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and Processing of Polymers

Photngraph (a) shows billiard balls made of phenol-formaldehyde (Bakelite). The Materials of
Importance piece that follows Section 15.15 discusses the invention of phenol-formaldehyde and its

replacement of ivory for billiard balls. Photograph (b) shows a woman playing billiards.

(]

@ William D. Callister, Jr.

WHY STUDY the Characteristics, Applications, and Processing of Polymers?

There are several reasons why an engineer should know
something about the characteristics, applications, and
processing of polymeric materials. Polymers are used in a

elastically and plastically deform allows one to alter
and control their moduli of elasticity and strengths
(Sections 15.7 and 15.8). Also, additives may be

wide variety of applications, such as construction materials  incorporated into polymeric materials to modify a host
and microelectronics processing. Thus, most engineers will of properties, including strength, abrasion resistance,
be required to work with polymers at some point in their toughness, thermal stability, stiffness, deteriorability,

careers. Understanding the mechanisms by which polymers

Learning Objectives

color, and flammability resistance (Section 15.21).

After studying this chapter, you should be able to do the following:

1. Make schematic plots of the three characteristic 5.

stress—strain behaviors observed for polymeric
materials.

. Describe/sketch the various stages in the elastic
and plastic deformations of a semicrystalline
(spherulitic) polymer.

. Discuss the influence of the following factors
on polymer tensile modulus and/or strength:
(a) molecular weight, (b) degree of crystallinity,
(c) predeformation, and (d) heat treating of
undeformed materials.

. Describe the molecular mechanism by which
elastomeric polymers deform elastically.

15.1 INTRODUCTION

List four characteristics or structural components
of a polymer that affect both its melting and
glass transition temperatures.

Cite the seven different polymer application
types and note the general characteristics of
each type.

. Briefly describe addition and condensation

polymerization mechanisms.

Name the five types of polymer additives
and, for each, indicate how it modifies the
properties.

Name and briefly describe five fabrication
techniques used for plastic polymers.

This chapter discusses some of the characteristics important to polymeric materials and
the various types and processing techniques.

Mechanical Behavior of Polymers

15.2 STRESS-STRAIN BEHAVIOR

The mechanical properties of polymers are specified with many of the same parameters
that are used for metals—that is, modulus of elasticity and yield and tensile strengths.
For many polymeric materials, the simple stress—strain test is used to characterize some
of these mechanical parameters.! The mechanical characteristics of polymers, for the
most part, are highly sensitive to the rate of deformation (strain rate), the temperature,
and the chemical nature of the environment (the presence of water, oxygen, organic sol-
vents, etc.). Some modifications of the testing techniques and specimen configurations
used for metals (Chapter 6) are necessary with polymers, especially for highly elastic

materials, such as rubbers.

!ASTM Standard D638, “Standard Test Method for Tensile Properties of Plastics.”

- 581
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Z

pronounced than for the other polystyrene materials because only a small volume frac-
tion of this material is amorphous and experiences the glass transition. Furthermore, the
relaxation modulus is maintained at a relatively high value with increasing temperature
until its melting temperature 7, is approached. From Figure 15.8, the melting tempera-
ture of this isotactic polystyrene is about 240°C (460°F).

Viscoelastic Creep

Many polymeric materials are susceptible to time-dependent deformation when the
stress level is maintained constant; such deformation is termed viscoelastic creep. This
type of deformation may be significant even at room temperature and under modest
stresses that lie below the yield strength of the material. For example, automobile tires
may develop flat spots on their contact surfaces when the automobile is parked for
prolonged time periods. Creep tests on polymers are conducted in the same manner
as for metals (Chapter 8): that is, a stress (normally tensile) is applied instantaneously
and is maintained at a constant level while strain is measured as a function of time.
Furthermore, the tests are performed under isothermal conditions. Creep results are
represented as a time-dependent creep modulus E.(r), defined by*
g9
Eff) = < (15.2)

where oy is the constant applied stress and e(¢) is the time-dependent strain. The creep
modulus is also temperature sensitive and decreases with increasing temperature.

