in others. The elon-
dation of these materials is much less in that same, high-modulus and -strength direction,
and toughness is usually also reduced. These materials, which combine plastics with rein-
forcements, are called composifes and are discussed in greater detail in the chapter on
composite materials and processes.

When the relative volume of the reinforcement fibers is high compared to the volume
of the binder or resin {(plastic) in the composite material, the mechanical properties of the
fibers tend to dominate the mechanical properties of the combined material. This is espe-
cially true when the fibers are long because the applied forces tend to be transmitted along
the fibers in these cases. When the fibers are short, the volume percentage of fibers is low,
or the mechanical properties of the fibers are not significantly higher than the plastic, the
properties of the composite will be much more dependent upon the mechanical properties
of both the reinforcements and the plastic.

When the reinforcements are long, the processes for manufacturing the composite
parts are often quite different from traditional plastic manufacturing processes, Most
often, thermoset materials which are not vet crosslinked (and are therefore liquids) are
combined with the fibers and then placed info a mold where the materials are heated to
form the crosslinks and solidify the part. Plastics with short fibers can, on the other hand,
often be incorporated into the plastic material that is in traditional forms (such as pellets)
and processed in conventional thermoplastic molding equipment,

Many inert and active materials can be added to a plastic mixture including fillers, plasti-
cizers, colorants, lubricants, and stabilizers. All can be called additives. Each of these will
be discussed in this and later chapters. When inert materials that do not have any partic-
ular reinforcement capability are added to plastics, the materials are called fillers. Fillers
usually have no particular length-to-width ratio and are therefore not fibers but, rather,
particles. Typical examples would be clay, ground limestone, and other powdered or gran-
ulated minerals.

The effect on mechanical properties of adding reasonably low concentrations of fillers
to the plastic is generally not large, although some minor increased stiffness or reduced
strength and reduced elongation is common, The principal purpose for adding fillers is
most often to reduce the cost of the overall material. Fillers usually cost much [ess than
the plastic and therefore any combination of the plastic and filler will be less castly in
terms of total weight or total volume than the pure plastic material itself. Fillers can also
be added to impart special properties to the plastic part, such as flame retardance, color,
and opacity {no light transmission).

Fillers are usually mixed into the liquid or moiten plastic material. This can be done
by the plastic manufacturer, a special compounder whose expertise is the addition of ma-
terials to plastics for resale, or at the site where the plastic part is actually made, Extru-
sion is the most common method for incorporating fillers into molten plastics.
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CHAPTER Four

TOUGHNESS MODIFIERS

Just as materials can be added to plastics to increase mechanical strength and modulus
(reinforcements), materials can also be added to increase toughness, These foughness
modifiers or foughness enhancers are materials that have high toughness themselves, typ-
ically with very high elongations. The most commeon are rubbers and when added as
toughness modifiers, they are usually in small particulate form and would be mixed into
the melted plastic material just as a filler might be, Other rubbers can be added as
monomers or as short polymers in the polymerization reaction of the base polymer,

When thoroughly mixed with the plastic material, these toughness modifiers give ad-
ditional movement when the plastic is impacted, thus improving the ability of the mater-
ial to ahsorb the impact energy and, consequently, improving the toughness. The effect of
toughness modifiers is, therefore, roughly opposite that of reinforcements,

An example of copolymerizing toughness modifiers is ABS. This plastic is based on
polystyrene but has two rubber modifiers added—polybutadiene and polyacrylonitrile. The
resulting performance of ABS is much tougher than non-modified polystyrene.

Other materials can be added to plastics to cause a change in their mechanical prop-
erties. The action of these materials is, however, generally chemical or physical and not
specifically mechanical. These are discussed principally in the chapter on chemical and
physical properties.

CASE STUDY 4.1

Testing of Trash Containers to Predict In-use Performance

Making largde trash containers (carts}) with wheels that allow the container to be rolled
from a storage location to a pickup point is a major business in the United States and Eu-
rope. These carts are generally made of polyethylene by several different manufacturing
processes, including blow molding, injection molding, and rotational melding. {Each of
these methods is discussed later in this text.) These trash carts are usually purchased by
the municipality or by a contract trash hauler and must last for several years to be eco-
nomically justified. The normal expected life is usually rated as greater than 10 years.

The purchasers and manufacturers of these carts need to know whether a particular
cart design, resin type, or manufacturing process will perform properly during the entire
expected life, Therefore, a set of tests has been developed to investigate whether the carts
can meet the minimum use standard, These tests are designed to examine the properties
of the carts that are most likely to be affected by prolonged use. In many cases, these tests
specifically address the important issues that have been discussed in this chapter such as
viscoelastic behavior, vield strength and permanent set, toughness as a function of time
and temperature, and blushing which can lead to brittle failure.

A list of the standard tests for trash carts and a brief explanation of the test is given in
Table 4.1

The squeeze/lift test examines the ability of the plastic material to withstand re-
peated flexural bending. Some carts could develop blushing from this test and that could
result in embrittlement and premature failure. Other components of the cart such as
wheels, axles, and lids are also checked by this test.
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Table 4.1 Trash Cart Performance Tests

Test

Procedure

Comments

Squeeze/lift

Load the cart with a standard
weight of sand bags. Use a
standard squeezing/lifting
device to iift and dump the
cart 520 times.

520 cycles represent a lifetime
of normal use. (1 lift per week
for 10 years.) The cart should
remain serviceable during and
after the test.

Drap {sand}

Fill the cart with standard
sand and drop from 5 feet,

Simulates dropping a cart off a
porch.

Drop (water)

Fill the cart with water and
drop from 5 feet.

Simulates performance beyond
normal use but provides
information on resins and
designs.

Dart impact

Drop a 20-pound dart on cart
samples that have been
frozen at —40°,

investigates the toughness of
the material at low temperatures
as might ocecur when struck by
a snow plow.

Crush

Place the cart against a solid
wall and then push the cart 1o
within 1 foot of the wall and

hold for 1 minute and release.

Then measure the shape
recovery.

Examines the tendency of the
material to take a permanent
set.

Abrasion

Fill the cart with a standard
amount of water and drag
along the ground until a leak
appears.

Examines the toughness of the
resin,

Tensile and flex strength,
modulus and elongation

Cut samples from a cart that
has been squeezeflifted for
520 times and then
determine the tensile and
flexural properties. Compare
to a nonexercised cart.

Determines the changes in
properties that occur after a
normal life of use.

Other tests

Various tests examine other
properties of the carts such
as shape, ease of movement,
etc.

These are generally related to
perormance other than
mechanical behavior.

The drop {sand) test is a check on the impact toughness of the cart during normal
use. The loading is moderate and the height is also moderate. If the resin is too brittle,
cracking can occur in this test, Designs which induce stress in the part are also subject to
premature failure because the stresses from the drop will often localize in these high-
stress areas. Wheels and axles are also tested.
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The drop (water) test investigates the toughness of the cart under extreme condi-
tions. Failures in this test are most often corrected by lowering the melt index or by sig-
nificant changes in cart design. In some cases the density of the resin can be so high that
the cart will fail at any reasonable melt index.

The dart impact fest is also a toughness test but in this case the samples are frozen.
Even plastics that have a glass transition temperature below —40° will rupture when sub-
jected to sudden impacts at low temperatures, This test measures the ability of the mate-
rial to withstand such impacts. High-density materials are both stronger and more brittle
than low-density materials. Hence, this test effectively investigates which property domi-
nates at low temperature,

The crush test simply defermines whether the sample will recover from a significant
deformation. Amorphous materials recover better than crystalline because the amorphous
regions are more flexible and will not have their yield deformation exceeded as readily.

The abrasion test looks at toughness at a fairly high and continuous rate. As the
} polymer heats, the abrasion resistance will often decrease.

Tensile and flexwral properties for exercised and nonexercised carts reveal the
amount of change that has occurred during the squeeze/lift test. When the change is
large, it indicates that the material is near its performance limit. In some cases the mod-
ulus of the exercised material will be higher than the modulus of the nonexercised mate-
rial. This situation indicates that some embvrittlement has occurred. A loss of tensile elon-
gation indicates that the polymey chain structure has begun to break down,

SUMMARY

Although polymers do not behave exactly like classical elastic solids or exactly like classi-
| cal viscous fluids, the principles used in classical mechanics can be modified slightly for
i . use with polymers. Polymers have characteristics both of elastic solids and of viscous flu-
| ids and are therefore called viscoelastic materials. The equations that describe viscoelastic
materials give insight into the mechanical behavior of polymers and allow their behavior
in mechanical tests to be predicted and understood.

The viscoelastic nature of polymers can be seen when a force is applied to a polymer
sample, Upon imposition of the force, the polymer will deform much like an elastic solid.
But when the force is removed, the polymer may recover its shape immediately, as would
_ an elastic solid, or may recover its shape slowly or, perhaps, not recover the shape com-
B pletely, as would a viscous fluid. This latter behavior indicates that some of the energy

% input to the sample by the force is not recovered, but is dissipated in the polymer sample
by internal heating,

Mechanical properties for all five of the common forces {tensile, compression, flexure,
. : torsion, and shear) are usually determined using standard tests {most often with proce-
D dures developed by national testing agencies such as ASTM). Tests have also heen devel-
‘ oped by companies, government agencies, and various researchers to meet specific per-
formance requirements,

Another example of viscoelastic behavior is seen when a stress-strain test is performed
at different stress rates. As the stress vate increases, the polymer molecules have less time
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to move and accommodate the applied stress. Therefore, the polymer becomes stiffer and
stronger as the stress rate increases.

Viscosity is an important property of liquid, molten, or dissolved polymers and it is
measured by a variety of methods, some for low-viscosity situations and others for high
viscosities. The viscosity of polymers will often change in non-Newtonian ways, that is, the
stress will change nonlinearly with changes in shear rate,

Creep is another property of polymers that is explained by considering the nature of
polymer materials. When a small load is applied to a polymer for a very long time, espe-
cially at a high temperature, the polymer molecules are forced to gradually disentangle or
gradually move relative to one another in a nonrecoverable way. This results in a gradual
nonrecoverable elongation of the polymer called creep. If the force is applied long enough,
rupture can occur,

Toughness is a measure of the ability of the material to absorb energy when a force is
applied. When that force is applied quickly, the impact toughness is measured. The vis-
coelastic nature of polymers suggests that faster impacts are not tolerated as well as
slower impacts. Hence, polymers which are able to move and adjust to absorb the input
energy are tougher than those stiffer polymers which cannot adjust. The speed of adjust-
ment depends upon temperature as well as the nature of the polymer chains themselves.

Polymers can be modified to increase strength by the addition of reinforcements.
These reinforcements are usually very strong and stiff fibers. When a load is applied to a
polymer in which reinforcements are present, much of the load is transferred by the poly-
mer material onfo the reinforcement and the net result is an increase in the strength and
stiffness of the entire mixture,

Materials can also be added to polymers to increase toughness. In this case the mate-
rials added are those which will absorb energy. Rubbers are often the materials chosen as
impact enhancers,

Fillers are materials added to polymers which are neither reinforcements nor impact
enhancers, These materials are generally added to reduce the cost of the total material. In
many cases the changes in mechanical properties due to the addition of the fillers is not
important in the application.

GLOSSARY

Abrasion Loss of material from rubbing or scraping its suxface.

Additives Fillers, plasticizers, lubricants, stabilizers, colorants, and other materials in-
cluded in the plastic material mix.

Bending foree A flexure force,

Blushing A localized whitening of a plastic material indicative of alignment of mole-
cules from local stresses.

Charpy toughmess The toughness of a material as determined by using the Charpy test
(falling pendulum on a horizontal sample).

Composites Plastics into which reinforcements have been added.

Compressive force A pushing force on the end of a columnar sample.

Creep Long-term plastic deformation.
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Creep rupture Breaking of the material due to creep.

Dashpot A mechanical device that is used in classical mechanics as the model for a vis-
cous fluid.

Dilatant (shear-thickening) Non-Newtonian materials that deviate from the linear
viscosity equation by increasing viscosity with an increase in shear rate,

Elastic solids Materials that completely recover their shape and restore the energy im-
parted to them after an imposed force has been removed.

Elongation The strain for a tension measurement, usually expressed as the strain at
failure as a percentage of the original length of the sample.

Engineering stress-strain The strain defined as the distance elongated divided by the
original length,

Fillers Particulate additives to plastics.

Flexural force A pressing force on the middle of a supported long sample.

Hardness Resistance of a material to surface penetration,

Hookean A material in which the displacement is linear with an applied force, thus
obeying Hooke's law.

Impact toughness (impact strength) The ability of a material to absorb the energy
of an impact,

Intrinsic viscosity [v] The viscosity of an infinitely dilute solution of a polymer; can
be used to calculate molecular weight,

Izod toughmness The toughness as determined using the [zod test (falling pendulum on
a vertically held sample).

Long-range movements Long displacements of the molecules in a solid polymer that
would be typical of viscous behavior and occur above the 7,

Maxwell model A representation of viscoelastic materials using a dashpot and a spring
in series.

Modulus The ratio of stress to strain in the elastic region,

Necking A thinning of the sample during tensile testing.

Newtonian Fluids that have a linear relationship between stress and velocity gradient
or shear rate,

Permanent deformation or set The amount of strain not recovered when a stress is
removed past the vield point of the material.

Plastic region The region of the stress-strain curve beyond the yield point.

Poise The unit of viscosity, expressed as g - cm™ - 57!

Proportional limit The point in the stress-strain curve where nonlinear behavior
begins.

Reinforcements Additives, usually fibers, that increase the strength and/or stiffness of
materials.

Relative viscosity The ratio of the viscosity of the polymer solution to the pure
solvent,

Rheometry The study of the viscosity of a material, especially as related to time.

Shear A force that causes one portion of a materiaf to move past another portion of the
material.

Shear rate The change in shear with time,
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Shearthinning (pseudoplastic) Non-Newtonian materials that deviate from the lin-
ear viscosity law by decreasing viscosity with an increase in shear rate,

Short-range movements Smali displacements of the molecules in a solid polymer that
are characteristic of the elastic region of the stress-strain curve,

Stiff A material characteristic related to modulus.

Strain The displacement {stretching) of a sample due to an imposed force.

Stress-strain curves {(or diagrams) Plots of the stress (¥ axis) and strain (r axis),

Tensile foxee A pulling force,

Thixotropic Materials that decrease in viscosity with time even though the shear rate is
constant.

Torsional force A force that presses on a sample, causing one portion of the sample to
rotate about a fixed portion of the sample,

Toughness The ability of a material to absorb energy without rupture.

Toughness modifiers Material {often ¢lastomers) added fo a plastic to increase its
toughness.

True stress-strain The behavior of 4 material during a stress-strain experiment, where
the strain is defined as the instantaneous value of the stress-strain curve,

Ultimate strength The highest stress that a material can withstand without breaking.

Velocity gradient The change in velocity with distance,

Viscoelastic Materials that possess properties of both viscous fluids and elastic solids,

Viscosity (v) The resistance of a fluid to movement.

Viscous fluids Materials that flow when exposed to an imposed shear force and do not
return any of the imposed energy when the force is removed.

Voigt or Kelvin model A representation of viscoelastic materials using a dashpot and
a spring in parallel,

Yield point The point in the stress-strain curve where permanent deformation begins,

Young's modulus A tensile modulus,

Weighting factor A number assigned to a property based upon the importance of that
property in the performance of a part; used in the design process for choosing a
material.

QUESTIONS

1. Explain what is meant by a viscoelastic material and relate its response to applied
stresses by comparing the material with an elastic solid and a viscous fluid.

. Explain plastic deformation in terms of molecular chains.

3. Using a molecular view, explain why compression strength is generally less than ten-

sile strength in polymers.

4. How is modulus likely to be affected when toughness modifiers are added to a plastic?
Why?

. Discuss how creep is likely to be affected by aromatic pendant groups.

. Describe the [zod toughness test,

. What is ASTM and why is such an organization important?

)
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8. Why is the flexural modulus so important for many plastic applications?

9. A stress-strain experiment was done on a plastic and the following data was noted on
the plot of the experiment: ultimate tensile strength = 9000 psi, yield strength =
5000 psi, proportional limit = 4000 psi, strain-to-failure = 025, strain at yield = .020,
strain at proportional limit = 015, The original length of the sample was 4 inches,
What was the modulus?

