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Preface to the Second Edition

| The first edition of this book was adopted by several universities in North and
South America, Europe, and Asia as a textbook to introduce engineering
students to the materials science of polymers. The book was also translated
into Japanese in 1998. The professors who taught with the first edition as well
as their students liked the unified approach we took. Furthermore, it has
become a reference for many practicing engineers, most of whom were
introduced to the book as students. The changes and additions that were
introduced in this edition are based on suggestions from these professors and
their students, as well as from our own experience using it as a class textbook.

“Why does this applicd science, wirich saves work One major change that we made to this edition is the introducti(?n. of
and makes life easier, bring us so | ittle happiness? exam}'ules and problems at the end of each chaptgr. A new chap.te:r containing
The simple answer runs: Because we have not yet the history of polymers replacegl a few pages in the f1r§t edition. From a
learned to make sensible use of it.” polymers course taught at the University of Wisconsin-Madison, we found that

' introducing polymers from a historical perspective not only made the topic less

Albert Einstein dry, but it also gave us a chance to show the role polymers have played, for

better and for worse, while shaping today’s industrial world. The mixing
chapter in the first edition was replaced with a comprehensive polymer
processing chapter. The first edition was praised because of the vast number of
| graphs and data that can be used as a reference. We have further strengthened
' this attribute by adding a table in the appendix that contains material property
graphs for several polymers.

With this edition we owe our gratitude to Dr. Christine Strohm, Dr.
Wolfgang Glenz and Oswald Immel of Hanser Publishers for their cooperation
during the production of this book. We are grateful to Amelia Cosgrove for
combing through the manuscript in such detail, finding typos and making
suggestions. We thank Lina Lopez and Paul Wilichowski for preparing DSC
I data for Chapter 3. We also thank Aaron Hade, Soenarto Hadiprajitno, Juan
I Pablo Hernandez, Juan Rodrigo Sanz-Uribe and Jarrod Schemenauer for their
suggestions. We are grateful to Angela Maria Ospina for the superb job
preparing the camera-ready manuscript. These projects consume a large
number of hours, which results in several months of late nights; and so, we

must thank our families for their patience.

Spring 2003
! Tim A. Osswald Georg Menges
Madison, Wisconsin, USA Aachen, Germany |
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Preface to the First Edition

This book is designed to provide a polymer materials science background to
engineering students and practicing engineers. It is written on an intermediate
level for students, and as an introduction to polymer materials science for
engineers. The book presents enough information that, in conjunction with a
good design background, it will enable the engineer to design polymer
components.

Materials Science of Polymers for Engineers is based on the German textbook,
Werkstoffkunde Kunststoffe (G. Menges, Hanser Publishers, 1989), and on lecture
notes from polymer materials science courses taught at the Technical
University of Aachen, Germany, and at the University of Wisconsin-Madison.
The chapters on thermal and electrical properties are loose translations from
Werkstoffkunde Kunststoffe, and many figures throughout the manuscript were
taken from this book.

We have chosen a unified approach and have divided the book into three
major sections: Basic Principles, Influence of Processing on Properties, and
Engineering Design Properties. This approach is often referred to as the four
P's: polymer, processing, product and performance. The first section covers
general topics such as historical background, basic material properties,
molecular structure of polymers and thermal properties of polymers. The
second section ties processing and design by discussing the effects of processing
on properties of the final polymer component. Here, we introduce the reader to
the rheology of polymer melts, mixing of polymer blends, development of
anisotropy during processing and solidification processes. In essence, in this
section we go from the melt (rheology) to the finished product (solidification).
The third section covers the different properties that need to be considered
when designing a polymer component, and analyzing its performance. These
properties include mechanical properties, failure of polymers, electrical
properties, optical properties, acoustic properties, and permeability of
polymers.

The authors cannot acknowledge everyone who helped in one way or
another in the preparation of this manuscript. We would like to thank the
students of our polymer materials science courses who in the past few years
endured our experimenting and trying out of new ideas. The authors are
grateful to the staff and faculty of the Mechanical Engineering Department at
the  University —of  Wisconsin-Madison, and the Institut fiir
Kunststoffverarbeitung (IKV) at the Technical University of Aachen for their
support while developing the courses which gave the base for this book. We
are grateful to Richard Theriault for proofreading the entire manuscript. We
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also thank the following people who helped proofread or gave suggestions Table Of Contents

during the preparation of the book: Susanne Belovari, Bruce A. D.avis, ].effrey
Ciacomin, Paul J. Gramann, Matthew Kaegebein, Gwan-Wan Lai, Maria del

Pilar Noriega E., Antoine C. Rios B, Linards U. Stradins and Ester M. Sun. Part T Basic PrNCIPIES .iwwiiiiiomirusmmissiicsiusisisimmmsissiiass s sssmiessiassisisonisissssiassssassnsss 1
Susanne Belovari and Andrea Jung-Mack are acknowledged for translating
portions of Werkstoffkunde Kunststoffe from German to .English. Wealio 'thank 1  Introduction t0 POLYMETS. . .....icuciimmmirsiinmmmensisssissssrsisssssssssssassssinassessassssssss
Tara Ruggiero for preparing the camera-ready manuscript. Many of_ the flgqes 11 General Propertios. emsisissisissssscsmisciss
were taken from class notes of the mechanical engineering senior elective 12 Identification of Polymers
course Engineering Design with Polymers. Special thanks are offered to Fynda Problems
Litzkow, Philipp Ehrenstein and Bryan Hutchinson for the superb job of REfEIONCES sorsersnererrorassevasmeescsbsstoiissiasssivivaisnsvyssbboninsin iibiitnssnsssvonitiit
drawing those figures. Matthias Mahlke of Bayer AG in Leverkusen, Ge?ma_n_y,
Laura Dietsche, Joseph Dooley and Kevin Hughes of Dow Chiemical . 2. Historical BacKGrOUNd. ........c..cooirreumrrrimrrrissensissmssrssssseisss s sssesos
Midland, Michigan, and Mauricio DeGreif and Juan Diego Sierra of the ICIPC in 2.1 From Natural to Synthetic Rubber....
Medellin, Colombia, are acknowledged for some of the figures. Thanks are due 22 Cellulose and the $10,000 T0E8m vueomermrmemsisisssiss s i
to Marcia Sanders for copy editing the final manuscript. We are grateful to 2.3 Galalith - The Milk SEON...ccococecersmsmemsmmmsesssssssississesoe
Wolfgang Glenz, Martha Kiirzl, Ed Immergut and Carol ‘Rac.ltke of Hanser 2.4 Leo Baekeland and the Plastic Industry.......cccocevrrecanenenes
Publishers for their support throughout the development of this book. Above 25 Herman Mark and the American Polymer Edtcation...............
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Summer 1995 2.9 One last Word - PlastiCS....uuiiimmsrmremmmsmsmisnmssnisis s
REETONCES iiviemiassiitiassssineeiisiivhiomsinsnisssamnssssisrsssssnmamssssiastsssssssaneassvess
Tim A. Osswald Georg Menges
Madison, Wisconsin, USA Aachen, Germany 3 Structure 0f POLYMELS ..ottt sissscosssnios
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Introduction to Polymers

As the word itself suggests, polymers! are materials composed of molecules of
very high molecular weight. These large molecules are generally referred to as
macromolecules. The unique material properties of polymers and the versatility
of their processing methods are attributed to their molecular structure. The
ease with which polymers and plastics 2 are processed makes them, for many

applications, the most sought-after material today. Because of their low density
and their ability to be shaped and molded at relatively low temperatures
compared to traditional materials such as metals, plastics and polymers are the
material of choice when integrating several parts into a single component—a
design aspect usually called part consolidation. In fact, parts and components,
which have traditionally been made of wood, metal, ceramic or glass are
redesigned with plastics on a daily basis.

' 1.1  General Properties

Polymers can be placed into either a thermoplastic, thermoset, or elastomer
category. Thermoplastics in turn include a special family, which is relatively
new called thermoplastic elastomers. However, all these material have in
common that they are made of huge molecules. Some of these molecules are
uncrosslinked, which means that each molecule can move freely relative to its
neighbors, and others are crosslinked, which means that “bridges”, or physical
links interconnect the polymer molecules. Thermoplastics and un-vulcanized
elastomers are uncrosslinked. Vulcanized rubber, or elastomers, and
thermosets are cross-linked.

Thermoplastics are those polymers that solidify as they are cooled, no
longer allowing the long molecules to move freely. When heated, these
materials regain the ability to “flow”, as the molecules are able to slide past
1
2

From the Greek, poli which means many, and meros which means parts.
The term plastics describes a compound of polymers and various additives.
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4 Basic Principles

each other with ease. Furthermore, thermoplastic polymers are divided into
two classes: amorphous and semi-crystalline polymers. Amorphous
thermoplastics are those with molecules that remain in disorder as they cool,
leading to a material with a fairly random molecular structure. An amorphous
polymer solidifies, or vitrifies, as it is cooled below its glass transition
temperature, Tg. Semi-crystalline thermoplastics, on the other hand, solidify
with a certain order in their molecular structure. Hence, as they are cooled,
they harden when the molecules begin to arrange in a regular order below
what is usually referred to as the melting temperature, Tm. The molecules in
semi-crystalline polymers that are not transformed into ordered regions
remain as small amorphous regions. These amorphous regions within the
semi-crystalline domains lose their “flowability” below their glass transition
temperature. Most semi-crystalline polymers have a glass transition
temperature at subzero temperatures, hence, behaving at room temperature as
rubbery or leathery materials. On the other hand, thermosetting polymers
solidify by being chemically cured. Here, the long macromolecules cross-link
with each other during cure, resulting in a network of molecules that cannot
slide past each other. The formation of these networks causes the material to
lose the ability to “flow” even after reheating. The high density of cross-
linking between the molecules makes thermosetting material stiff and brittle.
Thermosets also exhibit a glass transition temperature which is sometimes near
or above thermal degradation temperatures. Compared to thermosets,
elastomers are only lightly cross-linked which permits almost full extension of
the molecules. However, the links across the molecules hinder them from
sliding past each other, making even large deformations reversible. One
common characteristic of elastomeric materials is that the glass transition
temperature is much lower than room temperature. Their ability to “flow” is
lost after they are vulcanized or cross-linked. Since cross-linked elastomers at
room temperature are significantly above their glass transition temperature,
they are very soft and very compliant elastic solids.

Table 1.1 presents the most common amorphous and semi-crystalline
thermoplastics, as well as thermosets and elastomers, with some of their
applications. The abbreviations used in Table 1.1 are described in Table 1.2.
Figure 1.1 presents just one example of where we can find polymers in
everyday life. The young skier in the photograph is protected with a helmet
that is composed of various polymer components. His skiing equipment is
made up of various polymers and polymer composites, and he is keeping
warm with several polymer fabrics and insulating materials. It should be
pointed out that not all the polymer components the skier is wearing are listed
in the figure, and that in addition to the specific polymers listed in Fig. 1.1,
there are many more possibilities. For example, some skiing boots are
reinforced with Aramid fibers, and there are skiing poles made of carbon fiber
reinforced epoxy composites.

1 Introduction to Polymers

Table 1.1 Common Polymers and Some of Their Applications

Polymer

Applications

Amorphous

Polystyrenc

Polymethyl methacrylate

Polycarbonate

Unplasticized polyvinyl
chloride

Plasticized polyvinyl
chloride

Semi-crystalline

High density polyethylene

Low density polyethylene
Polypropylene

Polytetrafluoroethylene

Polyamide

Epoxy

Melamine
Phenolics

Unsaturated polyester

Polybutadiene

Ethylene propylene rubber

Natural rubber
(polyisoprene)

Polyurethane elastomer

Silicone rubber

Styrene butadiene rubber

Thermoplastics

Mass-produced transparent articles, thermoformed packaging, ctc.
Thermal insulation (foamed), etc.

Skylights, airplane windows, lenses, bulletproof windows, stop lights, etc.

Helmets, hockey masks, bulletproof windows, blinker lights, head lights,
etc.

Tubes, window frames, siding, rain gutters, bottles, thermoformed
packaging, etc.

Shoes, hoses, roto-molded hollow articles such as balls and other toys,
calendered films for raincoats and tablecloths, etc

Milk and soap bottles, mass production of household goods of higher
quality, tubes, paper coating, etc.

Mass production of household goods, grocery bags, etc.

Goods such as suitcases, tubes, engineering application (fiber-glass-
reinforced), housings for electric appliances, etc.

Coating of cooking pans, lubricant-free bearings, etc.

Bearings, gears, bolts, skate wheels, pipes, fishing line, textiles, ropes, etc.

Thermosets

Adhesive, automotive leaf springs (with glass fiber), bicycle frames (with
carbon fiber), etc.

Decorative heat-resistant surfaces for kitchens and furniture, dishes, etc.
Heat-resistant handles for pans, irons and toasters, electric outlets, etc.

Toaster sides, iron handles, satellite dishes, breaker switch housing (with
glass fiber), automotive body panels (with glass fiber), etc.

Elastomers

Automotive tires (blended with natural rubber and styrene butadiene
rubber), golf ball skin, etc.

Automotive radiator hoses and window seals, roof covering, etc.

Automotive tires, engine mounts, etc.

Roller skate wheels, sport arena floors, ski boots, automotive seats
(foamed), shoe soles (foamed), etc.

Seals, flexible hoses for medical applications, etc.

Automotive tire treads, etc.
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: ’Ijle'lmef “Quter shell: ABS

Table 1.2  Abbreviations for Common Polymers
£t Inner padding:PUR foam

. - -Inner lining: PET fabric
Polymer Abbrev. Polymer Abbrev. Poles N *Buckie: POM
- -
Acrylonitrile-butadiene-styrene ABS Polyether ether ketone PEEK . Glasses Lenses: PC
Butadiene rubber BR Polyether sulfone PES Ear piece: TPE
Cellulose acetate CA Polyethylene teraphthalate PET e b £ A\ oS pas S uber
Cellulose acetate butyrate CAB Polyimide PI = . e \\\
Cellulose nitrate CN Polyisobutylene PIB £ LAY \{‘« %
Epoxy EP Polymethyl methacrylate PMMA ‘\“\ S - \’."‘S‘; .
Ethylene-propylene-diene rubber |EPDM Polyphenylene sulfide pPs : N s N
Expanded polystyrene EPS Polyphenylene sulfone PPSU Coat - (Fabrici EADE . =3
Xpance LY et Imsulation:PET fiber® | Gloves Fabric: PAG6
High density polyethylene PE-HD Polypropylene PP 7 Zipper=.PA66 Lining:PTFE fiber
Impact resistant polystyrene PS-HI (HIPS) |Polypropylene copolymer PP-CO Bucl_(le: PSM 2 £ ;EGEILT";EOYS;DET —_
Linear low density polyethylene  |PE-LLD Polystyrene PS ; il 3y
ey - >
Linear medjum density PE-LMD Polystyrene high impact PS-HI #ie 4 ‘gggUf’lé?Gzom
polyethylene o B
b ; - 's;’ ",@53‘9‘;;»59 Outer shell: HDPE
Liquid crystalline polymer LCP Polysulfone PSU ‘ e Insulation:PUR foam
Low density polyethylene PE-LD Polytetrafluoroethylene PTFE 7 5 o » i Fabric: PET
Melamine-formaldehyde MF Polyurethane PUR f}' AN 1 & g \\ N
L L Tl e W 4
Metallocene catalyzed polyethylene [ mPE Polyvinylidene acetate PVAC ) )
Figure 1.1 Polymers pervad d here.
INatural rubber NR Polyvinyl alcohol PVAL E5 4 P ¢ everyday everywhere !
Olefinic thermoplastic elastomer TPO Polyvinyl carbazole PVK i
p . Y ' Y . There are thousands of different grades of polymers available to the design
Phenol-formaldehyde (phenolic)  |PF Polyvinyl chloride pvc engineer. These materials cover a wide range of properties, from soft to hard, |
P°F mineral filled moldings PF-mf Polyvinylidene fluoride PVDF ' ductile to brittle, and weak to tough. Figure 1.2 shows this range by plotting |
PF organic filled moldings PF-of Rigid PVC PVC-U important average properties for selected polymers. The abbreviations used in
Plasticized PVC PVCP Silicone g Fig. 1.2 are described in Table 1.2. The values which correspond to each |
material i ig. 1. i i i
Polyacetal (polyoxymethylene) POM Sillicone rubber q rla! in Fig. 1.2 only .represent an average. There is a'w1de range in
: o properties even for materials of the same class. The spread in properties is
Polyacrylate PAR Styrene-acrylonitrile copolymer |SAN often increased with the different additives and fillers that a resin may contain.
Polyacrylonitrile PAN Thermoplastic elastomer TPE At this point, it is important to point out that the properties listed in Fig. 1.2 are
Polyamide 6 PA6 Thermoplastic polyurethane TPU not properties that should be used in design. The properties represent a general
elastomer trend in stiffness and toughness of the various materials, and should be used
Polyamide 66 PA66 Unsaturated polyester UP only when comparing one material against another. As will be discussed in
Polybutylene teraphthalate PBT Urea-formaldehyde UF later chapters, properties that are used in design need to be time-dependent, '
e such tha i i i i i
Polygatbonate rC Viny! ester resin - : t loading time or speed can be included as 'de51gn parameters. Today, it
is very common for engineers to erroneously design a product using strength

or stiffness data measured with tests such as ASTM D 638 or ASTM D790. These
tests neglect the time dependence reflected in the mechanical behavior of
polymers.
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The relatively low stiffness of polymeric materials is attributed to their Elongation 1ZOD i?PaCt
molecular structure, which allows movement of the molecules with relative at break, % im%tnmch
ease while under stress. However, the strength and stiffness of individual at 23°C at 23°C Specific gravity Market price $/ I
polymer chains are much higher than the measured properties of the bulk ASTMD 638 ASTM D 256 ASTM D 792 (February 2003)
polymeric material. For example, polyethylene whose molecules have a B
theoretical stiffness of 300,000 MPa, has a bulk stiffness of only 1,000 MPa [1, 2]. 1000 - LDPE | no break - 20.0p,
By introducing high molecular orientation, the stiffness and strength of a - HDPE | i
! . i PTFE 15.0
polymer can be substantially increased. In the case of ultra-drawn, ultra high PPFT’FLEDPE :
molecular weight high density polyethylene, UHMHDPE, fibers can reach a stiffness 1 ‘ 10.0-
of over 200,000 MPa [2]. Figure 1.2 [3] presents a plot of specific strength versus | PET 1000 - PA6£p oxy 2.0 UP
specific modulus of various polymer fibers and other materials. || RAGE PC _ 5.0-{PTFE
Phenolic |
pPvC HDPE _ =
i Epox i
Deflection Thermal 4 100 ) Athenollc up poxy [pc
temperature °C expansion Tensile Flexural - _ PET 1.5 pags
under flexural coefficient, strength, MPa modulus, MPa - PVC T
load (1.82 MPa) 10" m/m °C at 23°C at 23°C “ hipsPOM HIPS
ASTM D 648 ASTM D 696 ASTM D 638 ASTM D 790 - 1.5 Tpom [
i - ) - PTFE _PVCPI ooy |Epoxy |
| . | ABS 100 - PET 2
i ] P! 1PP - pC 1.0
| - LDPE 200 - - =POXY : 107 PMMA J
| | uP Phenolic 5 EIOM - PAG6 SAN PMMA
300 15 _ |l |HIPS PS ABS - Phenolic
. 1 10,000 - PMMA 1.0
| | ) 3 SAN HDPE | ppg ' SANABS
| J poEPOY PMMA PS SAN PP PET
7 LDPEUP
J - HIPS HDPE
Pl PET 150 A - 0.5 HIPS
|Phendlic  UP - 4 PMMA pg SAN 104 ngcPP HDPE
1 PC PVCPETABS | 1 =
200~ 10 POM PTFE 'PET “HIPS POM 1.0 UpP ] 2
Epoxy | i PP Phenolic 05"
| Pp PETSAN 1000 E Figure 12(Continued) A ies f I
o L | Epox B gure 1. onLinue verage properties for common polymers.
PTFE pyc PA66 100 poxy ~ PAGS ge prop poly
= ESM PC PMMAPS | Pl -
T /SAN _ pMmA  ~ PTFE
| PI POM =
100 | PAB6 5 PC
HIPS PMMA '
hp L uP {PVCpase
HDPE Epoxy Eﬁ: TFEABE
"|LDPE HDPE 100 .
: Phenolic |Phenolic | ppg ]
o 0" ) ]

Figure 1.2 Average properties for common polymers. (Continied)
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Figure 1.3  Specific strength versus specific modulus of fibers and other materials.

As will be discussed in more detail in Chapter 3, polymers also have a
large range of molecular weights and molecular weight distributions, which
affect the mechanical properties as well as the viscosity. Chapter 4 will discuss
the thermal behavior of polymeric materials, and Chapters 5, 6, 7 and 8 will
concentrate on rheology, processing of polymers, and how processing affects
the properties of the final component through mixing, orientation, and
solidification of the material during manufacturing. The important properties
of the finished polymer component, such as mechanical properties, failure
mechanisms, electrical properties, optical properties, permeability of
polymers, etc. will be discussed in Chapters 9 through 14.

1.2 Identification of Polymers

Perhaps one of the most important skills a plastics design engineer needs to
have is the ability to identify a specific polymer or polymer component. An
experienced plastics engineers can often identify a polymer by touching,
smelling, and tapping it. However, the complete identification of the chemical
composition, additives, and fillers of a plastic material is an extremely

1 Introduction to Polymers 11

complicated task. To achieve this, equipment that performs differential
scanning calorimetry, infrared spectroscopy, and dynamic mechanical analysis,
to name a few, is available3. Most process and design engineers do not
have these measuring devices at hand, nor do they have the analytical
experience to run them and interpret the resulting data. However, to identify a
polymer often only simple means are needed in addition to basic knowledge of
polymer chemistry. Through simple observation, a burn test and experience, an
engineer is able to identify most plastics. Table 1.3 presents a summarized
guide to aid in the identification of polymers.