With regard to the influence of molecular structure on the creep characteristics, as
a general rule the susceptibility to creep decreases [i.e., E.(r) increases] as the degree of
crystallinity increases.

J

Concept Check 15.2  An amorphous polystyrene that is deformed at 120°C will exhibit
which of the behaviors shown in Figure 15.5?

[The answer may be found at www.wiley.com/college/callister (Student Companion Site).]

15.5 FRACTURE OF POLYMERS

The fracture strengths of polymeric materials are low relative to those of metals and
ceramics. As a general rule, the mode of fracture in thermosetting polymers (heavily
crosslinked networks) is brittle. In simple terms, during the fracture process, cracks
form at regions where there is a localized stress concentration (i.e., scratches, notches,
and sharp flaws). As with metals (Section 8.5), the stress is amplified at the tips of these
cracks, leading to crack propagation and fracture. Covalent bonds in the network or
crosslinked structure are severed during fracture.

For thermoplastic polymers, both ductile and brittle modes are possible, and many
of these materials are capable of experiencing a ductile-to-brittle transition. Factors that
favor brittle fracture are a reduction in temperature, an increase in strain rate, the pres-
ence of a sharp notch, an increase in specimen thickness, and any modification of the
polymer structure that raises the glass transition temperature (7,) (see Section 15.14).
Glassy thermoplastics are brittle below their glass transition temperatures. However,
as the temperature is raised, they become ductile in the vicinity of their T,s and experi-
ence plastic yielding prior to fracture. This behavior is demonstrated by the stress—strain
characteristics of poly(methyl methacrylate) (PMMA) in Figure 15.3. At 4°C, PMMA is
totally brittle, whereas at 60°C it becomes extremely ductile.

2Creep compliance,J (1), the reciprocal of the creep modulus, is also sometimes used in this context.

T

15.5 Fracture of Polymers - 589
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Figure 15.9 Schematic drawings of (a) a craze showing microvoids and fibrillar bridges and (b) a craze followed
by a crack.

(From J. W. 8. Hearle, Polymers and Their Properties, Vol. 1, Fundamentals of Structure and Mechanics, Ellis Horwood. Ltd.,
Chichester, West Sussex, England, 1982.)

One phenomenon that frequently precedes fracture in some thermoplastic polymers is
crazing. Associated with crazes are regions of very localized plastic deformation, which lead
to the formation of small and interconnected microvoids (Figure 15.9a). Fibrillar bridges
form between these microvoids wherein molecular chains become oriented as in Figure
15.13d. 1t the applied tensile load is sufficient, these bridges elongate and break, causing the
microvoids to grow and coalesce. As the microvoids coalesce, cracks begin to form, as dem-
onstrated in Figure 15.9b. A craze is different from a crack in that it can support a load across
its face. Furthermore, this process of craze growth prior to cracking absorbs fracture energy
and effectively increases the fracture toughness of the polymer. In glassy polymers, the
cracks propagate with little craze formation, resulting in low fracture toughnesses. Crazes
form at highly stressed regions associated with scratches, flaws, and molecular inhomogenei-
ties; in addition, they propagate perpendicular to the applied tensile stress and typically are
S pm or less thick. The photomicrograph in Figure 15.10 shows a craze.

Figure 15.10 Photomicrograph of
a craze in poly(phenylene oxide).
(From R. P. Kambour and R. E. Robertson,
“The Mechanical Properties of Plastics,”

in Polymer Science, A Materials Science
Handbook, A.D. Jenkins, Editor.
Reprinted with permission of Elsevier
Science Publishers.)
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Y 15.8 Factors that Influence the Mechanical Properties of Semicrystalline Polymers - 593

in both amorphous and lamellar crystalline regions. Amorphous chains continue to align
and become elongated; in addition, there is bending and stretching of the strong chain
covalent bonds within the lamellar crystallites. This leads to a slight, reversible increase
in the lamellar crystallite thickness as indicated by Ar in Figure 15.12c.

Inasmuch as semicrystalline polymers are composed of both crystalline and amor-
phous regions, they may, in a sense, be considered composite materials. Therefore, the
elastic modulus may be taken as some combination of the moduli of crystalline and
amorphous phases.