10. What is the purpose of notching Izod or Charpy samples?
11, What is the likely affect on modulus of adding a filler? Why?
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CHEMICAL AND
PHYSICAL PROPERTIES
(MACRO VIEWPOINT)

CHAPTER OVERVIEW

This chapter examines the following concepts:

s Environmental resistance and weathering

m  Chemical resistivity and solubility (physical property effects on solvent-solute interac-
tions, thermodynamics of solvent interactions, plasticizers, solvent welding, environ-
mental stress cracking and crazing)

a Permeability {definitions and general principles, diffusion constant, Fick's laws of dif-
fusion, barrier properties of plastics)

m Electrical properties (resistivity, dielectric strength, arc resistance, dielectric con-
stant, and dissipation factor)
Optical properties (light transmission, colorants, and surface reflectance)
Flarmnmability .

INTRODUCTION

In contrast to the previous chapter, the properties discussed in this chapter will not relate
directly to the reaction of plastics to imposed mechanical forces, but will relate to the re-
sponse of plastic materials to various environments. The environments may be unusual,
such as high heat or high electrical voltage, or quite common such as sunlight or water.
The view will principally be the macro view, although in all of these properties the mole-
cular nature, the microstructure, and the macrostructure of the plastic material will have
some effect on the material's behavior. In each case the response of the plastic material to
each environment and the reasons behind that response will be discussed.

ENVIRONMENTAL RESISTANCE AND WEATHERING

Many applications require that plastics retain critical properties, such as strength, tough-
ness, or appearance, during and after exposure to natural environmental conditions.
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Environmental agents that may damage plastic materials include solar radiation, microor-
ganisms, ozone and oxygen, thermal energy, pollution and industrial chemicals, and water.

Weathering is the degradation of the material from the long-term effects of the envi-
ronment, Ultraviolet {UV) degradation from sunlight is, perhaps, the most significant type
of environmental degradation for plastic materials, although oxidation and the phenome-~
non called stress cracking are also important. Attack by water and other solvents, which is
also important, will be discussed in the section on solubility and resistance to chemicals.

Ultraviolet (UV) Light Degradation

The absorption of UV light, chiefly from sunlight, degrades polymers in two ways. First,
the UV light adds thermal energy to the polymer, just as any heating would do, causing
thermal degradation. Second, the UV light excites the electrons in the covalent bonds of
the polymer. This excitation raises the electrons to a higher energy level, These higher en-
ergy electrons are less restricted to the particular covalent bond in which they are located.
Hence, the bond is weaker and can be broken more readily.

One major difference between the energy from sunlight and the energy from thermal
heating is that sunlight is made up of a wider energy spectrum of different intensities.
These different intensities are characterized by different frequencies of vibration of the
light energy. The energy of light is directly propostional to the frequency according to
Equation (5.1):

E=hv (5.1)

where E is the energy, A is a constant {called Planck’s constant) and » is the frequency of
the light vibrations. The UV frequencies are near the higher end of the sunlight spectrum
and therefore have more intense energy than the other parts of sunlight (visible and in-
frared light). UV light is especially damaging to plastics because the energy intensity
closely matches the energy levels in the bonds between most of the atoms. Hence, expo-
sure to UV light can result in enough energy to cause many bonds to rupture. This rup-
ture can result in many of the same phenomena associated with thermal degradation—
discoloration, loss of mechanical and thermal properties, especially embrittlement, and
occasionally, evolution of gaseous by-products.

Some materials absorb UV light more readily than polymers and can, therefore, be
added fo polymers to improve the resistance of the polymer to UV light degradation. The
most commaon of these materials is carbon black, which is made by the incomplete com-
hustion of oils or other organic fuels and is similar to soot. This powdery black material
has the advantage of relatively low cost and high UV absorption efficiency. The principal
negative effect is the intense black color that is imparted to any material containing even
small amounts (such as 2%) carbon black. Therefore, other UV-absorbing materials (such
as Irganox, a commercial energy-absorbing additive) have also been developed for applica-
tions that require colorless or nonblack colored plastics. Many UV-absorbency materials
are eventually consumed because they absorb the UV light by combining with it. Most of
the chemical materials, such as Irganox, are of this type,

The tendency of plastics to degrade with exposure to UV light varies widely, For in-
stance, polyethylene film that has no UV absorbent added, if left in the sunlight, will de-
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grade to a powder in 2 or 3 months. On the other hand, acrylics, especially PMMA, will
show almost no effect from UV degradation even after years of exposure. Tests to measure
the effects of UV exposure are usually related to the application of the plastic material. For
instance, acrylics are often used for outdoor signs and therefore must remain clear and
unyellowed. A typical test is to measure the loss of light transmission after UV exposure.

The method of exposure is also a matter of concern. Ideally the material would be ex-
posed to normal sunlight and then be tested. However, this type of exposure often takes
long periods of time (years) for significant effects to be seen. Therefore, methods to accel-
erate the exposure have been developed (ASTM G 53 for exposure to UV lamps, D 1499 for
exposure to carbon arc lamps, D 2565 for exposure to xenon arc lamps, and D 1435 for
outdoor weathering). In these methods, special lamps are used which emit UV light in a
spectrum closely matched to that of normal sunlight. The plastic material samples are,
therefore, exposed to this artificial sunlight in chambers which can also simulate temper-
ature and humidity conditions appropriate for the particular application. Some caution
should be exercised in extrapolating the results from accelerated tests to normal outdoor
exposure. The variations of outdoor tests are so broad that good statistical correlations
have rarely been accomplished. Therefore, accelerated UV testing should be viewed as an
indication of the actual weathering performance, but not as a simulation of that perfor-
mance. A typical commercial UV exposure chamber is shown in Photo 5.1.

Photo 5.1 A commetcial UV
exposure chamber (Courtesy
Q-Panel Lab Products)
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The tests are generally run by measuring some critical performance property (such as
efongation or optical clarity) on samples before exposure. Then, either the same samples
ot equivalent samples are subjected to weathering and then are removed and retested, The
loss in property value is noted as the test result. It is not unusual to make several mea-
surements after different exposure periods so that a plot of property loss as a function of
exposure time can be made and, hopefully, extrapolated to values of the property consid-
ered critical for performance. Many attempts have been made to coryelate exposure in an
accelerated test and actual outdoor exposure, These correlation attempts have been largely
unsuccessful, chiefly because of the high variability of actual outdoor exposure. Neverthe-
less, approximate correlation values are often given,

Resistance to Microorganisms

Some plastic materials, especially those that have their origins in natural products or that
have natural products mixed with the plastic, are potentially susceptible to degradation by
microorganisms, Other plastics, although not degraded by the microorganisms, serve as a
site for growth of the organisms (such as the mold that grows on bathroom grout). In
either case, the presence of the microorganism is objectionable.

Tests have been developed for monitoring the resistance of plastics to microorganisms
{ASTM G21 for fungi and G 22 for bacteria). In these tests, plastic samples are placed in
petri dishes containing an appropriate nutrient satts agar, The samples are sprayed with ei-
ther a fungi dispersion or a bacterial dispersion and then allowed to incubate, usually for
21 days. The samples are then removed from the petri dishes and washed free of growth
material. The key performance properties are then measured and results are given as
losses of performance relative to the original values.

Oxidation

Degradation occurs when the electrons in a polymeric bond are so strongly attracted to
another atom or molecule {called a “foreign” atom or molecule) cutside the bond that the
polymer bond breaks. The foreign molecules are often part of the environment surround-
ing the plastic material and their effects are, therefore, part of weathering. The most com-
maon foreign molecule that has a significant effect on plastics is oxyden (due to its high re-
activity and relative abundance). The process of reaction with oxygen is called oxidafion.

The results of oxidation are similar to other instances of polymer degradation—loss of
mechanical and physical properties, embrittlement, discolovation, etc, The degradation
from oxidation generally occurs over long periods as the foreign molecule (oxygen) dif-
fuses into the polymer and attacks the bonds. However, raising the temperature will often
significantly increase the rate of oxidation, as will increases in the concentration of the
foreign molecule surrounding the plastic material. This is another example of the effect of
temperature as described by the Arrhenius equation.

Some plastics are more susceptible to oxidation than others. Reasons for greater ten-
dency for oxidation are (1) the lower energy of the bonds in the plastic material, (2) the
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greater attraction of the electrons for the foreign molecule (because of the inherent na-
ture of the other polymer honds), and (3) the more open nature of the polymer structure
(that is, its greater ability to allow the foreign molecule to enter its structure).

As with thermal and UV degradation, materials have been developed which preferen-
tially absorh oxygen or other foreign melecules and can be added to polymers to reduce
oxidation of the plastic material. These materials are espectally important during process-
ing because of the higher temperatures encountered at that time which accelerate the ox-
idation as described in the Arrhenius equation. In cases where the plastic material is es-
pecially susceptible to oxidation or where prevention of oxidation is especially important,
processing is sometimes done in a less reactive atmosphere, For instance, the high tem-
peratures and high pressures often used for the curing of thermosets for aerospace appli-
cations would normally result in high oxidation. Therefore, these materials are often
cured in a nitrogen atmosphere,

Testing for oxidation of plastics is often closely associated with thermal stability be-
cause the oxidation is performed at high temperatures in order to accelerate the times
involved,

CHEMICAL RESISTIVITY AND SOLUBILITY

Chemicals affect plastics in a variety of ways. The lowest interaction level is no percepti-
ble interaction with the plastic material at all, such as water with polyvethylene. In other
cases the chemical may swell or soften the plastic material such as water with nylon or ke-
tones with PVC. In a few cases the chemical may dissolve the plastic material such as
water and polyvinyl alcohol. Finally, the chemical may react with the plastic material to
permanently alter the nature of the plastic material and form new bonds, as with strong
acids on cellulosics. These are only examples of the many interactions possible between
plastics and various chemicals, and all shades of these various plastics/chemical interac-
tions are possible across the spectrum of plastics and chemicals which might be in their
environmertt, A chart indicating some of these interactions is given in Figure 5.1,

The nature of the interaction between a plastic material and a chemical is usually dis-
cussed in terms of solvents and solutes, where the chemical is the sofvent and the plastic

Swelling/
Noene softening

Polyethylene Nylon and water Polyvinylaichohol Cellulosics

Examples: and water PVC and ketone and water and acids

Increasing Chemical Reactivity to Plastic

Figure 5.1 Types of solvent effects on varigus plastics.
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material is the solufe. (A solute is the material that is being dissolved by the solvent.)

These terms are applied even when no actual dissolving takes place, such as with swelling,
The interactions are dependent upon both the chemical and physical natures of the

solvent and of the plastic material, with the chemical natures the most important.

Chemical Nature and Solvent-solute Interactions

A strong interaction between a plastic material (solute) and a chemical (solvent) is favored
when the chemical natures of the materials are similar, For instance, if the solvent is
highly polar, such as water, and the plastic material has many polar groups, such as niylon,
the plastic material is likely to be strongly affected by the chemical. This observation of
chemical similarity in dissolving phenomena has been expressed in traditional chemistry
as “like dissolves like” which implies that polar solvents strongly affect polar plastics and
nonpolar solvents have a strong interaction with nonpolar plastics. Even though the na-
ture of the interaction hetween plastic and solvent is often less than total dissolution, the
rule is convenient for remembering the basic nature of the interactions.

The lowest level of interaction is, of course, no interaction at all. This occurs when the
chemical natures of the plastic and the solvent are vastly different. As the chemical na-
tures of the plastic and solvent become more alike, the first level of interaction is usually
a swelling of the plastic material, The similar chemical natures favor the formation of sec-
ondary bonds, such as hydrogen bonds or van der Waals forces between various sites on
the polymer and the solvent. Often many solvent molecules will ¢crowd around these sites
within the plastic material structure that are chemicaily favorable for bonding with the
solvent. The energy of solvation gained from this process is sufficient to open up the phys-
ical structure of the plastic material and cause it to swell. Interactions of this type are rep-
resented in Figure 5.2, which shows several water molecules surrounding the polar loca-
tions in a nylon polymer. The forces that expand the structure of the polymeric material
hecause of these many solvent molecules is obvious, (Refer to the chapter on polymeric
materials (molecular structure} for a discussion of polar molecules and an iltustration of
polar atoms in nylon.)

Figure 5.2 Solvent interactions Solvent molecules
with a pelymer, l
_ Ho .-
o i /0"3 /H
H H§+ +E'H 3':?‘0\
I
—C—C—C57—N--C—C—C—
H._87 5
D
Polymer H 8_0\
Voo
Solvent molecules
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This initial level of interaction between solvent and plastic, which is labeled in Figure
5.1 as swelling/softening, is also called plasticizing and is very important for some plastic
materials, PVC is a good example of such a plastic, Although virgin PVC is stiff and hard,
when certain chemicals are added a distinct softening of the PVC occurs, rendering the
plastic pliable and seft. This important property of plastics is discussed in greater detail
later in this chapter, where the nature of the chemical additives and the nature of their
interactions is examined,

As the nature between solvent and solute becomes more similar, the interactions be-
tween a polymer and a solvent can lead to even more solvent molecules ¢rowding around
the favorable sites and can eventually result in a breaking of the secondary bonds hetween
the polymer chains and forcing disentanglement. When this occurs, the polymer chains
can move freely with respect to each other, and the polymer is said to be in solution. This
requires, of course, that a sufficient amount of the solvent be present to surround the
polymer chains so that they “float.”

An example of complete polymer dissolution is polyvinyl alcohol in water. This prop-
erty has been used for many years by using polyvinyl alcohol as a protective coating on
fibers, thus allowing them to be woven, knitted, and otherwise made into fabrics without
excessive hreakage on the textile processing equipment. Then, after the fabric has been
formed, the polyvinyl alcohol coating is removed by simple hot-water washing of the
cloth. This allows the fabric then to be colorved or printed. The same principle is used in
swimming pool chlorination packets, which are made by bagging the chlorination chem-
ical inside a polyvinyl alcohol bag. The pool is easily chlorinated by tossing the bagged
chlorine into the pool, where the polyvinyl alcohol plastic bag dissolves and releases the
chlorination chemical.

The nature of these polymer solutions is quite different in many ways from solutions
of small molecules (such as the much higher viscosity of the polymer solutions and their
non-Newtonian flow). In most actual plastic applications, complete solvation of the plas-
tic material is rare, because the amount of solvent is usually not sufficient to complete the
solvation and because the process may take considerable time, Therefore, when the sol-
vent and solute are similar in polarity, swelling of the plastic material is the most common
solvation effect.

In a few cases, the chemical will react with the plastic material and form permanent,
covalent bonds between the chemical and the plastic material rather than the secondary
bonds characteristic of ordinary solvation. In some cases the reactivity of a polymer to a
chemical is part of the process for forming some plastics. Some examples are the reaction
of cellulose with nitric acid to form cellulose nitrate or the reaction of cellulose with
acetic acid in the formation of cellophane,

If the plastic material is in use and if it comes into contact with a chemical that reacts
with it, the chemical reaction between the plastic material and its chemical environment
can be catastrophic because the nature of the plastic material can be altered greatly, The
cases of chemical reaction are, however, rare in actual use except for some incidental oc-
currences such as staining of carpets or splattering of chemicals on various plastic mate-
rial surfaces. ' -

In general, plastic materials are dominated by nonpolar carbon-hydrogen bonds.
Therefore, plastics are usually resistant to polar solvents such as water, The resistance of
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plastics to water is a decided benefit in resisting environmental effects because water is so
prevalent in the environment, Even when the polymer has polar groups, such as nylon,
the interaction with water is limited to minor swelling and softening. These interactions
are stronger if temperatures are increased because the solvent can penetrate faster and
farther into the plastic material, The interactions are more evident in applications where
a property that might be degraded by the presence of the solvent is important. An exam-
ple of this is the excessive abrasion of nylon guide strips in a soft drink bottling plant, The
nylon strips are used to guide the cans or bottles along a conveyor, However, the conveyor
system, including the nylon guide strips, is often under hot water which swells and softens
the nylon. The rubbing of the bottles or cans against the swelled and, therefore, softened
nylon strips causes excessive wear.

The general resistance to water and the nonconductivity of plastics (which will be dis-
cussed in more detail when the electrical properties of plastics are examined} means that
galvanic corrosion is not a problem in plastics as it is in metals, Galvanic corrosion is re-
sponsible for vusting, pitting, and many other degradation phenomena common in met-
als, To this extent, plastics perform much like certain alloved metals such as stainless
steel.

