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Most of the shaping in the manufacture of polymeric objects is car-
ried out in the melt state, as is a substantial part of the physical pro-
perty development. Melt processing involves an interplay between
fluid mechanics and heat transfer in rheologically complex liquids, and
taken as a whole it is a nice example of the importance of coupled
transport processes. This book is about the underlying foundations of
polymer melt processing, which can be derived from relatively straight-
forward ideas in fluid mechanics and heat transfer; the level is that
of an advanced undergraduate or beginning graduate course, and the
material can serve as the text for a course in polymer processing or for
a second course in transport processes.
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Preface

Most of the shaping in the manufacture of polymeric objects is carried out in the
melt state, as is a substantial part of the physical property development. Melt pro-
cessing involves an interplay between fluid mechanics and heat transfer in rheolog-
ically complex liquids, and taken as a whole it is a nice example of the importance
of coupled transport processes. This is a book about the underlying foundations
of polymer melt processing, which can be derived from relatively straightforward
ideas in fluid mechanics and heat transfer; the level is that of an advanced under-
graduate or beginning graduate course, and the material can serve as the text for
a course in polymer processing or for a second course in transport processes. The
book is based on a course that has evolved over thirty years, which I first taught
at the University of Delaware and subsequently at the University of California,
Berkeley; the Hebrew University of Jerusalem; and the City College of New York.
The target audience is twofold: engineers and physical scientists interested in poly-
mer processing who seek a firm command of basic principles without getting into
details of the process geometry or the fluid rheology, and students who wish to
apply the basic material from courses in transport processes to practical processing
situations. The only background necessary is some prior study of the fundamentals
of fluid flow and heat transfer and a command of mathematics at a level typically
expected of an advanced undergraduate student in engineering or the physical sci-
ences; the text is otherwise self-contained.

The book begins with introductory material and a brief review of fundamen-
tals, after which the first part focuses on analytical treatments of basic polymer pro-
cesses: extrusion, mold filling, fiber spinning, and so forth. The thin gap (lubrica-
tion) and thin filament approximations are employed, and all analyses in this part
are for inelastic liquids. An introduction to finite element calculation follows, where
full numerical solutions are compared to analytical results. Polymer rheology is then
introduced, with an emphasis on relatively simple viscoelastic models that have been
used with some success to model processing operations. Applications in which melt
viscoelasticity is important are then revisited, followed by a chapter on stability and
sensitivity that focuses on melt spinning and a chapter on wall slip and extrusion
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instabilities. There are brief concluding chapters on structured fluids and mixing
and dispersion.

The viscoelastic character of polymer melts reflects the entangled microstruc-
ture and plays an important role in property development and in flow stability. Vis-
coelasticity has little effect on the evolution of many processing flows, however,
where the mechanics are dominated by the temperature and shear-rate dependence
of the viscosity; this statement is especially true of extrusion and some mold fill-
ing, but it applies as well to some extensional flows when the polymer is a rela-
tively inelastic polyester or nylon. I have therefore chosen to develop the subject
for inelastic liquids, and only then, with the complete framework in place, to intro-
duce the effects of elasticity where appropriate. This sequence is in contrast to the
usual approach of starting with polymer melt rheology, but I believe that exploiting
students’ understanding of purely viscous liquids to lay the foundation is superior
pedagogy.

I am grateful to Benoit Debbaut, George Vassilatos, and Kurt Wissbrun for
detailed comments on every chapter. Benoit Debbaut also contributed his exper-
tise in numerical simulation as the coauthor of Chapter 8. I am also grateful to the
many authors whose work is used and cited at the appropriate places in the text,
and of course to students and co-workers who have contributed so much to my
understanding throughout the years. The late Arthur B. Metzner first introduced
me to problems in polymer processing more than forty years ago, and I believe that
his influence will be evident throughout the text. My wife, Vivienne, contributed in
more ways than I can possibly express.