Mechanism of Plastic Deformation

The transition from elastic to plastic deformation occurs in Stage 3 of Figure 15.13.

(Note that Figure 15.12¢ is identical to Figure 15.13a.) During Stage 3, adjacent chains in

the lamellae slide past one another (Figure 15.13b); this results in tilting of the lamellae

so that the chain folds become more aligned with the tensile axis. Any chain displace- I
ment is resisted by relatively weak secondary or van der Waals bonds.

Crystalline block segments separate from the lamellae in Stage 4 (Figure 15.13c¢),
with the segments attached to one another by tie chains. In the final stage, Stage 5, the |
blocks and tie chains become oriented in the direction of the tensile axis (Figure 15.13d).
Thus, appreciable tensile deformation of semicrystalline polymers produces a highly ori-

drawing ented structure. This process of orientation is referred to as drawing, and is commonly
used to improve the mechanical properties of polymer fibers and films (this is discussed
in more detail in Section 15.24).

During deformation, the spherulites experience shape changes for moderate levels
of elongation. However, for large deformations, the spherulitic structure is virtually
destroyed. Also, to a degree, the processes represented in Figure 15.13 are reversible.
That is, if deformation is terminated at some arbitrary stage and the specimen is heated
to an elevated temperature near its melting point (i.e., is annealed), the material will
recrystallize to again form a spherulitic structure. Furthermore, the specimen will tend
to shrink back, in part, to the dimensions it had prior to deformation. The extent of
this shape and structural recovery depends on the annealing temperature and also the
degree of elongation.

15.8 FACTORS THAT INFLUENCE THE MECHANICAL
PROPERTIES OF SEMICRYSTALLINE POLYMERS

A number of factors influence the mechanical characteristics of polymeric materials.
For example, we have already discussed the effects of temperature and strain rate on
stress—strain behavior (Section 15.2, Figure 15.3). Again, increasing the temperature
| or diminishing the strain rate leads to a decrease in the tensile modulus, a reduction in
tensile strength, and an enhancement of ductility.

In addition, several structural/processing factors have decided influences on the
mechanical behavior (i.e., strength and modulus) of polymeric materials. An increase in
strength results whenever any restraint is imposed on the process illustrated in Figure 15.13;
for example, extensive chain entanglements or a significant degree of intermolecular bond-
ing inhibit relative chain motions. Even though secondary intermolecular (c.g., van der
Waals) bonds are much weaker than the primary covalent ones, significant intermolecular |
forces result from the formation of large numbers of van der Waals interchain bonds. |
Furthermore, the modulus rises as both the secondary bond strength and chain alignment
increase. As a result, polymers with polar groups will have stronger secondary bonds and a
larger elastic modulus. We now discuss how several structural/processing factors [molecu-
lar weight, degree of crystallinity, predeformation (drawing), and heat-treating] affect the
mechanical behavior of polymers.

(a)
(From SCHULTZ, POLYMER MATERIALS SCIENCE, 1st Edition, © 1974. Reprinted by permission of Pearson Education, Inc., Upper Saddle River, NJ.)

lar amorphous material before deformation. (b) Elongation of amorphous tie chains during the first stage of deformation. (¢) Increase in

Figure 15.12 Stages in the elastic deformation of a semicrystalline polymer. (¢) Two adjacent chain-folded lamellae and interlamel-
lamellar crystallite thickness (which is reversible) due to bending and stretching of chains in crystallite regions.
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Figurg 15.'13 St‘ages in the _p]astic deformation of a semicrystalline polymer. (a) Two adjacent chain-folded lamellae and interlamellar amorphous
material after elastic deformation (also shown as Figure 15.12¢). (b) Tilting of lamellar chain folds. (¢) Separation of crystalline block segments.

(d) Orientation of block segments and tie chains with the tensile axis in the final plastic deformation stage.
(From SCHULTZ, POLYMER MATERIALS SCIENCE. 1st Edition, © 1974. Reprinted by permission of Pearson Education. Inc., Upper Saddle River, NJ.)