Information presented in tables such as Table 1.3 must be used in
conjunction with common sense and engineering insight. For example, the
attribute labeled “Appearance” can sometimes be misleading. Depending on
the additives or colorants added, even an amorphous thermoplastic such as
polystyrene, can be opaque. The stiffness attribute is broken down into three
categories: Flexible, semi-rigid and rigid. Flexible are those materials that feel
rubbery or leathery, while semi-rigid are these that are strong and stiff but can
deflect a substantial amount. The materials that fall under the rigid category
are those that are stiff but brittle. During the burn test, as tempting as it may
seem to some of us, it is not recommended to inhale the fumes released by a
burning plastic, or those released soon after extinguishing the burning
polymer. However, it can be said that without directly inhaling the fumes one
can still discern the particular smells of the material during the burning test.
Due to the benzene ring in their molecular structure, styrenic materials, such as
PS, ABS and SAN have a sweet smell, while polyolefin plastics such as PE and
PP smell waxy. Because of the nitrogen atoms in their structure, polyamides
can smell like burning hair. When burning POM, a strong smell of
formaldehyde is released. Burning PVC releases HCI. To no surprise, cellulose
plastics smell like burning paper. All burn tests must be performed under a
ventilation hood or in a well ventilated room.

3 These tests are discussed in detail in Chapters 3 and 8 of this book.
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Table 1.3  Plastics Identification Attributes Problems
Appearance | Stiffness | Surface Burn test
£ [ ‘ | ‘ 1.1 Determine what material was used to fabricate the samples supplied to
. = = you by the instructor.
— g _ é Em - | ‘

1 z|2|% g | @ - 1 S 52| | e 12  Anopaque, seml—.rlgld pl.astlc toy with a sxpooth surface is subjected toa
= 5 8l2 |28 5 8| L|E S |&|E|S burn test. It drips as it burns clean with a blue flame. There is a
£ AR E %‘ g" 7y $| 0 & Sz = enetrating smell when the flame is extinguished. What material was
= 2121218zl &2 2|8 22| S|=|8|8|L2|w|la P g ] ) g
3 |g|le|g|e|8| 52|88 3 E‘ 5 e|5|8|B (2|8 used to manufacture this toy? Which of the above attributes should
o ElE|lF|O|lC| I E|C|ZS|Aln|a|w|o|ja|> |cn 6] X . o

| | | usually not be taken into account in the decision process?
PELD| |®|® ® ° 0 o |o]
"PE-HD ® ® ® | e | ® o o 1.3 A transparent and stiff cup which is involved in a Hamburger-Burger
PP e ® Te| e e | @] & “cold juice spill” lawsuit is given to you by a group of lawyers. Of the
PP-CO °o ® ) ® ° o @] various materials it could be made of, what is your first guess? Explain.
PS ® '@ |® ® ® ® i . .
ST IR ol® o o 14 A competitor of yours makes a toy that is opaque, stiff, and has a smooth
san e T T 1 1 lele °! ® e | surface. You want to know what material it is made of. You burn a
TABS T T e l e lole® ® ® corner of the‘ toy. The flame is yellow. What do y.()u.conclude from your
veule D ° o o e ?bl'ef? Wh.1ch one of the attributes can you eliminate to make your
=vorle .i ° o o ® ecision easier.
PTFE e/ |o o] | Il ®®
 FVDE1 ® il 4= !. Bl References
PVAC bt o | P XOIER
PVAL |@® ® NSSEYTA | |... | I. = 1. Termonia, Y., and Smith, P., High Modulus Polymers, A.E. Zachariades, and R.S.

| PMMA] @ linfu) ®|® ‘ o) || |l]®] Porter, Eds., Marcel Dekker Inc., New York, (1988).

POM ® ® ® |® | ® ® | 2. Ehrenstein, G.W., Faserverbundkunststoffe, Carl Hanser Verlag, Miinchen, (1992).
PA6 ® ® [J |® | ® |® 3. Thm, D.W., Hiltner, A., and Baer, E., High Performance Polymers, E. Baer and A.
PAGB [ ] | ® ® @ | e (@ Moet, Eds., Hanser Publishers, Munich, (1991).
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CA ° |e| |e@ o o |o |
CAB |® ‘e |eo e | o @
lcn |® | e |e® °/ 0
PC_|® @ ° ° ® o
PET |@] |1 e (e | |e] e e
1% YIRS i il ool
_PF LY o® . | ., Y - .
PF-mf | L] |®|®| e e | | !
PF-of ® (@ fo| @ | [I[ |
uP o  eje o —| [ ] &}
EP |® | ele® ° }T e

R | e[e e T o] [e]

MacNeil Exhibit 2117
Yita v. MacNeil IP, IPR2020-01139
Page 17



Historical Background

Most topics are best introduced from a historical perspective. Although
synthetic polymers and the plastics industry is a product of the 20th Century,
the history of polymers goes back several centuries. This section presents some
of the key materials and people involved in making the polymer industry into
what it is known today.

21 From Natural to Synthetic Rubber

Natural polymeric materials such as rubber have been in use for several
millennia. Natural rubber also known as caoutchoucl or gummi elasticum? has
been used by South American Indians in the manufacture of waterproof
containers, shoes, and torches (Fig. 2.1)[1]. When the natives made an incision
in the bark of a tree it produced a white colored sap, composed of water and a
monomer3 called isoprene (Fig. 2.2). As the sap dried in air, and in conjunction
with the sun’s ultraviolet rays, the isopreme polymerizes into long chains or
polymers, called polyisoprene (Fig. 2.2). This process turns the liquid into a
sticky bouncy mass. Sometimes the natives performed the drying process while
dipping a clay container in and out of a bat of rubber tree sap. This way, the
container was slowly coated with a layer of polyisoprene, and when the layer
was thick enough the clay was broken and washed out. This first dip-coating
process produced a light waterproof container to carry liquids. Similarly, the
indians produced rubber boots, by dip-coating their feet. A container produced
by this method is shown in Fig. 2.3[1].

From a native South American language caluclu: caa (wood) and o-chiut (tears). In French (caoutschouc)
and German (Kautschuk) this word is still used to describe some clastomers.

From the Latin clastic gum.

While a polymer is made from many parts, a monomer is a single entity.
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Figure 2.3  Container from the Amazon produced by an early dip-coating technique.

The first Spanish explorers of Haiti and Mexico reported that natives played
games on clay courts with rubber balls [2]. Rubber trees were first mentioned
in De Orbe Novo, originally published in Latin, by Pietro Martire d'Anghiera in
1516. The French explorer and mathematician Charles Maria de la Condamine,
who was sent to Peru by the French Acadénie des Sciences, brought caoutchouc
from South America to Europe in the 1740s. In his report [3] he mentions
several rubber items made by native South Americans including a pistonless
pump composed of a rubber pear with a hole in the bottom. He points out that
the most remarkable property of natural rubber is its great elasticity. The first
chemical investigations on gummi elasticum were published by the Frenchman
| Macquer in 1761. However, it was not until the 20th Century that the molecular
| architecture of polymers was well understood. Soon after its introduction to

Europe, various uses were found for natural rubber. Gossart manufactured the
} first polymer tubes in 1768 by wrapping rubber sheets around glass pipes.
During the same time period small rubber blocks where introduced to erase
‘ lead pencil marks from paper. In fact, the word rubber originates from this
specific application—rubbing.

i ing the rubber trees (1830).
Figure 2.1  Tapping the These new materials slowly evolved from being just a novelty thanks to

new applications and processing equipment. Although the screw press, which is

_ = the predecessor of today's compression molding press, was patented in 1818 by

il CHZ—CH Cl; CH; McPherson Smith [4], the first documented polymer processing machinery dates
CH 3 back to 1820 when Thomas Hancock invented a rubber masticator. The primary

Isoprene use of this masticator, which consisted of a toothed rotor inside a toothed

cylindrical cavity [5], was to reclaim rubber scraps which resulted from the

manual manufacturing process of elastic strapst. In 1833, the development
‘ECH2—CH =C — CH2 of the vulcanization5 process by Charles Goodyear6 [6] greatly enhanced
C|;H3 n 4 Perhaps the first plastics recycling program.
5

From the Greek Vulemn, god of fire.

In 1832, F. Lidersdorff in Germany had already discovered that when incorporating sulfur into
rubber it loses its tackiness if heated.

Polyisoprene 6

Figure 2.2 Isoprene and polyisoprene before and after polymerization
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the properties of natural rubber, and in 1836, Edwin M. Chaffee invented the

two roll steam-heated mill, the predecessor of the present day calender, for
mixing additives into rubber for the continuous manufacturing of rubber
coated textiles and leather. One of the first applications of vulcanized rubber
was a set of rubber tires for Queen Victoria’s carriage, but it took another 25
veterinarian John Boyd Dunlop of Belfast, to develop the
pneurmatic tire to make his son’s bicycle ride a little smoother.

As early as 1845, presses and dies were being used to mold buttons, jewelry,
dominoes, and other novelties out of shellac and gutta-percha. Gutta-percha 7 or
gummi plasticums, a gum found in trees similar to rubber, became the first wire
insulation material and was used for ocean cable insulation for many years. A
patent for cable coating was filed in 1846 for trans-gutta-percha and cis-hevea
rubber and the first insulated wire was laid across the Hudson River for the
Morse Telegraph Company in 1849, Charles Goodyear's brother, Nelson,
patented hard rubber, or ebonite, in 1851 for the manufacturing of dental
prostheses and combs. To allow the continuous coating of wires or textiles, the
ram-type extruder was invented by Henry Bewley and Richard Brooman in

1845, The first polyimer processing SCrew extruderd, the most influential element
in polymer processing, was patented by an Englishman named Mathew Gray in
1879 for the purpose of wire coating. Figure 2.4 [7] presents Mathew Gray's

extruder as illustrated in his patent.

The demand for rubber grew rapidly in a world that was becoming more

industrialized. In the late part of the 19th and early 20th Centuries, most of the

world's rubber came from the Amazon region of South America. This not only
tions on a few local families and

led to a dependancy of the industrialized na
corporations in a relatively unstable part of the world, but also to horrible

human rights abuses against the natives of the Amazon region by those entities
that controlled the rubber cartel. To free themselves from the Latin-American

rubber cartels, the British had planted rubber trees in Maylasia and other South
oled out of South America

East Asian colonies using seeds that had been smugg
by the 1920’s. In Germany, to overcome its dependancy on rubber from other
countries, and other countries’ colonies, the German Kaiser, Wilhelm 1I,
promised a 25,000 Reichsmark prize to anyone that would invent a synthetic
replacement for natural rubber. By 1909, the German chemist Fritz Hoffmann,
who was working at Bayer in Leverkusen had developed the first synthetic
polyisoprene. The Kaiser's automohile was the first vehicle to be fitted with
synthetic rubber tires (Fig 2.5[1]). When Waorld War I broke out, the German
government decided that zince the war would not last long, it would drop the
idea of building large polymerization plants to make synthetic rubber. Instead,

years for the

7 From the Malay gettali and pertja which means rubber and clump, respectively.

8  From the Latin plastic gum.
9 The screw pump is attributed to Archimedes, and the act
DeWolfe of the United States dates back to the carly 1860s.

ual invention of the screw extruder by AG

2 Historical Background 19

despite ‘of_the British embargo on Germany, the Germans smuggled natural
rubber. 1.n51de coffee cans from America through neutral coun’frie%g After 1952
the British blockade forced the Germans to produce synthetic rui)ber In thej
next two years, Germany painstakingly produced 2,500 tons of synthetic: rubbe

using polymerization processes that took several months. '

Figure 24 Mathew Gray's extruder as presented in his patent of 1879.

The low prices for rubber after the war -- 17¢ per i
resulted ina .loss of interest in continuing developpmerﬁoﬁ?iyilt}}jtzig ruks>g(e)11*1
quever, it did not take long for the rubber cartel to reorganize and as a result.
pI‘lCES‘Of natural rubber skyrocketed again to a high of $1.21 per pound in 1925/
The hlgh rubber prices as well as being the home of the key polymer chemi t'
of thfe time were the main incentives for the German government and ind iy
to reinvest in their synthetic rubber research program. e
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and his car fitted with

Figure 2.5  The Kaiser (to left wearing a white coat)
methyl rubber tires (1912).

i i ; n obsession on
ork on developing synthetic rubber became a
i By i 20s, the Germans had found a way

i antic ocean. By the late 19 )
both sides of the Atlantic oce: ¥ he butadiene monomer by using

ymerizati r f t
to speed up the polymerization process o ‘ o, |
sodi}um asFe)\ catalyst. Their new material was marketed under the tradename

Buna, made up of the first syllabi of butadiene and natrium. In t&e Ulmtgg
States, Wallace Carothers (see Section 2.6), of the DuPont Cunjxpm;y, ‘ exig ;?p "
polychloroprene, which was first marketed as Duprene and fma! ?/, mf t_u it
Neoprene. However, by 1932, the depression had caused the prlées of na \,5;5
‘ i 5¢ per pound. By now, Germany
rubber to drop to an all time low of 3.5¢ p 1 v SR i
in i i _sufficient, and intense research in the fie
already in its quest of becoming self-s i fed
i e d and funded. This resulted in sty
of synthetic rubber was encourage : ‘ ol
i i G, and in butadiene-acrylomitrile
butadiene rubber, marketed as Buna >, an : ;
copolymers, marketed as Buna N. The Nazi regime saw synthetic rgll;be'zr tz}:s a
strategic element, and so, in addition to stockpghng natural mJr et]]:m ?é
i i i heti bber program a e T
ested enormously in their synthetic Tu rog ;
;na‘.{'berljndustrie. IG Farben was without doubt the leader in Germany's EH('J]EIt to
become self-sufficient, and therefore enjoyed the backing of tl-u? reg}me. _1et3;
soon started building Buna rubber plants all over Germ;nysDu_Lmii ttile \{v?gest
‘ i - ic rubber, 1G Farben built the la
keep up with the large demand for 5y1l1the.hc_1u | ‘ :
svn]tjhegc rubber plant in Monowitz, Sﬂemla, just outmdelof Altzsctk}l:gﬂstfﬁ;"i;s :\‘;z:{
) i ce, Sl ation was close
ot only a very strategic place, since the loca ‘
;mes t}l/wat wez'/e far ﬁ%m Allied bombers, but undaubtedly a place thful C?:]}ld
supply prisoners for forced labor. This plant became an integral pzntL l'i e
Auschwitz [Tl concentration camp and it was L'el’e_rred to as the Buna su ’:]m?:l.:il
Despite of its magnitude, the Auschwitz-Monowitz Buna pla_mt never pro ;1 s
a pound of rubber [8], however, it remains forever closely linked to one o

darkest hours of humanity.
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2.2 Cellulose and the $10,000 Idea

If we step back to the 19th Century, in addition to rubber, another natural
polymer, cellulose, impacted everyday life. The invention of cellulose plastics,
also known as Celluloid, Parkesine, Xylonite, or Ivoride has been attributed to
three people: The Swiss professor Christian Schonbein, the English inventor
Alexander Parkes, and the American entrepreneur John Wesley Hyatt.

Christian Friedrich Schénbein, a chemistry professor at the University of
Basel, loved to perform chemistry experiments in the kitchen of his home,
much to his wife’s dismay. Early one morning in the spring of 1845, Schénbein
spilled a mixture of nitric and sulfuric acids, part of that day’s experiment, on
the kitchen counter. He quickly took one of his wife’s cotton aprons and wiped
the mess up, then rinsing it with water before the acid would damage the cloth.
As he hung the apron to dry over the hot stove, it went into the air in a loud
puff and flame. It had exploded in front of his very eyes. After he recovered
from the shock, Schonbein’s curiosity led him to impregnate wads of cotton
with the acid mixture. Every time, he was able to ignite the mass, leading to an
enormous, uncontrollable explosion. He called his invention guncotton. He had
invented cellulose nitrate. Guncotton was three times as powerful as
gunpowder and did not leave a black cloud after the explosion. Schonbein sold
his patent to the Austrian Empire’s army, but found no buyers in Prussia,
Russia, or France. Finally, he sold his patent to John Taylor, his English agent,
who immediately began production of guncotton in England. The production
ended when his factory exploded, killing 20 workers. Although there were no
buyers, several laboratories did spring up across Europe to investigate
guncotton; going up into the air faster than they were being built. In addition
to its bellicose applications, Schonbein envisioned other uses for the nitrated
cotton mass. He added a solvent or plasticizer made of ether and alcohol and
found a way to nitrate the cellulose fibers into a less explosive material which
he called kollodium, glue in Greek. He reported to his friend Michael Faraday
that this mass “is capable of being shaped into all sorts of things and forms...”
In the spring of 1846, after accidentally cutting himself on the hand, he covered
the wound with a thin elastic translucent film made of kollodium. He sold his
idea to the English, who for years supplied the world with the first adhesive
bandages. In England, there was one person that took particular interest in the
Swiss professor’s inventions. His name was Alexander Parkes.

Alexander Parkes started playing around with cellulose nitrate in 1847, and
spent the next 15 years in the laboratory perfecting the formulas and processes
to manufacture cellulose nitrate. His final process took the nitrated cotton and
added vegetable oils and organic solvents producing a “plastic mass” that was
easily molded into any shape or form after it was softened under heat. He
called his plastic mass Parkesine. The new applications for this versatile
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material, such as combs, knife handles, and decorations, made their debut at the
1862 World Exposition in London. In 1866, Parkes launched the Parkesine
Company Ltd. Due to the low quality of its products, parkesine was not a
success and the company was liquidated in 1868. The poor mixing of the
additives and solvents caused Parkesine products to significantly warp only a
fow weeks after manufacture. In 1869, Parkes sold his patents to Daniel Spill, his
chief engineer, who founded the Xylonite Company and renamed Parkesine,
Xylonite. Parkes continued working on his material until his death in 1890 at
the age of 77. Alexander Parkes, the inventor and engineer can be credited with
improving on Schonbein's invention, paving the road for the future of the
plastics industry. He is also credited with fathering a total of 20 children. A

very busy man, to say the least.

At the same time as the plastics industry seemed to be going under in
England, in the United States John Wesley Hyatt was launching an enterprise
that finally made cellulose nitrate a success, under the name of celluloid, As the
story goes, it all began when in 1865 the billiard ball manufacturer Phelan &
Collendar placed an add that promised $10,000 to the person who would find a
replacement for ivory in the manufacture of billiard balls. Elephants were
being slaughtered at a rate of 70,000 per year, which would have led to the
extinction of this great animal, exorbitant prices for the “white gold” from
Africa, and reduced profits for the billiard ball industry. The $10,000 tag called
the 28-year old Hyatt's attention. After returning home from his job as a
printer, he worked on this project until eventually he stumbled upon
nitrocellulose in 1869. After finding a way to better mix all the components as
well as allowing the solvents to completely evaporate from the mass before
solidification, he was soon manufacturing high quality billiard balls. Instead of
cashing in on the $10,000 prize, John Hyatt founded the Albany Billiard Ball
Company with his brother Isaiah, becoming a direct competitor to Phelan and
Collendar. For the next thirty years, until Bakelite replaced celluloid on the
billiard table, many guns were pulled in the Wild West when the volatile balls
sometimes exploded upon collision. Another immediate application of
celluloid were dentures (Fig. 2.6[9]), which up until then were made of hard
rubber. In view of loosing a rather profitable business to plastics, the rubber
industry started a propaganda campaign against cellulose in all major US
newspapers. They falsely claimed that celluloid dentures could easily explode
in ones mouth when coming in contact with hot food. This not only cheated
people of a much prettier smile, but also started a rivalry between the two

industries which has caused them to mantain as completely separate entities to
this day. In fact, despite of the materials and processing similarities between
plastics and rubber, the plastics industry and the rubber industry have
completely separate societies and technical journals. A plastics engineer is
likely to be found in meetings organized by the Society of Plastics Engineers (SPE)
or the Society of the Plastics Industry (SPI), while a member of the rubber industry
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1]. me gs gaan y hell‘ own socC ty the Ru 717 7 101510711 O t}le
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With a new and versatile material, Hyatt and his cow

equipment to I.nass-produce plastic products.yBased on exper(;enocrekzimniigfﬁ
1n]ect.10n mold'mg, the Hyatt brothers built and patented the first injection
molding me_lchme in 1872, to mold cellulose materials [10], as well as t}]m first
blow molding machine, to manufacture hollow products. In the summer of
1869, Hyatt and Spill, respectively, filed for patents dealing with the
r'ngnuf.acture of nitrocellulose materials. This started a lengthy and costl

litigation that eventually ruled in Hyatt's favor in 1876. Spill died soon after a}jc
age 55, 'of complications from diabetes. John Wesley Hyatt lived another’44
prodgctlve years in which he invented the injection molding and the blow
moldmg machmes' with which he processed celluloid products. He can certainl

be credlt.ed for being the first person to successfully mold a plastic mass into);
useful, high quality final product. However, above all, we should credit him fo

saving the elephant on the road to a $10,000 prize he never claimed. '

Figure 2.6  Celluloid dentures.

With the mass production of rubber, gutta-percha, ce
articles during the height of the industrial ilvohftion, t,he }lj:)lll;rsrféranfocsgseslifc
1nctiiusnjyl after 1870 saw the invention and development of internalpkneading
aOI}1 ! m;x1tr}11g machines for t}}e proc.essing and preparation of raw materials [11%.
Fémlo Be most 'notable inventions was the Banbury mixer, developed by
ey Banbury in 1916. This mixer, with some modifications, is still in
today for rubber compounding. ' e
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73 Galalith - The Milk Stone

Galalith, a popular plastic at the beginning of the 20th century, Owes its
discovery toa cat, a chemist, and an industrialist. Casein formaldehyde, a milk
protein-based polymer is better known as casein plastic or by various trade
names of which the most memorable ones are Galalith, Aladdinite, Erinoid,
and Lactoid. As an industrial material it has come and gone, and all there is left
are beautiful casein jewelry pieces, buttons, museum exhibits, and memories

for plastic historians.

the German chemist Adolf Spitteler's
cat knocked over a small bottle of formaldehyde, The formaldehyde dripped
from the chemists counter down to the floor into the cat's milk dish. The next
morning, when Spitteler returned to his laboratory, he found that the
formaldehyde that had dripped into the dish, had caused the milk to curdle and
turn into a hard horn-like substance, much like celluloid. In fact, his cat had just
invented the first semi-synthetic plastic since cellulose. Soon, Spitteler started
experimenting with cheese curds (casein) and formaldehyde, and he found that
the milk protein was rendered water-insoluble by letting it sit in a formal-
dehyde solution for extended petiods of time.