Morton M. Denn
New York
November 2007
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1.1 Introduction

Polymeric materials — often called plastics in popular usage — are ubiquitous in mod-
ern life. Applications range from film to textile fibers to complex electronic inter-
connects to structural units in automobiles and airplanes to orthopedic implants.
Polymers are giant molecules, consisting of hundreds or thousands of connected
monomers, or basic chemical units; a polyethylene molecule, for example, is simply
a chain of covalently bonded carbon atoms, each carbon containing two hydrogen
atoms to complete the four valence sites. The polyethylene used to manufacture
plastic film typically has an average molecular weight (called the number-average
molecular weight, denoted M,,) of about 29,000, or about 2,000 —CH,— units, each
with a molecular weight of 14. The symbol “—” on each side of the CH; denotes a
single covalent bond with the adjacent carbon atom. (The monomer is actually ethy-
lene, CH, =CH,, where “=" denotes a double bond between the carbons that opens
during the polymerization process, and a single “mer” is —CH,—CH,—; hence,
the molecular weight of the monomer is 28 and the degree of polymerization is
about 1,000.) The ultra-high molecular weight polyethylene used in artificial hips
and other prosthetic devices has about 36,000 —CH,— units. Polystyrene is also a
chain of covalently bonded carbon atoms, but one hydrogen on every second car-
bon is replaced with a phenyl (benzene) ring. Two or more monomers might be
polymerized together to form a copolymer, appearing on the chain in either a regu-
lar or random sequence. The monomers for some common engineering plastics are
shown in Table 1.1.

The polymers used in commercial applications are solids at their use tempera-
tures. The solid phase might be brittle or ductile, depending on the chemical com-
position and, to some extent, on the way in which the polymer has been processed.
The chemical composition of the backbone of some polymers, such as polyethylene,
is such that crystallization can occur; other polymers, such as polystyrene, cannot
form crystalline structures and solidify only as amorphous solids, or glasses. The
glass transition occurs when the temperature is sufficiently low to prevent large-
scale chain motion. Crystallization and glass transition temperatures are shown for
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Table 1.1. Repeat units and transition temperatures of some common polymers

Polymer Monomer 7,(°C) T, (°C)
T
Linear polyethylene (HDPE) (—(I?—F—) ~ 110 134

H H

]
Branched polyethylene (LDPE) (—C|—$—) ~ 110 115

H H

N
Polystyrene (—(I?—F—) 90-100 none
H ¢
TN
Poly(ethylene terephthalate) (—O—|C—(|3—O—C—cb—C—) 70 260
H H

H CHj;
(-C—C-)
H o,
g

Poly(methylmethacrylate) 90-100 none

Note: ¢ denotes a phenyl group (a benzene ring); the substitution is in the para position in poly(ethylene
terephthalate).

the polymers in Table 1.1. Polymers are very viscous in the liquid state, and molec-
ular diffusion is slow; hence, the molecular reorganization necessary to permit crys-
tallization can sometimes be so slow that a crystallizable polymer will reach the
glass transition temperature and solidify as a glass before crystallization can occur.
Indeed, there are always amorphous regions in any crystalline polymer.

Polymers are often blended or contain additives to affect the properties of the
solid phase; high-impact polystyrene, for example, is a blend in which particles of a
rubbery polymer, typically polybutadiene or a styrene-butadiene copolymer, are dis-
persed in polystyrene. Many polymer composites used in molding applications con-
tain solid fillers, such as calcium carbonate particles, glass fibers, or even nanoscale
fillers like exfoliated clays or carbon nanotubes.

The polymer manufacturer, starting from raw materials like natural gas and
other low molecular weight chemicals, produces the polymer — say, polyethylene —
as a powder or in the form of chips or flakes, which are often converted (densified)
into pellets by extrusion. This resin must be processed to produce the desired prod-
uct —a molded part, for example. Most processing takes place in the liquid state. The
resin must first be melted (we will use the term melt to denote the change from any
form of solid to a liquid state, although technically only a crystal has a true melting
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transition), then conveyed through one or more steps to form an object of the
desired shape, and finally solidified again. A polymer pipe, for example, is pro-
duced by continuously extruding the molten polymer through an annular die and
then cooling it quickly to retain the shape. An injection-molded part is produced
by forcing the molten polymer into a mold of the desired shape, where the polymer
cools until it has solidified, after which the mold is opened, the part removed, and the
process repeated.