Physical Property Effects on Solvent-solute Interactions

Although generally not as important as the chemical similarities or dissimilarities of the
polymer and solvent, the physical natures of the polymer and solvent can also influence
how the polymer might be affected by chemicals, The most important physical character-
istic of the solvent is size. Generally smaller molecules are more aggressive as solvents
than are larger molecules. This is simply a reflection of the ability of the small solvents to
penetrate the polymeric structure, For instance, consider the differences in solvating ca-
pabilities in hexane, wax, and polyethylene, which have the same basic chemical nature but
differ in the size of the molecules. Hexane will attack many plastic materials, causing them
to swell. Melted wax molecules are approximately 10 times larger than hexane molecules
and have little solvating effect. Melted polyethylene, which has molecules that are hun-
dreds or thousands of times larder than hexane, has no solvating effect. The same effects
are seen when these materials are the solute. Hexane is easily dissolved by other nonpolar
solvents, waxes are dissolved slowly, and pelyethvlene is almost insensitive to solvation.

The swelling phenomenon is especially sensitive to the physical nature of the plastic
material, Swelling occurs because the structures of plastic materials are relatively open
(that is, there is more void space) in comparison to metals and ceramics, as evidenced by
the low density of plastic materials. (Plastic material specific gravities [densities] are typi-
cally 0.9 to 2.0 g/ce whereas steel is 7.8 g/ce.) This open structure in plastic materials al-
lows the solvent molecules to penetrate and become attached to the appropriate sites
along the polymer chains. Furthermore, the low density also implies that there are rela-
tively few secondary honds to be broken or stretched in order to accommodate the
swelling,

Even though plastic materials have low densities compared to many other materials,
some plastics have significantly higher densities than others because of higher crys-
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tallinity. If the plastic is highly crystalline, the structure is more compact and the solvent

cannot penetrate as readily, Moreover, the secondary bonds in crystalline plastics are more

numerous and stronger than in amorphous plastics, thus making penetration by the sol-
vent more difficult. Hence, highly crystalline plastics are more resistant to solvents than
are largely amorphous plastics,

The swelling from solvent absorption results in a decrease in the tensile strength and
modulus of the plastic material because the molecules are further apart, the secondary
honds are weaker or in some cases broken, and the polymer chains can, therefore, slide
more easily over each other. Other properties, such as elongation and toughness, are often
increased by the addition of a small amount of solvent but will eventually decrease with
further increases in absorbed solvent.

Because of the importance of assessing the chemical resistance of plastics, especially
in applications such as process pipes, liners for processing equipment, and environments
where particular chemicals are common, several tests have been developed to measure the
chemical resistance of plastic materials. Three tests are especially common:

s Immersion test (ASTM D 543), The simplest and most widely used test for determin-
ing the resistance of a plastic to a chemical is the immersion test, The test is con-
ducted by carefully weighing and measuring the dimensions of a plastic sample and
then immersing the sample in a selvent under specified conditions, After seven days
the sample is removed, reweighed, and remeasured. Changes in weight and dimen-
sions are noted. The sample is also examined for other effects of chemical attack such
as dissolved plastic, plastization {usually weakened mechanical properties), cracking,
warping, swelling, embrittling, etching, discoloring, crazing and other changes in ap-
pearance, Generally, the results are given in a comparative fashion with several differ-
ent plastic materials being reported.

Stain resistance (ASTM D 2290 and D 1712}. Plastics are used extensively in house-
hold applications, such as countertops and carpets, where incidental contact with
staining agents can occur, The ability of the plastic material to resist staining is mea-
sured in D 2290, In the test, staining material is applied to a horizontal test surface
and then placed in an oven for 16 hours at 53°C, Excess staining solution is removed,
and then the material is examined for residual staining, The other test (D 1712} is
specifically aimed at plastics that have pigments or other additives containing salts of
lead, copper, and antimony, which are especially susceptible to staining from sulfide-
containing liquids.

Water absorption (ASTM D 570). The tendency of some plastics to absorb moisture is
very important in the processing of those plastics and also in some electrical, optical,
and mechanical properties. The tendency of a plastic material to absorb water is
chiefly dependent on the chemical nature of the material. Polymers composed only of
carbons and hydrogens (such as PE, PP, and PS) are highly resistant to water absorp-
tion. Polymers that have highly polar groups, especially those containing pendent
oxygens, are susceptible to water absorption, The test for water absorption is con-
ducted by conditioning a sample in a dry atmosphere for at least 24 hours at a
known, elevated temperature. Next, the sample is cooled in a desiccator and then im-
mediately weighed. The sample is then immersed in water for a specific period of
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time (usually 24 hours) at a specific temperature (usually either room temperature
or at the boiling point). Following this immersion, the sample is reweighed. The
moisture absorption is the difference between the two weights divided by the dry
weight, expressed as a percentage weight gain.

Thermodynamics of Solvent Interactions

The interactions of solvents on plastic materials can be expressed conceptually by exam-
ining changes in the free energy of the plastic material. Chemical and physical changes
will occur naturally when the change in free energy is negative. A negative AG is associ-
ated with energy leaving the system. When energy leaves the system, a lower energy state
is achieved. Low energy states are stable, so stability is obtained whenever energy leaves,
This stability is the conceptual basis of why the reactions occur if AG is negative. The
change in free energy is given by Equation (5.2},

AG = AH — TAS (5.2)

where AG is the change in free energy, AH is the change in enthalpy or bonding energy,
7' is the absolute temperature (that is, the temperature on the Kelvin scale} and AS is the
change in enfropy or randomness, In this representation, the solvent will have a strong
interaction with the polymer when AG becomes negative.

The sign of AG is obviously dependent upon the signs and relative magnitudes of the
enthalpy term, AH, and the entropy term, TAS. Each of these terms will be examined sep-
arately so that the general trends in each can be seen.

The change in entropy, AS, is always positive when going from a solid to a solution
because the material increases its randomness. Therefore, since T is also always positive,
the entropy term, with its negative sign, will always contribute to a negative free energy.
Entropy always favors solvation, If AH is small, then entropy will dominate and the solva-
tion will occur,

The enthalpy change, AH, is associated with changes in the primary and secondary
bonding energies, If bonds are formed, AH is negative, that is, energy leaves the system
and the total system drops to a lower energy state. If bonds are broken, AH is positive, that
is, energy input is required to break the bonds. If bonds are both formed and broken, the
algebraic sum of the energies of the formed and broken bonds will dictate the sign of AH.
Strong bonds or a large number of bonds will dominate. Hence, if weak bonds are broken
and strong bonds or many weak bonds are formed, AH is negative and the net result is
energetically favorable,

In open polymer structures many solvent molecules can approach the polymer and,
therefore, many solvent bonds can be formed. When the solvent-polymer bonds are
strong, AH is negative. Strong solvent-polymer bonds are favored with polar solvents
when the polymer chain has polar sites because hydrogen bonds are formed.,

Crystalline polymers have high intermolecular energies which must be overcome to
form the solvent bonds and hence, even if secondary bonds (which are weak) are formed
hetween the solvent and the polymer, the net result is a small AH term. Also, the tight
nature of the crystalline structure reduces the number of solvent molecules that can
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approach the polymer and therefore reduces the number of solvation bonds that can
form. As a result, crystals resist solvent interactions from a thermodynamic point of
view,

In the case of nonpolar solvents, even with nonpolar polymers, the AH term is not
large because the secondary honds between the solvent and the polymer are not strong,
The bonds are generally only due to van der Waals forces which are much less strong than
even hydrogen bonds. Hence, nonpolar selvents and nonpolar molecules generally result
in a small AH or might even be positive if heat is required to break the intermolecular at-
tractions. Therefore, for nonpolar solvents to dissolve plastic materials, the 7AS must be
large enough to dominate over the AH term. One condition in which the TAS is large is
when the polymer is short, that is, polymers with low molecular weights, (This is because
small molecules can be highly ordered and therefore have a larger AS when they go to the
disordered state of a solution.) As a result, interactions between nonpolar solvents and
plastic materials are favored by low molecular weights.

The TAS term can also dominate over the AH term as the temperature is increased.
This effect can be visualized at the micro view level by considering that plastic materials
naturally expand with increased temperature and are, therefore, more open. Hence, the
solvent can penetrate more easily. This is a molecular model confirmation of what is seen
from thermodynamic considerations.

An interesting point regarding thermodynamics is that the melting of polymers also
follows the free energy equation. Hence, melting wilf occur when the AG term is negative,
The AH term is always positive (indicating an input of energy) because in melting honds
are being broken but new bonds are not formed, The entropy AS is always positive because
disorder is increased in going from a solid to a melt, so the entire entropy term carries a
negative sign, Because the AH and TAS terms have opposite signs, the free energy will be
negative only when the entropy term TAS is larger than the enthalpy term AfS. This situ-
ation is most likely to occur as T increases, Therefore, the melting point, 7., can be con-
sidered as the point where the TAS terms becomes larger than the AH term.

Some insight into the relative values of A and AS can be gained by noting when T,
is high or tow. If T, is low, the AS term must be high relative to the AH term, as it would
be in low molecular weight polymers. If 7, is high, the AS term is small compared to AH,
as occurs with high molecular weight polymers. The situation of a small AS relative to AH
also accurs with polymers in which the bonds are strong, such as with crystals, Both high
molecular weight polymers and highly crystalline polymers have a high 7,,.

Plasticizers

Plasticizers are chemicals that have strong solvent effects on certain plastic materials but
are only added in moderate concentrations. Therefore, rather than dissolve the plastic ma-
terial, the plasticizer will just cause the polymer structure to swell. This swelling permits
increased chain movement, especially locally, which makes the plastic material softer and
more flexible, This greater chain movement means that the material changes from the
glassy state (hard and brittle} to the rubbery state (flexible and soft), a process called plas-
ticization. Another way of thinking about this change is that the 7, of the plastic material
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is lowered. The greater flexibility also means that the plastic material becomes easier to
process and usually melts at a lower temperature.
The amount of plasticizer that is added to the plastic material and the method by
which the plasticizer is added can be quite critical to the determination of the properties.
If the plasticizer concentration is too low or the plasticizer is poorly distributed, the plas-
tic material will not be flexible enough. If too much plasticizer is added, the plastic mate-
rial will have general chain movement (as opposed to local chain movement) and the
strength of the material will be lost. Many plastic materials can be plasticized by contact .
with a solvent, but this is usually inadvertent and would generally be viewed as undesir-
able, such as the softening of nylon in a water environment, '
To be commercially viable, a plastic/plasticizer system should give easily controlled :
property changes in the plastic material over a reasonably wide range of plasticizer con-
centrations, The plastic material should soften buf should still retain most of its strength. ;
Furthermore, the plasticizer should meet most of the characteristics of the “ideal” plasti- z
cizer that are given in Table 5.1, '
In only a few plastic materials can inexpensive plasticizers be added to give precisely
confrolled properties. Most plastic materials are either insensitive to plasticizers or have
such complicated dependencies that precise control over resulting properties is not possi-
hle. Hence, only a few plastic materials are plasticized commercially. Although only few
plastics are ideally suited for plasticization, those that are tend to be widely used.
The most important commercial application for plasticization is in polyvinyl chloride
(PVC). This polymer is hard and brittle in its nonplasticized state and is used for applica-
tions such as sprinkler pipe. When plasticized, PVC is often referved to as *vinyl” and is
soft and piiable. It is used for applications such as car seats, car dashboard covers, covers
for three-ring binders, and some flexible bottles.
The case of PVC illustrates both the advantages of using a plasticizer and many of the
difficulties in obtaining all of characteristics of the ideal plasticizer in one system. A pias-
ticized PVC can be processed at a much lower temperature than rigid PVC. Hence, the
problem with thermal breakdown that is so prevalent with unplasticized PVC is largely
avoided in vinyl. Processing can even be done at room temperature as when pressing (cal-

Table 5.1 Characteristics of an “ideal” Plasticizer

Low cost
Not volatile, that is, it should remain in the plastic material :":
Effective over a wide range of concentrations

Does not increase flammability

Nontoxic

Not detrimental to the environment

Not water extractable

Stable through processing and use

: Does not migrate to the surface of the plastic material

} Stable to ultraviolet (UV) light
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endaring) the vinyl onto a fabric to make vinyl cloth for automobile seats. Some of the dif-
ficulties with vinyl plasticizers are the volatilization of the plasticizer, which is seen in the
oily residue that coats the inside of car windows, and the embrittlement with time that is .3
evident on dashboards that crack when they get old, otk

The problem of plasticizer migration is especially difficult to solve, All materials will :
migrate to areas of lower concentration., For a plasticized plastic material the surface of Ry
the material is usually the area of lowest concentration because the molecules on the sur- il
face evaporate or are wiped away. Small molecules gdenerally migrate faster than larger CoElg
molecules, but lower-weight plasticizers are generally more effective in softening the plas-
tic material, If a heavier, less volatile plasticizer is used, it will migrate slowly to the sur-
face and evaporate slowly, thus staying as an oily residue. Obvicusly some compromise
must be reached between a light-weight plasticizer that migrates quickily but evaporates
cleanly and a heavier plasticizer that migrates more slowly but leaves an oily surface, Rea-
sonable compromises have been made to meet the needs of a large number of specific
applications.

Plasticizers for PYC are generally phthalate esters and other fairly sophisticated, high-
boiling-point organic solvents. Although PVC is inherently difficuit to burn, when addi-
tional flame retardance is needed, phosphate esters are used. In some applications mix-
tures of plasticizers are used, especially when one of the pilasticizer molecules is not very
effective alone but works well when another plasticizer is present to give initial swelling.

Great care is usually required in blending the plastic material with the plasticizer. This
blending is done in mixers which give uniform dispersion and thorough coating of the
powdered plastic material and the liquid plasticizer. The resuitant material may be soft
and doughlike or it may be a nearly dry powder. In either case, the molder usually buys
the preplasticized resin rather than doing the plasticizing in-house.

Solvent Welding

Some advantages not readily available in metals and ceramics are available in plastic ma-
terials because of their sensitivities to certain solvents. An example of this is solvent weld-
ing where only the surface is exposed to the solvent. In this process the solvent is usualiy
applied to the surface of the plastic material to soften it just prior to the welding process.
When two such surfaces are brought into contact and held together, they join and become
bonded as the solvent evaporates. This process is commonly seen in the joining of PVC
pipe and fittings. Solvent welding and other joining processes will be discussed further in
the chapter on finishing and assembly,

Environmental Stress Cracking

Some plastic materials develop cracks when simultaneously placed into certain environ-
ments and subjected to mechanical stresses. For instance, if a plastic material is in con-
tact with a soapy selution and is also kinked, cracks can occur, Often, the plastic material
would not crack (at teast not in the same amount of time) if exposed to either the hostile
environment or to the mechanical stresses separately. This phenomenon is called
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environmental stress cracking. Examples are polyethylene tubing which cracks when bent
in the presence of surface-active solvents such as deterdents, nylon in the presence of salt
solutions, or polycarbonate in the presence of chlorinated solvents,

This cracking is different from the pofymer degradation phenomena which have been
previously discussed because stress cracking does not break the primary polymer bonds,
either along the main chain or on side chains, Instead, it breaks the secondary linkages
between polymers (hydrogen bonds or van der Waals forces), These secondary linkages are
broken when the mechanical stresses cause minute cracks in the polymer that are en-
farged by the swelling action of the solvent. These cracks can propagate rapidly through-
out the entire plastic material structure like a tear or a split if the combination of me-
chanical stresses and environmental swelling persists. The result can be a catastrophic
failure of the plastic part.

The resistance of plastics to stress cracking varies widely depending on (1) the effects
of the environmental chemical, (2) the tendency of the plastic to resist the stresses ap-
plied, and (3} the ability of the plastic to stop the propagation of the cracks. This overall
resistance is called erwironmental stress crack resistance (ESCR).

The resistance of plastics can be improved by the obvious methods of reducing the ap-
plied stresses or eliminating the environmental chemical agent. Avoiding the presence of
internal stresses is also effective in improving ESCR. For instance, reducing the speed of ex-
trusion, reducing the amount of necking down that occurs due to pulling the extruded part
slightly faster than it is pushed out of the extruder (drawdown), and increasing the temper-
ature of injection molding can reduce internal stresses and improve ESCR. Other methods
to improve ESCR include annealing, which reduces any residual stresses, and crosslinking,
which creates strong covalent bonds in the place of some of the secondary bonds. Crosslink-
ing of polyethylene by treatment with electrons has been extensively used to increase the
ESCR of tubing and wire insulation and is discussed in the chapter on radiation processes.