Ernst W. Krische, who owned a small book binding

and school supplies manufacturing company in Hanover, Germany, received a
white writing boards. Pedagogists of the

request from Turkey for washable,
end of the 19th century believed that it would be better to teach children to

write with black chalk on white boards rather than the other way around.
However, the whiteboard had mnot been invented yet. Krische started
experimenting by coating cardboard with casein. Casein, easily made by letting
milk curdle, had been used for over 100 years as an adhesive, possibly also in
Krische's book binding operation. In fact, the use of casein for non-food
applications goes back even further, to at least 2 centuries B.C.E., in Egypt,
where it was used as a binder for color pigments in the manufacture of paint.
However, all these applications, which were well known at the end of the 19th
century, did not require a water-insoluble material. In addition, there were
many other hurdles that Krische had to overcome, such as the cracking and
warpage which both resulted during the drying process of the wet casein.

Luckily, somehow Spitteler and Krische found each other. The chemist and
the business man started playing with various materials that would soften or
plasticize casein, such as glycerin and borax, and with various amounts and
solutions of formaldehyde that would render the mass water-insoluble.
Finally, in 1899 they were able to patent their invention. They were not only
able to produce the washable whiteboards but soon their moldable plastic mass
was marketed under the trade name of Galalith, from the Greek words for milk

As the story goes, one night in 1897,

Around the same time,
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%ggla). and stone (lithos). In Britain it was marketed under the trade name of
Br%r}md, derived from the Gaelic word for Ireland, the source of most of the
ritish cheese curds required in the manufacture of the new plastic mass.

. Beautiful products were produced using this n i- i i
Er1ght colored artifacts, suchlzs fountain pe1gls, bittsn‘,\;Sc(elglcfz:]:stssetclzf)r;rllnaste; ”
jewelry, etc., were all made out of this polymer. In addition to p,igments, E?I)i
scales were qften blendeﬁd with casein to produce a pearlised effect. By thé late
1920s, the helght of casein formaldehyde production, over 10,000 tons per year
of dry casein were being absorbed by the plastics industry worldwide}? A’? th
same time, 35,000 tons of cellulose were being transformed into. lastie
p;odgcts every year. But the end of casein plastics was around the COI‘IE)GI‘ Ifl
2a illtrllol?l 53 }t)he?ol 1formalc@ehyde, the advent of synthetic polymers caused .the
s pr(s)crg; S.0 slowly disappear. The new materials were less expensive and

Today, the use of casein as well as other i

g e of c protein-based polymers is ver

ls)mall. However, it is still, for example, possible to find very exc%’usive button};

h(.emg .made of casein formaldehyde. Although most people regard Galalith as a
1ztor1c mat;rlal, the fact that protein-based plastics are made of renewable

resources, offeri imi i

iy ring us an unlimited supply of raw materials, should not be

24 Leo Baekeland and the Plastics Industry

Leo Hendr.ﬂ( Baekeland is well known for inventing the first synthetic polymer
and for being the father of today’s plastics industry. Dr. Baekeland thepcth' t
and inventor, refined and made possible Bakelite, also known as /henolic LlS
Ba_ekeland, the sometimes mischievous, boyish, Belgian immigragt of mc.)dees(z
origins, was an entrepreneur who created and gave momentum to what i
known today as the plastics industry. e

Le_o Hendrik Baekeland was born November 14, 1863, in Ghent, Belgium, t
poor illiterate parents. He excelled at school and at a’ge 17 enr’olleci51 as 1chz
gg}m%est student at t'hej Univer.sity of Ghent, where he studied chemistry. After
recgfiv ;\(Iio y;ars he finished his Baccalaureate in chemistry, and at age 21 he
e a o.ctorate sunma cuim laude. Shortly after receiving his doctorate, he
ught Chegnstry at the University of Bruges, until he was offerec/i a
pigiessor/smp at the University of Ghent. That same year he married his major
aouizs;)sci datughter, Célu}e, much tp the old professor’s dismay. Baekelalnd
e | unt years later: ‘ The most important discovery that I ever made was
" In the end, a displeased senior faculty member, and a traveling
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fellowship to the United States was enough incentive for the young professor to
embark for New York. During his visit, Professor Chandler at Columbia
University encouraged Baekeland to stay in the United States. The 25-year-old
Leo was now well aware that an academic career was not his calling. He was an
entrepreneur at heart; even while an academic in Ghent he had started a small
business that manufactured dry photographic plates, an enterprise that also
satisfied his passion for photography. From New York, Baekeland telegraphed
his resignation to the University of Ghent and soon after was offered a position
as a chemist at A. & H.T. Anthony & Company, a large photographic supply
house where he worked for two years. He then decided to try it on his own as a

chemical consultant.

The next few years were Very difficult for Baekeland. The country went into
a deep recession, which adversely affected his consulting business. Worries
about his finances and his future mounted, affecting Leo’s health to the point
that he was bedridden for an extended period of time. After recovering, he
decided he would concentrate all his energies on one project where he knew he
could strike it big. He returned to his old hobby, photography, and developed a
photographic paper that was so light sensitive that it could be exposed using
artificial light. Sunlight was the only light intense enough to expose the
photographic plates of the late 1890s. Velox, the name he gave to his new
product, was an instant success. It caught George Fastman's attention, who
invited Baekeland to Rochester, NY, to negotiate the rights to this
revolutionary photographic product. Baekeland had decided that he would ask
Eastman for $50,000 for the rights of Velox, but he was willing go as low as
25,000, Before Baekeland was allowed to state his demands, the overpowering
magnate took over the meeting and on the spot offered the young scientist
¢1 million for his invention. The year was 1899. Ten years after his arrival in
the United States, the 35-year-old Leo Baekeland was wealthy beyond his
wildest dreams.

Backeland now had the necessary funds to embark on the research that
would eventually lead to the development of Bakelite, the first synthetic
plastic. Bakelite, also known as phenolic, results when phenol and
formaldehyde undergo a condensation polymerization reaction. The reaction
between these two readily available materials had been well known since 1872,
when Adolf von Baeyer first reported it Baekeland’s contribution was
converting the sticky useless material of the late 1800s into the chemical-
resistant stiff product that could easily be shaped into any imaginable
geometry during the 20th century.

Bakelite not only helped shape the streamlined pre-WWII years, but it also
presented a material that made it possible to mass-produce items that made life
tasier in the home, office, street, field, and factory. The ability to mass-produce
plastic products helped create the myth that plastics are a cheap replacement for
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materlal.s of higher quality. The reality is that phenolic is a material of superio
mecha}mca.l and electrical properties with higher chemical resistance thanpthosz
materlal's it replaced. For example, tough, lightweight, and stiff phenolic-cloth
composite propellers replaced wooden aircraft propellers that easily cracked
causing catastrophic failures in the early years of aviation. In anczcher cas ,
Bakelite repl'aced wood as the material of choice for radio housings (Fig. 2 7(;
not be.cause. it was a cheaper material, but because it was easier aid fag‘;er't 4
form .mto 1ts.finished shape. In addition, phenolic offered the freedom t?)
experiment with design and esthetics, while at the same time made product

that were previously considered luxuries, available to everyone. ? S,

Figure 2.7  Bakelite radios. (The Kélsch Collection).

Whl.le presidgnt of the American Chemical Society, Baekeland once said: “If
academics are given the opportunities to cut their teeth on some pract.ical
Problen}s, t_hey may grow to be of decidedly greater service to their science or
its applications.” Baekeland gave himself that opportunity and certainly grew
greater than anyone before or after him in the plastics industry. He cliedy %

80 in Beacon, New York, on February 23, 1944. v =

25 Herman Mark and the American Polymer Education

EI:lrdmg? Frlanc1s Mz?rk has been crefiited for being one of the founders of the

Sk S}Eotymer science and for being the father of polymer education in the

e a ecsl. Over his Io_ng and'prodgctive lifetime, Herman Mark published

o }? an on./er 590 aThcles. His Institute of Polymer Science at the Brooklyn

moyt nic University in New York served as the incubator for some of the
st notable polymer scientists of the second half of the twentieth century
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Herman Mark was born in Vienna, Austria, on May 3, 1895, to a Jewish
father and a Lutheran mother. He spent his formative years in the Viennese
fourth district where his father, a physician, and his mother welcomed many
turn-of-the-century intellectuals into their home. One can only imagine the
impact on young Mark when among his parent’s friends were the musician
Johan Strauss, Sigmund Freud and Theodor Herzl, who with Chaim Weizmann
went on to found the Zionist movement. As a twelve-year-old, his life and
world changed during a visitto a university laboratory. When he got home, the
excited boy reported of “glass bottles and glass beakers, blue flames and
Bunsen burners, bubbling liquids and those long rubber tubes through which
vapors are diverted.” Soon after, Herman built his own laboratory in his room,
where he conducted his own analyses and syntheses, starting a love affair with

chemistry that lasted over 80 years.

World War I forced him into adulthood (Fig.2.8[9]). He served as a combat
soldier on various fronts for a period of five years. During this time he had two
short stays in Vienna, the first to recover from a bullet wound. As usual,
making the most of his time, during each stay he completed a semester of
chemistry at the university. During the war, his many acts of bravery made
Herman Mark a national hero. On one occasion, Mark single-handedly held a
dozen Russian soldiers at bay until his whole commando reached safety. At the
end of the war, after a short imprisonment in Italy, Mark, now the most
decorated officer of the Austrian Army, continued his chemistry studies at the
University of Vienna.

After Graduating suma cunt laude with a Ph.D. in chemistry in the summer of
1921, he moved to Berlin with his advisor Wilhelm Schlenk who succeeded
Professor Emil Fischer at the University of Berlin. The year 1922 was an
eventful year for Mark: he married Marie Schramek (Mimi) and joined the
Kaiser Wilhelm Institute for fiber chemistry (today the Max Planck Institute),
directed by R. O. Herzog. In Berlin, Mark co-authored over 30 papers, which
included his work on applying the field of X-ray diffraction when analyzing
crystal structures. His stay in the postwar, inflation ridden Prussian capital gave
him the opportunity to work and fraternize with people of wvarious

backgrounds and nationalities, broadening his intellect and interests. He
always felt that a highlight of his years in Berlin was when he conducted
experiments for Albert Einstein to confirm Einstein’s light-quantum
hypothesis.

In the summer of 1926, Professor Kurt H. Meyer, one of the research leaders
at the 1.G. Farbenindustrie chemical giant's BASF labs in Ludwigshafen, visited
Mark in Berlin and proposed that the young scientist move to industry to apply
his basic research abilities to industrial problems. Mark accepted Meyer's offer
and in January of 1927, moved to Mannheim, where he and his family would
live for the next five years. This dramatic change, along with Mark’s association
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with Meyer, his immediate boss at 1.G. Farben, a i inuj
collabor.atlon with Hermann Staudinger and other Gerﬁann:caglesmizosrltig:ﬁ?tgs
Of. the time, served as one of the catalysts that propelled the field of polymer
science into the spotlight. In 1924, Hermann Staudinger10 had pro pose}:,d a
model that described polymers as linear molecular chains. Once this mI;del was
accepted by other scientists, the concept used to synthesize new materials wa
realized. For his idea of giant molecules, Staudinger was ridiculed b hi:
conservative peers, Who at the time were still convinced that polymers su}éh as
natura}l rubber (pglylsoprene) were made of colloids. It took until 1953 for
?ﬁudlnger to receive the Nobel prize for his pioneering work on polymers
: e yo}:mg ar_ld qpen—mlnded Hermann Mark understood Staudinger’s theorieé
rom the beginning. In 1928, Mark and Meyer proposed a crystal structure for
pellqlose, rubber, and silk, nearly identical to the ones still accepted toda
Their theory was supportive of Staudinger’s high molecular weight theor an}(]:i
refuted the commonly accepted colloidal association theory of the time 1\/}Ilark’
model for. polymer molecules differed from Staudinger’s in that the m‘olecul S
were flexible, not rigid, as Staudinger suggested. Time would prove Ma;e*IS(
r}ght. In the relatively short time at L.G. Farben, Mark produced anpirn ressi
list of publications, which included over 80 papers, 17 patents and 3 boois i

Figure 2.8 Hermann Mark in 1917.

10 The i a v e macrom S S
c idea that pol\'mers were formed b
- ol ] 'y Macro: olecules was not well received by his pecrs at first
Howey er, for this work Sta udlnger received the 1953 Nobel pr ize in chemisty Yy ’ 1 =
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With the political winds in Germany shifting to the right, and because of
their Jewish ancestry, both Herman Mark’s and Kurt Meyer's positions at LG.
Tarben became uncertain in the sumimer of 1932, The advice that came from the
top of the company was that Mark look for an academic position, preferably
outside of Germany. However, since LG. Farben did not want to loose a certain
degree of control on Mark’s research, he was promised financial support for his
future academic work. And so, Herman Mark, his wife, Mimi, and two young
children moved to Vienna in the fall of 1932, where he became director of the
first Chemistry Institute at the University of Vienna. His friend and closest
collaborator, Kurt Meyer, moved to Geneva that same year. With 1.G. Farben
funds, Mark was able to assemble an impressive team of scientists that included
Eugene Guth, Robert Simha, and Eritz Eirich. In Vienna, Mark published many
fundamental papers on polymer physics including groundbreaking theories on
polymer relaxation, polymerization kinetics and molecular weight
distribution. However, leaving Germany was not enough; during the thirties,
the Austrian political airs also started turning brown, culminating March 15,
1938, when the Nazis marched into Vienna. Mark was arrested the following
day, and released without his passport four days later. The next eight weeks
his passport and securing a position in Canada, in order

were spent recovering
to get Canadian and Swiss visas. To finance his ftrip to North America, the
ire that he

resourceful Mark purchased over one kilogram of platinum wi
carefully wrapped around coat hangers. With visas in-hand, and their precious
currency, the Marks and their niece attached a Nazi flag on the hood of their car
and placed rope and skis to the roof and headed up the Alps. They drove into
Switzerland on May 10, 1938. After bribing their household possessions out of
Austria, the Marks spent the summer in Switzerland, France, and England.
Mark started his new position at the Canadian International Paper Company in
September of 1938.

After almost two years in Canada, Mark moved to New York in the
summer of 1940 where he founded The Institute of Polymer Science at the
Brooklyn Polytechnic University in New York. This marks the official start of
polymer science education in the United States. The Institute of Polymer Science
was the first American institution to award the Ph.D. degree in polymer
science, and thus, became the incubator of many American scientists and
educators. He advised over 100 scientists that included Fritz Eirich, Edmund
Immergut, Herbert Morawetz, and Charles Overberger. Some of his students
went on as educators, multiplying the polymer science education all over the
world. Eirich stayed at Brooklyn, Guth went to Notre Dame, Simha to Caltech
and later to Case Western. Other pupils of Mark served as editors and writers
such as Immergut, who had several editorial positions, including with Hanser
Publishers between 1980 and 1997, which resulted in a vast polymer
engineering and science book library, that has served as a reference and

resource to many students, engineers, and scientists. During his years at
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Brook[yn, Mark wrote hundreds of papers, many books and was the founder
and editor of various journals including the Journal of Polymer Science. He also
served as a consultant to DuPont, Polaroid, and others, and maintained
relations with industry in his native Austria.

I_-Ierman Mark’s lifetime achievements were recognized by many: he
received 17 honorary doctorates, numerous medals and awards, and served as
an _hc_morgy member to dozens of scientific academies and professional
societies. Herman Mark, the war hero, scientist and t ;, di i

: # . eacher, died at
April of 1992. I s

2.6 Wallace Hume Carothers and Synthetic Polymers

Wallgce Hume Carothers is perhaps the most influential American character in
the history of polymers. Already as a child he was greatly admired by his grade
school friends, who called him "Doc" for his ability to make, among other
fhlng.s, crystal radios. This was only the beginning of a short but productive life
in a time when the field of polymer chemistry was still in its infancy. He went
on to author over 50 technical papers, file over 100 U.S. and foreign patents, and
above alll, invent nylon, the world's first synthetic fiber. This spéciﬁc
contribution of Carothers opened the floodgates of invention in the field of
thermoplastic polymers.

'Born on April 27, 1896, in Burlington Iowa, Carothers was raised in Des
Mo.mes where his father taught at the Capital Cities Commercial College
whmh he attended after high school. He then went to Tarkio College 11,1
Missouri where he received a degree in Chemistry at age 24. From Tarkio he
moved to the University of Illinois at Urbana-Champaign where he studied
under I_’rofessor Roger Adams. In the summer of 1921 he received a science
degree in chemistry and, after a one year teaching position at the University of
Sogth Dakota, defended his Ph.D. in the late spring of 1924. After two years as
an instructor at Illinois, Carothers was recruited to teach at Harvard.

. Carothers' success was also due in great part to the vision of Dr. Charles M
Stme, the Director of DuPont's Chemical Department. In 1927 Stine used hjé
1pf1uence to accomplish something that was unheard of in a corporation of any
size; he convinced the company's executive committee to fund research in pure
science at the experimental station in Wilmington. With a $25,000 per month
budget, Stine lured Carothers from Harvard were he had been teaching for
about two years. With this practically unlimited budget and after assembling a
team of extremely bright coworkers, including Paul Flory and Julian Hill
Carothers was ready to begin his 10-year tenure at DuPont. Building on hié

MacNeil Exhibit 2117
Yita v. MacNeil IP, IPR2020-01139
Page 26



2 Historical Background 33

32 Basic Principles

: i n HOOC - (CH2)4-COOH + n H2N-(CH2)s-NH
experience as a physical chemist and on the research of his contemporaries, (CH2)4 2N-(CH2)6-NH2

such as Adams, Marvel, Staudinger and Mark, Carothers and .his tealm:jl — Hoxamethyfendiamine
developed polychloroprene, polyester, and of course p_o[yarmded t6 (;m _

polyamide 66. During that time he Fo'mec% the-te;x;lrs Si?glv;;ggo;fim O(Faiqgf.

ddition ‘izati ‘ondensation  polymerization. :

!'t’tgi[lgf)”aﬁc}ggi’t}l;ﬁ:ﬁnwa:;dpt;lt;:iifg;;zs”b;ﬁaﬂditien polymerizal:ion, simila__r to ;HO{OC - (CH2)4-CO-NH - (CH2)6-NH}H +(2n-1)H20 *
;ﬁe pc;lymerization of polyisoprene in Fig. 2.2. Polyamide 66 is polymerized :

izati in Fig. 2.10 Polyamide 66 o~
by condensation polymerization as shown in Fig. 2.10.

Figure 210  Condensation polymerization of polyamide 66.

Unfortunately, Carothers never saw the dramatic impact of his inventions.
He suffered from two illnesses that in the 1930s were still considered deadly: he
was both a manic-depressive and an alcoholic. And so, in spite of his own
efforts, and the constant care of friends, family, and doctors, the demons finally
took over. Two days after his 41st birthday he was found dead in a Philadelphia
hotel room. He had taken cyanide.

In 1938, a year after Carothers's death, nylon was introduced to the world, '
primarily as a replacement for silk in hose and stockings and as toothbrush |
bristles. As the story goes, nylon is not an acronym for New York and London,
as many people often believe. It evolved from the suggested name norun (a
descriptive word that was inaccurate, since fiber 66 stockings did run), to nuron
(which sounded too brainy), to nulon (which would have been hard to market
as the new nulon), to nilon (two possible pronunciations) to, finally, nylon. In ‘
the heated pre-WWII years, it was even suggested that the word nylon was an |
insulting acronym for the Japanese. Though this is doubtful, it is certain that its |
invention gravely affected the Japanese trade balance, and in consequence, the ‘
overall position of the Japanese industry in world markets at the threshold of |
World War II. The influence of this miracle fiber is indisputable. Allied use of
nylon in parachutes during the invasion of Normandy may have played a
decisive role in the war's military outcome. The most obvious influence may
come from its impact on consumer consumption. A comical example of this
came after the war, the day a department store in Washington offered to sell a
pair of nylon stockings to the first 1000 callers. As a result the entire phone
system in the D.C. area was flooded and collapsed. This phone system had
always resisted collapse, including the day Pearl Harbor was bombed, the day
Figure 2.9  Wallace Carothers stretching a sheet of polychloroprene. the war ended, and every historically significant day since. This suggests the
real power of Carothers' invention: a public whose lives have been changed !
forever with the advent of thermoplastic polymers.

As Wallace Hume Carothers once said, he had done enough for one
lifetime.

11 Paul Flory who reccived the 1974 Nobel prize in chemistry worked in Carother's group at
DuPont's research laboratories.
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2.7 Polyethylene - A Product of Brain and Brawn

By the 1930s Staudinger, Carothers and Mark had paved the road of synthetic
polymers for the chemical industry. At the ICI laboratories in Winnington,
England, in addition to knowledge in polymers and polymerization, it took
muscle power and risk-taking youths, to invent polyethylene, today's highest
volume commodity plastic.

Eric William Fawcett and Reginald Oswald Gibson are the two young
British scientists who can be credited with polymerizing the first few grams of
polyethylene at the Winnington ICI laboratories in England. Fawcett was a
young Oxford graduate who was only twenty years old and had to have his
father come to the Winnington laboratories to sign for him his employment
contract with ICI. Gibson had just returned from Amsterdam, where he had
worked with Professor Anton Michels, the world-leading expert on high-
pressure vessel design. They both worked in Lab Z, a small ICI laboratory that
housed a pressure vessel that everyone called "the bomb." It was no coincidence
that the assistants that worked in Lab Z were all young men in great physical
shape. It took significant muscle power to operate the hand pump that could
pressurize the bomb to up to 2,500 atmospheres (almost 37,000 psi). After
pressurizing various liquids and finding that they remained unfazed, they
decided to switch to gases, which they hoped would lead to more exiting
reactions.

Late on a Friday afternoon, March 24 of 1933, they filled the bomb with
ethylene gas, raised the temperature to 170 °C and pressurized it to 1,900
atmospheres. They turned off the lights and went home for the weekend. Since
they couldn't wait all weekend for their results, Fawcett and Gibson went back
to the lab on Saturday morning and found that the pressure inside the vessel
had dropped to 100 atmospheres, a sure sign for a chemical reaction having
taken place. Again they pumped the bomb up to 1,900 atmospheres, and left for
the remainder of the weekend. On Monday, they found the pressure dials
marking 0 atmospheres. They found out that, in addition to the polymerization
reaction that took place inside the vessel, the pressure drop was also due to a
leak that sprang around an oil tube connection. After opening the vessel, they
saw that its inside was covered with a waxy white powder, of which they were

able to scrape out 0.4 grams; the first 0.4 grams of polyethylene. They quickly
fixed the leak and repeated the experiment, recovering a total of 4 grams of
polyethylene. They now had collected enough material that they were able to
spin a couple of fibers and form a small thin film. In the third try, the bomb
exploded. Even though the explosion did not harm anyone, the managers did
not find these experiments as important as Fawcett and Gibson knew they
were, and Lab Z was put to rest and the young men were given other tasks.
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Two years later, Fawcett attended The Faraday Society of London polymer
congress in Cambridge were Wallace Carothers, Herman Mark, Kurt Meyer,
and Hermann Staudinger were the main guests and speakers. In the
prqceedings, Fawcett saw how the future Nobel Prize winner Staudinger
claimed that it was not possible to polymerize ethylene. Fawcett got his
courage together and went up to Staudinger's room at the University Arms
Hotel to attempt to set him straight. There he told the prominent scientist that
gnder certain conditions it was possible to polymerize ethylene. Staudinger
ignored him and gave his talk as planned. After the talk Mark even supported
Staudinger's findings. Undaunted by the prominence and belief of his
opponents the young man rose and told the audience that ethylene polymerizes
if maintained at 170 °C under very high pressures. This bold move impressed
Carothers, then a well-known American scientist, who offered Fawcett a job
and took him to the DuPont laboratories in Wilmington, Delaware.