We typically draw the backbone carbons in a polymer chain in a straight line, but
in fact sequential covalent bonds between carbon atoms form an angle of 109.5°, not
180°. Rotation about the bonds between adjacent carbon atoms permits substantial
lateral motion of the chain, and any directional correlation of the backbone usually
vanishes over lengths of five or ten monomer units; this distance is known as a Kuhn
length. A single polymer molecule therefore has the appearance of a very long, flex-
ible string of beads, or even simply a very long flexible rope, and the dynamics of
isolated polymer molecules in dilute solutions are very well described by a statis-
tical mechanics treatment of a string of beads undergoing random motion in the
presence of Brownian forces. If these molecules are now packed together in a melt
or a concentrated solution, it is clear that the motion of one string of beads is highly
constrained by all the other strings in its neighborhood. The best visual picture is a
bowl of spaghetti; if we put a fork into the bowl and attempt to move one strand,
we impose a motion on all the other strands with which that strand is in contact,
and we cause a macroscopic motion that tends to align the entangled strands. In a
similar manner, the deformation we impose on a polymer melt during processing
can induce orientation in the chains at a molecular level, and this orientation in turn
manifests itself in the distribution of stresses, the ability of the melt to crystallize
during cooling, and the mechanical and optical properties of the bulk material. The
properties of the final shaped object thus depend in part on the chemical nature of
the particular polymer and in part on the details of the mechanical process and the
stress and thermal fields to which the melt has been subjected.

Our goal in this text is to use mathematical modeling to develop the basic
principles necessary to understand polymer melt processing, to analyze and predict
behavior, and ultimately to develop the tools needed to guide process operation and
design. A mathematical model is an abstraction that captures the essential features
of a physical process in a set of equations that can be manipulated, analytically or
numerically, to explain and predict behavior. A good model is based on fundamen-
tal physical principles, with essential compromises between the detail required for
fidelity to the underlying physical phenomena and the simplicity required for prac-
tical implementation. The level of the model is determined by the anticipated appli-
cation. The academic tools we will employ in modeling polymer melt processes are
fluid mechanics and heat transfer. The natural language of these subjects is multi-
variable calculus, at a level commonly taught during the second year in U.S. science
and engineering curricula; because we are interested in phenomena that vary spa-
tially in more than one direction and may vary in time, the physical phenomena will
be described by partial differential equations. The actual applications, however, in
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Figure 1.1. Schematic of a single-screw extruder.

contrast to the language itself and the formal structures of the models, require lit-
tle or no experience in the solution of partial differential equations; indeed, simple
quadratures of the type encountered in an introductory calculus course suffice for
most situations that we will encounter.

1.2 Typical Processes

In the following sections we briefly describe some of the most important melt pro-
cesses, and we will return to the modeling of these processes in subsequent chapters.
We will be looking at generic features, and we will not focus on mechanical detail,
which is of course very important in actual operation.

1.2.1 Extrusion

Extrusion is the most fundamental and most widely used unit operation in melt pro-
cessing. An extruder is a device that pressurizes a melt in order to force it through
a shaping die or some other unit. A ram extruder, for example, is simply a piston
that forces a melt from a cylinder through a die. We are usually concerned with
continuous extrusion over long periods of time, in which case a ram, which must
operate in a semibatch mode (i.e., the cylinder must be refilled periodically), is not
appropriate. The most common device for continuous extrusion is the single-screw
extruder, shown schematically in Figure 1.1. The single-screw extruder is analogous
to the meat grinder that was once a fixture in kitchens. In a meat grinder, chunks
of meat are placed in a hopper and fall onto a rotating Archimedes screw. The meat
is compressed and carried forward by the screw flights until it is forced through a
perforated plate, producing the strands that make up “ground” meat. The counter-
intuitive feature here, which we rarely think about in the context of a meat grinder,
is that the meat enters at atmospheric pressure and is forced through the perforated
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Figure 1.2. Schematic of injection molding.

plate to emerge at atmospheric pressure; hence, the pressure must increase from
the hopper to the upstream side of the plate in order to provide the force neces-
sary to push the meat through the plate. We are accustomed to thinking in terms of
pressure drop in flow situations. Similarly, in a screw extruder the polymer, in the
form of flakes, chips, or pellets, is fed through the hopper onto the screw, where
melting takes place because of frictional and conductive heating and perhaps also
deformation heating of the softening solid. The polymer is conveyed forward by the
screw, becoming completely molten by the time it reaches the metering section. Pres-
sure builds up in the flow direction until the end of the screw, where the polymer
is forced through a shaping die. The pressure drop through the die must equal the
pressure buildup along the screw.