Modifying the molecular structure has also been effective in some cases, For instance,
linear low-density polyethylene is much more resistant to stress cracking than is conven-
tinnal, branched polyethylene. This molecular modification seems to change the nature of
the secondary bonding. It may also affect the way in which the cracks are initiated and/or
propagated.

The standard test for ESCR is called the bent-sirip test. In this test small strips of plas-
tic material are bent (to cause a severe stress) and then placed in a solution of surface-
active agent {such as a soap, although a commercial material called Igepal is the stan-
dard). The strips are inspected periodically to see if cracks or other evidence of
degradation occur. The solution may be heated to accelerate the cracking. The results are
expressed as the time to failure (in hours) or, if no failure occurred, as a “pass” at the
number of hours tested (usually 1000 hours).

Crazing

In some cases an environmental chemical will embrittle the plastic material or stress the
plastic material and cause small surface cracks, even when no other stress is applied. This
stressing can, of course, be caused by the swelling of the plastic material, as the solvent
molecules penetrate the polymer matrix.
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Cracks may also appear when the plastic part is stressed (usually in tensile) with no
apparent environmental soivent present, although the appearance and the growth of the
cracks are almost always accelerated by the presence of a solvent. These phenomena are
called crazing or solvent crazing and differ from environmental stress ¢racking in both
the divection of the cracks and the extent of the cracking, The crack direction in environ-
mental stress cracking is in the direction of molecular orientation in the part {(usually the
machine direction). The crack direction in crazing is perpendicular to the molecular ori-
entation direction. In crazing the cracks are usually much more numerous in a small area
but are much shorter than environmental stress cracks.

The many small cracks often result in a whitening of the part because of a change in
the way the light is reflected. This whitening is sometimes called blushing. Blushing can
also occur when the molecules in a particular area become highly oriented hecause of the
formation of local internal stresses that change the local crystallinity and possibly cause
internal voids (such as when a plastic part is severely bent). Repeated stressing of a plas-
tic part in the region where blushing has occurred will likely result in embrittlement and
fracture.

This phenomenon of embrittlement and fracture is-similar to metal embrittlement re-
sulting from the effects of cold working, In both plastics and metals, the part develops
stresses in the worked (bent) area which will lead to cracks and, eventually, fracture. Just
as with metals, the effects of the bending can be reversed by annealing, provided cracks
have not yet formed.

PERMEABILITY

Definitions and General Principles

Permeability is a measure of how easily gases or liquids can pass through a material. A low
permeability means that the gases or liquids pass through with difficulty, usually requir-
ing a long period of time and/or high pressures. Hence, the material is said to be a barrier
to the passage of gases or liquids and permeability is often called a barrier property. Many
plastics applications, especially in packaging, require that the plastic material be a bartier
to the passage of gases and liquids. These plastic materials would, therefore, have low
permeabilities. _

The permeability of a plastic material is governed by many of the same properties that
determine the susceptibility of the plastic material to solvents. For instance, just as a poly-
mer with many polar groups is sensitive to a polar solvent, that same polymer would be
permeable to a polar gas or liquid. Hence, “like is permeable to like.” Conversely, a non-
polar polymer would be a barrier to polar gases and liquids. As with solvents, the openness
of the plastic material structure is also a factor, If the structure is largely amorphous with
few areas of dense packing of the atoms, gas and liquid molecules can move more easily
into and through the plastic structure and the material will have a high permeabhility.
Therefore, in two plastic materials with similar polarities, the higher-density, more
crystalline material would be the better barrier resin. '

In comparisons of the openness or permeability of plastic materials an assumption is
[ogically made that the permeating gas or liquid is the same for the materials compared.
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The nature of the permeating gas or liquid will obviously have an effect, as has already
heen mentioned, with respect to the polarity of the permeating material relative to the po-
larity of the polymer. The size of the gas or liquid molecule is also extremely important.
Small molecules can work their way through the polymeric structure much move easily
than can large molecules. This size effect is so strong that the permeation rate of a small
molecule (helium) can be 10" greater than that of a large gaseous molecule (pentane),
Size effect can, therefore, outweigh all other permeation effects,

Diffusion Coefficient

The permeability characteristics of a material {plastic, metal, or ceramic) can be expressed
by a quantity called the diffusion coefficient or diffusivity constant, D. Diffusion or diffu-
sivity is the susceptibility of a material to allow permeation through it in relation to a par-
ticular gas or liquid. For instance, if the plastic material is solvent-sensitive to a particular
gas or liquid, the D for that system will be large. If the plastic material has an open struc-
ture, D will be larger than for a dense, crystalline plastic, assuming the same diffusing gas.
Therefore, a plastic material with a high diffusion coefficient will have high permeability.

The environment under which the diffusivity is measured can also affect D. Any con-
dition that will cause the plastic structure to swell will significantly increase D. One crit-
ical environmental effect is temperature. Raising the temperature will impart flexibility to
the plastic system, which will make it more open and thus allow the gas or liquid to per-
meate more easily, Therefore, the temperature at which the diffusivity was determined
must be specified, Tables of diffusion constants for many plastic materials with various
common gases or liquids are available in several plastic materials handbooks. The diffu-
sivity is given for a standard temperature {usually room temperature, 73°F or 23°C), Con-
version to another temperature is done using Equation (5.3), which is one form of the
Arrhenius equation.

D = D~ WD {5.3)

D is the diffusivity at the environmental temperature, D, is the diffusivity under standard
temperature conditions, 4 is the activation constant and measures the energy required for
the gas or liquid to pass through the molecules of the plastic material, R is the gas con-
stant, and T is the absolute temperature (usually measured in kelvins). A useful rule of
thumb is that a temperature increase of approximately 5 K can double the diffusivity.

Other environmental effects, such as the presence of a second gas or liquid, can also
affect the permeability. For instance, a plasticizer will significantly increase diffusivity be-
cause the polymeric structure has been swelled and softened, thus allowing the permeat-
ing agent to pass more easily. These combinations of factors are, however, so numerous
that diffusivities for all these conditions would be impractical to list. Therefore, for condi-
tions such as these, specific diffusivities would be measured in each case.

Fick’s Laws of Diffusion

It has been shown that the permeability of a particular gas or liquid through a barrier ma-
terial depends not only on the diffusion coefficient of the barrier material, but also upon
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the difference in concentrations of the diffusing material from point to point within the
material, and inversely upon the thickness of the material. If a steady-state condition ex-
ists, such as when the concentrations on either side of the barrier material are not allowed
to change with time, this relationship can be expressed as given in Equation (5.4}, which
is called Fick’s first law of diffusion:
dC
J D e (5.4)

where J is the flow of gas or liquid through the material and is expressed as a flux (flow
per unit area), D is the diffusion coefficient of the material, dC is the change in concen-
tration of the gas or liguid from one side of the plastic part to the point of measurement,
and dx is the distance from one edge of the material to the point of measurement. The
negative sign is introduced because dx is usually chosen to be opposite in sign to the di-
rection of flow. These relationships are illustrated in Figure 5.3.

The permeability of materials can also vary with time. This case has been shown to fol-
low a law called Fick’s second law of diffusion. This law can be written in mathematical
form as given in Equation (5.5),

5C 8°C

s Do
where C is the concentration of the gas or liquid, # is the time to permeate, D is the dif-
fusion coefficient, and x is the distance from one edge to the point of measurement. The
partial differentials simply mean that the rate of change of concentration is dependent
upon both the thickness, x, and the time, ¢, If the constant D and any two of the variables
in Fick’s law are kaown (C, £ or x), the other variable can be found by using mathemati-
cal solution tables for the “error function” which fits the form of Fick’s second law.

(5.5)

Figure 5.3 Diffusion variables. J = Flux (flow) through a plane
in the material
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These permeability equations aflow the barrier natures of various plastic materials to
| be expressed quantitatively and compared. They also permit the calculation of the amount
of gas or liquid that will permeate through a particular thickness of a known barrier ma-
terial in a specified time, assuming that the concentration of the gas or liquid is also
known.

Barrier Properties of Plastic Materials

In practice, most applications require plastic parts with low diffusivity, which are, there-
fore, barrier plastics. For instance, packaging would normally try to exclude the perme-
ation of air or water. The permeation of oxygen and of water through various plastic ma-
terials is illustrated in Table 5.2 where the dependence of permeation on the properties of
the plastic material and the gas or liquid that is permeating through can be seen. The
relative humidity (RH) is noted in the conditions because it affects the concentration
gradient of water,

The differences in permeabilities of various plastics as seen in Table 5.2 can be readily
understood from a basic understanding of the natures of the polymers. For instance, eth-
ylene vinyl alcohol has polar groups along the chain and has, therefore, a relatively high
permeation rate for water (which is polar) and a low permeation rate for oxygen (which is
nonpolar). Other polymers with polar groups along the chain are nitrile barrier resin and
nylon which also have high permeation rates for water. Polyethylene, on the other hand,
has no polar groups along the chain and has, therefore, a low permeation rate for water
but a much higher permeation rate for nonpolar oxyden than do the polar polymers. Note

Table 5.2 Barrier Propertios of Selected Commercially Available Plastics (from Designing
with Plastics and Composites by D. V. Rosato, D. P. DiMatta, and D. V. Rosato,
Van Nostrand Reinhold, 1991, page 280)

Permeability of Oxygen Permeability of Water
at 25°C, 65% RH at 40°C, 90% RH
Polymer (cc, mil/100 in%/24 h) {cc, mil/100 in%/24 h)
Ethylene vinyl alcohol 0.05-0.18 1.4-5.4
Nitrile-barrier resin 0.80 5.0
High-barrier PVYDC 0.15 0.1
Good-barrier PYDC 0.90 02
Moderate-barrier PYDC 5.0 0.2
Criented PET 2.60 1.2
Oriented nylen 2.10 10.2
Low-density polyethylene 420 1.0-1.5
High-density polyethylene 150 0.3-04
Polypropylene 150 0.69
: Rigid PVC 5-20 0.8-5.1
f Polystyrene 350 7-10
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also that high-density polyethylene has a lower permeation rate than does low-density
polyethylene, illustrating the more compact structure of the high-density material.

A difficulty arises when a barrier to both polar and nonpolar gases or liquids is desired
because most plastics materials are either one or the other. The packaging industry has
solved this problem by coating one material with another, or by combining two or more
materials together into a multi-layered film wherein each of the layers is a barrier to a
type of gas or liquid to be excluded. Layers can also be added for improving other proper-
ties such as strength or ability to heat-seal. Seven-layer barrier films of this type are
currently available and are used chiefly for wrapping meat.

Some common coated plastic materials are cellophane coated with polyethylene or
PET coated with metal, which is widely used for helium-filled balloons, Metals generally
have much lower permeabilities than plastics because of the highly dense, crystalline na-
ture of metals in comparison to plastics. Therefore, the metal-coated PET materiaf will re- R |
sist the permeation of helium, even though helium has the highest permeation rate of any i
material since it is the smallest of all atoms. (These metal-coated balloons are sometimes "
known by the PET trade name, as Mylar™ balloons.)

Another method that has been employed to modify the permeability of plastic materi-
als is to chemically bind polar groups onto the chain of an otherwise nonpolar polymer.
By careful regulation of the conditions under which the chemical reaction is conducted,
the polarity of the polymer can be chosen and its permeability controlled. An example of
this procedure is the creation of DuPont’s Nafion® which is a modified Teflon® to which
polar groups have been added. Nafion is used for membranes in chemical cells that require
the passage of water and some ions to work, but still require the overall chemical resis-
tance of Teflon®. Unmedified Teflon® would not permit the passage of the molecules.

Tightening the structure of a plastic material is another method of improving barrier
properties, As indicated previously, this can be done by increasing the density of a mater-
ial. Thermosetting plastics can be crosslinked to tighten their structure and thus increase
their barrier properties. This crosslinking not only tightens the structure (higher density
and less open), it also makes the molecules less mobile and, therefore, more resistant to
the passage of a penetrating molecule.

ELECTRICAL PROPERTIES

The basic electrical properties of all materials are related to the ease of formation of a con-
ductive path through or along the surface of the material. In some materials, such as met-
als, the sea of electrons which bind the metal ions together can move freely throughout
the metal structure and thus provide a conductive path. Metals are, therefore, highly con-
ductive, In other materials, charged atoms (ions) can move freely within a solution, such
as salt dissolved in water. These, too, are conduciors.

The electrons and ions in plastics and ceramics are much more restricted, Therefore,
these materials are not usually conductive to electricity but are, instead, fnsulators. Some
caution should be exercised, however, in using the terms conductor and insulator to de-
scribe any particular material because the terms are really comparative in nature and not
absolute. For instance, most plastics would normally be considered as insulators but that
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is only as compared to common conductors such as metals. A specific plastic material
could be considered a conductor if compared to some other plastic material with much
lower conductivity, PVC is, for instance, an insulator when compared to copper but is a
conductor, or at least is more conductive, when compared to PTFE.

Several electrical properties have been devised to measure the tendency of a material
to form a conductive path under different conditions. The most common of these proper-
ties are: resistivity, dielectric strength, arc resistance, dielectric constant, and dissipation
factor,

Resistivity

The resistivity of a material is the resistance that a material presents to the flow of elec-
trical charge. This is sometimes called ohmic resistance because it can be expressed or
quantified by the simple Ohm's law, that is, the voltage (1) is equal to the current (/) times
the resistance (R) as shown in Equation (5.6).

V=IR (5.6)

The resistivity can be measured through the thickness of the sample and is then called
the polume resistivity, or it can be measured along the surface of the sample and is then
called the surface resistivity. Plastics have much higher volume resistivities than do
metals, as illustrated in Table 5.3.

The resistivities measured by standard (ASTM) tests may be considerably different
from resistivities in actual use, The standard test values are measured using controlled
specimen size and shape, surface cleanliness, and moisture content. In actual use the parts
are almost always of a different shape, will often have surface contaminants such as mold
release, solvents, or oils, and may have absorbed considerable moisture, especially if the
polymer is moisture sensitive such as nylon or cellulosics. The higher conductivity (lower
resistivity) of the plasticized PVC compared to unplasticized PVC illustrates that the pres-

Table 5.3 Volume Resistivity for Various Materials

Material Volume Resistivity Range ({2 - cm)
Fluorocarbons (PTFE) 108
Polystyrene 10"
Polyethylene 10'%
PVC 10'®
PVC (plasticized) 10"
Phenolics 10"
Antistatic polymers 10710
Static-dissipator polymets 10°-10°
Conductive polymers 10%10°
Metals 10-¢
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ence of nonplastic plasticizers, fillers, pigments, or other additives can also make a signif-
icant difference in the electrical conductivity of the base plastic material. The values given
in Table 5.3 are, therefore, only guidelines for relative resistivities.

The test for volume and surface resistivity is ASTM D 257. In this test a low voltage is
applied across the thickness or along the surface of a sample under standard conditions.

The reciprocal of the resistivity is the conductivity. Therefore, metals are seen to have
many times higher conductivities than plastics, even those few plastic materials which
are considered to be conductive. Conductive polymers are used in situations in which
the nonelectrical properties of a plastic are desired, but some conductivity is required,
such as in certain electromagnetic interference {(EMI) shielding applications. Conductive
and semiconductive polymers can also be used to dissipate static charges. These static-
dissipative polymers are used for applications such as carpets, where the buildup of static
charge is undesirable.

The most common method to make a plastic material conductive is to simply add a
conductive filler. Many materials will work, including most metal powders, many plasti-
cizers, and many inorganic fillers, The properties of the plastic material when these fillers
are added would be consistent with the properties expected when other traditional fillers
are added,

Conductive polymers are made by using chemical groups that allow the electrons to
move relatively freely along the polymer chain. These electrons are said to be delocalized.
One method of achieving delocalized electrons is to have a series of carbons with double
bonds between every other pair of carbon atoms, as illustrated in Figure 5.4. This arrange-
ment of alternating double bonds is called conjugated bonds. The effect of this conjuga-
tion is that the electrons are free to move along the polymer chain, thus imparting
electrical conductance along the polymer, as illustrated in Figure 5.4b.

Conjugated double bonds are also found in aromatic molecules such as benzene, as de-
scribed in the polymeric materials (molecular viewpoint} chapter. The conjugation in ben-
zene is limited to only the ring atoms and therefore the electrons are delocalized only over
the ring itself, Some additional minor delocalization can be achieved by linking linear
conjugated double bonds onto the benzene molecule.