Soon after, ICI resumed their high-pressure vessel work, reproducing
Fawcett and Gibson's experiments and patenting polyethylene in February of
1936. IC.I continued to produce polyethylene using their high-pressure
polymerization process. Soon, their operation had been scaled-up sufficiently
to produce several kilograms of polyethylene every hour. In the meantime
they had also discovered that this new plastic had excellent dielectric
properties, which made it ideal for insulating thin wires for telecommunica-
tions applications.

In 1940, the British were at war. The Germans were bombing major English
cities, and although ground radars detected the bombers, it was usually too
late. A major breakthrough came when the British were able to reduce the
weight of a radar from several tons to just under 600 pounds with the use of
p_olyethylene as a wire insulator. This allowed them to place radars inside their
fighter planes, enabling them to detect Nazi planes, before they saw them
shooting them out of the air at the same rate as they were crossing the Britisl'll
Channel. This put the British at an advantage, saving their cities from
destruction. Similarly, the radar rendered the German submarine fleet obsolete
protecting the life saving sea transports, from the US.A. to England. As z;
result, hardly any submarines returned to Germany after 1943.

Twenty years after Fawcett and Gibson produced polyethylene inside the
bomb, the German professor and future Nobel Prize winner Karl Ziegler found
a way to polymerize ethylene at low pressures using catalysts. His catalysts
where metal based compounds that act as vehicles as they drive through a sea
of ethylene, picking up each monomer in an orderly fashion resulting in long
chains of polyethylene. One was now able to produce this versatile material at
much higher rates, under safer conditions, and at lower energy costs. Ziegler
sold h1§ patent to several resin producers who immediately jumped into
production. However, they soon found out that their new process produced
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ene that cracked easily, rendering the first few thousand tons pf hlgh—
EEL‘Q:; };lmolyemylene useless. Luckily, in 1957 along came a small Cah_fo;-mlan
toy manufacturer, The Wham-O Company, who propcgsed to use the inferior
HDPE on their new toy: the Hula-Hoop (Fig. 2.11). While Wham—O was usul:.lg
up the world supply of imperfect polyethyle;ne, and America was bul}:_mg t i
hoops by the millions, the chemical companies were _suc_cessfully worl mg1,i ou
the kinks in their polymerization processes. One of Ziegler's occas.n:n}m.1 co-
workers, the Italian chemical engineer Giulio Natta, extended Zl_eg elrs
research on organometallic catalysts to discover pp]ypmpylene. Both, L_Legl er
and Natta received the Nobel Prize in chemistry in 1963, and today, Ziegler-

Natta catalysts are still in use.

Figure 2.11  The Hula-Hoop.

Soon, polyethylene Hula-Hoops, Tupperware, and plastic bags becalmel
everyday items. As the years passed, catalysts not only pmdu_;ed Et 1;e1
polymers but also allowed us to tailor an Ll.ltTa‘]'ngh molecular weight 1lg ';—
density polyethylene that can be spun inte Elberg t.h_at are stronger than steet.
Today, UHMWHDPE is used to manufacture arF1f1c1al hip joint replacemenbs
that have given many people a quality of life otherwise thought to be
impossible.

Other thermoplastics were also developed during tl"!a.t time and in the ‘)-rea‘rs
that followed. Polyvinyl chloride (PVC)12 was 11*Eac1e into a useful mateiia.}lll.n
1927 [12]. Due to its higher wear resistance, polyvmyl chloride replaced she a?
as the material of choice for phonograph records in the early 1930s. Polyviny

12 The preparation of PVC was first recorded in 1835 by H.V. Regnault.
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acetate, acrylic polymers, polystyrene (PS), polyurethanes, and polymethyl
methacrylate (PMMA) were also developed in the 1930s [13], and polycarbonate
(PC) in the 1950s. And the list goes on. Today, developing and synthesizing
new polymeric materials has become increasingly expensive and difficult.
Hence, developing new engineering materials by blending or mixing two or
more polymers or by modifying existing ones with plasticizers has become a
widely accepted procedure.

2.8 The Super Fiber and the Woman Who Invented It

When Stephanie Louise Kwolek (Fig.2.12) discovered a low viscosity and
cloudy polymer in 1964, she did not discard it as a contaminated and useless
polymer solution, but continued experimenting with it. Polymers in the melt
state are usually not only highly viscous but also amorphous and therefore
transparent or clear. Kwolek’s curiosity and persistence soon showed her that
she had discovered a polymer that was crystalline in the melt state; she had
discovered liquid crystalline polymers or LCP’s. This invention soon resulted
in the discovery of Aramid fibers, probably better known by their trade name
Kevlar fibers.

Kwolek, who was born in 1923 in New Kensington, Pennsylvania, had an
early passion for fabrics and fashion design, which resulted in new clothes for
her dolls. However, she never imagined that some day people’s lives would be
saved with bullet proof vests made with fabrics weaved out of her fibers. The
super fibers that Stephanie Kwolek discovered were five times stronger than
steel but were only a fifth of its density. Kwolek studied chemistry and biology
at what is today known as Carnegie Mellon University. She wanted to continue
her studies in medicine, but could not afford the high costs of medical school.
To allow her to save some money, she decided to take a job at the DuPont
Company. However, she soon became enamored with the work and shortly
thereafter transferred to DuPont’s Pioneering Research Laboratory of the
Textile Fibers Department. She was in the perfect environment, working for a
company that had discovered and made a name with synthetic polymer fibers.
In 1964 she found herself working with a group of researchers whose main task
was to develop an ultra strong fiber. The main application for this fiber would
be the manufacture of lighter tires that would help reduce fuel consumption,
motivated by early predictions of gasoline shortages. The main breakthrough
came that same year when she discovered that extended-chain aromatic
polyamides could be made into liquid crystalline solutions. These polymers
could in turn be spun into fibers whose molecules were highly oriented,
rendering a very stiff and strong final product.
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while production of metals has barely doubled. However, to be fair, in the
popularity contest between metals and plastics we can always present the data
differently, namely by weight. This way, the tonnage of metals produced
worldwide is over twice the tonnage production of polymers. Neverless, this is
a book about polymers, and we like to point to the fact that today the volume
of polymers produced is three times larger than that of metals.

In fact, the world's annual production of polymer resins has experienced a
steady growth since the beginning of the century, with growth predicted way
into the 21st century. This can be seen in Fig. 2.13 [14] which presents the
world's annual polymer production in millions of tons. There has been a steady
increase throughout the years, with slight dips during the oil crisis in the mid
1970s and during the recession in the early 1980s. In developed countries, the
growth in annual polymer production has diminished somewhat in recent
years, However, developing countries in South America and Asia are now
starting to experience tremendous growth. With the exception of the recession
years, the growth in US polymer production has been declining in the past 20
years to approximately 4% of annual growth rate. Since 1970, China has seen
the highest annual growth in the world, ranging from a maximum
approximately 50% between 1976 and 1977 to a low of 2% between 1980 and

1981.
: 2.500
Figure 2.12  Stephanie Louise Kwolek showing an Aramid molecule model.
1.375
After continued research refining her discovery, Kevlar was introd’uced to .
the market in 1971. Today, in addition to bullet proof vests, the super Fle!‘ can 8
be found in brake pads of automohiles, trains, and aircraft as well as in safety g 0.250
helmets, skis, and numerous other applications. E
2 .0.875
=
2.9 One Last Word -- Plastics . . . = |

1900 1920 1940 1960 1980 2000
. : h@

The vear 1967 was a significant year for plastics. One event, related to American ear

pop ‘culture and one that some of us tend to remember, is the advise given to
the young graduate played by Dustin Hoffman in the movie The Graduate. The

. P 5 1e 1 to you,
rophetic words told to the new graduate —"I just want to say one word ! N ‘ .
E mf’ Just one word — plastics"— where a symbol of the times and a sign of things In recent years, there has been a rapid increase in the demand for polymeric

to come. The same year that the movie was showing in the theaters, the materials in developing countries such as Colombia. The demand for polymers
volume ‘of plastics’” production surpassed that of all metals combined. Today, in Colombia grew from 295,000 tons in 1992 to 389,000 tons in 1993. Although
almost forty years later, plastics production is six times higher than in 1967, this number seems small when compared to the 34.4 million tons produced in

Figure 2.13  World annual plastics production since 1900.
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the US in 1993, Colombia has a 32% annual growth compared to the US 4%
growth. It should be pointed out that Colombia produces PE, PP, PS and PVC
for its own consumption and for export to other Latin American countries,
while it imports most of the needed engineering thermoplastics such as SAN,
ABS, PC, etc. [15] from developed countries such as the US and Germany.
Similar trends exist in other Latin American countries.

There are over 18,000 different grades of polymers, available today in the
US alonel3. As pointed out in Chapter 1, they can be divided into two general
categories — thermosetting and thermoplastic polymers. In 1993, _90"1, of
polymer produced in the United States were thermoplastics. However, in a 1995
worldwide projection, thermoplastics account for 83% of the total polymer
production [16]. Figure 2.1314 shows a percentage break down of US polymer
production into major polymer categories. These categories include
polyethylene, polypropylene, polystyrene, polyvinyl chloride, and them"losets.
Polyethylene is by far the most widely used polymeric material, accounting for

41% of the US plastic production.

Thermoplastics Thermosets
Thermoplastic
polyester
Linear low Acrylonitrile- ' All
density ~butadiene- Melamine  ju oo
polyethylene '\ styrene 2% — 9o,

JAll others

Polystyretg
Polyvinyl
chloride &
copolymers
19%

Phenolic &
other tar acids
34%

Low density
polyethylens
1 55.

i

High density
polyethylene
18%

Urethane

Polypropyleng
earind 24%

18%
Figure 2.14 Break down of US polymer production into major polymer categories.

Packaging accounts for over one-third of the captive use of thermoplastics
as graphically depicted in Fig. 2.1515, whereas construction accounts for about

13 There arc over 6,000 different polymer grades in Europe and over 10,000 in Japan.
14 Gource: SPT Committee on Resin Statistics as compiled by Ernst & Young.

Ibid.
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half that number, and transportation accounts for only 4% of the total captive
use of thermoplastics. On the other hand, 69% of thermosets are used in
building and construction, followed by 8% used in transportation. The
transportation sector is one of the fastest growing areas of application for both
thermoplastic and thermosetting resins. It should also be noted that 12% of the
1994 US polymer raw material production was exported.

It cannot be argued that, for some time now, polymers have become an
indispensable material in everyday life. From sports to medicine, and from
electronics to transportation, polymers are not only a material that is often
used, but also the material that in many cases make it possible. One can sum it
up with Hans Uwe Schenck’s often quoted phrase -- “Without natural polymers,
there would be no life; without synthetic polymers, no standard of living.”

Thermoplastics Thermosets

e ™~
Building &
construction
69%

Packaging
32%
Transportation

equipment

Furniture &

furnishings 14%.
Electrical 2 Transportation
equipment - Adhesives,
Consumer Electrical — inks, coatings
& institutional equipment Consumer &
products institutional

products

Figure 2.15 Break down of U.S. polymer production into major areas of application.
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Structure of Polymers

3.1 Macromolecular Structure of Polymers

Polymers are macromolecular structures that are generated synthetically or
through natural processes. Cotton, silk, natural rubber, ivory, amber, and wood
are a few materials that occur naturally with an organic macromolecular
structure, whereas natural inorganic materials include quartz and glass. The
other class of organic materials with a macromolecular structure are synthetic
polymers, which are generated through addition or chain growth polymerization,
and condensation or radical initinted polymerization.

In addition polymerization, monomers are added to each other by breaking
the double-bonds that exist between carbon atoms, allowing them to link to
neighboring carbon atoms to form long chains. The simplest example is the
addition of ethylene monomers, schematically shown in Fig. 3.1, to form
polyethylene molecules as shown in Fig. 3.2. The schematic shown in Fig. 3.2
can also be written symbolically as shown in Fig. 3.3. Here, the subscript n
represents the number of repeat units which determines the molecular weight
of a polymer. The number of repeat units is more commonly referred to as the
degree of polymerization. Other examples of addition polymerization include
polypropylene, polyvinyl chloride and polystyrene. The side groups, such as
CH3 for polypropylene and Cl for polyvinyl chloride, are sometimes referred
to as the X groups.

Another technique to produce macromolecular materials is condensation
polymerization. Condensation polymerization occurs when two components
with end-groups that react with each other are mixed. When they are
stoichiometric, these end-groups react, linking them to chains leaving a by-
product such as water. A common polymer made by condensation
polymerization is polyamide where diamine and diacid groups react to form
polyamide and water, as explained n in Chapter 2.
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Figure 3.1 Schematic representation of an ethylene monomer. ‘

At the molecular level, there are several forces that hold a polymeric
material together, The most basic force present are covalent bonds which hold
together the backbone of a polymer molecule, such as the -C-C bond. The
energy holding together two carbon atoms is about 350 KJ/mol, which when
translated would result in a polymer component strength between 1.4 x 104 and
1.9 x 10% MPa. However, as will be seen in Chapter 8, the strength of polymers
only lies between 10 and 100 MPa.

Figure 3.2  Schematic representation of a polyethylene molecule.

H H H H H
I
-¢c—-C-¢c—-C-0C -
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|
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Symbolic representation of a polyethylene molecule.
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3.2 Molecular Bonds and Inter-Molecular Attraction

Because of the comparatively low strength found in polymer components, it
can be deduced that the forces holding a polymer component together do not
come from the -C-C bonds but from intermolecular forces, or the so-called Van-
der-Waals forces. The energy that generates the inter-molecular attraction
between two polymer molecules increases, as the molecules come closer to
each other by

Frl (3.1)

6
r

where F <10kJ/mol and r is the distance between the molecules. Thus, it
becomes clear that as a polymer sample is heated, the distance between the
molecules increases as the vibration amplitude of the molecules increases. The
vibration amplitude increase allows the molecules to move more freely,
enabling the material to flow at the macroscopic level.

Another important point is that as solvents are introduced between the
molecules, their inter-molecular separation increases which leads to a reduction
in stiffness. This concept can be implemented by introducing plasticizers into the
material, thus lowering the glass transition temperature below room
temperature and bringing out rubber elastic material properties.

3.3 Molecular Weight

A polymeric material may consist of polymer chains of various lengths or
repeat units. Hence, the molecular weight is determined by the average or
mean molecular weight which is defined by

W
M= 3.2)

where W is the weight of the sample and N the number of moles in the sample.

The properties of polymeric material are strongly linked to the molecular
weight of the polymer as shown schematically in Fig. 3.4. A polymer such as
polystyrene is stiff and brittle at room temperature with a degree of
polymerization of 1,000. However, at a degree of polymerization of 10,
polystyrene is sticky and soft at room temperature. Figure 3.5 shows the
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relation between molecular weight, temperature, and properties of a typical
polymeric material. The stiffness properties reach an asymptotic maximum,
whereas the flow temperature increases with molecular weight. On the other
hand, the degradation temperature steadily decreases with increasing
molecular weight. Hence, it is necessary to find the molecular weight that
renders ideal material properties for the finished polymer product, while
having flow properties that make it easy to shape the material during the
manufacturing process. It is important to mention that the temperature scale in
Fig. 3.5 corresponds to a specific time scale, e.g., time required for a polymer
molecule to flow through an extrusion die. If the time scale is reduced (e.g., by
increasing the extruder throughput) the molecules have more difficulty sliding
past each other. This would require a somewhat higher temperature to assure
flow. In fact, at a specific temperature, a polymer melt may behave asa solid if
the time scale is reduced sufficiently. Hence, for this new time scale the stiffness
properties and flow temperature Curves must be shifted upward on the
temperature scale. A limiting factor is that the thermal degradation curve
remains fixed, limiting processing conditions to remain above certain time
scales. This relation between time, or time scale, and temperature will be
discussed in more detail later in this chapter.

—

Stiffness, strength, etc.

Molecular weight, M —=—

Figure 34  Influence of molecular weight on mechanical properties.

With the exception of maybe some naturally occurring polymers, most
polymers have a molecular weight distribution such as shown in Fig. 3.6. For
such a molecular weight distribution function, we can define a number average,
weight average, and viscosity averagel. The number average is the first
moment and the weight average the second moment of the distribution
function. In terms of mechanics this is equivalent to the center of gravity and

1T There are other definitions of molecular weight which depend on the type of measuring technique.
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Figure 3.5  Diagram representing the relation between molecular weight, tem-
perature, and properties of a typical thermoplastic. ’
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Figure 3.6  Molecular weight distribution of a typical thermoplastic.
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where m; is the weight, M; the molecular weight and 1 the number of , .
molecules with i repeat units. The weight average is calculated using L
B | r
— mM, nM;
My = E = —-——'E M (3.4) % B
2'”" 211,. ’ ‘ - Polyethylene
Another form of molecular weight average is the wiscosity average which is i‘ L b
calculated using | § i -
| o ]
Vet * | Polybutadie
_(Smar | L i Polyautacins .
My = (3.5) 3 I _
X | gL i
T  Poly(methyl- [
where @ is a material dependent parameter which relates the intrinsic viscosity, methacrylate N '
[n], to the molecular weight of the polymer. This relation is sometimes referred — -
to as Mark-Houzwink relation and is written as ‘ L |
B Poly(vinyl
[77] = kIVI\‘,‘ (3.6) i acetate) T
I
Figure 3.7 [1] presents the viscosity of various undiluted polymers as a ' 0 : '
i i figure sh for all these pol I e 2
function of molecular weight. The figure shows how for all these polymers the Constant + log M
viscosity goes from a linear (#=1) to a power clependmce (a=3.4) at some FI‘IUCElil Figure 3.7  Zero shear rate viscosi ‘
molecular weight. The linear relation is sometimes referred to as Staudinger's avera la e1v1sco§1ty for various polymers as a function of weight
rule [2] and applies for a perfectly monodispersed polymer 2. Fox monodispersed gemelecnlarveight.
polymers we can write
Figure 3.8 [3] presents a pl
o = plot of flexural strengt .
My =M. =M SO golytyeerie Shmples it useacirferer polr;%izp‘zrssi?ys ndices, The B
shows that low polydispersity i - - the figure
: | - y index grade mat i
and for a polydispersed polymer 3 properties and flowability, or processirg1g ease tflee:;al}fi;}eln; 511;, ;lsgiiiftr?ndgth ’
. ’ in
- giz(jes._ Table 3.1 summarizes relations between polydispel:;sity yind eexx .
Vo> Ho> M (3.8) fepreessslllrzgt.and ;r}(iterlall properties of a polymer. Figure 3.9 is a graphicai ‘
10N O e relation between number average d i
. properties of pol : : age and weight average on
A measure of the broadness of a polymer's molecular weight distribution 1s Spe(I:)i fic propeft(})z ymers. The arrows in the diagram indicate an increase in any
the polydispersity index defined by ’
pr=Mr (3.9)
M. |
4

The melt flow i < i
low index is the mass (grams) extruded through a capillary in a 10-min. period while

is composed of a single molecular weight species. M-
nl\ﬁ]t)f]lng a constant pressure. Increasing melt flow index signifies decreast 1
7 i <1 1 s “ casing i
ow index is discussed in more detail in Chapter 4 = g molecular weight. The

2 A monodispersed polymer

3 In most cases polymers arc pol range of molecular weights.

ydispersed systems which contain a
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- ’_/_/T Table 3.1 Effect of Molecular Weight on Processing and Properties of Polymers.

o Mw/Mn =11 — e
o Mw/Mn = 2.2 M. /M.>1 M./M,=1
o Mw/Mn =3.1 Processing Properties
828 |-
P Injection Molding: Narrow distribution leads to higher
g impact strength.
= 690 |-
2 Longer cycle times caused by slow crystallization
3] ! . e
= and low thermal conductivity. Short molecules lead to easy ripping.
=
S 552 |
% Extrusion:
[
414 Melt fracture is less likely to occur since short
molecules act as lubricants.
976 T y b 0 ‘ Higher degree of extrude swell caused by the long

0 2 4 6 8 10 12 14 16 18 20 22 molecules.
Melt flow index (g/10 min)

Figure 3.8  Effect of molecular weight on the st.rengtklx-rr}elt.ﬂow index interrela-
° . tionship of polystyrene for three polydispersity indices. |

34 Conformation and Configuration of Polymer Molecules

\mpact strength The conformation and configuration of the polymer molecules have a great
influence on the properties of the polymer component.

The conformation describes the preferential spatial positions of the atoms
in a molecule, which is described by the polarity flexibility and regularity of
the macromolecule. Typically, carbon atoms are tetravalent, which means that

they are surrounded by four substituents in a symmetric tetrahedral geometry.
= Resistance to

1= |melt fracture The most common example is methane, CHg, schematically depicted in Fig.

Mot lasticity 3.10. As the figure demonstrates, the tetrahedral geometry sets the bond angle
Speed of at109.50. This angle is maintained between carbon atoms on the backbone of a
crystallization polymer molecule, as shown in Fig. 3.11. As shown in the figure, each
individual axis in the carbon backbone is free to rotate.

Flowability

The configuration gives information about the distribution and spatial
organization of the molecule. During polymerization it is possible to place the
X groups on the carbon-carbon backbone in different directions. The order in

) ¢ molecular weight number average and weight average on which they are arranged is called the tacticity. The polymers with side groups
Figure 3.9 g;f;;i?;;oof r;loe:rioplasﬁc %OIymers. that are placed in a random matter are called atactic. The polymers whose side

W, -
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groups are all on the
regularly alternating si

Figure 3.10

same side are called isotactic, and those molecules with
de groups are called syndiotactic.