Twin-screw extruders, in which the screws intermesh while conveying the poly-
mer, are also in common use. Twin screws are very effective mixing devices, and
they are commonly used for compounding blends and composites, as well as for
reactive processes, in which a chemical reaction occurs in the extruder.

1.2.2 Injection Molding

Injection molding is a semibatch operation shown schematically in Figure 1.2. The
process is conceptually very straightforward: Molten polymer is forced into a closed
mold from a ram extruder or a screw extruder with a reciprocating screw and
allowed to solidify, after which the mold is opened, the part is removed, and the
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process is repeated. There are a number of practical issues, however. The mold
walls are typically cold, so the polymer is cooling during the filling cycle. If the
mold is filled too slowly and too much solidification occurs, the mold cavity will be
closed off before filling is complete. Indeed, incomplete filling can occur even with-
out solidification because of a large melt viscosity increase from cooling during the
filling process. Incomplete filling is a particular problem in the manufacture of com-
plex molded parts, like those used for electronic interconnects. In addition, the flow
inside the mold is very important. The flow plays a significant role in determining the
morphology of the finished part, which in turn determines the physical properties.
Many molds have inserts around which the polymer must flow, or multiple “gates”
to facilitate filling, and the weld lines where the flow fronts meet can be mechani-
cally weak points; hence, design to ensure optimal placement of the weld lines is an
important consideration. Finally, it is common to fill more than one mold cavity from
a single extruder, as indicated in the schematic. Flow balancing to ensure equal flow
to all molds is therefore very important. Very high pressures can be reached in injec-
tion molding; polymer melts are usually considered to be incompressible, but this is
one application where compressibility of the melt may be important because of the
very high pressures. The high pressures also have implications regarding mechani-
cal design; leakage around the mold face can be important because of inadequate
pressure to keep the mold sealed, for example.

1.2.3 Compression Molding

Compression molding, shown schematically in Figure 1.3, is also conceptually sim-
ple. Polymer is placed between two mold faces and flows out to fill the cavity as the
mold is closed. The charge for compression molding of large parts — an automotive
hood, for example — often consists of stacked layers of sheet molding compound,
which is a fiber-filled polymer sheet that can be handled at room temperature. The
plies may be oriented in various directions to achieve desired fiber orientation in the
final product, especially if the fibers are long (continuous fibers). When the fibers are
short, the fiber orientation distribution is determined by the flow field during mold
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closing. The programming of mold closing, especially in a large mold that might
weigh several tons, is an interesting exercise; the feedback signal controlling the rate
of closure can be position, force, or some combination of both. Compression mold-
ing is usually carried out with thermosetting polymers, which polymerize during the
processing.

1.2.4 Coating

There are many types of coating operations. We will focus here on the coating of
wire and film, shown schematically in Figure 1.4. A wire or film (the substrate) is
passed through the die. The thickness of the coating for a given die geometry is
determined by the substrate speed and the upstream pressure, since both parame-
ters contribute to the polymer flow rate. Coating uniformity is an important con-
sideration here, especially when the visual appearance of the coating is important;
small variations in coating thickness in certain wavelength ranges can have a large
impact on reflectivity, for example. The interior design of the die is important in
order to prevent regions of melt recirculation, in which the organic polymer spends
long times in the die at high temperature, since polymer degradation can occur and
produce coating defects when the degraded polymer finally leaves the die. In some
film extrusion coating processes, the polymer is extruded onto the moving substrate,
rather than being contacted inside the die. This latter process, in which the extruded
melt is stretched as it passes from the die to the sheet, is very similar to fiber spin-
ning, which is described next. An instability known as draw resonance, in which the
film thickness varies periodically, is a major concern in this process and one that we
shall discuss subsequently.
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1.2.5 Fiber Spinning