An arrangement that has significant delocalization is graphite, Graphite is a structure
in which the carbons are bonded in flat sheets that are then stacked upon each other. The
flat sheets have delocalization across the sheet, but not from one layer to the next.

A |
T o
—C=C( c=cC —C—C c—C
~c=c"" ~Se=c— %‘c—c/\c—c—
. -3
Gb )
()] :

(a)

Figure 5.4 Example of a conductive polymer showing bond view (a) and atomic orbital
view (b).
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The polymer illustrated in Figure 5.4 can be made by the polymerization of acety-
lene gas and is therefore called polyacetylene, It is conductive along the chain of a poly-
mer molecule but is not able to transfer the electrons from one molecule to another,
Hence the electrons cannot move in all directions throughout the material and it is not
as truly conductive as a metal, Polvacetylene can be made truly conductive by incorpo-
rating molecules that have free electrons that can move in directions other than along
the polymer chain. Metals have this property, as do some organic molecules with atoms
such as nitrogen and sulphur, especially when they are associated with a conjugated
ring. Polymers made from acetylene and these electron-donating molecules possess true
conductivity.

The primary function of plastic materials in electrical applications is that of an fnsu-
lator. This insulator, or dielectric, separates two field-carrying conductors. Typical electri-
cal applications of plastic materials include plastic-coated wires, terminals, connectors,
industrial and household plugs, switches, and printed circuit boards, The major require-
ments of an insulator are; (1) have a high enough dielectric strength to withstand an elec-
trical field between the conductors; (2} possess dood arc resistance to prevent damage in
case of arcing; (3) have high insulation resistance to prevent leakage of current across the
conductors; (4} maintain integrity under a wide variety of environmental conditions; and
{5} be mechanically strong enough to resist vibrations, shocks, and other mechanical
forces, The key electrical properties embodied in these requirements are dielectric
strength, dielectric constant, dissipation factor, volume and surface resistivity, and arc
resistance,

Dielectric Strength

As indicated previously, the resistivity of a material is determined under a relatively low
voltage, If the voltage is steadily increased, a point will be reached when the electrical
force on the electrons within the material is so great that there is an electrical breakdown
and a conductive path is formed. The voltage at which this occurs is called the bregkdown
voltage and when divided by the thickness of the sample is called the dielectric strengih.
The dielectric strength is an important measure of the stability of a plastic insulator in
various electrical environments, especially high-voltage applications where plastic insula-
tors are used to separate high-voltage wires. {Ceramic insulators are aiso used for this ap-
plication,)

The most common test for measuring the dielectric strength of a material is ASTM D
149. In this test a voltage is applied across the thickness of a sample, which has been care-
fully conditioned to a standard temperature and moisture content. The voltage is then in-
creased until the sample is forced to conduct, usually by the infernal heating caused by
the high electrical field imposed. Because the thickness is an important factor in deter-
mining the voltage required to cause conduction, the results of the test are normalized to
a unit thickness by reporting the dielectric strength in volts/mil,

Typical dielectric strengths of plastic materials would be in the range of 20 to 50
kV/mm which are approximately 2 to 10 times higher than ceramic materials and, of
course, hundreds of times higher than metals, which are not insulators, but conductors,
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Arc Resistance

The arc resistance is the property that measures the ease of formation of a conductive
path along the surface of a material (rather than through the thickness of the material as
is done with dielectric strength). In ASTM D 495 a constant, high voltage is applied to the
surface of a clean, dry sample and the time to form a conductive path is measured. This
property is important in switches and various electronic housings where the rapid open-
ing and closing of electrical contacts can cause sparks that result in surface erosion oy
breakdown. Another important application requiring good arc resistance is for stand-off

insulators that keep the high-voltage wires insulated from the towers that suspend them.
' Aromatic materials (those containing the benzene ring) have a tendency to char and
thus form graphite-like structures which are far more conductive than the original mate-
rial. These types of materials would have arc resistances of 19 to 150 seconds. On the other
hand, nonaromatic (aliphatic) materials have arc resistances of 150 to 200 seconds. PTFE
has the highest arc resistance at over 200 seconds. Some fillers, such as aluminum trihy-
drate, have been shown to increase the arc resistance of plastic materials.

Dielectric Constant

Dielectric constant or permitivity is a measure of how well the insulative material will act
as a dielectric in a capacitor, This constant is defined as the capacitance of the material in
question compared (hy ratio) with the capacitance of a vacuum. A high dielectric constant
indicates that the material is highly insulative, thus permitting the use of small (thin} di-
electric material in capacitors, Dielectric constants are dependent upon temperature and
the frequency of the alternating electric field that is applied to the sample.

The test for dielectric constant or permitivity is ASTM D 150. In the test, a carefully
conditioned sample is placed between plates which are then charged, as they would be in
a capacitor. The leakage current is measured and compared to the situation that would
exist were a vacuum {o exist between the plates.

Nonpolar polymers would generally have a dielectric constant in the 2-3 range while
polay polymers can range up to 7. (Pure water, by comparison, has a dielectric constant of
80). Some applications require a high dielectric constant {such as a microwave dish) while
others require a low dielectric constant (such as a capacitor). In either case, the ability of
the plastic material to dissipate the charge placed upon it is also important. This property
is called the dissipation facior.

Dissipation Factor

The dissipation factor of a material measures the tendency of the material to dissipate in-
ternally generated thermal energy (heat) resulting from an applied alternating electric
field, This heating is caused by the movement of the electrons and atoms within the ma-
terial in response to the changing polarity of an alternating electrical field, Polymers with
highly polar groups tend to have high dissipation factors because they move more in an
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imposed electric flield (assuming all other factors, such as size, are constant). Amorphous
structures would be more easily moved than crystalline structures and would be expected
to have higher dissipation factors, Another factor affecting the dissipation is the tempera-
ture of the material, The dissipation factor for plastic materials increases dramatically
above their glass transition temperature because the ability of the materials to move is
greatly increased.

The dissipation factor is related to the dielectric constant because of the tendency of
materials to discharge a capacitor when they heaf. Hence, the charge is dissipated easily if
the dissipation factor is high. The dissipation factor test is ASTM D 150.

Summary of Electrical Properties

All the electrical properties of plastic materials are used to determine the behavior of parts
under various electrical environments and applications. Plastic materiafs are, in general,
highly insulative (nonconductive) when compared to metals. Plastics are therefore conve-
nient materials for capacitors and for other dielectric applications. Hence, plastics are
used extensively as wire insulation, circuit boards, capacitor dielectrics, and EMI shielding
when other plastic properties, such as formability or low radar detectability, are desired.
Ceramics are also insulators and can be used in many of these applications. Ceramics are,
however, brittle materials and so applications which require flexibility, such as wire insu-
lation, would not be appropriate for ceramics,

Plastics are not often used as conductors, Metals are, of course, the preferred material
for conductors. Some plastics have conductivities high enough that they are used as con-
ductors in special applications where metals are not desired, although even these plastics
are not as conductive as metals. Plastics are not used as semi-conductors because the en-
ergy required is too great. Semi-conductors must be “almost” conductors, that is, the elec-
trons in semi-conductors must be able to be excited with little energy into conductive
pathways.

Ohmic conductance in plastics can be achieved by delocalization of the electrons. This
is usually done by conjugating double honds and by the addition of electron-donating mol-
ecules in the chain. Capacitive conductance is achieved by adding polar groups to the
polymer and by increasing the ability of the polymer chain segments to move, such as in
an amorphous, open structure or by increasing the temperature of the material.

OPTICAL PROPERTIES

The optical properties of a plastic part denerally involve the way in which the plastic ma-
terials interact with light, These interactions can be grouped into three different types of
interactions: {1} how the light passes through or is diffused by the plastic material, (2) the
way light is reflected off the surface of the material, and (3) the color of the plastic mate-
rial. These optical properties are important in most applications and are critically impor-
tant in some.

In many plastics, optical properties in combination with other properties, such as
toughness, flexibility, and moldability, are the crucial combination that gives real value.
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Some applications in which optical properties are especially important are outdoor signs,
optical fibers, automotive taillights, safety glasses, window glazing, merchandise display
cases, instrument panels, contact lenses, prisms, low-cost camera lenses, magnifiers, and
numerous boxes, packages, and coatings where clarity is desired.

Light Transmission

Plastics differ greatly in their ability to transmit light. Some plastics allow light to pass
through them with little change. Images are distinct when viewed through these materi-
als. These materials are called fransparent. Good examples of transparent materials (even
though they are often colored) are plastic lenses for eyeglasses, bulletproof glass, and au-
tomobile back-up lenses. Window glass and clear water would, of course be other non-
plastic transparent materials. The plastic materials most often associated with high trans-
parency are acrylics (Plexiglass™, Acrylite™, and Lucite™), polycarbonate (Lexan™ and
Sparlux™), and polystyrene (Dylene™, Opticite™, and Santoclear™).

Other plastic materials do not allow any light to pass through them, These opague
polymeric materials can he used for car tires, football helmets, and computer housings,
They are often polymers to which fillers or pigments (inorganic colorants) have been
added. A few polymers can be naturally opaque.

Some plastic materials have light transmission properties that are intermediate be-
tween transparency and opacity. These materials are semitransparent materials, some-
times called franslucent. They allow light to pass through them but the materials appear
to be cloudy or shadowy. Images are detected but are not distinct. Some common translu-
cent materials are nylon gears, plastic milk bottles, and covers for fluorescent lights that
have been surface roughened to diffuse the light.

Plastic materials can also be semiopaque and allow a small amount of light to pass but
do not permit the detection of images through the plastic material.

The boundaries between the various categories of light transmission are not well de-
fined, Hence, some cenvenient rules of thumb in discussing the various degrees of light
transmission are useful. If light will pass through a plastic part such that a newspaper
can be easily read through the plastic, then the material can generalty be considered to
be transparent. If a newspaper cannot be easily read through the part but general shapes
can be perceived, such as holding your hand on the plastic part and detecting the outline
of the hand, the material is translucent. Semiopaque material atlows only vague shadows
to be perceived through the part. Nothing is perceived through an opaque piastic
material.

Even in highly transparent materials, some light is absorbed by the plastic material.
This ahsorption causes heating of the material and, in the case of the high-energy ultra-
violet light, can cause degradation. Eventually the bonds will break down and the plastic
part will become less transparent, often with an accompanying yellowing of its color.
(The yellow color is caused by a preferential absorption of blue light by many degraded
plastics.) The transmission can be measured by comparing the amount of light that
passes through the plastic part with the amount of light passing through clean air or a
vacuum, In many plastics these light transmission changes are gradual and so a plastic
material can be transparent with little perceived change for long periods of time.
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Polymethylmethacrylate (PMMA) has been found to lose less than 20% of its light trans-
mission over 20 vears if properly formulated. This is the best plastic material in retention
of optical clarity.

The standard test for measuring light transmittance and haze is ASTM D1003. Luminous
transmittance is defined as the ratio of transmitted light to the incident light. The value is
generally reported as a percentage of the transmitted light. Haze is the cloudy appearance of
an otherwise transparent specimen caused by light scattered from within the specimen o
from its surface. Both luminous transmitfance and haze are measured by using a hazemeter,

Transmission depends upon the relatively unobstructed passage of light through the
plastic part. If the light is scattered by inhomogeneities in the part, the amount of light
transmitted is reduced. Relatively small reductions or minor scattering cause the material
to become translucent. A typical cause of this phenomenon is the scattering of light by the
crystal structure in a crystalline polymer as in polvethylene. Low-density polyethylene
that has few crystals is transparent. However, as the number of crystals increases, the
transparency decreases until, in high-density polyethylene, the material is translucent (as
with plastic milk bottles). This scattering by the polymer crystal structure occurs because
the size of the crystal is approximately the same as the wavelength of the visible light. If
the crystals were significantly smaller or larger, little scattering would occur. In general,
polymer crystals are about the right size to cause scattering, and so a useful rule of thumb
is that transparent polymers are noncrystalline and translucent polymers are
crystalline, However, some crystalline polymers such as PET, are transparent because
the crystal size is not in the wavelength range of visible light.

The effect of additives can significantly alter this rule. Additives will almost always de-
crease the light transmission capability of the plastic material. This is especially true for
many fillers that not only scatter light but absorb light.

Just as fillers tend to make plastics opaque, so also do additives which create separate
phases. For instance, ABS is a mixture of three types of plastic materials {polyacrylonitrile,
polybutadiene, and polystyrene). The mixtures of these materials will often have small,
separate phases where one or two of the materials are dispersed through the other. Light
will reflect off the phase boundaries where the phases touch and be scattered or absorbed,
thus resulting in an opaque materiak.

Colorants

The color of the plastic part is affected by the way the light is absorbed or diffracted by
either the polymer itself or by additives in the plastic material. Additives which cause
specific light to be absorbed are called colorants, These colorants can be either semi-
transparent or opaque; they can have either a small effect on the transmission of light or
a major effect, The materials which are most likely to have a small effect are organic lig-
uids which are added to the plastic material and are called dyes. The materials which have
a major effect, by scattering the light or absorbing the light, or some combination of both,
are usually inorganic materials and are called pigments. So, a plastic part that is clear was
likely colored by a dye, whereas a plastic part that is dark and opaque was likely colored by
a pigment. The most cornmon pigment used to color plastics is carbon black which also
acts as a ultraviolet light absorber and therefore provides additional weathering protection.
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Materials with highly delocalized electrons tend to absorb light because the frequency
of light is often the same as or close to the frequency needed to excite these electrons. This
absorption property is readily apparent when the molecular structure of dyes is examined.
These are almost all aromatic molecules with added carbon-carbon double bonds to in-
crease the detocalization of the electrons. Hence, they absorb certain light frequencies and
let other pass through. The absorption of part of the visual light spectrum results in a col-
ored material. Conductive and semi-conductive polymers have highly delocalized elec-
trons and are almost always highly colored. Graphite, for instance, which is conductive, is
black, indicating that light of almost all visible frequencies is ahsorbed,

Color matching is an important property in some plastic applications, This matching
can be done analytically by using the light reflectance or transmittance spectrum of the
plastic material in comparison with the desired color match partner. The amount of pig-
ment or dye is carefully adjusted to give the same reflectance or transmittance between
the two materials to achieve the proper match. Care should be taken to monitor this color
match after the dye or pigment has been thoroughly mixed into the plastic material as ad-
ditive dispersion has a major effect on the colot.

These color matches are obtained visually by using specific light sources to view the
color and then comparing the color with standard color samples. The test method for this
procedure is ASTM D 1729, Automated color matching machines indicate when a color
match has been achieved (with a selected variance percentage) and, when the color match
is not correct, sugdest combinations of standard pigments that can be added to the mix to
obtain the match.

Surface Reflectance

The refiection of light off the surface of a plastic part determines the amount of gless on
the surface, The reflectance is dependent upon a property of materials called the index of
refraction which is a measure of the change in direction {angle) of an incident ray of light
as it passes through a surface boundary. If the index of refraction of the plastic part is near
the index of air, light will pass through the boundary without significant change in direc-
tion. If, on the other hand, the index of refraction between the air and the plastic mater-
ial is large, the vay of light will significantly change direction causing some of the light to
be reflected back toward its source. This reflection emphasizes the presence of the surface,
For instance, glass is a material with nearly the same index of refraction as air, therefore
glass window surfaces are not readily apparent. However, if the glass is coated with a shiny
metal, as is done in a mirror, the surface becomes very visible. (A mirror will reflect the
light because the silver surface on the back of the mirror has a very high index of refrac-
tion compared to air or glass.)

The refractive index is measured by ASTM D 542 and is actually defined as the ratio of
the sine of the angle of the incident light to the sine of the angle of refracted light. Re-
fractive index values are important to designers of lenses for optical instruments such as
microscopes and binoculars. The optical index of most transparent plastics is near that of
glass. The test is conducted using a refractometer or a microscope to compare the actual
thickness of a specimen with the apparent thickness when viewed through the material,
The result is a number (index) without units.
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Surface refiectance is also affected hy geometric features of the boundary that may
cause the light to change directions. For instance, roughing the surface or coating the
surface with irregular materials will cause the light to change direction and therefore
cause surface reflectance.

A convenient test for assessing the amount of light reflected off the surface is the spec-
ular gloss test, ASTM D> 523. Specular gloss is defined as the relative luminous reflectance
factor of a specimen in the specular (observed) direction. In other words, the specular
gloss is the amount of shininess exhibited hy a surface, Specular gloss usually is measured
by a glossmeter, which shines a light on a sample, measures the reflected light at a par-
ticular angle, and compares this reflected light with the amount that would be reflected
from a shiny black suyface.