15.8 Factors that Influence the Mechanical Properties of Semicrystalline Polymers - 595

Molecular Weight
The magnitude of the tensile modulus does not seem to be directly influenced by mo- ‘
lecular weight. On the other hand, for many polymers it has been observed that tensile
strength increases with increasing molecular weight. 7S is a function of the number-
average molecular weight,

For some polymers,
€ polyme i

dependence of TS = 5. — (15.3)
tensile strength on & 2

number-average

molecular weight where TS.. is the tensile strength at infinite molecular weight and A is a constant. The behav-

ior described by this equation is explained by increased chain entanglements with rising M,

Degree of Crystallinity ,

For a specific polymer, the degree of crystallinity can have a significant influence on
the mechanical properties because it affects the extent of the intermolecular secondary
bonding. For crystalline regions in which molecular chains are closely packed in an or-
dered and parallel arrangement, extensive secondary bonding typically exists between
adjacent chain segments. This secondary bonding is much less prevalent in amorphous
regions, by virtue of the chain misalignment. As a consequence, for semicrystalline poly-
mers, tensile modulus increases significantly with degree of crystallinity. For example, |
for polyethylene, the modulus increases approximately an order of magnitude as the
crystallinity fraction is raised from 0.3 to 0.6.

Furthermore, increasing the crystallinity of a polymer generally enhances its w
strength; in addition, the material tends to become more brittle. The influence of chain 1
chemistry and structure (branching, stereoisomerism, etc.) on degree of crystallinity was !

|
|

discussed in Chapter 14.
The effects of both percent crystallinity and molecular weight on the physical state
of polyethylene are represented in Figure 15.14.

Predeformation by Drawing

On a commercial basis, one of the most important techniques used to improve mechani-
cal strength and tensile modulus is to permanently deform the polymer in tension. This
procedure is sometimes termed drawing and it corresponds to the neck extension process ‘
illustrated schematically in Figure 15.4. In terms of property alterations, drawing is }
the polymer analogue of strain hardening in metals. Tt is an important stiffening and

strengthening technique that is employed in the production of fibers and films. During |
drawing the molecular chains slip past one another and become highly oriented; for

100 = ‘ T Figure 15.14 The influence of degree

of crystallinity and molecular weight on the
physical characteristics of polyethylene.

—  (From R. B. Richards, “Polyethylene—Structure,
Crystallinity and Properties,” J. Appl. Chem., 1,
370, 1951.)
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596 - Chapter 15 | Characteristics, Applications, and Processing of Polymers

semicrystalline materials the chains assume conformations similar to that represented
schematically in Figure 15.13d.

Degrees of strengthening and stiffening depend on the extent of deformation (or
extension) of the material. Furthermore, the properties of drawn polymers are highly
anisotropic. For materials drawn in uniaxial tension, tensile modulus and strength values
are significantly greater in the direction of deformation than in other directions. Tensile
modulus in the direction of drawing may be enhanced by up to approximately a factor
of three relative to the undrawn material. At an angle of 45° from the tensile axis, the
modulus is a minimum; at this orientation, the modulus has a value on the order of one-
fifth that of the undrawn polymer.

Tensile strength parallel to the direction of orientation may be improved by a factor of
at least two to five relative to that of the unoriented material. However, perpendicular to
the alignment direction, tensile strength is reduced by on the order of one-third to one-half.

For an amorphous polymer that is drawn at an elevated temperature, the oriented
molecular structure is retained only when the material is quickly cooled to the ambient
temperature; this procedure gives rise to the strengthening and stiffening effects de-
scribed in the previous paragraph. However, if, after stretching, the polymer is held at
the temperature of drawing, molecular chains relax and assume random conformations
characteristic of the predeformed state; as a consequence, drawing will have no effect
on the mechanical characteristics of the material.

Heat-Treating

Heat-treating (or annealing) of semicrystalline polymers can lead to an increase in the
percent crystallinity and crystallite size and perfection, as well as to modifications of the
spherulite structure. For undrawn materials that are subjected to constant-time heat
treatments, increasing the annealing temperature leads to the following: (1) an increase
in tensile modulus, (2) an increase in yield strength, and (3) a reduction in ductility. Note
that these annealing effects are opposite to those typically observed for metallic materi-
als (Section 7.12)—weakening, softening, and enhanced ductility.