Figure 3.11

Random conformatio

n of a polymer chain's carbon-carbon backbone.
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Figure 3.12 shows the three different tacticity cases for polypropylene. The
tacticity in a polymer determines the degree of crystallinity that a polymer can
reach. For example, polypropylene with a high isotactic content will reach a

high degree of crystallinity and as a result will be stiff, strong, and hard.

iy L
(i:ll (1 f_'?) }5 Ule) GO CE®)
HH HH HH HH HH
Atactic

A e ! k.
GO MO & O & ¢ O
HH HH HH HH HH
Isotactic
CH CH c Ck
Hﬂfu3 f'_.),BH H. :'ﬁ'|3 ( 5
(e W - )
| Cﬁ . {2 C.‘{.t‘ﬁ-f-i"c R\
A0 ri‘\ O MO IS
HH HH HH

Syndiotactic

Figure 3.12  Different polypropylene structures.

Another type of geometric arrangement arises with polymers that have a
double bond between carbon atoms. Double bonds restrict the rotation of the
carbon atoms about the backbone axis. These polymers are sometimes referred
to as geometric isomers. The X groups may be on the same side (cis- ) or on
opposite sides (trans- ) of the chain as schematically shown for polybutadiene in
Fig. 3.13. The arrangement in a cis-1,4- polybutadiene results in a very elastic
rubbery material, whereas the structure of the trans-1,4- polybutadiene results
in a leathery and tough material. A cis-1,4- polybutadiene can be used to

Mmanufacture the outer tread of an automotive tire. A trans-1,4- polybutadiene
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outer skin of a golf ball. The same ge.zometric
1, polyisoprene. The cis-1,4- polyisoprene
the body of a tire, and the latex used to
-1,4- polyisoprene, or the
statues, and other

can be used to make the
arrangement is found in natural rubbe
is the elastic natural rubber used for
manufacture “rubber” gloves and condoms. The trans
so-called gutta percha or cbony, was used to make dentures,

decorative items in the 1800s.
CH, CH,
{ N\ GH=CH 7 )

/ cis-1,4 - Polybutadiene
'ECHQ- CH=CH - CHE}

n

~

CH

2
A CH=CH N
CH,
n
trans-1,4 - Polybutadiene
Figure 3.13 Symbolic representation of cis-1,4- and trans-14- polybutadiene
molecules.

i p i i final structure,
Branching of the polymer chains also influences _the
1 " f the polymeric material. Figure 3.14 shows the

crystallinity, and properties o ; . ’ .
m}c,)lecula_r architecture of high density, low density, and linear low density

polyethylenes.

HDPE ! | 4 ,

Linear molecule )
ca. 4 to 10 short side chains
per 1000 C - atoms

I_L;r;‘é,g

==

Long chain branching

"

LLDPE i S B S o S

Linear molecule _
ca. 10 to 35 short side chains
per 1000 C - atoms

Figure 3.14  Schematic 'of the molecular structure of different polyethylenes.
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The high density polyethylene has between 5 and 10 short branches every
1000 carbon atoms. The low density material has the same number of branches
as HDPE; however, they are much longer and are themselves usually branched.
The LLDPE has between 10 and 35 short chains every 1000 carbon atoms.
Polymer chains with fewer and shorter branches can crystallize with more ease,
resulting in higher density.

3.5 Arrangement of Polymer Molecules

As mentioned in Chapter 1, polymeric materials can be divided into two
general categories: thermoplastics and thermosets. Thermoplastics are those
that have the ability to remelt after they have solidified, and thermosets are
those that solidify via a chemical reaction that causes polymer molecules to
cross-link. These cross-linked materials cannot be remelted after solidification.

As thermoplastic polymers solidify, they take on two different types of
structure: amorphous and semi-crystalline. Amorphous polymers are those
where the molecules solidify in a random arrangement, whereas some of the
molecules in semi-crystalline polymers align with their neighbors, forming
regions with a three-dimensional order. In semi-crystalline polymers, the
molecules that do not align into crystals, remain amorphous structures.

3.5.1 Thermoplastic Polymers

The formation of macromolecules from monomers occurs if there are
unsaturated carbon atoms (carbon atoms connected with double bonds), or if
there are monomers with reactive end-groups. The double bond, say in an
ethylene monomer, is split, which frees two valences per monomer and leads
to the formation of a macromolecule such as polyethylene. This process is often
referred to as polymerization. Similarly, monomers (R) that possess two
reactive end-groups (bifunctional) can react with other monomers (R') that also
have two other reactive end-groups that can react with each other, also leading
to the formation of a polymer chain. A list of typical reactive end-groups is
given in Table 3.2.
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two general regions: one where the modulus appears fairly constantt, and one
where the modulus drops significantly with increasing temperature. With
decreasing temperatures, the material enters the glassy region where the slope
Hydrogen in aromatic monomers s of the modulus approaches zero. At high temperatures the modulus is
negligible and the material is soft enough to flow. Although there is not a clear
-OH transition between “solid” and “liquid,” the temperature that divides the two
states in an amorphous thermoplastic is referred to as the glass transition
temperature, Tg. For the polystyrene in Fig. 3.15 the glass transition temperature
, -C is approximately 110 OC. Although data are usually presented in the form
Aldehyde group as in formaldehyde Yo shown in Fig. 3.15, it should be mentioned here that the curve shown in the
figure was measured at a constant frequency. If the frequency of the test is
increased —reducing the time scale—the curve is shifted to the right since
-OH higher temperatures are required to achieve movement of the molecules at the
new frequency. Figure 3.16 [5] demonstrates this concept by displaying the
elastic modulus as a function of temperature for polyvinyl chloride at various
test frequencies. A similar effect is observed if the molecular weight of the
N=C=0 material is increased. The longer molecules have more difficulty sliding past
each other, thus requiring higher temperatures to achieve “flow.”

Table 3.2 List of Selected Reactive End-Groups

Hydroxy! group in alcohols

Carboxyl group in organic acids

Isocyanate group in isocyanates

Epoxy group in polyepoxys «

104
Amido groups in amides and polyamides -CO-NH2
& 108
2
Amino groups in amines -NH2 o
]
3 102
Qo
£
©
3.5.2 Amorphous Thermoplastics 8
D yo1-
Amorphous thermoplastics, with their randomly arranged molecular structure,
are analogous to a bowl of spaghetti. Due to their random structure, the
characteristic size of the largest ordered region is on the order of a carbon-

T 5 ‘
carbon bond. This dimension is much smaller than the wavelength of visible 10 ———TT -
light and so generally makes amorphous thermoplastics transparent. 160 -120 -80 -40 O 40 80 120

5 G > for 1 emperature, (°C)
I‘igm‘e 3.15 [4] shows the shear moduluss, G, versus lemperaturL or poly- .
styrene, one of the most common amorphmts thermoplasﬁc& The figure shows Figure 3.15  Shear modulus of polystyrene as a function of temperature.
’ S erature

5 The dynamic shear modulus,
Chapter 8.

G' is obtained using the dynamic mechanical properties test described in
o ) 6w ne G _ ) )
hen plotting G' versus temperature on a linear scale, a steady decrease of the modulus is observed.
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1000 N
— —50Hz V¥
~ ~ 500 Hz !
7' 5000 Hz
=
o
2 100 |-
W
10 |-
L | | | | 1
0 40 80 120 160

Temperature, T (°C)

Figure 3.16 Modulus of polyvinyl chloride as a function of temperature at various
test frequencies.

3.5.3 Semi-Crystalline Thermoplastics

Semi-crystalline thermoplastic polymers show more order than amorphous
thermoplastics. The molecules align in an ordered crystalline form as shown
for polyethylene in Fig. 3.17. The crystalline structure is part of a lamellar crystal
which in turn forms the spherulites. The formation of spherulites during
solidification of semi-crystalline thermoplastics is covered in Chapter 8. The
schematic in Fig. 3.18 shows the general structure and hierarchical arrangement
in semi-crystalline materials. The spherulitic structure is the largest domain
with a specific order and has a characteristic size of 50 to 500 pm. This size is
much larger than the wavelength of visible light, making semi-crystalline
materials translucent and not transparent.

However, the crystalline regions are very small with molecular chains
comprised of both crystalline and amorphous regions. The degree of
crystallinity in a typical thermoplastic will vary from grade to grade. For
example, in polyethylene the degree of crystallinity depends on the branching
and the cooling rate. A low density polyethylene (LDPE) with its long branches
(Fig. 3.16) can only crystallize to approximate 40-50%, whereas a high density
polyethylene (FIDPE) crystallizes to up to 80%. The density and strength of
semi-crystalline thermoplastics increase with the degree of crystallinity as
demonstrated in Table 3.3 [6], which compares low and high density
polyethylenes. Figure 3.19 shows the different properties and molecular

3 Structure of Polymers 59

structulje.that may arise in polyethylene plotted as a function of degree of
crystallinity and molecular weight.

Table 3.3  Influence of Crystallinity on Properties for Low and High Density

Polyethylene
Property Low density High density
Density (g/cm3) 0.91-0.925 0.941-0.965
% crystallinity 42-53 64-80
Melting temperature ('C) 110-120 130-136
Tensile modulus (MPa) 17-26 41-124
Tensile strength (MPa) 4.1-16 21-38

Figure 3.17  Schematic representation of the crystalline structure of polyethylene.

, Figure 3.20 [4] shows the dynamic shear modulus versus temperature for a
hlgh density polyethylene, the most common semi-crystalline thermoplastic.
Again, this curve presents data measured at one test frequency. The figure
clearly shows two distinct transitions: one at about -110 OC, the glass transition
:cnzpumtu.rc, and another near 140 ©C, the melting temperature. Above the melting
(t:%mpera_ture, the shear modulus is negligible and the material will flow.
) hrystall{ne arrangement begins to develop as the temperature decreases below

e melting point. Between the melting and glass transition temperatures, the
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material behaves as a leathery solid. As the temperature decreases below the 100 i :
glass transition temperature, the amorphous regions within the semi- '
crystalline structure solidify, forming a glassy, stiff, aind in some cases brittle y %
polymer. 75 /’ Brittle — /
. . & \ gray wax .~ —» (HDPE)
To summarize, Table 3.4 presents the basic structure of several amorphous = \
X ; ! : : X i z —» (LDPE)
and semi-crystalline thermoplastics with their melting and/or glass transition T 5 i ! =
temperatures. IS Similarto |
. . . : 2 bees wax" L]
Furthermore, Fig. 321 [7] summarizes the property behavior of ) N
amorphous, crystalline, and semi-crystalline materials using schematic 25 [ TSimilar 165
diagrams of material properties plotted as functions of temperature. petroleum jelly
/
L
0 500 2500 10,000 20,000 40,000 .
7 ,s‘j,,\:‘ - Molecular weight
a=0.736nm o =2
b =0.492 nm )
c=0.254 nm Figure 3.19 Influence of degree of crystallinity and molecular weight on different
properties of polyethylene.
|
104
G |
o
_~Lamella =3 |
20 to 60 nm 103
g
3
>
g
£102°
g |
2
a |
g101
© 1
o
: &
- & 100 —_— 11
Sphoruts -160 -120-80 -40 0 40 80 120 160
~ 50 to 500 ym } Temperature, T (°C)
Figure 3.20 Shear modulus of a high density polyethylene as a function of
temperature.

y 7 ———— Polymer component

Figure 3.18 Schematic representation of the general molecular structure andarrange-
ment of typical semi-crystalline materials.
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—_— ) _t ”._ T Table 3.4 Structural Units for Selected Polymers with Glass Transition and Melting
" 100% Amorphous [ 100% Crystaline Semi-crystalline Temperatures.
‘ v : Structural unit Polymers Tg(°C) Tm(°C)
|
. ‘ 1 ’ — CHp-CHyp- Linear polyethylene 125 | 135
|
= |
_?_) - CHp-CH- Isotactic polypropylene =20 170
= |
N
“ - ‘ - CHp-CH- Isotactic Polybutene -25 135
5| «a
2 T |
@ ‘ CoHs
o
8
‘ = ‘ - CHp-CH- Isotactic poly-3- 50 310
% | methylbutene-1
‘ £ ‘ CH- CHj
|
CH.
ET Cp 5
2| 1 - CHp-CH- Tsotactic poly-4- 29 | 240
2 | methylpentene -1
[
‘ 8‘ CHp
@ |
‘ CH-CH3
|
E‘ A CH3
>
‘ § ‘ ‘l - CHp-CH- Isotactic polystyrene 100 240
e N —
o - [~ Ll
H » ol
2 .
- CH3 Polyphenylenether 210 261
‘;L_ " , (PPE)
2 Vs O- &
InG A
‘ E 1 ‘ i CHg
E | | /
‘ = | 1 ‘ - O-CH- Pol_‘yacetaldehyde -30 165
s
| |
| | | | ity
‘ == 1 | =T Tw | —=7T 1o Tn |
Figure 3.21 Schematic of the behavior of some pglymer properties as a function of
temperature for different thermoplastics.
(continued)
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ymers with Glass Transition and Melting *  Table 34 Structural Units for Selected Polymers with Glass Transition and Melting

Table 3.4 Structural Units for Selected Pol
Temperatures (continied)

Temperatures (continued)

Structural unit Polymers Tg(°C) Tm(°C)
Structural unit Pol ° °
~O-CHa- Polyformaldehyde 85 178198 ymers Tg(°Q) | Tm(*C)
(polyacetal, - CHp- CH - Polyvinylfluoride 0 200
polyoxymethylene) | (PVF)
~0O- CHp-CH- Tsotactic 75 | 75 —
| polypropylencoxide -COp OCOZ ~(CHo-)2 O- Polyethylene - 69 245 I
CH3 S terephthalate (PET)
i L B i i’
Ca- I Poly-[2.2-bis- 5 181 T 5y (linear polyester)
(chlormethyl)- - CO- (CHp-) 4 CO-NH- (CH2) ¢ NH- P i
_O-CHp - lc_ CHo- trimethylene-oxide] (CH2)6 ClymidEge 57 265
| - CO- (CH2-) § CO-NH- (CH2-)  NH- Polyamide 610 50 208
CHp Cl N
- CO- (CH2-) 5 NH- .
CH3 Isotactic polymethyl- 50 160 (CH2-) s NH Polycaprolactam, 75 233
| methacrylate Polyamide 6
- CH»- C- ?HS 0 Polycarbonate (PC) 149 267
| il
Cl F Polychlortri- 45 220 !
| fluoroethylene CHs
_C-C-

||
F F -CH2 _.' CHo - Poly-(p-xylene) e 400
-113,+127| 330 (Parylene | | R)

Polytetrafluoroethylene

- CF2- CF2
Cl Polyvinylidenechloride -19 190
VAT Pol
| LC C-O-(CHQ-)Q OylC o]y olyethylene 75 | 280
. CHo-C- I i W terephthalate/ p-
| : 0 o) 0 Hydroxybenzoate-
35% : copolymers LC-PET,
o | < PET . &3k Polymers with flexible
F Polyvinylidenefluoride -45 171 | PHB chains
l — f
- CHp-C- E ?!) Polyimide (PT) I;J up to
G 4 400
l - \r’-\r ~ =
_ CHy-CH = Polyvinylchloride 80 - ﬁ ﬁ
| 7. \a [ (PVC) amorphous 80 212 0 0
cl - ? J crystalline
(continued) (continued)
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Table 3.4 Structural Units for Selected Polymers with Glass Transition and Melting 3.5.4 Thermosets and Cross-Linked Elastomers
Temperatures (continued)

= B Thermosets, and some elastomers, are polymeric materials that have the ability
Tg(°C) |Tm(°C) . ey . .
to cross-link. The cross-linking causes the material to become heat resistant
Polyamidimide (PAD) =260 after it has solidified. A more in-depth explanation of the cross-linking
chemical reaction that occurs during solidification is given in Chapter 7.

N7 Kj\ The cross-linking usually is a result of the presence of double bonds that |
o - break, allowing the molecules to link with their neighbors. One of the oldest

[ ,.'N{ i thermosetting polymers is phenol-formaldehyde, or phenolic. Figure 3.22
0 O H [ shows the chemical symbol representation of the reaction, and Fig. 3.23 shows a

Polyetherimide (PEI) ~215 schematic of the reaction. The phenol molecules react with formaldehyde
f 1 molecules to create a three-dimensional cross-linked network that is stiff and

, ~ strong. The by-product of this chemical reaction is water.
e O O
\C |

i H-C- H Symbols

OH = OH
H H H H
i inimi = TR
0 Polybismaleinimide ~ 250 @[ n I
c|>| B (PBI) H ¥ H gy H H

H

Structural unit Polymers

E,° I Formaldehyde
e \N @R @ ¥ s Phenol ‘ Phenol

} - - i =
"N ) /C|: " OH OH

I Cu Il y ¥ )

O Polyoxybenzoate (POB) | = 290 ¥ N
il
= < @Cu @O— @ +H,0
Polyetheretherketone 145 335 o - .

O
I (PEEK) —CHg CHy CHy CH,—
-0- -0- -C- \
OO e o e M e
Polyphenylenesulfide ~230 ~CHpy~~ i CH, CH, CH,
< e o )
CH, 7S CHy—
(0]

H,C CH
Polyethersulfone (PES) 85 280 2 ﬁ g 4
I
- @_S_ @On @ CH,
I
-
H Polysulfone (PSU) ~ 180 > o 5
l s,
O" a _Cl- j Figure 3.22 Symbolic representation of the condensation polymerization of phenol-

formaldehyde resiﬁs.
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Another widely used copolymer is high impact polystyrene (PS-HI), which

Schematic |
O' LS formed by grafting polystyrene to polybutadiene. Again, if styrene and
| ultadlene are randomly copolymerized, the resulting material is an elastomer
l ca le<‘i styrene—butadlene—rubber (SBR). Another classic example of copolyme- |
rization is the terpolymer acrylonitrile-butadiene-styrene (ABS).
1 Polymer blends belong to another family of i i i
] bl ‘ y of polymeric materials which ar
+H,0 made };)y m}xmghor ;lendmg two or more polymers to enhance the physicai
properties of each individual component. Commo 1 i |
j{ D A, PR TV, ol n polymer blends include PP- |
|

feftatieifotiottottattattetatrestortattas e
Eatfo HfaFotiatfe}tadfotiatfotFatfodbatiod ammang

AL
fatfatfatfetteifottattettotioftatiattatias oo

Figure 3.23 Schematic representation of the condensation polymerization of phenol-
formaldehyde resins. T
T
T
3.6 Copolymers and Polymer Blends L2
CE N
LAHA+t+ASAS-AFA 1L, 10,1 In
A R SRR o
Copolymers are polymeric materials with two or more monomer types in the L7 @
same chain. A copolymer that is composed of two monomer types is referred to :F 'L_‘I;‘
as a bipolymer, and one that is formed by three different monomer groups is @
called a ferpolymer. Depending on how the different monomers are arranged in L3 Fl;'
L

stinguishes between random, alternating, block, or

the polymer chain, one di
types of copolymers are schematically represented

graft copolymers. The four
in Fig. 3.24.

A common example of a copolymer

Figure 3.24 Schematic representation of different copolymers.

is ethylene-propylene. Although both
monomers would result in semi-crystalline polymers when polymerized
individually, the melting temperature disappears in the randomly distributed
copolymer with ratios between 35/65 and 65/35, resulting in an elastomeric
material, as shown in Fig. 3.25. In fact EPDM7 rubbers are continuously gaining
acceptance in industry because of their resistance to weathering. On the other
hand, the ethylene-propylene block copolymer maintains a melting
temperature for all ethylene/ propylene ratios, as shown in Fig. 3.26.

7 The D in EP(D)M stands for the added unsaturated dienc component which results ina cross-linked

elastomer.
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zoo’——/_—T 3.7 Polymer Additives

There are many polymer additives that are mixed into a polymer to improve

= the mechanical, optical, electrical, and acoustic—to name a few — performance
S y of a component.
= Elastomer
g "o metting ¢ 3.7.1 Flame Retardant |
5 ' no melting o/ me hetaraants |
® 0 temperature |
g
£ : . . .
8 20 T Since polymers are organic materials, most of them are flammable. The

flammability of polymers has always been a serious technical problem. A

-1oof parameter which can be used to assess the flammability of polymers is the
= limiting oxygen index (LOI), also known as the critical oxygen index (COI). This
o 2 40 60 80 100 value defines the minimum volume percent of oxygen concentration, mixed

Ethylene (mol, %)

- with nitrogen, needed to support combustion of the polymer under the test
100 80 E%mpyége (moﬁe’/o) 0 conditions specified by ASTM D 2863. Since air contains 21% oxygen by
. d T EEL ATon s volume, only those polymers with an LOI greater than 0.21 are considered self-
Figure 3.25 Melting and glass transition temperature for random ethylene-propy extinguishing. In practice, an LOI value greater than 0.27 is recommended as the
copolymers. limiting self-extinguishing threshold. Table 3.5 presents LOI values for selected
polymers.

It is impossible to make a polymer completely inflammable. However,
some additives that contain halogens, such as bromine, chlorine, or
phosphorous, reduce the possibility of either starting combustion within a
polymer component or, once ignited, reduce the rate of flame spread. When
rating the performance of flame retardants, bromine is more effective than
chlorine.