In some cases, surface reflectance is desired. For instance, the cover over a light fix-
ture is often roughened or lightly pigmented so that the light is scattered, thus diffusing
the light over a wider area and decreasing direct shadows. The glare of the light, which is
a measure of the amount of light that is moving directly to the viewer, is reduced because
of the diffraction caused by the change in surface reflectance. For good transparency, a
matching of the indices of the plastic part and of air is generally desired. Some of the plas-
tics which give this good match are PMMA, polycarbonate, and polystyrene,

FLAMMABILITY

Most untreated plastic materials will burn. This flammability is a result of the chemical
nature of the polymers {carbons and hydrogens) which are readily oxidized (burned) to
carbon dioxide and water vapor, Other atoms and insufficient heat or oxygen can also re-
sult in other by-products of the burning of polymers, but the basic tendency to burn re-
mains with only a few exceptions, one being highly aromatic polymers. Many of these
materials will burn only slowly and only if an independent flare source is directly in
contact with the plastic part. If the flame source is removed, the polymer will stop burn-
ing within a specified distance or time in a standard test. This property is called self~
extinguishing. Some examples of polymers that are highly aromatic and can be naturally
self-extinguishing are phenolics, aramids, and polyimides. When burned, these materials
form solid, ash-like materials that are largely inert and hence resistant to further burning.
These types of burned, inert materials are called char, which are also formed when
thermosets decompose,

Another important exception occurs when the polymer contains significant amounts
of fluorine, chlorine, bromine or jodine atoms. (These atoms are all in one chemical group
that is called the halogens.) Typical examples of polymers containing halogens are PVC
{contains chlorine) and PTFE (contains fluorine). When a polymer containing halogen
atoms begins to burn, the bonds are broken and the halogens are released, along with hy-
drogens, carbons, and other atoms which may be part of the polymer. The halogens have
a strong affinity for the hydrogen atoms and will readily combine to form dense gases (HF,
HCI, HBy, and HI). These gases are so dense that they exclude oxygen from the area of
combustion of the polymer and essentially smother the flame. Hence, highly halogenated
polymers are self-extinguishing.
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The self-extinguishing property can be imparted to polymers that do not contain halo-
gens by incorporating halogen-containing additives into the plastic material. For instance,
halogen salts (such as magnesium bromide and phosphorous pentachloride) are sofid ma-
terials that can be added to many plastic mixes to make them self-extinguishing.

A serious problem with these halogenated polymers and additives is that the hydrogen-
halogen gas that is formed can be fatal. Hence, great care should be taken when using
halogenated materials in applications where people might be trapped inside a closed area
with the gas from the burning polymer (such as inside an airplane). Antimony compounds
have been shown to enhance the flame-retardant effectiveness of the halogen compounds
and are often also added.

Another material that smothers flames and can be used as an additive for plastic mixes
is phosphoraus. Just as with halogens, these materials are added to the plastic mix and can
render the resultant plastic material self-extinguishing,

Water can also smother a flame and is often used as a method of improving the non-
burning nature of a polymer. Water molecules are bound to some inorganic materials
such as alumina (Al;0;) which are then called Aydrafed. Hydrated alumina or other hy-
drated materials can be added to polymers to impart self-extinguishing characteristics, As
with the other cases of flammability additives, higher concentrations of the additives will
improve flame resistance, An advantage of the hydrated materials in flame retardance ap-
plications is that the gdas liberated by the additive (water vapor) is not harmful, whereas
the halegenated and phosphorous materials often are.

The nature of the daseous by-product from burning plastic parts is dependent on both
the polymer and the additives, As already discussed, many additives and polymers can cre-
ate toxic smoke, To help suppress this smoke, chemicals such as zinc borate, molybdenum
trioxide, or ferrocene can be added to the plastic.

Plastics are used in many applications where flammability requirements are dictated
by law or standard, and in many other applications where low flamumability is desired sim-
ply because of performance specifications. Flammability is quite compléx and often several
different flammability properties are measured in order to characterize the flammability of
a particular plastic material.

u Flammability Test (ASTM D 568 for flexible plastics and D 635 for seli-
supporting plastics). In the fest for flexible plastics the plastic sample is hung
vertically; in the test for self-supporting samples the sample is clamped in a horizon-
tal orientation. After the sample is clamped in the appropriate orientation, it is
marked with a gauge mark (usually 15 inches, 38 cm from the bottom of the sam-
ple). A Bunsen burner is ignited, and the flame is adjusted to the proper height,
Then, the tip of the flame is applied to the end of the sample. The time it takes for
the sample to burn to the gauge mark is reported as the average time of burning
(ATB). Materials that do not burn to the gauge mark within the allotted time are
called seif-extinguishing. This test is not well accepted because of the wide variation
in possible results and the difficulty in determining the reasons for the variations,

» Oxygen Index Test (ASTM D 2863). The oxygen index is defined as the mini-
mum concentration of oxygen in a mixture of oxygen and nitrogen that will support
flaming combustion of a material. This test is especially useful because it allows
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Figure 5.5 Test apparatus for the j
limiting oxygen index (LOI) test.
- Chamber
Sample
Sample Holder
Gas Manifold

many types of materials to be rated on a numerical basis, The test is conducted by
placing the sample in a holder so that the sample is vertical (iike a candle). The sam-
ple and holder are placed inside a glass column mounted on a manifold, which dis-
tributes the gas evenly around the sample. The specimen is ignited, and the concen-
tration of oxyden in the gas surrounding the specimen is varied until the combustion
is just maintained, The level (%) of oxygen is called the limiting oxygen index (LOI).
The test apparatus for the LOI method is shown in Figure 5.5.

s Radiant-Panel Test (ASTM E 162). This test involves a radiant panel (main-

tained at a temperature of 1238°F) as a heat source to ignite the plastic specimen.
The specimen {a 6- > 18-inch sheet) is mounted at a set distance from the radiant
panel, with the top of the specimen tilted at 30° toward the panel. The panel is ig-
nited and the specimen begins to burn. The rate of burning and the amount of heat
evolved in the burning (sampled in the flue stack above the specimen}) are combined
to give a flame-spread index for the specimen. The index is defined from the test
procedure.

n Smoke-Density Test (ASTM D 2843). This test measures the loss of light trans-

mission through a collected volume of smoke produced under controlfed, standard-
ized conditions. The specimen is burned inside a smoke-density chamber in which a
light is caused to pass between two photoelectric cell plates. The light transmission is
plotted against time. The total smoke produced is the area under the transmission/
time plot,
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s UL 94 Flammability Tests. The Underwriters Laboratories have developed several
burn tests that are all classed as UL 94 tests. These tests measure the burning char-
acteristics of various materials in horizontal and vertical burning modes. The tests
establish various maximom bum distances and rates that must not be exceeded for a
material to be in compliance with the particular UL standard.

PLASTIC IDENTIFICATION

Plastic products are manufactured using a variety of processing methods and raw materi-
als. With only a few exceptions, visual identification is difficult, if not impossible. Two dif-
ferent methods for identification are in common practice. One method uses sophisticated
spectroscopes that identify the plastic based on some inherent pattern of energy absorp-
tion. The other method uses some systematic step process, which dictates a path to new
tests depending on the rvesults of previous tests, for identifying plastics based on the pe-
culiar characteristics of each plastic.

Spectroscopy Identification

The most commeon spectrophotometric method is infrared spectroscopy. In this method
the sample is placed in a machine that shines infrared light either through or reflected
off the sample, The light transmitted through or off the sample is compared with the
nondisturbed light to view various absorptions. These absorptions correspond to internal
molecular motions of the polymer. The motions are characteristic of a polymer type and
$0, by comparing the spectrum obtained for a sample with a [ibrary of spectra obtained
from many different materials, the sample can be identified. To enhance some signals, the
spectra are processed using a Fourier transform method, These spectra are called Fourier
tfransform infrared (FTIR). Other spectrophotometers work in a similar manner but use
light of different energies, such as ultraviolet light,

Another identification spectrometer uses nuclear magnetic resonance (NMR}, which
measures absorptions of a material based on atomic movements within a magnetic field.
Agdain, experience with interpretation of the spectrum allows identification. Yet another
spectroscopic method is mass spectroscopy, which involves breaking a sample into mole-
cular fragments that are then separated by momentum as they pass through a magnetic
field. The charge and mass numbers of the fragments can tell an experienced operator
what the material might be.

Systematic Stepwise Identification

This method uses a series of tests to sequentially eliminate groups of polymers from con-
sideration until, finally, a test reveals the identity of the polymer based on some unique set
of characteristics that only a particular polymer may possess. Several such stepwise
schemes exist. One, for instance, makes an initial separation of the material into thermo-
plastics and thermosets by placing the material on a hot plate to determine if the sample
melts. If it melts, it is a thermoplastic. Assuming that the material is a thermoplastic, for
purposes of illustration, the sample could then be tested for density by dropping a small
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amount of the plastic in water. If the material sinks, it has a specific gravity greater than
1.0. Polyethylene and polypropylene would thus be eliminated because they both have
densities less than 1.0. The sample could then be burned, and its burning characteristics
(no burn, self-extinguishing, continues to burn) used to further group the plastic,

Again for illustrative purposes, assume that the plastic is self-extinguishing. The com-
mon plastics with all of the characteristics thus far identified include nylon, PC, PPO,
polysulfone, and PVC. These can be further separated on the basis of whether they drip
when burned. PPO and PVC do not. Assuming that our sampie does not drip, then PPO
and PVC can be distinguished from each other on the hasis of the color of the flame, the
odor from burning, the smoke type, and the ease of ignition. PVC burns with a yellow
flame having green edges, has the odor of hydrochloric acid, and has white smoke. PPO
burns yellow orange, has the smell of phenol, and is difficult to ignite. Obviously some ex-
perience with the characteristics is useful, as is a known sample of material to use as a
comparison. Where results are still in doubt, some other characteristic of the material,
such as chemical reactivity or melting point, could be used to make the separation. The

burning characteristics of some commeon plastics are given in Table 5.4.

Table 5.4 Burning Characteristics of Some Common Plastics

Material Burning Characteristics Smoke or Vapor Characteristics
ABS B. Yellow, sooty. Actid with cinnamon odor.
Acetals B. Blue to colorless. Slight smoke. Formaldehyde odor.
Acrylics B. Bright with crackling. Fruity odor. ;
Cellulosics B and RB. Yellow. Burnt paper, vinegar, or rancid

butter smell {depending on type).

Epoxies B. Small yellow. Black with some soot. k
Fluorocarbons 0. —
Nylons SE and B. Yellow. Drips. Odor of burnt hair or horn. ;
PC SE. Drips or chars. Slight phenol odor. ;
PE, PP B. Blue with yellow tip. Parafin wax odor.
Phenofics 0. Chars. '
Polyesters SE and B. Yellow with blue edges.  Sweet but irritating.
Polystyrenes RB. Yellow and sooty. Choking. ;
Polyurethanes B. Yellow. Black with siinging. ;
PPO SE. Yellow-orange. No drips. Phenal smell. Hard to ignite.
PVC O. Yellow with green. No drips. Acrid. White.
Silicones o Glows in flame.

Urea formaldehydes O and SE. Difficult to ignite.

Formaldehyde odor.

Code for burning characteristics:
O = Difficuit to ignite {essentially nonburning)

SE = Material stops burning when ignition source is withdrawn
B = Continues to burn with moderate speed after ignition source is withdrawn

RB = Rapid or vigorous burning
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CASE STUDY 5.1

Using Carbon Black to Protect Polyethylene from UV Degradation

While there are many chemical UV stabilizers available today, by far the most common UV
stabilizer is carbon black. The benefit of carbon black in plastics to inhibit UV degradation
has been known for many years. However, the amount of carbon black to ensure adequate
UV protection needs to be better defined. Therefore a study was conducted to define this
amount and to clarify the relationship between polyethylene degradation from UV and car-
bon black content.

The most convenient method of adding carbon black to plastic materials is to create a
master batch of plastic with a high carbon black content. The master batch is made in
special locations which are adapted to handle the powdery, messy raw carbon black. This
raw carbon black is mixed with plastic material to give approximately 30% carbon black.
The plastic/carbon black material is then extruded into pellets. This is the master batch
which is then sold to plastic processors who want to add carbon black to their virgin plas-
tic material. The master batch is simply metered into the virgin material at a rate that will
give the desired carbon black concentration in the final plastic product.

The test samples were made by extruding thin-walled polyethylene tubing and varying
the carbon black content from 0% to 3.0% by adjusting the metering screw that feeds the
master batch into the virgin polyethylene., At each setting of the metering screw, sufiicient
tubing was made to ensure that the carbon black concentration in the final product had
stabilized and that the product was consistent,

The manufacturer of the tubing occasionally treats the tubing with electron beam ir-
radiation to induce crosslinking for the purpose of improving the environmental stress-
crack resistance (ESCR). This capability provided the opportunity of investigating the
refationship between carbon black content and crosslinking in polyethylene tubing
by examining the effects of carbon black content in crosslinked and noncrosslinked
samples.

The extrusion process permitted samples of two different thicknesses to be made.
Therefore, the relationship between thickness and carbon black content could also be
determined.

In order to evaluate the UV degradation in the polyethylene tubing, the samples
needed to be exposed to UV light. In actual use, the UV exposure would be from natural
sunlight. However, this was impractical for this study because of the long exposure times
required. Therefore, exposure to artificial sunlight (artificial weathering) was used to ac-
celerate the testing, Artificial weathering methods have been used in plastics research for
decades. These methods not only accelerate the weathering process, they also give im-
proved predictability over natural weathering. With the popularity of artificial weathering,
many studies have tried to draw a direct correlation between hours of exposure in a weath-
erometer and years of outdoor exposure. These studies have resulted in a wide range of
correlations which depend upon the artificial weathering apparatus, location of the pat-
ural weathering, seasonal variations, and vearly weather trends. The best that can be
hoped for is a rough estimate of the actual weathering performance after a machine and
location have heen specified.
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Elengation is a good measure of the extent of degradation in polyethylene, Studies
have shown that polyethylene may retain much of its strength while elongation has all
but disappeared, leaving the material brittle. The elongation is especially sensitive in the
machine direction, that is, the direction of flow of the material as it exists from the ex-
truder. The samples were judged to fail when the sample had lost 609% of its original
elongation.

Plots of the failure points (60% criterion) for various exposure times and carbon black
contents were then prepared for two thicknesses {0.012 and 0.016 inches) and for
noncrosslinked and crosslinked samples. (Crosslinked is abbreviated as “gs-linked” in the
plots.) These plots are given in Figure 5.6. The results indicate that carbon black concen-
trations above 2,4% were relatively safe, that is, the degradation curve was quite flat, in-
dicating that the performance of the material was not very sensitive to the carbon black
concentration in this region, However, concentrations below 1.0% were in the fatal zone
which is characterized by a rapidly decreasing curve indicating that a small change in con-
centration could result in little UV protection,

Figure 5.6 Exposure versus
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SUMMARY

This chapter has examined the effects of various environmental conditions on plastic ma-
terials, some of which are detrimental to the properties of most plastics. Other environ-
mental conditions, while not favorable to plastics, are more unfavorable to other materi-
als, thus making plastics preferred for these environments,

Plastics are affected by sunlight and oxygen. These are generally referred to as weath-
ering of the plastic (along with heat aging). Sunlight {specifically the ultraviolet compo-
nent of sunlight) will often degrade plastics by rupturing the covalent bonds. Ultraviolet
(UV) light has about the same energy as a covalent bond, thus enbancing the potential for
interaction between the UV light and the electrons in the bond. When bonds are ruptured,
the mechanical and physical properties of the plastic material are adversely affected.
Chemicals which preferentially absorb ultraviolet light can be added to the plastics to re-
tard UV degradation.

The high chemical reactivity of oxygen promotes reactions with various parts of the
polymer chain with accompanying changes in polymer properties. As with other degrada-
tion mechanisms such as thermal and ultraviolet light, chemical additives are available to
inhibit the action of oxygen and prolong the usefu! life of the plastic material,

The effects of solvents on plastics can vary from no effect at all to softening of the plas-
tic and on to complete dissolving of the plastic in the solvent. In general, the effects of sol-
vents are strongest when the chemical nature of the solvent {especially its polarity} is sim-~
ilar to the chemical nature of the plastic. Solvent effects are usually reduced by properties
of the plastic material that tend to make the structure more dense or more rigid, such as
crystallinity and crosslinks, and by low temperatures.