MATERIALS OF

15.9 Deformation of Elastomers - 597

IMPORTANCE

Shrink-Wrap Polymer Films

An interesting application of heat treatment in
polymers is the shrink-wrap used in packag-
ing. Shrink-wrap is a polymer film, usually made of
poly(vinyl chloride), polyethylene, or polyolefin (a
multilayer sheet with alternating layers of polyeth-
ylene and polypropylene). It is initially plastically
deformed (cold drawn) by about 20% to 300% to
provide a prestretched (aligned) film. The film is

wrapped around an object to be packaged and sealed
at the edges. When heated to about 100°C to 150°C,
this prestretched material shrinks to recover 80% to
90% of its initial deformation, which gives a tightly
stretched, wrinkle-free, transparent polymer film. For
example, CDs and many other consumer products
are packaged in shrink-wrap.

Top: An electrical connection positioned within a section
of as-received polymer shrink-tubing. Center, Bottom:
Application of heat to the tubing caused its diameter to
shrink. In this constricted form, the polymer tubing sta-
bilizes the connection and provides electrical insulation.
(Photograph courtesy of Insulation Products Corporation.)

15.9 DEFORMATION OF ELASTOMERS

For some polymer fibers that have been drawn, the influence of annealing on the
tensile modulus is contrary to that for undrawn materials—that is, the modulus de-
creases with increased annealing temperature because of a loss of chain orientation and

strain-induced crystallinity.

y 4

{(

Concept Check 15.3 For the following pair of polymers, do the following: (1) state
whether it is possible to decide if one polymer has a higher tensile modulus than the other; (2)
if this is possible, note which has the higher tensile modulus and then cite the reason(s) for your

choice; and (3) if it is not possible to decide, state why not.

¢ Syndiotactic polystyrene having a number-average molecular weight of 400,000 g/mol
* Isotactic polystyrene having a number-average molecular weight of 650,000 g/mol

Concept Check 15.4  For the following pair of polymers, do the following: (1) state
whether it is possible to decide if one polymer has a higher tensile strength than the other; (2)
if this is possible, note which has the higher tensile strength and then cite the reason(s) for your

choice; and (3) if it is not possible to decide, state why not.

e Syndiotactic polystyrene having a number-average molecular weight of 600,000 g/mol
* Isotactic polystyrene having a number-average molecular weight of 500,000 g/mol

[The answers may be found at www.wiley.com/college/callister (Student Companion Site).]

One of the fascinating properties of the elastomeric materials is their rubber-like elasticity —
that is, they have the ability to be deformed to quite large deformations and then elastically
spring back to their original form. This results from crosslinks in the polymer that provide
a force to restore the chains to their undeformed conformations. Elastomeric behavior was
probably first observed in natural rubber; however, the past several decades have brought
about the synthesis of a large number of elastomers with a wide variety of properties.
Typical stress-strain characteristics of elastomeric materials are displayed in Figure 15.1,
curve C. Their moduli of elasticity are quite small, and, they vary with strain because the
stress-strain curve is nonlinear.

In an unstressed state, an elastomer is amorphous and composed of crosslinked
molecular chains that are highly twisted, kinked, and coiled. Elastic deformation upon
application of a tensile load is simply the partial uncoiling, untwisting, and straight-
ening and resultant elongation of the chains in the stress direction, a phenomenon
represented in Figure 15.15. Upon release of the stress, the chains spring back to their
prestressed conformations, and the macroscopic piece returns to its original shape.

Part of the driving force for elastic deformation is a thermodynamic parameter
called entropy, which is a measure of the degree of disorder within a system; entropy in-
creases with increasing disorder. As an elastomer is stretched and the chains straighten
and become more aligned, the system becomes more ordered. From this state, the
entropy increases if the chains return to their original kinked and coiled contours.
Two intriguing phenomena result from this entropic effect. First, when stretched, an
clastomer experiences a rise in temperature; second, the modulus of elasticity increases
with increasing temperature, which is opposite to the behavior found in other materials
(see Figure 6.8).
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