The melt spinning process for the manufacture of textile fibers is shown schemat-
ically in Figure 1.5. Let us first focus on a single filament. The polymer from the
extruder, after passing through a filter to remove small gel particles, is forced
through a small hole known as a spinneret, which is typically on the order of
200-400 um in diameter. The jet, which might be at a temperature of 290°C for
poly(ethylene terephthalate), or PET, the polyester typically used in textile fibers,
emerges into an ambient environment that is below the solidification temperature,
which for poly(ethylene terephthalate) is about 80°C. The filament is taken up on
a roll moving at a much higher linear velocity than the extrusion velocity; the take-
up speed is typically in excess of 3,000 m/min (50 m/s, or about 120 mph), while
the average linear velocity through the spinneret is typically two orders of magni-
tude smaller. Mass conservation therefore requires that the filament at the point
of takeup be drawn down in area by a factor roughly equal to the ratio of the
takeup velocity to the extrusion velocity (“roughly” because the densities at the
spinneret and takeup will be different because of the large temperature difference).
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The filament solidifies between the spinneret and the takeup, and the drawdown will
occur mostly in the melt phase.

The mechanics of this process clearly depend on the interplay between the fluid
mechanics causing melt stretching and the very high rate of air cooling; cooling
affects the viscosity and hence the resistance of the fluid to stretching. The high
speeds involved introduce aerodynamic considerations; air drag and filament inertia
are important contributors to the filament mechanics, and the nature of the bound-
ary layer in the air stream around the filament plays a significant role. In most cases
the spinneret plate contains a large number of holes, and the individual filaments
are taken up together as a yarn. The cooling air therefore contacts each filament in
a different way, causing each filament to deform differently. Stretching flow is an
efficient means of polymer chain orientation, which helps determine the final fiber
morphology and properties; different stretching histories on different filaments will
therefore cause some property variation within the yarn.

The primary operating concern is filament uniformity and the avoidance of
breaks. The melt zone below the spinneret but prior to solidification is short, typi-
cally on the order of one meter. The residence time in the melt zone is therefore on
the order of fractions of a second. Feedback control of the average filament diam-
eter on this time scale is not feasible. Furthermore, each extruder feeds many spin-
ning stations, and a fiber plant will contain hundreds of stations. Thus, this process
essentially operates in an “open loop” mode, with operator adjustments taking place
over time scales that are very long relative to the time a fluid element spends on the
line. Models are very helpful in defining process operating strategies, and major
process improvements have been effected with the guidance of spinline models.

Polymer films are formed in a number of ways, but one common film process
looks like a two-dimensional version of the spinning process, in which a molten
sheet is extruded into air and stretched, after which the film is solidified and taken
up on a cold roll. Film processes tend to operate at much lower speeds than fiber
processes, but the basic mechanics are the same except near the edges of the film,
where three-dimensional effects are important.

1.2.6 Film Blowing

The blown film process, shown schematically in Figure 1.6, is commonly used to
manufacture biaxially oriented films and plastic bags. A thin cylindrical film is
extruded through an annular die. The inside pressure is slightly above ambient, caus-
ing the film to expand (like a rubber balloon). The film is flattened at “hauloff” and
taken up at a linear speed higher than the linear extrusion velocity, so stretching
occurs both in the “machine direction” and in the transverse direction. Solidifica-
tion occurs prior to hauloff. The flattened annular film is slit on the sides if film
is the desired product or processed further to form periodic seals if bags are the
product. The blown film process is very sensitive to operate, and the aerodynamics
around the air ring seem to have a major effect on bubble stability.
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1.2.7 Blow Molding and Thermoforming

The blow molding process, which is used for the manufacture of bottles and indus-
trial components such as automotive fuel tanks, combines elements of a number
of the previous processes. A tube that is closed at one end, known as a parison, is
first formed, either by injection molding or by extrusion. The heated parison is then
pressurized and stretched to conform to the shape of the mold, where it solidifies.
The blowing portion of the cycle is a biaxial stretch.

Classical thermoforming is a similar process in which a sheet is heated and
deformed by vacuum from inside the mold or by pressurization from outside to
stretch and conform to the shape of the mold. Some thermoforming processes utilize
a mechanical device for part or all of the deformation of the sheet. Thermoforming
is used to produce high-volume thin-walled products such as drinking cups and food
packaging as well as large items like cargo bed liners for pickup trucks.

The modeling of the inflation and solidification portions of blow molding and
thermoforming do not introduce major new concepts beyond those incorporated in
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other free-surface processes, and we will not address these processes separately in
later chapters, despite their processing importance.