Plasticizers are an important class of solvents which are used to soften certain plastic
materials such as PVC, When no plasticizer is present, PVC is a rigid, brittle plastic that
has many uses, for instance, sprinkler pipe. When plasticizer has been added, PVC is called
vinyl. It is soft and pliable and commonly used for seat covers and dash covers in auto-
mobiles, among many other applications.

A property closely related to solvent sensitivity is permeability or the tendency of a das
or liquid to pass through a material. When the permeability is low, that is when passage
through a material is difficult, the material is called a barrier. Barrier properties are espe-
cially important in some applications of plastics such as packaging. The laws governing
permeability were given and explained, along with some considerations for decreasing the
permeability of plastics such as increasing density, choosing a plastic that is different
chemically from the gas to be passed, and utilizing multiple layers of plastic to take ad-
vantage of kow permeabilities in combination.

Most plastics are more electrically resistive than are metals; hence they are usually re-
ferred to as insulators. This insulating ability is useful for wire and cable insulation as well
as many special electrical devices, such as capacitors and resistors.

The optical properties of plastics range from transparent, to translucent, to opaque.
The tendency of the material to absorb and refract light determines which level of optical
clarity is achieved. In general, plastics with fillers are opaque and plastics without fillers
are either translucent or transparent, depending upon the amount of crystallinity.
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Most plastics will burn to some extent. Therefore, if the plastic is to be used in an ap-
plication requiring nonflammability, some special considerations will often be required.
Additives containing halogens, phosphorous, antimony or hydrated fillers are effective in
reducing flammability by producing a gas that smothers the flame. Polymers in which
halogens are bonded to the polymer chain, such as PVC and PTFE, are often inherently
nenflammable. Materials are called seli-extinguishing if they burn when a flame is applied
hut are extinguished when the flame is removed.

GLOSSARY

Are resistance The ability of a material to resist conduction across its surface from the
formation of an electric arc,

Barvier property Characteristic of materials having a low permeability.

Blushing Whitening of a plastic due to crazing.

Breakdown voltage The voltage at which an insulating material begins to conduct
electricity.

Calendering A process in which a plastic material is placed between rollers and
flattened.

Carbon black A scotlike residue from the incomplete combustion of hydrocarbons that
is used as a black colorant and a protectant against UV light degradation.

Char The carbonaceous material formed when some materials incompletely burn.

Conductivity The reciprocal of the resistivity and a measure of the ability of a material
to conduct electricity.

Conductors Materials that conduct electricity.

Conjugated bonds Alternating single and double carbon- carbon bonds that result in
electron delocalization,

Crazing The formation of small surface cracks as a result of stressing, often in the pres-
ence of a solvent,

Delocalized An electron configuration in which the electrons are free to move among
the atoms in the material.

Dielectric An insulating material.

Dielectric constant The ability of a material to serve as a capacitive insulating mater-
ial, expressed as a ratio to the capability of a vacuum.

Dielectric strength The voltage at which an insulating material is forced to conduct
electricity.

Diffusivity constant A measure of the susceptibility of a material to permeation.

Dissipation factor The tendency of a material to allow current to leak across it when
the material is the insulative material in a capacitor,

Dyes Organic compounds used to impart colors to plastics or other materials.

Enthalpy Total bonding energy content of a material.

Entropy A measure of the randomness of a material.

Environmental stress cracking The formation of cracks in a plastic from the simul-
taneous application of a solvent and a mechanical stress.

ESCR The resistance of a material to environmental stress cracking.
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Free energy A thermodynamic property, usually designated as AG, that corresponds
roughly to the change in enerdy content of a material from the combined changes in
bond energies, temperature, and entropy,

Halogens Elements of group VII-A {flugrine, chlorine, bromine, iodine), which are
often added to plastics to reduce flammability.

Hydrated Compounds that contain leosely bonded water molecules,

Infrarved spectroscopy (IR or FYIR) A spectrographic method for determining the
chemical composition of a material by passing infrared light through or off the mate-
rial.

Insulators Materials that do not conduct electricity.

Mass spectroscopy A spectrographic method in which the molecules are fragmented
and then passed through a magnetic field that separates the fragments by mass, thus
permitting identification of the original material.

Master batch A blend of polymey and some additive, such as carbon black, in which the
additive is in very high concentration, thus permitting the master batch to be used as
a concentrate to incorporate the additive into regular polymer material.

Nuclear magnetic vesonance {(NMR) A spectrographic method in which molecular
motion in a magnetic field is used to identify the molecules.

Opaque Materials that do not aflow light to pass through them.

Oxidation Combining of gaseous oxygen with a polymer resulting in a degradation of
the polymer.

Permeability A measure of how easily gases or liquids can pass through a material,

Plasticization The softening and swelling of a plastic by a solvent or chemical additive.

Pigments Inorganic compounds used to impart colors to plastics and other materials.

Resistivity The resistance that a material presents to the flow of electricity, sometimes
called ohmic resistance,

Self-extinguishing The ability of a material to stop burning within a specified time or
distance. :

Solute Material that is dissolved in a solution (such as the sugar in a sugar-water solu-
tion).

Solvent A chemical that acts to dissolve another material (such as the water in a sugar-
water solution)

Solvent crazimg Crazing when solvent is present.

Solvent welding The joining of plastic materials together by using the surface soften-
ing imparted by a solvent.

Specular gloss The amount of light reflected off a surface; the shininess of the surface.

Surface resistivity The resistance of a material measured along its surface,

Translucent Materials that allow a portion of the light to pass through them but appear
cloudy or shadowy.

Transparent The ability of a material to allow the passage of light without significant
change to the light,

Ultraviolet (UV) light degradation Degradation from UV light, chiefly sunlight.

Volume resistivity The resistance measure through the thickness of a material.

Weathering Degradation of material irom long-term effects of the environment,
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Describe how ultraviolet light degrades plastics and why UV light does not generally
degrade metals.

. Describe the processes of solvent/solute interaction that lead to swelling and, in some

polvmers, dissolving of a plastic by a solvent,

. Explain the relationship between plastic crystallinity and sensitivity to solvent attack.
. Explain why plasticizers increase flexibility and elongation in plastics. What is the re-

lationship between plasticizers and the glass transition temperature?

. Explain in thermodynamic terms and molecular structure terms why small molecules

are more readily solvated than large molecules.

. Discuss the physical factors in a plastic that affect permeability.

. Describe the key features of a polymer that would make it electrically conductive.

. Identify three tests for thermal properties of plastic materials.

. What is the limiting oxygen index (LOI)?

. Explain why laboratory identification of a plastic so often involves burning the plastic.

Charrier, Jean-Michel, Polymeric Materials and Processing, Munich: Carl Hanser Verlag,

1991,

Gruenwald, G., Plastics: How Structure Defermines Properties, Munich: Carl Hanser Ver-

lag, 1993,

Moore, G. R,, and D. E. Kline, Properties and Processing of Polymers for Engineers, En-

glewood Cliffs, NJ: Prentice Hall, Inc., 1984,

Rosato, Donald V., David P. DiMattia, and Dominick V. Rosato, Designing with Plastics and

Composites, A Handbook, New York: Van Nostrand Reinhold, 1991,
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———— CHAPTER SIX

THERMOPLASTIC MATERIALS
(COMMODITY PLASTICS)

CHAPTER OVERVIEW

This chapter examines the following concepts:

s Polyethylene (LDPE, HDPE, LLDPE, UHMWPE, relationship between density and
molecular weight, crosslinked polyethylene)

Polyethylene copolymers (EVA, EAA, EPM)

Polypropylene {stereoisomerism, properties, applications)

Polyvinyl chloride {heat sensitivity, plasticization, properties, other vinyl polymers)
Polystyrene (properties, expandable, constrained geometry)

Alloys and blends (general properties, HIPS, SAN, ABS)

INTRODUCTION

This chapter discusses thermoplastic materials that are used in high-volurne, widely rec-
ognized applications and are known as commodity thermoplastics. Some resin manufac-
turers have objected to the commodity designation because that term can imply that the
materials are interchangeable from supplier to supplier without differences in properties.
Some differences can be seen, but within a product classification, they are not great. The
resin suppliers are far more likely to sell service and reliability than resin properties that
can generally be duplicated by other manufacturers as needed.

All of the commodity thermoplastics that will be considered in this chapter are made by
the addition polymerization method. As discussed in the chapter on polymeric materials
{molecular viewpoint), this method requires that the monomer have a carbon-carbon dou-
ble bond and all the monomers meet that requirement. The differences between the
monomers used to make these commodity thermoplastics are in the functional groups at-
tached to the carbons. Although functional group substitution can be made at four locations
on a carbon-carbon double bond, only one site is used for substitution in all of the major
types of commeodity thermoplastics which will be considered. Therefore, all these commod-
ity thermoplastic monomers and polymers can be represented by the general formulas given
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Figure 6.1 General representation of commodity thermoplastics.

in Figure 6.1, where X represents a functional group of the type discussed in previous chap-
ters. Note that in one case hydrogen is considered to be a functional group in this repre-
sentation. In all cases, three hydrogens are also attached to the carbon-carbon double bond.

The differences between the commodity thermaplastics arise, therefore, from the dif-
ferences caused by the substitution of one functional group on the carbon-carbon double
bond. One of the most important effects is sferéc, that is, the consequences of differences
in the size of the functional groups. Steric effects were discussed in the chapter entitled
“Micro Structures in Polymers.” When the functional groups are small {such as hydro-
den), then little sferic hindrance (interference because of size} is encountered, Without
steric hindrance the polymers are relatively free to rotate, bend, and pack together. The
steric hindrance increases as larger functional greups are substituted onto the carbon-
carbon double bond, with the results of restricted polymer motion, less ability to pack
densely, and changes in mechanical, physical, and chemical properties. Each of these ef-
fects will be discussed when the specific thermoplastics are presented.

Other effects of the substitution of a functional group can be important. For instance,
electronegativity and the chemical properties of the functional group can make a signifi-
cant change in properties. Each of these will be considered when the particular plastic is
discussed.

The first major polymer types (polyethylene and polypropylene) are often given a spe-
cial name, polyolefins, because of their similarity in chemical properties. This term means
“oil-like” and refers to the oily or waxy feel that these materials have. Polyolefins consist
of only carbons and hydrogens without other atoms in the polymer. Furthermore, they are
all aliphatic {nonaromatic) groups, Qils and parafin waxes are also aliphatic with only car-
hons and hydrogens but are much shorter molecules, having a maximum of about 20 car-
bons, Chains of this length are not long enough to entangle and cannot, therefore, exhibit
the properties characteristic of polymers. A few other polyolefins exist, such as polybuta-
diene rubber, but these will not be considered here as their unique mechanical properties
suggdest that they be grouped separately. Others may have such low sales volumes that
they are not generally considered to be commodity resins,

POLYETHYLENE (PE)

The polymer unit for polyethylene (PE} is given in Figure 6.2, The functional group (X in
Figure 6.1} is simply hydrogen. PE is the simplest of all polymers with just two carbons
and four hydrogens in the basic polymer repeating unit.
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Figure 6.2 Polymetic representation of polyethylene {PE). Iil H
+cl — <|: w
H H

Many properties of PE can be predicted from its basic polymer representation. Fer in-
stance, PE consists of only carbons and hydrogens, usually with high molecular weights,
and so it is relatively insensitive to most solvents. This is an advantage when PE is used
for applications such as chemical reaction vessels or pipes where inertness of the con-
tainer is critical. However, the solvent insensitivity is a problem when inks, paints or other
solvent-based materials are used to mark or decorate PE. The inks and paints will dener-
ally not adhere to PE. This problem can be overcome by treating the surface of PE where
the ink or paint is to be placed with a flame or electric spark, thus changing the chemical
nature of the PE surface. The problem with this solution is that it requires an extra step
in the manufacturing process and, furthermore, the adherence of the ink or paint is still
not very good., S

Joining or bonding PE is another process that is made difficult because of the inher-
ent solvent resistance of PE. Many adhesives for plastics depend upon the ability of their sol-
vent base to soften or partially dissolve the surface of the plastic material to form a good
bond. This will not work well with PE, This problem is overcome by using bonding tech-
niques that melt the surfaces of the PE parts to be joined and then pressing them together.
Processes of this type are more difficult than solvent welding and require special joining
equipment. They will be discussed in further detail in the chapter on finishing and assembly.

High electrical resistance is another property that resulis from the basic chemical na-
ture of PE. The carbon and hydrogen have approximately the same electronegativity, re-
sulting in little polarity. As a result, electrical charge is not easily transferred and PE is,
therefore, an excellent insulator, used extensively for insulating wires and cables and in
many electrical devices.

For many of the same reasons, PE is also a good thermal insulator. However, the melt-
ing point of PE is quite low and so its use is limited in applications where high tempera-
ture is present,

Perhaps the most important applications for PE are based upon its low cost and ease
of manufacture. PE is polymerized from ethylene gas that is easily and inexpensively ob-
tained from either natural gas (methane) or from crude oil. Furthermore, the processes
that are used to make the PE are easily scaled to make the polymer in very large quanti-
ties. To further reduce its cost, the temperatures required for processing PE into final
shapes are also the lowest of any of the cotnmon, high-use thermoplastic materials. This
means that comparatively little energy is required in the molding operations. The mold-
ing operations are further simplified because PE is stable during processing and poor
quality parts can be reground and reprocessed with very little difficulty. PE applications
that require this low cost and ease of processing include trash bags, packaging and other
films, containers (such as milk bottles), many children’s toys, and various housewares,

Some properties of PE depend more on the way the PE molecules interact with each
other and these interactions are most apparent in the micro and macro views of the
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polymer that were discussed in previous chapters. The interactions of the PE molecules
are strongly dependent on the shape (steric effects) of the molecules. The differences in
shapes could not be reasonably predicted from the simplified view of addition polymeriza-
tion presented earliex, which showed the basic chain extension mechanism, That view
would not have suggested major differences between the PE molecules, except perhaps in
molecular weight. The differences in shapes can result in changes in PE properties that
_ are often very important in choosing the type of PE for a particutar application. However,
it should be remembered that the basic properties of PE arise from its basic nature and are
largely unaffected by the changes in shape. In other words, the property differences be-
tween PE types arising from shape are relatively minor when compared to the differences
‘. between any of the PE types and other nonpolyethylene polymers.

- The major differences in the shape of PE molecules arise from changes in the condi-
tions that exist in the polymerization reactor during the polymerization reaction, Reactor
conditions such as temperature, pressure, and catalyst type can have a major effect on the
shape by either ¢reating or suppressing the formation of molecular branching. Branching
is the formation of side chains off the basic pelvmer backbone,

These side chains can form when a hydrogen-carbon hond is broken during the poly-
merization reaction. {In the basic view of addition polymerization presented in a previous
chapter, only carbon-carbon double bonds were assumed to be broken.) However, when
the polymerization is carried out at high temperatures, there is often sufficient energy in
the molecules that some carbon-hydrogen bonds break, thus creating a free radical on the
carbon. (The hydrogen leaves with one electron from the bond and leaves the other elec-
tron localized on the carbon, thus forming a carbon free radical.) This carbon free radical
can then serve as a site for chain growth to begin. When this occurs, the chain can grow
at two locations sirnultaneously. The net result is a branch off the main carbon backbone.
The mechanism for the breaking of carbon-hydrogen bonds and the formation of side
chains (branches) is illustrated in Figure 6.3,

Changes in the amount of branching (that is, the number of side chains and the
length of the side chains) result in major differences in the interactions between PE mol-
ecules. Some of the properties affected by branching are given in Table 6.1.

Branching causes strong steric inferference between molecules and thus forces an
open noncrystalline structure, Many effects of branching on properties can be tied directly
to the openness of the molecular structure, The melt temperature of highly branched PE,
material is lower than close-packed, crystalline materials because fewer intermolecular at-
tractions exist in the open structure and, therefore, the energy to allow the molecules to
move independently is lower. Lower creep resistance, lower tensile strength, lower stiff-
ness, and lower hardness {scratch resistance) also result from the lower intermolecular
forces in the open polymer structure of the branched material. Impact toughness is
higher because the open structure can move more readily and absorb the energy of the
impact. Transparency is higher because of the absence of crystal structures that often
cause light to diffract. The oxidative resistance, UV stability, and solvent vesistance are all
lower because the oxyden, UV light or solvents can more easily penetrate the structure.
This ease of penetration also increases the permeability. The decrease in shrinkage occurs
because the open structure is less likely to contract to a highly packed structure when it
is cooled.,
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Figure 6.3 Branching mechanism for polyethylene.