200 1

In the radical trap theory of flame retardancy, it is believed that bromine or
phosphorous containing additives compete in the reaction of a combustion
process. To illustrate this we examine two examples of typical combustion
reactions. These are:

Melting Temperature, Tm ©c)

125 |
CH, + OH—— CH, +H,0
100 | and
L | CH,+0, —— CH,+H+0,
0 0 20 100

20 60
- Et_hy'e”_e'_("i/")f . where OH and H are active chain carriers. With the presence of HBr the

100 80 60 40 0 following reaction can take place
Propylene (mol, %)

OH +HBr

> H.O+Br

Figure 3.26 Melting temperature for ethylene-propylene block copolymers.
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Table 3.5 LOI Values for Selected Polymers | Table 3.6  Selected Polymers with Typical Commercial Flame Retardants

Polymer Flame retardants
Polymer . Acrylonitrile butadiene styrene Octabromodipheny! oxide
High impact polystyrene Decabromodiphenyl oxide
015 Polyamide Dechlorane plus
POI)’formaldeh}fde 015 Polycarbonate Tetrabromobisphenol A carbonate oligomer
Polyethyleneoxide 017 Polyethylene Chlorinated paraffin
Polymethyl .mglthacrylate 018 Polypropylene Dechlorane plus
Polyacrylonitrile 018 Polystyrene Pentabromocyclododecane
Ilzoiyethylelne 018 Polyvinyl chloride Phosphate ester
olypropylene .
Polyisoprene 0.185
Polybutadiene 0.185
Polystyrene e 3.7.2 Stabilizers
ellulose =
Polyethylene terephthalate 0.21
Polyvinyl alcohol 0.22 . i 3 L
lez‘ali;i);le 66 0.23 The combination of heat and oxygen will bring about thermal degradation in a
Epoxy 0.23 polymer. Heat or energy will produce free radicals which will react with
Polycarbonate 0.27 oxygen to form carbonyl compounds, which give rise to yellow or brown
Arami}(lie fi}:)ers ) 8325 | discolorations in the final product.
Polyphenylene oxide . ) ) .
Polysulfone 0.30 Thermal degradation can be slowed by adding stabilizers such as
Phenolic resins 0.35 antioxidants or peroxide decomposers. These additives do not eliminate
Polychloroprene gig thermal degradation but slow down the reaction process. Once the stabilizer
IIinYV%nYivfjmongeoride 5.1l has been consumed by the reaction with the free radicals, the protection of the
Pglyziglidz\z cllqlloride 0.60 polymer against thermal degradation ends. The time period over which the
Car)l;on 0.60 stabilizer renders protection against thermal degradation is called induction
Polytetrafluoroethylene 0.95 time. A test used to measure thermal stability of a polymer is the Oxidative
TInduction Time (OIT) by differential scanning calorimetry (DSC). The OIT test is
defined as the time it takes for a polymer sample to thermally degrade in an
: oxygen environment at a set temperature above the polymer's transition
where the active chain carrier was replac'ed by the less active Br radical, lileip_mg ¢ erﬁ% erature. The transitions mustp i gerIl) ei,wironment. The
in flame extinguishment. Similarly, with the presence of Br the following standard test is described by ASTM D 3895. Another test used to measure the
reaction can take place thermal stability of a polymer and its additives is the thermal gravimetric

analysis (TGA) discussed in Chapter 3.

Polyvinyl chloride is probably the polymer most vulnerable to thermal
degradation. In polyvinyl chloride, scission of the C-Cl bond occurs in the
weakest point of the molecule. The chlorine radicals will react with their
nearest CH group, forming HCI and creating new weak C-Cl bonds. A
stabilizer must therefore neutralize HC! and stop the auto catalytic reaction, as
well as preventing processing equipment corrosion.

CH, +Br __, HBr+CH;

Table 3.6 [8] lists selected polymers with one commonly used flame retardant.
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3.7.3 Antistatic Agents

Since polymers have such low electric conductivity they can build-up electric
charges quite easily. The amount of charge build-up is controlled by the rate at
which the charge is generated compared to the charge decay. The rate of charge
generation at the surface of the component can be reduced by reducing the
intimacy of contact, whereas the rate of charge decay is increased through
surface conductivity. Hence, a good antistatic agent should be an ionizable
additive that allows charge migration to the surface, at the same time as
creating bridges to the atmosphere through moisture in the surroundings.
Typical antistatic agents are nitrogen compounds such as long chain amines and

amides, polyhydric alcohols, etc.

3.7.4 Fillers

Fillers can be divided into two categories: those that reinforce the polymer and
improve its mechanical performance, and those that are used to take up space
and so reduce the amount of actual resin to produce a part—sometimes referred
to as extenders. A third, less common, category of filled polymers are those
where fillers are dispersed into the polymer to improve its electric
conductivity.

Polymers that contain fillers that improve their mechanical performance
are often referred to as composites. Composites can be divided into two further
categories: composites with high performance reinforcements, and composites
with low performance reinforcements. The high performance composites are
those where the reinforcement is placed inside the polymer in such a way that
optimal mechanical behavior is achieved, such as unidirectional glass fibers in
an epoxy resin. High performance composites usually have 50-80%
reinforcement by volume and the composites are usually laminates, tubular
shapes containing braided reinforcements, etc. The low performance
composites are those where the reinforcement is small enough that it can be
dispersed well into the matrix, allowing to process these materials the same
way their unreinforced counterparts are processed. The most common filler
used to reinforce polymeric materials is glass fiber. However, wood fiber,
which is commonly used as an extender, also increases the stiffness and
mechanical performance of some thermoplastics. To improve the bonding
between the polymer matrix and the reinforcement, coupling agents such as
silanes and titanates are often added. Polymer composites and their performance
are discussed in more detail in Chapters 8 and 9.
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Extenders, used to reduce the cost of the component, often come in the form
of particulate fillers. The most common particulate fillers are calcium
carbonate, silica flour, clay, and wood flour or fiber. As mentioned earlier,
some fillers also slightly reinforce the polymer matrix, such as clay, silica flour,
and wood fiber. It should be pointed out that polymers with extenders often
have significantly lower toughness than when unfilled. This concept is covered
in more detail in Chapter 9.

3.7.5 Blowing Agents

The task of blowing or foaming agents is to produce cellular polymers, also
referred to as expanded plastics. The cells can be completely enclosed (closed
cell) or can be interconnected (open cell). Polymer foams are produced with
densities ranging from 1.6 kg/m3 to 960 kg/m3. There are many reasons for
using polymer foams such as their high strength/weight ratio, excellent
insulating and acoustic properties, and high energy and vibration absorbing
properties.

Polymer foams can be made by mechanically whipping gases into the
polymer, or by either chemical or physical means. Some of the most commonly
used foaming methods are [9]:

» Thermal decomposition of chemical blowing agents which generates
nitrogen and/or carbon monoxide and dioxide. An example of such a
foaming agent is azodicarbonamide which is the most widely used
commercial polyolefin foaming agent.

o Heat induced volatilization of low-boiling liquids such as pentane and
heptane in the production of polystyrene foams, and methylene chloride
when producing flexible polyvinyl chloride and polyurethane foams.

Volatilization by the exothermic reaction of gases produced during
polymerization. This is common in the reaction of isocyanate with water to
produce carbon dioxide.

* Expansion of the gas dissolved in a polymer upon reduction of the
processing pressure.

The basic steps of the foaming process are nucleation of the cells, expansion
or growth of the cells, and stabilization of the cells. The nucleation of a cell
occurs when, at a given temperature and pressure, the solubility of a gas is
reduced, leading to saturation, expelling the excess gas to form a bubble.
Nucleating agents are used for initial formation of the bubbles. The bubble
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s an equilibrium shape when the pressure inside the bubble balances transition temperature is about -70 °C. The measurements were completed in

an experimental time window between a few seconds and one day. The tests
performed at lower temperatures were used to record the initial relaxation
while the tests performed at higher temperatures only captured the end of
relaxation of the rapidly decaying stresses.

reache
with the surface tension surrounding the cell. ‘

' Visc ic Behavior of Polymers . .
3.8 oelast y . It is well known that high temperatures lead to small molecular relaxation
tln}es.9 and low temperatures lead to materials with large relaxation times.

This is due to the fact that at low temperatures the free volume between the

= " ; ; : : o ;
It was mentioned earlier in this chapter that a polymer, at a specific molecules is reduced, restricting or slowing down their movement. At high
temperature and molecular weight, may behave as a liquid or a solid te N he fr . .
' _ D . emperatures, the free volume is larger and the molecules can move with more
depending on the speed (time scale) at which its molecules are deformed. This H h . a . !
: } WA M ease. Hence, when changing temperature, the shape of creepl? or relaxation test
behavior, which ranges between liquid and solid, is generally referred to as the alt i the sa = : .
o elactic behavi o sponse. Tn this chapter we will limit the results remain the same except that they are horizontally shifted to the left or
viscoelastic behavior or material resp . chap right, which represent lower or higher response times, respectively.

discussion to linear viscoelasticity which is valid for polymer systems that are
undergoing small deformations. Non-linear viscoelasticity, required when modeling

large deformations such as those encountered in flowing polymer melts, is
covered in detail in Chapter 5. Stress

In linear viscoelasticity the stress relaxation test is often used, along with the l ) b =l
time-temperature superposition principle and the Boltzmann superposition principle, to é 1ohr
explain the behavior of polymeric materials during deformation. \ é tont \\‘“\ 808

. S LE’109 \ S
3.8.1 Stress Relaxation Test R W\ 744
3 gma I \\\ 706 |
In a stress relaxation test, a polymer test specimen is deformed a fixed amount, o \\\\_.55_4 |
g, and the stress required to hold that amount of deformation is recorded over 8 10 %g .
time. This test is very cumbersome to perform, so the design engineer and the ‘ n \40.1 —————————
material scientist have tended to ignore it. In fact, several years ago the 108 - N
standard relaxation test ASTM D2991 was dropped by ASTM. Rheologists and | i = Mastercurve at 25°C
scientists, however, have been consistently using the stress relaxation test to \ 10 5;'" R e o o o
interpret the viscoelastic behavior of polymers. ot bl R T A VR U !
; . 02 {08 102 107% 1012 1010 10% 108 104 102 100 102

Figure 3.27 [10] presents the stress relaxation modulus measured of Holrs
polyisobutylene$ at various temperatures. Here, the stress relaxation modulus . )
is defined by Figure 3.27 Relaxation modulus curves for polyisobutylene at various temperatures

and corresponding master curve at 25 ©C.
ot
E. (1) -2 (3.10)
S(J

~ The same behavior is observed if the pressure is varied. As the pressure is
increased, the free volume between the molecules is reduced, slowing down
melecular movement. Here, an increase in pressure is equivalent to a decrease
in temperature. In the melt state, the viscosity of a polymer increases with
9
10

' where ¢, is the applied strain and oft) is the stress being measured. From the
tost results it is clear that stress relaxation is time and temperature dependent,
especially around the glass transition temperature where the slope of the curve
is maximal. In the case of the polyisobutylene shown in Fig. 3.27, the glass

By relaxation time one usually refers to the time it takes for applied stresses to relax within a material.

In acreep test the polymer specimen is loaded to a constant stress, and the strain responsc is recorded
in time, The creep test is described in more detail in Chapter 9.

8  Better known as chewing gum.
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pressure. Figure 3.28 [11] is presented to illustrate the effect of pressure on
stress relaxation.

4600,
3L 4400, 250C
4200 >
4000 e——
3800
- 8007 3600
3400
2|k
. 3200
©
o
= | 3000
0]
o
o
—
1} 2800
2600
2400
T 1600
12odi:fh“H‘*‘““‘*-———__ﬁ____H____ﬁ___‘_ﬁ
) e
P 4007~
Jbar” | . A :
0 1 2 d
logt (s)

Figure 3.28  Shear relaxation modulus for a chlorosulfonated polyethylene at various
pressures.

3.8.2 Time-Temperature Superposition (WLF-Equation)

The time-temperature equivalence seen in stress relaxation test results can be
used to reduce data at various temperatures to one general master curve for a
reference temperature, Tref. To generate a master curve at the reference
temperature, the curves shown in the left of Fig. 3.27 must be shifted
horizontally, maintaining the reference curve stationary. Density changes are
usually small and can be neglected, eliminating the need to perform tedious
corrections. The master curve for the data in Fig. 3.27 is shown on the right side
of the figure. Each curve was shifted horizontally until the ends of all the curves
became superimposed. The amount that each curve was shifted can be plotted
with respect to the temperature difference taken from the reference
temperature. For the data in Fig. 3.27 the shift factor is shown in the plot in Fig.
3.29. The amounts the curves where shifted are represented by
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t
logs-logz,, =log| —|=loga, (3.11)
ref
Temperature
+8 shift factor
S
Q
8
:E +4
(2]
[=2]
]
-
0
-4 ! f
-80 -40 0 40 80

Temperature (°C)

Figure 3.29 Plot of the shift factor as a functi
ction of temperature used t
master curve plotted in Fig. 3.27. ? = S PIEEERR

Although the results in Figure 3.29 where shift
sul . ed to a reference te t
298 K (25 °C), Williams, Landel and Ferry [12] chose Tref = 243 K foirnpera e of

-8.86 (T'-T,,)

loga, =
& 1016+ T-T,

(3.12)

which holds for nearly all polymers if the chosen reference temperature is 45 K
above the glass transition temperature. In general, the horizontal shift, log a
between the relaxation responses at various temperatures to a re;fergncz
temperature can be computed using the well known Williams-Landel-Fer
[12] (WLF) equation. The WLF equation is given by v

c(r-t,)

loga, = —— %
TG (T-T,)

(3.13)

:};{:P;Zsignﬁ C, ac}'e matgriaI dependent constants. It has been shown that with
ot i P 110n ,=17.44 and C, =‘§l.6, Eg. 3.13 fits well a wide variety of
tmﬁperam?: ?I{l)g as the glass transition temperature is chosen as the reference
o i hese values for C *fmd C, are often referred to as universal

ants. Often, the WLF equation must be adjusted until it fits the
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80  Basic Principles
experimental data. Master curves of stress relaxation tests are important since y I
the polymer's behavior can be traced over much greater periods of time than
p i

those determined experimentally. o =

@ %% —I—J

[0 )
3.8.3 The Boltzmann Superposition Principle B ool

0 o vz Y3 Time-h

In addition to the time-temperature superposition principle (WLF), the Boltzmann

superposition principle 1s of extreme importance in the theory of linear
viscoelasticity. The Boltzmann superposition principle states that the F
deformation of a polymer component is the sum or superposition of all strains e

that result from various loads acting on the part at different times. This means

that the response of a material to a specific load is independent of already

existing loads. Hence, we can compute the deformation of a polymer specimen
act at different points in time by simply adding all

upon which several loads
strain responses. The Boltzmann superposition principle is schematically e e
. a 5 a yia . i = reep due
illustrated in Fig. 3.30. Mathematically, the Boltzmann superposition principle @ 0 0
can be stated as follows @ -
Creep due
S=OOJ(t—to)+(D‘,—GO)J(t—t‘)+...+(O,-—-G,._I)](t—t,)+.‘. (3.14) Lt Croep cue
_—— loag
where J represents the material's compliancell. However, not all loadings and { -
deformations consist of finite step changes, and Eq. 3.14 can be written in 0 u'1 5 ] -
3 Time

f 'g 3.30 i p )]
n of Boltz
integra orm P lnCIpl A A, ',

o)
en= [ J-1)do(t) (3.15)
(=)
which can also be written as 3.8.4 Applying Linear Viscoelasticity to Describe the Behavior of
Polymers
gt = [J(t-1Ho(t) dr' (3.16) M . )
i[. Strc;si;p?l}ﬁgei,su;x%?ﬁ a.VISCﬁ)uS as well as an elastic response to stress and
I em in the category of vi ; : .
Furthermore, one can invert Eq. 3.16 and write iﬁmbmatlons of elastic and viscous eglen}:ents IY;?: i::ﬁcuggtf e Va.rlous
! : y 0a
117 Spii;rlzterlgl dbehavmr of polymeric melts. Most models are comb}i)rlgg);lr?sla:)ef
(317) gs and dash pots— the most common one being the Maxwell model

o) = [Gu-Eat
For clarity, let us first derive the stress-strain behavior for a Maxwell model

The Boltzmann superposition principle holds as long as the polymer follows a shown in Fi
linear viscoelastic behavior. e in Fig. 3?.31. Thg total strain, ¢, in the model has an elastic, ¢, and
us, ey, strain contribution and can be represented as follows: n ? |
' |
E=¢ +
e (3.18) |

11 The compliance is the inversc of the stiffness, J = 1/ E.
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Figure 3.31  Schematic diagram of the Maxwell model.

Similarly, the strain rates are written as

t=¢ +E (3.19)
E=C% TN
Assuming the spring follows Hooke's law, the following relation holds
: = (3.20)
“7E
The viscous portion, represented by the dash pot, is written as follows
b (3.21)
Con
Combining Egs. 3.19-3.21 results in
i (3.22)
E 7
which can be rewritten as
gdg _ e (3.23)
ot E dt Tt

i i 's model in
which is often referred to as the governing equation for Maxwell's m

differential form.

Maintaining the material :
relaxation test, the differential equation. Eq. 3.23, reduces to

at a constant deformation, such as in the

3 Structure of Polymers 83

o+—-0=0 (3.24)

Integrating Eq. 3.24 results in

—11 A

T =0 (3.25)

where 1 is known as the relaxation time. The relaxation response of the constant
strain Maxwell model is depicted in Fig. 3.32. Using Eq. 3.25 one can show how
after t = 2, the stresses relax to 37% of their initial value; el = 0.37. When
estimating relaxation of stresses, four relaxation times (4A) are often used.
Hence, by using t = 42 in Eq. 3.25 the stresses have relaxed to 1.8% of their
original size. Using the Boltzmann superposition principle and Eq. 3.25 we can
write the governing equation for the Maxwell model in integral form as

o.(t)=fEe—(1—f’)/).é dt (326)

-

For more accurate estimates or realistic analyses the Maxwell model is not
sufficient. For a better fit with experimental data it is common to use several
spring-dash pot models in parallel such as shown in Fig. 3.32 [13]. Such a
configuration is often referred to as a generalized Maxwell model. The curve
shown in the figure fits a four-parameter model with experimental relaxation
and retardation data for a common polystyrene with a molecular weight of
260,000 g/mole. For this specific material, the relaxation behavior of the
injected melt into a hot cavity, at a reference temperature of 113 OC, is
described by

€ - - ) -0281/). 583172
—=O.25(e %75:/)._'_6 |0///.+€ 028 1/). +€4).0>M/;) (3_27)

“

where ¢, is the strain after relaxation and is defined by

g, =42 = (3.28)

Here, I, and I, represent the length of the stretched and relaxed sample,
respectively, and S, represents the total shrinkage.

A A A
8.75°70.2870.0583"
relaxation times for this specific polystyrene, modeled using the four-
parameter model. The relaxation time, A, correlates with the time it takes for
the initial strain to reduce, by relaxation, to one-half its initial value. This

The terms in Eq. 3.27 represent four individual
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. s G5 wn for various polymers Wiibken [13] performed similar tests with different amorphous
relaxation tinjle i temper?mretgegigdzgto? :hsehcourves are all sim};lar, only thermoplastics, and phe found that, indeed, in all cases the measurerP;lents
in Fig. 3.33. Figure 3.33 shows IJO‘?; : e‘m grtanlt to note that the relaxation and showed a correlation between time and temperature such as described by the
shifted by a certain s I * lt‘nlz-rmo lastics is similar. WLF [12] equation. The data fit by the four-parameter model was generated via
retardation behavior of all amorphous ¥ two different experiments: a relaxation test inside an injection mold between

100 and 180 ©C, and a retardation test outside of the mold between 72 and 100

12 | ‘ ] OC. The measured data are shown in Figs. 3.34 and 3.35 for the relaxation and
| , l ‘ | retardation tests, respectively. The curves shown in both graphs were shifted
1.0 Four-parameter model | X . . 2 g 1s
~ — Polystyrol A —— horizontally to generate one master curve as shown in Fig. 3.36. The solid line
08 |3t/ - ‘|— Y in the figure is the four-parameter fit represented with Eq. 3.27.
I - it
T s i  ——
o4l | 1.0 T
‘ Polystyrene A
| 0.8 — ey =104 —
s 2 4 0 1 2 3 \ p =1 bar
log—— | 0.6

%

58%?20_"?0 i -_ -_1_0:(5 \19(_) °C -

05—

E/Ea

Figure 3.32 Relaxation response of a Maxwell model an

d a four-parameter Maxwell ‘

0.4 RO : 4 _
model. 4 80N\\\ \\\
il \ e | N
| W -
103 i ‘ 0 . .\‘l-- Py \v\‘ \\3\ \
F Relaxation 0.1 1 10 102 103 104
p=1bar Time (min)
— | I L 1 1 i
1s 10s 1 min 10 min 1h 1d w
102 |
< | Figure 3.34 Relaxation response, inside an injection mold, of a polystyrene specimen
QE; = at various temperatures.
LY N |
1
_‘9: 10
= T
3 ‘ Polystyrene A
< | . gg=50
= 100 [ |_{ 7 ‘ !
|
ot = 72°C
1027 390 410 430 450 | [
i Temperature, T (K) 0.1 1 10 102 108 104
. Jastics Time (min)
A . i or various thermoplastics. == \ . . ; | I
Figure 3.33  Relaxation time as a function of temperature f i . i S o = =

Figure 3.35 Recovery or retardation response after injection molding of a polystyrene
specimen at various temperatures.
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where ¢, is the strain amplitude and o the frequency in radians per second.