1.3 Polymer Melt Rheology

Rheology is the study of deformation and flow. Since melt processing entails a large
amount of deformation and flow, we may expect melt rheology to play a significant
role, and this is indeed the case. Polymer melts are non-Newtonian in that the rela-
tion between the stress and deformation rate is nonlinear. They are also viscoelastic,
which means that the entangled network of polymer chains sometimes responds in a
manner more reminiscent of a rubbery solid than of a liquid. We will find that we can
make considerable headway in understanding polymer processing without taking
the melt rheology explicitly into account, and this will be our starting point. Ulti-
mately, of course, we will have to address the non-Newtonian, viscoelastic nature
of the melts in a quantitative manner, but it is pedagogically advantageous to put
that time off. For now, it suffices to introduce only a few concepts relating to melt
rheology.

1.3.1 Viscosity

Viscosity is defined as the ratio of shear stress to shear rate. The viscosity of a New-
tonian fluid is a material constant that depends on temperature and pressure but is
independent of the rate of shear; that is, the shear stress is directly proportional to
the shear rate at fixed temperature and pressure. Low molar-mass liquids and all
gases are Newtonian. Complex liquids, such as polymers and suspensions, tend to
be non-Newtonian in that the shear stress is a nonlinear function of the shear rate.
Some typical melt viscosities are shown in Figure 1.7. The viscosity approaches a
constant value at low shear rates, known as the zero-shear viscosity and denoted
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Figure 1.8. Oscilloscope trace showing thick-
ness versus time for squeezing flow of a sili-
cone polymer with a constant force. Re-
printed from Lee et al., J. Non-Newtonian
Fluid Mech., 14, 301 (1984).
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no- At intermediate shear rates the viscosity decreases with increasing shear rate,
a property known as shear thinning. It is believed that the viscosity approaches
another limiting value at high shear rates, and this behavior is observed in poly-
mer solutions, but it is extremely difficult to reach this regime experimentally with
polymer melts. The zero-shear viscosity of linear polymers increases linearly with
molecular weight until there are sufficient entanglements per chain, after which 7,
varies with the molecular weight to a power that is usually close to 3.4.

1.3.2 Melt Elasticity

The entangled polymer chains require time to move relative to one another follow-
ing imposition of a stress. Hence, we can expect to find a characteristic time scale
A for the polymer melt such that for times ¢ < A, before the chains have had an
opportunity to move within the entangled network, the system will respond like
a rubbery solid, with a characteristic elastic modulus G. For times ¢ > A the net-
work has an opportunity to respond and the behavior is fluidlike. Figure 1.8 shows
a particularly dramatic manifestation of the elastic character of a polymer melt,
in this case a silicone polymer (i.e., a polymer in which the backbone consists of
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Si atoms in place of the carbons). This is a compression molding-like squeezing
experiment carried out between two circular plates under constant force, with the
spacing between the plates monitored as a function of time. We see a rapid change
in the thickness, accompanied by damped oscillations, followed by a more gradual
closing of the plates. An undamped oscillation would be a purely elastic response,
which is energy conserving (sum of kinetic and potential energy = constant), while
the gradual decay is a dissipative response typical of a viscous liquid. The elastic
modulus required to represent this behavior is 6.65 x 10° pascal; the modulus for
typical polyethylenes tends to be slightly higher. The characteristic response time for
the network from this experiment seems to be on the order of 0.2 s; response times
for carbon-based polymers range from this magnitude to several seconds and more,
with the latter value typical of polyethylenes at processing temperatures. Figure 1.9,
for example, shows the stress response in a linear low-density polyethylene follow-
ing the imposition of a constant shear rate. The transient here is on the order of
seconds.

The characteristic time constant for the polymer network response means that
any dimensional analysis of a melt process will involve at least one more dimension-
less group than would exist for a Newtonian fluid under the same conditions. If the
process itself has a characteristic time, which we will denote ¢, — the residence time
on a spinline, for example — then a group that arises naturally is the ratio A/¢,, the
ratio of the characteristic time of the fluid to the characteristic time of the process.
If this dimensionless group is large, the process occurs too quickly for the entangled
network to adjust and the response is dominated by the network elasticity. If the
group is small, however, the network can adjust and the response is dominated by
viscous dissipative processes. This dimensionless ratio of time scales has come to be
known as the Deborah number, denoted De, after the Biblical prophetess Deborah
(from the Song of Deborah, Judges 5:5, “The mountains quaked [sometimes trans-
lated as “flowed”] at the presence of the Lord,” suggesting that even solid moun-
tains flow like a liquid on an appropriately long process time scale), and we speak of
“high Deborah number processes” in which an elastic response dominates and “low
Deborah number processes” in which a viscous response dominates.
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Figure 1.10. Extrudate swell, 5% solu-
tion of polyisobutylene in decalin. This
drawing is based on the original photo-
graph. Reprinted with permission from
Metzner et al.,, Chem. Eng. Progress,
62 (12), 81 (1966). Copyright American
Institute of Chemical Engineers.