Three general types of commercially made PE differ chiefly in the way the molecules
interact, caused by the amount and type of branching and are illustrated in Figure 6.4.

The three PE materials are distinguished on the basis of density rather than branch-
ing because density is a property that is easily measured and is directly dependent on
the amount and type of branching. The differences in polymer shapes represented in

Table 6.1 The Effsct of Branching on Several Polymer Properties

Praperty How Increased Branching Affects the Property

Density/crystallinity Decreases
Melting point Decreases
Croep resistance - Decreases
Tensile strength Decreases
Stiffness Decreases
Hardness Decreases
impact toughness Increases

Transparency Increases

Oxidative resistance Decreases
UV stability Decreases
Solvent resistance Dacreases
Permeability Increases

Shrinkage Decreases
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{a) Low density polyethylene (LDPE} {b) High density polyethylene (HDPE)
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(c) Linear low density polyethylene (LLDPE)

Figure 6.4 Diffarent types of polysthylene showing the effects of branching.

Figure 6.4 are idealized. There is some overlap in the nature of the materials and so the
densities of the materials are normally given in ranges. These normal density ranges are
given in Table 6.2, Each of the three major types of PEs will be discussed separately.

Low-Density Polyethylene (LDPE)

The type of PE formed when high-temperature and high-pressure polymerization condi-
tions are used is called low-density polyethylene (LDPE). The density is low because these
polymerization conditions give rise to the formation of many branches, which are often
quite long and prevent the molecules from packing close fogether to form crystal struc-
tures. Hence, LDPE has low crystallinity (typically below 40%) and the structure is pre-
dominantly amorphous.

The low density and highly amorphous nature of the structure affects the physical
praperties of LDPE, as reflected in Table 6.1. These properties lead to uses for LDPE that
emphasize its flexibility, impact toughness, and stress crack resistance. This material is
used extensively in films and flexible tubing. Furthermore, LDPE is the lowest melting

Table 6.2 Densities of Polyethylene Types

Polyethylene Density (g/cm®)
Low-density polyethylens (LDPE) 0.910-0.925
High-density polyethylene (HDPE) 0.935-0.960
Lineasr-low density polyethylene (LLDPE) 0.918-0.940
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and easiest to process of the PE types so it is used extensively in high-volume applications,
such as packaging films, toys, and squeeze bottles for food and other household applica-
tions, especially when strength and other mechanical properties are not critical.

High-Density Polyethylene {HDPE)

If polymerization conditions are used that result in limited branching (that is, low tem-
perature and pressure), the result is a PE that is more linear, with only a few, short
branches. This type of PE is called Aigh-density polyethylene (HDPE). As the name im-
plies, the polymer chains in HDPE can easily pack tightly and crystalline structures are
formed, thus increasing the density. The properties of HDPE relative to LDPE can be as-
sessed from Table 6.1 with the realization that branching is much lower in HDPE than in
LDPE. In general, HDPE is stiffer, stronger, and more abrasion resistant than LDPE,

HDPE is made in a process that requires much lower femperatures and lower pres-
sures than the process used to make LDPE. In order to get long polymer chains under the
HDPE conditions, a catalyst is required. The first catalyst for this process was developed
by Karl Ziegler in 1952 and was then applied to polymerizations of other monomers by
Giulio Natta, The catalyst is called a Ziegler-Natta catalyst, which is a general name ap-
plied to all similar catalysts even though some more recent types may be covered by dif-
ferent patents from different inventors.

HDPE is used in preference to LDPE when greater stiffness or strength is required.
For instance, milk, water, detergent and bleach bottles are HDPE because they are usually
made with very thin walls to save material and cost, yet still must retain their shape.
HDPE gives sufficient stiffness to accomplish this, whereas LDPE would tend to sag. The
improved stiffness and strength are even more important as the size of the container in-
creases. Therefore, barrels, trash carts, and chemical storage tanks are usually made of
HDPE in part because of their superb chemical resistance. The use of HDPE for automo-
tive fuel tanks relies upon its strength, chemical resistance, and low permeability.

The HDPE molecules are essentially linear with little entanglement in the melt, at
least compared to LDPE. Therefore, when processed in the melt, HDPE molecules tend to
be aligned in the direction of flow, especially when the flow path is highly restricted. This
orientation also leads to rapid crystallization and high shrinkage upon cooling, Hence, the
cooling rate of HDPE is faster than LDPE which can be an advantage in very high-volume
processes such as the manufacture of margarine tubs. This orientation in the melt also
adds to the strength of the melt, which is useful in blow molding very large parts. This ad-
vantage is explained in more detail in the chapter on blowmolding.

While both LDPE and HDPE are used in extruded pipe, the HDPE pipe is generally
used in higher value, more critical applications such as pipe for high-pressure delivery of
natural gas. In any pipe application using PE the joining of pipe to fittings must be ac-
complished by some method other than with solvent adhesives. For the natural gas appli-
“cation, special joining techniques and equipment that melt and press the pipe and fittings
are used. These special techniques ensure that no leaks occur. For low-pressure, noncrit-
ical water pipe and tubing applications where LDPE is used, mechanical joints can be
used, although smalt leaks are common. (The pipe used in sprinkler systems, where pres-
sures are relatively high but leaks cannot be tolerated, is made of PVC. The. pipe used for
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drain, waste, and vent in houses where stiffness and high impact strength are needed are
made of ABS. Both types are discussed later in this chapter.)

The optical properties of HDPE reflect the increased crystallinity, HDPE is [ess opti-
cally clear than LDPE, all other factors being equal. Hence, HDPE cannot be used when
optical clarity is an important consideration. HDPE is used for packaging but is most often
used for applications such as grocery bags, where visual clarity is unimportant and
strength is at a premium.

HDPE has the disadvantage of increased brittleness compared to LDPE. In applications
where the high strength of HDPE and high impact toughness are required, a very high
molecular weight grade of HDPE has been produced, This material is called ulfra high
_ ; molecular weight polyethylene (UHMWPE) and is really a subgroup of HDPE, since it is
SR made by a similar process. The use of UHMWPE is much smaller than the use of the other
; types of PE. UHMWPE will typically have molecular weights in the range of 3 million to 6
million versus typical HDPE molecular weights of 50,000 to 300,000. In addition to the in-
creased impact toughness of UHMWPE, the abrasion resistance is also significantly im-
proved over other types of PE. Hence, UHMWPE is used for liners in coal cars, guides in
mechanical equipment where rubbing is expected, such as gears, and prosthetic devices.

The density of UHMWPE is generally slightly higher than conventional HDPE. There-

: fore, the material is even higher in solvent resistance and lower in permeability than
=| ] HDPE and this has led to some unique applications in the chemical industry.
! : The major problem with UHMWPE is the difficulty of melting the material. The mol-
; ecular weight is so high that decomposition will often occur before melting. Hence, the
' material cannot be processed in traditional plastic molding equipment. It is generally sin-
; fered. (A process where a powdered material is packed into a meld, heated to just below
r the melt temperature, and held for an extended period under pressure. The powder parti-
cles fuse together and take the shape of the moid.} Sintering is not practical for produc-
ing complicated parts and so the shapes obtainable in UHMWPE are limited.

Linear Low-Density Polyethylene (LLDPE)

A third type of PE, finear low-density polyethylene, LLDPE, is made by a low-pressure cat-
alyst process similar to the HDPE process, but with longer and more branches. LLDPE
would typically have 16 to 35 branches per 1000 backbone carbons, whereas HDPE would
typically have 1 to 2 branches per 1000 backbone carbons. This branching in LLDPE is
_ sufficient to prevent close-packing of the molecules. Therefore, LLDPE has a low density
) ltke LDPE but a linear structure much like HDPE,

.| The side chains are actually made by adding another monomer (called a comonomer)
to the ethylene monomer during the polymerization process, along with an appropriate
catalyst. The comonomer must contain a carbon-carbon double bond and then a few (two,
four, or six) additional carbons. (Organic molecules of this type are called a-ofefins, where
the « indicates that the double bond is between the first and second carbons.) The addi-
tional carbons become the side chains and are two, four, or six carbons long, depending
on the comonomer used (butane, hexane, or octane). Longer side chains generally give
improved physical properties because of increased chain entanglement and stronger sec-
ondary bonding., The number of side chains is determined by the concentration of the co-
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monomer relative to the amount of ethylene and is typically 8% to 10% in most com-
mercial grades.

Although technically a random copolymer (because ethylene and the comonomer are
polymerized together), conventional usage has referred to LLDPE as a homopolymer be-
cause the chemical and physical properties are so similar to the other PE homopolymers
(LDPE and HDPE). Common usage of the term copolymer when associated with PE refers
to copolymers with significantly different properties from homopolymer PE. These are dis-
cussed later in this chapter.

The LLDPE process has proven to be less expensive than the process used to make
conventional LDPE, Since the introduction of the LLDPE process in the later 1970s, all
subsequent plant constructions for making LDPE have used this technology rather than
the high-pressure/high-temperature process used to make LDPE. The advantages of the
LLDPE process are shown in Table 6.3.

. The molecular interactions between LLDPE molecules are different from either LDPE
or HDPE and yet are related to both. The effects of lack of crystallinity and density are ob-
viously similar in LLDPE and LDPE, while the linear shape of the LLDPE molecule is sim-
ilar to the shape of HDPE molecules. These similarities and differences result in LLDPE
properties which are generally between the properties of LDPE and HDPE. For instance,
the strength of LLDPE is about 15% higher than LDPE. The stiffness of LLDPE can be as
much as 25% greater than LDPE, and impact toughness is about 10% higher in LLDPE
over LDPE. These property differences can often result in about a 25% reduction in the

Table 6.3 Comparison of High-Pressure and Low-Pressure Processes
for Making Low-Density Polyethylene

High-Pressure Process (LDPE) Low-Pressure Process (LLDPE)
Operating pressures as high as Pressures of less than 1 psi {6 KPa)-
50,000 psi (350 GPa)

Temperatures of 600°F {300°C) Temperatures of 200°F {100°C) or less
Long construction lead time Reduced construction lead time by 8 to 12 months
Mammoth space requirements Occupies 1/10 the space of LDPE process
Huge capital outlay Capital outlay reduced by as much as 50%
High energy demands Reduced energy demands by 75%

Limited to low-density polyethylene Can produce both high- and low-density PE
Costly and complex maintenance Easy to maintain

Production rates vary with PE grade Same production rate for all resin grades
Meets environmental requirements Environmental pollution minimal

with difficulty

Rapidly inflating operating costs Operating costs reduced

Limited catalyst system choice Wide catalyst flexibility

Catalyst removal required Catalyst removal not needed

Acceptable resin propenrties Superior resin properties
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weight of plastic used when changing an application from LDPE to LLDPE. The liabilities
of LLDPE include the following: melt processing temperature is about 20°F higher,
shrinkage is about 8% greater, it is less clear (optically), it is less flexible, and increases in
its melt index will often produce lower ESCR and higher densities, whereas in LDPE the
melt index and density are more independent of each other.

An LLDPE material that is occasionally identified as a separate product is ultralow
density polyethylene (ULDPE). This material has a density range of 0.880 to 0.915 g/cm’
and is made by using only the longer co-monomers such as l-octene and adjusting the
polymerization conditions so that crystallinity is very low, These materials are very fiexi-
ble yet have good tear strength, Their heat sealability is excellent. Applications would in-
clude food packaging, shrink-wrap, heavy-duty film, and heat-seal layers, ULDPE can also
be blended with other polymers, such as polypropylene and HDPE, to improve tear and
impact toughness,

Relationship Between Density and Molecular Weight in Polyethylene

When purchasing or designing with a PE material, both the density and the molecular
weight {or the melt index) are generally specified. The effects of density and molecular
weight are interrelated for some polymer properties and are nearly independent of each
other for other properties. Therefore, the relationship between molecular weight and den-
sity is complex. These relationships were previously discussed in the chapter on micro
structures in polymers, but a review here is appropriate because molecular weight and
density are so important in understanding the properties of PE.

A graph illustrating the relationships between crystallinity, molecular weight and den-
sity for PE is presented in Figure 6.5. '

This graph shows the entire range of molecular weights for PE-like materials, from
liguids {oils), through greases, waxes, and finally polymers. Each type of material has a
range of variation of crystallinity with molecular weight. Above molecular weights of
10,000 the materials would be considered polymers. In that region the soft materials are
identified with relatively low crystallinity and conventional types (LDPE) are identified.
The linear materials (HDPE) are also noted. Note that the combination of high crys-
tallinity and low molecular weight for these conventional and linear polymers results in
brittle materials. If the molecular weight is increased, the materials become stiff and
tougher. Increasing density will increase hardness and abrasion resistance in the plastics.
The increase in crystallinity with increases in density is, of course, expected,

The overall trend in the polymer region of Figure 6.5 is that increases in molecular
weight result in increases in crystallinity. Hence, in a general sense, crystallinity and den-
sity increase with molecutar weight, Therefore, these properties are not totally indepen-
dent, although the existence of regions for the various materials allows some variation in
this relationship.

Another important and related characteristic of PE that affects properties is molecular
weight distribution (MWD). The major effect of MWD is in processing. When the MWD is
narrow, melting occurs over only a few degrees (called a sharp melting point) and the re-
sulting viscosity is generally lower than for a material with an equivalent molecular
weight and a broad MWD, This sharp melting point and low viscosity is ideal for injection
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Figure 6.5 Relationships between crystallinity, molecular weight, and density for
polyethylene.

molding. In contrast, broad MWD materials melt over a wide range of temperatures. The
low molecular weight materials melt first and act as lubricants for the higher molecular
weight molecules, facilitating their flow, Wide MWD materials will have higher viscosity in
the melt because of the presence of high molecular weight molecules that are only par-
tially melted. These high molecular weight molecules are still entangled and they give
strength to the melited polymer mass. Hence, broad MWD polymers have high melt
strength, a property of value in processes where the melt must retain its shape, such as
extrusion, blow molding, and thermoforming.

As the MWD broadens, the toughness of the material decreases, the ESCR increases,
part shrinkage decreases, and the tendency to warp decreases. All of these changes in
properties result from the ability of the low molecular weight polymers te move into the
spaces {amorphous regions) of the longer materials and reduce the effects of having only
long polymers.

Crosslinked Polyethylene

Some applications have taken advantage of the capability of PE to be crosslinked. This
crosslinking can be done either by electron irradiation or by chemical means. When done
by electron irvadiation the bonds are formed by passing the molded material through a
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chamber where high-energy electrons are created and accelerated through the material,
When the high-energy electrons hit the PE molecules, some of the carbon-hydrogen and
carbon-carbon honds are broken, The breaks create free radicals in much the same way as
high temperatures created free radicals in the branching of LDPE. In electron irradiation,
E the free radicals are more likely to react with another free radical in the vicinity because
the polymer chains are already fully formed and somewhat restricted in their movement,
(In contiast to the branching phenomena in LDPE where the free radicals are created dur-
ing the polymerization process and the molecules are still highly mobile). This tendency
to react locally will often result in a rearrangement of the bonds between atoms, which
can cause crosslinks to form befween nearby polymer molecules. As a result, the PE is 5
_ i converted from a thermoplastic to a thermoset material. Electron irradiation is more ef- o
4 : fective in amorphous regions than in crystalline regions because in crystailine materials
i the structures are so rigid that electron penetration is more difficult and when a free rad-
1 ical is formed, less rearrandement is likely to occur. Hence, highly amorphous LDPE is the
| | material that is most commonly crosslinked by irradiation.
| In a chemical crosslinking process, a special type of peroxide is used to initiate the ad-
i dition polymerization reaction. This peroxide has the capability of forming multiple free
radicals on the ends of a large organic molecule. (Triallylcyanurate is one of the most
common of these chemical crosslinkers.) These special peroxides begin several polymer-
’| ization chains that are all joined together by the multiended peroxide molecule and are,
i therefore, crosslinked. This method is effective in both LDPE and HDPE.
The crosslinking of PE by either the electron beam bombardment or by the chemical
method results in a polymeric material that cannot be melted prior to its decomposition,
It becomes, therefore, a thermoset, However, the number of crosslinks formed is usually
not sufficient to change the fundamental nature of the material, except in some selected
properties. In most cases, crosslinked and noncrosslinked PE are difficult to distinguish
witheut subjecting the material to