1~°"7 ﬂ\r&‘\‘] ' =100 og=184 7y =100
+110 =220 =50 min Diff iati . X :
0.8 | T L ;! | 4120 =220 =7.0min erentiating Eq. 3.31, combining with Eq. 3.23, and integrating results in
120 =0.84 =7.0 min
Bk fa i zrom (52 Nonsien
e SRS | S M =\ =1.22 min| = ) sin(ew
. I ﬁ_ TS w140 =1.04 =0.31 min 1+ (wA)” )+ cos(ar)) (3:32)
£ 05 #*158 -1.04 =45s
04—+ +"3¥ __ngg :1 '83 22)'2155 for a steady state response. Dividing Eq. 3.28 by the amplitude of the strain
FoEETeTA x i : | 11}11qu r.esults ina .Complex modulus, which is formed by an elastic component |
02— - | o — 3 gl in-phase with the strain input, and a viscous component. The elastic tern{
| | Half ,‘lma | is generally called the storage modulus and is defined by
0 . s
3 -2 -1 0 1 2 3 E(wh)’
-t E'=|—""
9% [I + [cu}.)z) (3.33)
Figure 3.36 Master curve for the relaxation response, inside an injection mold, of a and the viscous ter
m, . .
polystyrene specimen at various temperatures. usually Tl ertedlitolasi e 05, oA UIe, s gven by
Hence, appropriate 7,,and [ values must be found. However, the reference " =( EwA 53
temperature is not quite independent of the relaxation behavior of the polymer 1+ (wA)” (3.34)
but is related to the material properties. For the polystyrene A in Fig. 3.37,
T, =113°C, or about 48 °C above T,. For example, for the polystyrene A of Polystyrene A
Fig. 3.37, the relaxation time, I, can be computed by p =1 bar
‘ v e, =1.06
. 8.86 (T-T, o £y =220
Relaxation: log(A) =1log(27) - ———(—L (3.29) | m ey =416
101.6+(T-T) kil
5 ® £5=6.40
[0} .
8.86 (T-T) £ © Reference point
Creep: log(A) =10g(0.0018) - ————— 3.30 =
BeRSE ¢ 101.6+(T-T) (330) 5
' g
where the constants 27 and 0.0018 are the relaxation times, A, in minutes, at the 3 oy
reference tem f 113 oC | = %
perature of 113 °C. %
.
As discussed earlier, similar to the temperature induced shift, there is also a %
shift due to pressure!2, If we refer to Fig. 3.38, which shows the influence of
pressure on 7,, we can see that this effect can easily be included into the WLF
equation ie., there is approximately a 2 °C shift in the glass transition Mo _
temperature of polystyrene for every 100 bar of pressure rise [14]. 15 naie) stretehing
102 - L {5 | "
Models such as the Maxwell model described by Eq. 3.23 can also be used to . 335;1-9350 370 T; 390 410 430 450
simulate the dynamic response of polymers. In a dynamic test13 the strain input ' Temperature, T (K)
is given by T ' L I 1 |
0 10 40 60 80 100 120
& = g, sin(wt) (3.31) . : T-Tg
U 5 g q
gure 3.37 Rgia;(atlon and retardation times as a function of temperature for a
12 This is discussed in Chapters 5 and 9 for shifts in viscosity and relaxation times, respectively. Polysiylenel
13 The dynamic test is discussed in more detail in Chapter 8.
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40 ‘
4 Standard - PS -0.252nm —s=
o PS
o PMMA
A PVC
30 |-
5 /CHg CHo CH2 CH2
~ ~N
QEv CHg cHy” cHp™ e cHa~ |
2 20 |
< Polyethylene repeat unit |
Figure 3.39  Schematic diagram of a polyethylene molecule.
10 -
As we know, even high density polyethylene molecules are branched
and therefore our result is an overprediction.
01 | ! s 3.2  For the poly-a-methylstyrene stress relaxation data in Fig. 3.40 [16],
0 250 500 750 1000 o
create a master creep curve at 7, (204 ©C).
Pressure, P (bar) u
Figure 3.38 Influence of hydrostatic pressure on the glass transition temperature for [
various amorphous thermoplastics. 10 \
0
o706 160.4 °C
Examples 177,200
166.2 0C
31 What is the maximum possible separation between the ends of a high 8
density polyethylene molecule with an average molecular weight of 180.6 ©
o]
100,000. _ . 7902 0= 17530
Our first task is to estimate the number of repeat units, n, in the oL \1 99.4 0C
polyethylene chain. Each repeat unit has 2 carbons and 4 hydrogen L .
atoms. The molecular weight of carbon is 12 and that of hydrogen 1. | 3 8 )
Hence, ui
D
MW //repeat unit = 2(12)+4(1)=28. ° sk 219.5 9G
. 228.0 9C|
The number of repeat units is computed as . A
: -2 0 2 4
n = MW/ (MW/ repeat unit) = 100,000/28 = 3,571 units. l i
ogt, (s

; ) in Fig. 3. w estimate the | . :
}iigi (t)fflet hil?fﬁ;rgxfsszggﬁoignilegugiiz WE] caml How: [€5 Figure 3.40  Stress relaxation data for poly-a-methylstyrene.

¢ =0.252 nm(3571) = 890 nm = 0.89um Identify the glassy, rubbery, viscous and viscoelastic regions of the
master curve. Identify each region with a spring-dashpot diagram.

Develop a plot of the shift factor, log(a;) versus T, used to create your
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is the horizontal distance that the curve at 10*’s, or 31,623 s (8.8 h). The relaxation time for the remaining

master curve log(ay)
temperatures can be computed using the shift factor curve.

temperature T was slid to coincide with the master curve.

What is the relaxation time of the polymer at the glass transition

temperature? 8 -
The master creep curve for the above data is generated by sliding the
individual relaxation curves horizontally until they match with their 6
neighbors, using a fixed scale for a hypothetical curve at 204 ©C. Since
the curve does not exist for the desired temperature we can interpolate
between 208.6 0C and 199.4 ©C. The resulting master curve is presented 4 WLF equation
in Fig. 3.41. & /
‘é_‘
2 27
10_ /I 67— 1804 °C 07
f
o+ | -2 T T T 1
/ 160 180 200 220 240
CE 8 Glassy region |‘ Rubbery plateau T, (9C)
S / R ‘
; | Figure 3.42  Shift factor and WLF curves for Tref=204 ©C.
S = | Viscous flow
w T v i i !
o Viscoelastic region Problems
6 N .
31  Estimate the degree c?f polymerization of a polyethylene with an
. 4L | average molecular weight of 150,000. The molecular weight of an
5 208.0 9C J | ethylene monomer is 28.
|
1 1 ] i L 1 | 3.2

What is the maximum possible separation between the ends of a

-8 -6 -4 2 0 2 4
polystyrene molecule with a molecular weight of 160,000.

' logt, (s)

\ |
Figare 341  Master curve for poly-o-methylstyrene at 204 °C, 3.3 To enhance processability of a polymer why would you want to decrease
its molecular weight?

The amount each curve must be shifted from the master curve to their | 34 Why would an uncrosslinked polybutadiene flow at room temperature?

initial position is the shift factor, log a,. The graph also shows the .
3.5 Is it true that by decreasing the temperature of a polymer you can

spring-dashpot models and the shift factor for a couple of .
temperatures. Figure 3.42 represents the shift factor versus increase its relaxation time?
temperature. The solid line indicates the shift factor predicted by the 36 1t )
WLF equation. | ' you knﬁw the relaxation time of a polymer at one temperature, can
. you use the WLF equation to estimate the relaxation time ‘
) . o ; 4 of the same
The relaxation time for the poly-a-methylstyrene presented here 1S material at a different temperature? Explain.
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various temperatures [15]. Create a master curve at 109.8 °C by
graphically sliding the curves at some temperatures horizontally until

they line up.
Identify the glassy, rubbery, and viscoelastic regions of the master curve.

Develop a plot of the shift factor, log(as) versus T, used to create your
master curve log(a,) is the horizontal distance that the curve at
temperature T was slid to coincide with the master curve. Compare your
graphical result with the WLF equation.

Note: The WLF equation is for a master curve at Tg (85 ©C for this PS),
but your master curve is for 109.8 OC, so be sure you make a fair

comparison.

3 Structure of Polymers 93

92 Basic Principles
37  What role does the cooling rate play in the morphological structure of 3
semi-crystalline polymers?
3.8  Explain how cross-linking between the molecules affect the molecular &l i
mobility and elasticity of elastomers.
1+ 0
39 Increasing the molecular weight of a polymer increases its strength and i
stiffness, as well as its viscosity. Is too high of a viscosity a limiting
factor when increasing the strength by increasing the molecular weight? g Ok
Why? s
. . - . o 101.1 °C
310 Which broad class of thermoplastic polymers densifies the least during W 103.3 0C
cooling and solidification from a melt state into a solid state? Why? ke) 105.5 °C
109.8 °C
311 What class of polymers would you probably use to manufacture frying 2 113.8 9C
pan handles? Even though most polymers could not actually be used for 110.8 0
this particular application, what single property do all polymers exhibit g 1345 0C RIEE
that would be considered advantageous in this particular application. I '
160 9C "1450C
312 In terms of recycling, which material is easier to handle, thermosets or 4 , 200 OC_ . . .
thermoplastics? Why? -1 0 1 2 3 4 5 6
b 8 / logt, (s)
313 You are to extrude a polystyrene tube at an average speed of is 0.1 m/s. Figure 3.43 Creep modulus as a functi i
d t
The relaxation time, 1, of the polystyrene, at the processing temperature, 5 nEEEDGHHMENOn POljELFEne:
is 1 second. The die land length is 0.02 m. Will elasticity play a
significant role in your process. 315 Figure 3.44 presents relaxation data for polycarbonate at various
' temperatu 17]. . e
3.14 Figure 3.43 presents some creep compliance data for polystyrene at the Eurvesr:ts t£1e ]Vacrfsizet:r;nisrtetr Cur‘f e oC by g_raPhlcal,ly sliding
peratures horizontally until they line up.

Identify the glassy, rubbery, and viscoelastic regions of the master curve.

Develop a plot of the shift factor, log(ar) versus T, used to create your
master curve. log(a;) is the horizontal distance that the curve at
temperature T was slid to coincide with the master curve.

Compare your graphical result with the WLF equation. Note that the
resulting master curve is far from the glass transition temperature of
polycarbonate.
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log (E), MPa

1 =
Hanser Publishers, Munich, (1997).
135 0C
otk
140 °C
145 9C
150 °C J
15 1 2 3

logt (s)
Figure 344  Relaxation modulus as a function of time for polycarbonate

316 Figure 3.28 presents shear relaxation data for a chlorosulfonated
polyethylene at various pressures. Create a master curve at 1 bar by
graphically sliding the curves at the various pressures horizontally until
they line up. On the same graph draw the master curve at a pressure of
1200 bar, a high pressure encountered during injection molding.
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Thermal Properties of Polymers

The heat flow through a material can be defined by Fourier's law of heat
conduction. Fourier's law can be expressed asl

oT
q, =~k — (4.1)

“ax

where g, is the energy transport per unit area in the x direction, ky the thermal
conductivity and the temperature gradient. At the onset of heating the polymer
responds solely as a heat sink, and the amount of energy per unit volume, Q,
stored in the material before reaching steady state conditions can be
approximated by

Q=pC,AT (4.2)

where p is the density of the material, C, the specific heat, and AT the change in
temperature.

Using the notation found in Fig. 4.1 and balancing the heat flow through the
element via conduction, including the transient, convective, and viscous
heating effects, the energy balance can be written as

pcpi—f+ pC,,y-VT=(V-§-VT)+%M(Z:X)+Q (4.3)

where on the left are the transient and convective terms, and on the right the
conductive, viscous heating, and an arbitrary heat generation term. The full
form of the energy equation is found along with the continuity equation and
momentum balance in Tables IV and V of the appendix of this book.

1 For more detailed information on transport phenomena the reader can refer to: Bird, R.B., Steward,

W.E. and Lightfoot, E.N., Transport Phenonena, John Wiley & Sons, (1960).
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98  Basic Principles 4 Thermal Propeties of Polymers 99

' Table 41  Thermal Properties for Selected Polymeric Materials

g, +A4q,
1 q. Polymer Specific Specific =~ Thermal Coeff. of Thermal  Max
A = y gravity heat conductivity therm. exp. diffusivity temperature
: Av (/kgoC) WmyK) — (um/m/K) (m’s)x10”7  (°C)
4.+ g, Wl A ABS 104 147 03 90 17 70
Acetal (homo-pol.)  1.42 1.47 0.2 80 0.7 85
7 Flow path
Az n %‘- Acetal (Co-pol.) 141 147 02 95 0.72 90
L/ Acrylic 1.18 1.47 0.2 70 1.09 50
Cellulose acetate 1.28 1.50 0.15 100 1.04 60
Figure 41 Heat flow through a differential material element. Epoxy 1.90 - 0.23 70 5 130
Mod. PPO 1.06 - 0.22 60 - 120
The material properties foungl in Eqs 4.1—4.3.arefoften v'vrltten is ;I;teeiizlglii 12222 +30%GE 1;: 132 géi zg 12; 280
prqperty, namely the thermal diffusivity, a, which for an isotropi i T SE = - ) .
defined by PET +30%GE 163 - - 40 , 150
ook (4.4) Phenolic 140 130 035 22 1.92 185
pC, PC 1.15 1.26 0.2 65 1.47 125
u-Polyester 1.20 1.20 0.2 100 - =
Typical values of thermal properties for. selected polymers are shown in PP 0905 1.93 0.24 100 0.65 100
Table 4.1 [1]. For comparison, the properties for stainless steel are also PS i o 015 %0 o 5
shown at the end of the list. LDPE 092 230 0.33 200 1.17 50
It should be pointed out that the material properties of polymers are not HDPE 095 230 0.63 120 1.57 55
constant and may vary with temperature, pressure Or phase changes. This PTFE 210 100 0.25 140 0.7 -
chapter will discuss each of these properties individually and present examples w-PVC 140 1.00 0.16 70 1.16 50
of some of the most widely used polymers and measurement techniques. For a P PVC 1B G = 5 e N
more in-depth study of thermal properties of polymers the reader is SAN 108 138 0.17 70 0.81 60
encouraged to consult the literature [2-4]. PS-foam 0032 - 0.032 ~ _ .

7.854
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100  Basic Principles

4.1 Material Properties

4.1.1 Thermal Conductivity

i > ductivity, k, is the most
When analyzing thermal processes, the thermal con .
commonly yused property that helps quantify the transport of heat through a
material. By definition, energy is transported proportxon‘ally to the speed of
sound. Accordingly, thermal conductivity follows the relation

k=C,pul (4.5)

where u is the speed of sound and I the molecular sEeParatioFL Ap'lcfrpht_aus
polymers show "an increase in thermal conductivity with 1mr1{eas1trt\1g
temperature, up to the glass transition temperature, Tg. Aboxf*e 5 2&
thermal conductivity decreases with increasing temperature. Figure 4.2 [ ]
presents the thermal conductivity, below the glass transition temperature, for
various amorphous thermoplastics as a function of temperature.

022 ’*

PET

o
o
S

o
—
fes]

0.16

0.14

Thermal conductivity, k (W/ m K)

PIB

100 150 200 250 300
Temperature (K)

Figure 4.2  Thermal conductivity of various materials.

Due to the increase in density upon solidification q[ semi-crystélhne
thermoplastics, the thermal conductivity is higher in the. solid state than in _th?
melt. In the melt state, however, the thermal conductivity of semi—c.rys‘r_a]lmt
polymers reduces to that of amorphous polymers as can be seen in Fig. Tt"’
[5]. Furthermore, it is not surprising that the ‘thermal conduct!wty. of_ rile( ]s
increases with hydrostatic pressure. This effect is clearly shown in Fig. 4. [6].

4 Thermal Propeties of Polymers 101

As long as thermosets are unfilled, their thermal conductivity is very similar
to amorphous thermoplastics.

Anisotropy in thermoplastic polymers also plays a significant role in the
thermal conductivity. Highly drawn semi-crystalline polymer samples can
have a much higher thermal conductivity as a result of the orientation of the
polymer chains in the direction of the draw. For amorphous polymers, the
increase in thermal conductivity in the direction of the draw is usually not
higher than two. Figure 4.5 [2] presents the thermal conductivity in the
directions parallel and perpendicular to the draw for high density
polyethylene, polypropylene, and polymethyl methacrylate.

A simple relation exists between the anisotropic and the isotropic thermal
conductivity [7]. This relation is written as

1 2 3
i == (4.6)
koK Kk
where the subscripts || and L1 represent the directions parallel and
perpendicular to the draw, respectively.
T ]
\I
< |
=y ™~ _HDPE
= 4
I~ N
(=} >
x LDPE M PA G\V
.3 w L \ =

Pl N
= NN
B PC L . eodhessoskocsathofocss
3 eoe®®® s
° P
j
82
= PS —
c —————ule se——0
(] L
= | PP

1

0

0 50 100 150 200 250
Temperature, T (°C)
Figure 4.3  Thermal conductivity of various thermoplastics.
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102  Basic Principles 4 Thermal Propeties of Polymers 103

| or foamed polymers, and the influence of mineral content on filled polymers.
T=230°C \ There are various models available to compute the thermal conductivity of
foamed or filled plastics [7, 9, 10]. A rule of mixtures, suggested by Knappe [7],
commonly used to compute thermal conductivity of composite materials is
written as

=
S

—_
-

2,k =20, (K, k)
© Dk, +kp+ gk, — k) "

4.7)

conductivity

Variation in thermal (k / klbar)

where, ¢, is the volume fraction of filler, and km, ke and k. are the thermal
conductivity of the matrix, filler and composite, respectively. Figure 4.11
compares Eq. 4.7 with experimental data [11] for an epoxy filled with copper
particles of various diameters. The figure also compares the data to the classic

=
=}

1 250 500 750 1000
Pressure, P (bar)

Figure 44  Influence of pressure on thermal conductivity of various thermoplastics. model given by Maxwell [9] which is written as
k. /k,—1
k. =|14+3¢,| =L |k, (4.8)
8.0 kp/k, +2
6.0

S .

0
x40 0.7 ~_ ]

F ~
= \\
X .~
06 - — -+ !
20 1 C
~ _LDPE +Quartz powdey
15 i
\ | 80%
05 = s==—"7— -=--=]: m
10 = [~ o,

s PMMA .l LDPE +GF (40% wt)
L0 E PP e M | ||-orientation
a2 HOPE 0.4 i S s
< L \'\'-JF'E e LDPE +GF (40% wi)

04 4 é sl olf 5I 6 | ™ L-grjentation

X | AL-oder
03| i’”‘r’ =iy

Thermal conductivity, kK (W/m/ K)

Draw ratio
Figure 4.5  Thermal conductivity as a function of draw ratio in .the directions
perpendicular and parallel to the stretch for various oriented thermo- 0.0 F— —
plastics.
0.1 e

The higher thermal conductivity of inorganic fillers increases t_he thermal
conductivity of filled polymers. Nevertheless, a sharp decrease in therm‘a_l
conductivity around the melting temperature of crystalline polymers can still . 0, ” o0 150 S
be seen with filled materials. The effect of filler on thermal conductivity of
various thermoplastics is shown in Figs. 4.6 to 49, Figure 4.6 [8] shows the .
effect of fiber orientation as well as the effect of quartz powder on the thermal Figure 4.6 Influence of filler on the thermal conductivity of LDPE.
conductivity of low density polyethylene. Figures 4.7 to 4.9 show the effect of
various volume fractions of glass fiber in polyamide 6, polycarbonate, and ABS, |
respectively. Figure 4.10 demonstrates the influence of gas content on expanded

Temperature, T (°C)
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03 ,
|

% 5 02— | 17%GF-ABS| N

= =

z G _ ABS

b T < I

z sk |

-E PA6 + GF (_:’ =0.1 _—

o =

3 02— £ x

& Q

8 =

©

g 01— 0.0

o 0 100 200 300

= | ‘ | Temperature, T(°C)
|

0.0 : o
0 100 200 300 Figure 49  Influence of glass fiber on the thermal conductivity of ABS. Courtesy of

Temperature, T(°C) Bayer AG, Germany.

Figure 4.7  Influence of glass fiber on the thermal conductivity of polyamide 6.
Courtesy of Bayer AG, Germany.

103 L
03 102 ———{— Polymer—
/ 3O°q—|ﬁOo _ in metal.
< // 10%= goy, =
£ PC + GF s 1o i
2 02} =
o 5
£ =
| % ..g. 100 — /,
Closed : ;

e 0.1 = -(83 cells - Meltal n
— | © 401 e B
g % Open cells
2 J = -
F o0 102 Foams r Polymer/metal

0 100 200 300 0 Y B o ]

Temperature, T (°C) Volume fraction Volume fraction
' . | of gas of metal
Figure 48  Influence of glass fiber on the thermal conductivity of polycarbonate.
Courtesy of Bayer AG, Germany. Figure 410 Thermal conductivity of plastics filled with glass or metal.
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16
'
14 - Experimental data el
(Temperature 300 K) o0
1o 1 100 um
’ o 46 um
= 25 pum
10 O 11um

Thermal conductivity, k (W/m/K)

0.2

Maxwell

]

0 10 20 30 40 50 60
Concentration, ® (%)

Figure 4.11 Thermal conductivity versus volume concentration of metallic particles
of an epoxy resin. Solid lines represent predictions using Maxwell and
Knappe models.

In addition, a model derived by Meredith and Tobias [10] applies to a cubic
array of spheres inside a matrix. Consequently, it cannot be used for volumetric
concentration above 52% since the spheres will touch at that point. However,
their model predicts the thermal conductivity very well up to 40% by volume
of particle concentration.

When mixing several materials the following variation of Knappe's model
applies

" _ k

- 22@ 7k,,. i
gL 2ty 49

= P T

;‘P: 2km - ki

where ki is the thermal conductivity of the filler and ¢y its volume fraction. This
relation is useful for glass fiber reinforced composites (FRC) with glass
concentrations up to 50% by volume. This is also valid for FRC with
unidirectional reinforcement. However, one must differentiate between the
direction longitudinal to the fibers and that transverse to them. For high fiber

4 Thermal Propeties of Polymers 107

content one can approximate the thermal conductivity of the composite by the
thermal conductivity of the fiber.

The thermal conductivity can be measured using the standard tests ASITM
C177 and DIN 52612. A new method is currently being balloted, ASTM D20.30,
which is preferred by most people today.

4.1.2 Specific Heat

The specific heat, C, represents the energy required to change a unit mass of
material by one degree in temperature. It can be measured at either constant
pressure, Cp, or constant volume, Cy. Since the specific heat at constant pressure
includes the effect of volumetric change, it is larger than the specific heat at
constant volume. However, the volume changes of a polymer with changing
temperatures have a negligible effect on the specific heat. Hence, one can
usually assume that the specific heat at constant volume or constant pressure
are the same. It is usually true that specific heat only changes modestly in the
range of practical processing and design temperatures of polymers. However,
semi-crystalline thermoplastics display a discontinuity in the specific heat at
the melting point of the crystallites. This jump or discontinuity in specific heat
includes the heat that is required to melt the crystallites which is usually called
the heat of fusion. Hence, specific heat is dependent on the degree of crystallinity.
Values of heat of fusion for typical semi-crystalline polymers are shown in
Table 4.2.

Table 422  Heat of Fusion of Various Thermoplastic Polymers

Polymer A (K] /kg) Tm (°C)
Polyethylene 268- 300 141
Polypropylene 209- 259 183
Polyvinyl-chloride 181 285
Polybutadiene 170- 187 148
Polyamide 6 193- 208 223
Polyamide 66 205 265

The chemical reaction that takes place during solidification of thermosets
also leads to considerable thermal effects. In a hardened state, their thermal
data are similar to the ones of amorphous thermoplastics. Figure 4.12 shows the
specific heat graphs for the three polymer categories.