1.3.3 Extrudate Swell

Extrudate swell is a dramatic manifestation of melt elasticity and is one of the distin-
guishing characteristics of polymer melts. When a low molar-mass liquid is extruded
at a low Reynolds number from a cylindrical tube, the emerging jet has a diameter
that is approximately 13% greater than the diameter of the tube because of the
velocity profile rearrangement at the exit. (The high Reynolds number jet, in which
the jet diameter is approximately 82% of the tube diameter, is the more familiar
phenomenon. There is a smooth transition from slight swelling to contraction in the
Reynolds number range from 1 to 50.) A molten polymer can swell to a diame-
ter that is as much as 200% of the tube diameter. An example is shown in Figure
1.10. This phenomenon is caused by the relaxation of normal stresses, which are
another manifestation of melt elasticity. Normal stresses are stresses transverse to
the direction of shear; they are the fluid equivalent of the Poynting effect in nonlin-
ear elasticity, in which torsion of an elastic rod causes a stress in the axial direction.
Qualitatively, these stresses push out against the walls of the tube; when the poly-
mer emerges and the walls are “removed,” the polymer melt is able to expand. Large
extrudate swell is obviously a concern in die design since the desired size is that of
the extrudate, not the die. It is a particularly interesting issue in dies of noncircu-
lar shape, where the swell is likely to be uneven around the periphery, and the die
shape may need to be different from that of the desired extrudate. Extrudate swell
is also an issue in the design of the gate in an injection mold.

1.4 Polymer Chain Characteristics

There are several properties of the chain that are important in processing, in large
measure because they affect the rheological properties or the solidification process.

1.4.1 Branching

We tend to visualize a polymer chain as a straight sequence, and some polymers
exist only in this form. The synthetic chemistry can lead to other structures, how-
ever, either by design or because of competing reactions. One such structure is
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Figure 1.11. Schematic of branching.

branching, which is illustrated in Figure 1.11 for polyethylene. The linear molecule
packs more easily in the solid state and hence is more crystalline and has a higher
solid-phase density than the branched molecule (960-970 vs. 915-930 kg/m?); the
linear molecule is known as high-density polyethylene (HDPE), while the molecule
with long branches is known as low-density polyethylene (LDPE). There is a syn-
thetic route involving copolymerization of ethylene with 1-butene, 1-hexene, or 1-
octene that produces a low-density molecule (density 915-940 kg/m?) with short
branches, known as linear low-density polyethylene (LLDPE). Branched polymers
tend to be more shear thinning than linear molecules. The effect of branching on
the zero-shear viscosity is complex because long branches change the nature of the
network disentanglement process. Linear molecules disentangle by a process known
as reptation (“snakelike motion”), in which the molecule moves along its backbone
direction because it is precluded from large sideward motions by the presence of
the neighboring chains in the network. This mechanism is hindered by the presence
of long branches, making the disentanglement process more difficult. Hence, the
zero-shear viscosity of a branched molecule is lower than that of a linear molecule
of the same molecular weight for relatively short branches, but for sufficiently long
branches the reverse occurs, and the zero-shear viscosity for a branched molecule
can have a much stronger dependence on molecular weight than the 3.4-power char-
acteristic of linear polymers.

1.4.2 Molecular Weight Distribution

The synthetic processes for manufacturing polymers result in a distribution of
molecular weights within any batch. Two different moments of the distribution are
commonly used to characterize a polymer. The mean of the distribution is known
as the number-average molecular weight and denoted M,,. Let M, be the molecular
weight of the repeat unit, and let f; be the fraction of the molecules containing i
repeat units in the chain. The number-average molecular weight is then simply

M, = M, iifi ~M, / i (i)di. (1.1)
i=1 1
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