2

The values for heat of fusion were computed using data taken from: van Krevelen, D.W., and Hoftyzer,
PJ., Properties of Polymers, Elsevier Scientific Publishing Company, Amsterdam, (1976).
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108  Basic Principles 4 Thermal Propeties of Polymers 109

For filled polymer systems with inorganic and powdery fillers a rule of 5
mixtures? can be written as

~

C, ()= a _I»Uf)cml (T) +W/Cly (T) (410)

where 1, represents the weight fraction of the filler and C,,, and C, the specific
heat of the polymer matrix and the filler, respectively. As an example of using
Eq. 4.10, Fig. 4.13 shows a specific heat curve of an unfilled polycarbonate and
its corresponding computed specific heat curves for 10%, 20%, and 30% glass
fiber content. In most cases temperature dependence of C, of inorganic fillers is
minimal and need not be taken into consideration.

w

PC + GF

Specific heat, Cp (KJ / kg K)
N
8\I\)—‘
|

4
\

—

The specific heat of copolymers can be calculated using the mole fraction of
the polymer components. ‘

—

c

Peapolymer = 0Cp +0,Cps (4.11) B
0 100 200 300

Temperature, T (°C)

Figure 4.13 Generated specific heat curves for a filled and unfilled polycarbonate.
Courtesy of Bayer AG, Germany.

where o,and o, are the mole fractions of the comonomer components and C,,
and C,, the corresponding specific heats.

f;‘ T %/" 4.1.3 Density
_—— ,_.?ﬁ“‘T_’_, ) ‘
0.8 [Tt = ﬁgﬁ_'g‘s’”;féﬁglor'de The density or its reciprocal, the specific volume, is a commonly used property I
0 Polycarbonate for polymeric materials. The specific volume is often plotted as a function of
_ a) Amorphous thermopiastics pressure and temperature in what is known as a p-v-T diagram. A typical p-v-T '
2 Ul LE\)PE j ‘ diagram for an unfilled and filled amorphous polymer is shown, using
i 24 ----- HDPE polycarbonate as an example, in Figs. 4.14 to 4.16. The two slopes in the curves
Y URE UHMWPE = | represent the specific volume of the melt and of the glassy amorphous
S} . A i polycarbonate, separated by the glass transition temperature. Figure 4.17
% i e AN presents the p-v-T diagram for polyamide 66 as an example of a typical semi-
5 0 57 BemicTysiaiine Tarmopesics C.rystalline polymer. Figure 4.18 shows the p-v-T diagram for polyamide 66
§ _____ e — f%lled with 30% glass fiber. The curves clearly show the melting temperature
& 24|——nfiercuing | 7N | | (e, T,~250°C for the unfilled PA66 cooled at 1 bar, which marks the
RN beginning of crystallization as the material cools). It should also come as no
16 ’_f:7-—‘-‘ﬁ-’?/— - surprise that the glass transition temperatures are the same for the filled and
yl ‘ o unfilled materials.

08 ) Thermosets (phenolic type 31) When carrying out die flow calculations, the temperature dependence of the
0 50 100 150 200 specific volume must often be dealt with analytically. At constant pressures, the

Tomparallis; T {*C) density of pure polymers can be approximated by

Figure 4.12  Specific heat curves for selected polymers of the three general polymer

categories. T) = il 4
p(T) P ad-T) (4.12)

3 Valid up to 65% filler content by volume.
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where p, is the density at reference temperature, To, and a; is the linear
coefficient of thermal expansion.

1.00 ‘
Pressure, P

(bar)
0.95|— 1

200
/ 400

800

0.80

1200

1600

Specific volume, V (cm’/g)

.80
080

Figure 4.14 p-v-T diagram for a polycarbonate. Courtesy of Bayer AG, Germany.
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of Bayer AG, Germany.

Figure 415 p-v-T diagram for a polycarbonate filled with 10% glass fiber. Courtesy
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Figure 4.16 p-v-T diagram for a polycarbonate filled with 20% glass fiber. Courtesy

of Bayer AG, Germany.
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Figure 4.17 p-v-T diagram for a polyamide 66. Courtesy of Bayer AG, Germany.
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B 0.85 / 400 = 16407 L
3 el 2 i PC
£ 800 = ’
o / 5 12407 Ve
N g 1200 5 £ § PET PS
£
- 1600 T 08407
S 0.80|——PA 66 + 30% GF 7 P £ ] \
£ ol :
3 £ 04107 | HIPS
[*] 63 L
: 2 00 . . ‘ ‘
% -200 -100 0 100 200 300
075 == |
8_ Temperature, T (°C)
D . Y . .
Figure 4.19 Thermal diffusivity as a function of temperature for various amorphous
thermoplastics.
0.70

0 100 200 300
Temperature, T (°C)

A d in th T N . .
Figure 418 p-v-T diagram for a polyamide 66 filled with 30% glass fiber. Courtesy ecrease in thermal diffusivity, with increasing temperature, is also

observed in semi-crystalline thermoplastics. These materials show a minimum

of Bayer AG, Germany. at the melting temperature as demonstrated in Fig. 4.20 [2] for a selected

) number of semi-crystalline thermoplastics. It has also been observed that the

For amorphous polymers, Eq. 4.12 is valid only for the linear Segmentls (e, thermal diffusivity increases with increasing degree of crystallinity and that it
below or above Tg), and for semi-crystalline polymers it is only valid for depends on the rate of crystalline growth, hence, on the cooling speed.

temperatures above Tm.
The density of polymers filled with inorganic materials can be computed at

: 3.0410 7 |
any temperature using the following rule of mixtures
@ 25407 b
(T) £
p.(T)= S (+13) © 20107
v, (1) + A -y)p; Z |
) . Z 15107 | |
where p,, p, and p, are the densities of the composite, polymer and filler, E
respectively, and 1 the weight fraction of filler. S 10407 L
£
5 05407 f
=
1 4.1.4 Thermal Diffusivity = - . . _ . | ‘ J
_ ' 200 -150 -100 50 0 50 100 150 200 250
Thermal diffusivity, defined in Eq. 4.4, is the material property that governs the
process of thermal diffusion over time. The thermal diffusivity in amurphoug Temperature, T (9C) |
thermoplastics decreases with temperature. A small jump Is observet‘:'l alou}; Figure 420 Thermal diffusivity as a function of temperature for various semi- |.
| the glass transition temperature due to the decrease in heat capacity at lg. crystalline thermoplastics J
‘ Figure 4.19 [2] presents the thermal diffusivity for selected amorphous
thermoplastics. ) . '
P 4.1.5 Linear Coefficient of Thermal Expansion
The linear coefficient of thermal expansion is related to volume changes that

occur in a polymer due to temperature variations and is well represented in the
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p-v-T diagram. For many materials, thermal expansion is related to the
melting temperature of that material, clearly demonstrated for some important
polymers in Fig. 4.21. Although the linear coefficient of thermal expansion
varies with temperature, it can be considered constant within typical design
and processing conditions. It is especially high for polyolefins where it ranges
from 1.5 x 104/K to 2 x 104/K, however fibers and other fillers significantly
reduce thermal expansion. A rule of mixtures is sufficient to calculate the
thermal expansion coefficient of polymers that are filled with powdery and
small particles as well as with short fibers. For this case the rule of mixtures is

written as
o, =ap(1—¢)f)+af¢j (4.14)

where ¢, is the volume fraction of the filler, and ¢, @, and «, are coefficients
for the composite, the polymer and the filler, respectively. In case of continuous
fiber reinforcement, the rule of mixtures presented in Eq. 414 applies for the
coefficient perpendicular to the reinforcing fibers. In the fiber direction,
however, the thermal expansion of the fibers determines the linear coefficient
of thermal expansion of the composite. Extensive calculations are necessary to
determine coefficients in layered laminated composites.

4000

w

|
o Graphite ‘ ‘
v]

W
Q
(=
o

2000 [P ——————T—7

W

Palyethylene terephthalate
Shaal Polymefhyl methacrylate
' \

|
400 KLGs

Polyoxymathylene —"!' Na §
| Polycarbonate - | Rb

0 20 40 60 80 100
Linear thermal expansion coefficient, 106 (1/0C)

Melting temperature (K)

1000

0

Figure 4.21 Relation between thermal expansion of some metals and plastics at 2106
and their melting temperature.
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4.1.6 Thermal Penetration

In addition to thermal diffusivity, the thermal penetration number is of
considerable practical interest. It is given by

b=JkC, p (4.15)

If the thermal penetration number is known, the contact temperature T
which results when two bodies A and B, which are at different temperatures,
touch can easily be computed using

b, T, +b,T,
== e, (*16)

where T, and T, are the temperatures of the touching bodies and b, and b,are
the thermal penetrations for both materials. The contact temperature is very
important for many objects in daily use (e.g., from the handles of heated
objects or drinking cups made of plastic, to the heat insulation of space crafts). It
is also very important for the calculation of temperatures in tools and molds
during polymer processing. The constants used to compute temperature
dependent thermal penetration numbers for common thermoplastics are given

in Table 4.3 [12].

Table 4.3 Thermal Penetration of Some Plastics

Plastic Coefficients to calculate the thermal
penetration b =a,T +b, (W/sl/z/rnll()

4 by
HDPE 1.41 441.7
LDPE 0.0836 615.1
PMMA 0.891 286.4
POM 0.674 699.6
PP ) 0.846 366.8
PS 0.909 188.9
PVC 0.649 257.8

4.1.7 Glass Transition Temperature

%he .glass transition temperature, Tg, is closely related to the secondary forces.
ypical values for the glass transition temperature of common thermoplastics
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are listed in Chapter 2. If a polymer is mixed with a solvent, the glass
transition temperature can be lowered and we can compute it with the

following rule of mixtures#

el ~0- 8T, @17)
* T a0, + (-4,

where ¢y and . are the linear coefficients of thermal expansion fcn_" ‘the
polymer and the solvent, respectively; T,,,, T, and T, are the glass transition
temperatures of the mixture, polymer and solvent, respectively; and ¢ is ‘the
yolume fraction of polymer in the mixture. Stabilizers, plasticizers, and similar
auxiliary processing agents work the same way. Usually, the rule of th:ll}l’lb
applies that 1% by volume of plasticizer reduces the glass transition

temperature by 2K.

When mixing two incompatible polymers, two glass transition
temperatures result, which are visible when measuring the elastic or loss
modulus of the polymer blend.

4.1.8 Melting Temperature

The melting temperature, T, is the highest temperature at which crystalline
structures can exist. Above this temperature the polymer can be considered a
viscous or viscoelastic liquid, depending on the molecular weight .of the
polymer and the time scale associated with its deformation. An interesting
observation made is the relation between the melting and the glass transition
temperatures. This relation can be written as

[

I

[SEN S

(4.18)

)

where the temperatures are expressed in degrees Kelvin.

4.2 Measuring Thermal Data

Thanks to modern analytical instruments it is possible to measure thermal data
with a high degree of accuracy. These data allow a good insight into chemical
and manufacturing processes. Accurate thermal data or properties are necessary
for everyday calculations and computer simulations of thermal processes. Such

4 This rule of mixtures only applies for compatible or miscible materials.
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analyses are used to design polymer processing installations and to determine
and optimize processing conditions.

In the last twenty years several physical thermal measuring devices have
been developed to determine thermal data used to analyze processing and
polymer component behavior.

4.2.1 Differential Thermal Analysis (DTA)

The differential thermal analysis test serves to examine transitions and
reactions which occur on the order between seconds and minutes, and involve a
measurable energy differential of less than 0.04 J/g. Usually the measuring is
done dynamically (i.e., with linear temperature variations in time). However,
in some cases isothermal measurements are also done. The DTA is mainly used
to determine the transition temperatures. The principle is shown schematically
in Fig. 4.22. Here, the sample, S, and an inert substance, I, are placed in an oven
that has the ability to raise its temperature linearly. Two thermocouples that
monitor the samples are connected opposite to one another such that no
voltage is measured as long as S and 1 are at the same temperature:

AT=T;-T, =0 (4.19)

However, if a transition or a reaction occurs in the sample at a temperature,
T., then heat is consumed or released, in which case AT =0. This thermal
disturbance in time can be recorded and used to interpret possible information
about the reaction temperature, Tc, the heat of transition or reaction, AH, or
simply about the existence of a transition or reaction.

Containers

/ \ + Pressure
Test / \Reference chamber

\ sample

- y CTT3 |
f ) . Constantan
" block

" Heater

- AT ——
Figure 422  Schematic of a differential thermal analysis test.
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Figure 4.23 presents the temperature history in a sample with an
endothermic melting point (i.e., such as the one that occurs during melting of
semi-crystalline polymers). The figure also shows the functions AT(T[) and
AT(Ts) which result from such a test. A comparison between Figs. 4.23 (b) and
(c) demonstrates that it is very important to record the sample temperature, TS,
to determine a transition temperature such as the melting or glass transition
temperature.

t (Fme)

Tc Ts

Figure 4.23 Temperature and temperature differences measured during melting of a
semi-crystalline polymer sample.

4.2.2 Differential Scanning Calorimeter (DSC)

The differential scanning calorimeter permits us to determine thermal
transitions of polymers in a range of temperatures between -180 and +600 °C.
Unlike the DTA cell in the DSC device, thermocouples are not placed directly
inside the sample or the reference substance. Instead, they are embedded in the
specimen holder or stage on which the sample and reference pans are placed;
the thermocouples make contact with the containers from the outside. A
schematic diagram of a differential scanning calorimeter is very similar to the
one shown in Fig. 4.22. Materials that do not show or undergo transition or
react in the measuring range (e.g., air, glass powder, etc.) are placed inside the
reference container, For standardization one generally uses mercury, tin, or
zinc, whose properties are exactly known. In contrast to the DTA test, where
samples larger than 10 g are needed, the DSC test requires samples that are in
the mg range (< 10 mg). Although DSC tests are less sensitive than the DTA
tests, they are the most widely used tests for thermal analysis. In fact, DTA tests
are rarely used in the polymer industry.
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Figure 4.24 [4] shows a typical DSC curve measured using a partly
crystalline polymer sample. In the figure, the area which is enclosed between
the trend line (bold) and the base line is a direct measurement for the amount
of heat, AH, needed for transition. In this case, the transition is melting and the
area corresponds to the heat of fusion.

The degree of crystallinity, x, is determined from the ratio of the heat of
fusion of a polymer sample, AHsc, and the enthalpy of fusion of a 100%
crystalline sample AH.

x =i (4.20)

In a DSC analysis of a semi-crystalline polymer, a jump in the specific heat
curve, as shown in Fig. 4.24, becomes visible; a phenomenon which can easily
be traced with a DSC. The glass transition temperature, Tg, is determined at the
inflection point of the specific heat curve. The release ofg residual stresses as a
material's temperature is raised above the glass transition temperature is often
observed in a DSC analysis.

Specific heat, Cp, is one of the many material properties that can be
measured with the DSC. During a DSC temperature sweep, the sample pan and
the reference pan are maintained at the same temperature. This allows the
measurement of the differential energy required to maintain identical
temperatures. The sample with the higher heat capacity will absorb a larger
amount of heat, which is proportional to the difference between the heat
capacity of the measuring sample and the reference sample.

It is also possible to determine the purity of a polymer sample when
additional peaks or curve shifts are detected in a DSC measurement.

Thermal degradation is generally accompanied by an exothermic reaction
which may result from oxidation. Such a reaction can easily be detected in a
DSC output. By further warming of the test sample, cross-linking may take
place and, finally, chain breakage, as shown in Fig. 4.24.

An important aspect in DSC data interpretation is the finite heat flow
resistance between the sample pan and the furnace surface. Recent studies by
Janeschitz-Kriegl, Eder and co-workers [13, 14] have demonstrated that the heat
transfer coefficient between the sample pan and furnace is of finite value, and
cannot be disregarded while interpreting the data. In fact, with materials that
have a low thermal conductivity, such as polymers, the finite heat transfer
coefficient will significantly influence the temperature profiles of the samples.

— —

MacNeil Exhibit 2117
Yita v. MacNeil IP, IPR2020-01139
Page 70



120  Basic Principles
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Figure 4.24  Typical DSC heat flow for a semi-crystalline polymer.

4.2.3 Thermomechanical Analysis (TMA)

The thermomechanical analysis (TMA) measures shape stability of a material at
elevated temperatures by physically penetrating it with a metal rod. A
schematic diagram of TMA equipment is shown in Fig. 4.25. In TMA, the test
specimen's temperature is raised at a constant rate, the sample is placed inside
the measuring device, and a rod with a specified weight is placed on top of it.
To allow for measurements at low temperatures, the sample, oven, and rod can
be cooled with liquid nitrogen. The TMA also allows one to measure the Vicat
temperature described in Chapter 8.

Most instruments are so precise that they can be used to measure the
melting temperature of the material and, by using linear dilatometry, to
measure the thermal expansion coefficients. The thermal expansion coefficient
can be measured using

P (4.21)

gk

e
! LO

where L, is the initial dimension of the test specimen, AL the change in size
and AT the temperature difference. For isotropic materials a common relation
between the linear and the volumetric thermal expansion coefficient can be
used:

y=3a

i
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1
I

Weight

Stamp
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| Specimen

1

—— _T _l Oven

Figure 425  Schematic diagram of the thermomechanical analysis (TMA) device.

4.2.4 Thermogravimetry (TGA)

A thermogravimetric analyzer can measure weight changes of less than 10 pg
as a function of temperature and time. This measurement technique, typically
used for thermal stability, works on the principle of a beam balance. The
testing chamber can be heated (up to approximate 1200 °C) and rinsed with
gases (inert or reactive). Measurements are performed on isothermal reactions
or at temperatures sweeps of less than 100 K/min. The maximum sample
weight used in thermogravimetric analyses is 500 mg. Thermogravimetry is
often used to identify the components in a blend or a compound based on the
thermal stability of each component. Figure 4.265 shows results from a TGA
analysis on a PVC fabric. The figure clearly shows the transitions at which the
various components of the compound decompose. The percent of the original
sample weight is recorded along with the change of the weight with respect to
temperature. Five transitions representing (1) the decomposition of volatile
components, (2) decomposition of the DOP plasticizer, (3) formation of HCI, (4)
carbon-carbon scission, and (5) the forming of CO, are clearly visible.

—_—

Courtesy of the ICIPC, Medellin, Colombia.
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2.0
100 Bggeoy | 90.77% Examples
1 98.90%
80 26{%68 °C = 41 A differential scanning calorimetry (DSC) test was performed on a 25 mg
P 440.00 °C 15 & polyethylene terephthalate (PET) sample taken from the screw-top of a
& < soda bottle. The test was performed using a heating rate of 5K/minute
S 60 E = (5K rise every minute). The DSC output is presented in Fig. 4.27.
= 77 1190.16 °C L - £
= 2H 10 ©
° = 400+
[
= 40- ) 2
72{;_)-66 C 3 Heating rate=5K/min
- o) 300
20.35% 05 0o
20+ l 1788
149.31 °C] y N 8.097% e
(BE
e 0.0

0
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Temperture (°C)
Figure 4.26 TGA analysis on a PVC fabric. (1) volatiles: humidity, monomers,
solvents etc., (2) DOP plasticizer, (3) HCI formation, (4) carbon-carbon . 0
scission, and (5) CO» formation. |

Heat flow, Q (W/kg)
=
e

LI e e e T e B R R S N

4.2.5 Density Measurements = —
o 0 50 100 150 200 250 300 350

One simple form of calculating the density of a polymer sample is to first Temperature, T (°C)

weigh the sample immersed in water. Assuming the density of water to be 1.0 . Figure 4.27  DSC scan of a PET bottle screw-top sample
g/cm3 we can use the relation
= From the curve estimate the glass transition temperature, Tq, the melting
| =77 (4.23) | temperature, Ty, the crystallization temperature, T¢ and the heat of fusion,
(m— m,)( y ) A, for this specific PET sample during the temperature ramp-up.

If the heat of fusion for a hypothetically 100% crystalline PET sample is 137

where m is mass of the specimen, m;, is the mass of the immersed specimen and
kJ/kg [15], what was the degree of crystallinity in the PET bottle screw-

(m—m,) is the mass of the displaced body of water.

| ?

Some common ways of determining density of polymeric materials are top!
described by the ASTM D792, 1SO 1183, and DIN 53 479 test methods. Another From the curve presented in Fig. 4.27 we can deduce that the glass
common way of measuring density is the “through flow density meter.” Here, transition temperature is around 72 ©C, the crystallization temperature

the density of water is changed to that of the polymer by adding ethanol until at 125 OC and the melting temperature at 250 ©C. Note that in all three
the plastic shavings are suspended in the solution. The density of the solution is cases there is range of temperatures at which the transition occurs. To
then measured in a device which pumps the liquid through a U-pipe, where it is compute the heat of fusion during the ramp-up we need to find the
measured using ultrasound techniques. A density gradient technique is area between @ and the base-line for the endothermic deviation
described by the standard ASTM D1505 test method. around the melting point, between 210 and 260 °C. To do this we must

first transform the temperature scale to time by dividing it by the
heating rate as
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T 60s
5K/min Imin

Hence, 50 ©C becomes 600 s, 100 °C becomes 1200 s, etc. The integral 5003 ) )
| Heating rate=5K/min

equals 37.8 kJ/kg, which represents the heat of fusion of the sample \ o
during the temperature ramp-up. However, one must consider that this B =
melting energy includes the extra crystallization that occurs between
108 and 155 O°C. The exothermic energy is computed by integrating the
curve between those two temperatures in a transformed time scale. The
integral equals 22.9 kJ/kg. We can also find the area under the curve by |
transforming the heat flow, 0, to heat capacity, C iy and integrating
using the temperature scale instead of a time scale. Heat capacity can
be computed using 1000'

o
L i

-5007

Cooling rate=5K/min

L]
Heat flow, Q (W/kg)

_ O 60s
5K/min min | — e :
" . ) 50 100 150 200
The degree of crystallinity of the initial PET bottle screw-top can now T
A . emperature, T (°C)
easily be computed using

r

Figure 4.28 Heating and cooling DSC scans of a PE-LD sample
3 Moo — 3 O%T ke

208 “1 ;‘;E'Hj;m‘] K _0.109 or 10.9%

SIRNTE 45 A differential scanning calorimetry (DSC) test was performed on an 11.4
mg polyethylene terephthalate (PET) sample using the standard ASTM D
3417 test method. The ASTM test calls for a temperature heating rate of
20 oC/minute (20 °C rise every minute). The DSC output is presented
below®.

Problems
| From the curvein Fig. 4.29 estimate the glass transition temperature, Tg,
41 Does the coefficient of linear expansion of a polymer increase or decrease the melting temperature, T),, the crystallization temperature, T, and the
upon the addition of glass fibers? heat of fusion, A, for this specific PET sample during the temperature
) ramp-up. Note that the heat flow scale has already been transformed to
\ 4.2 PLot Tg ;lersus T,, for several polymers. What trend or relation do you heat capacity. How do T and T, compare to the "book values" ?
observe?

|
S If the heat of fusion for a hypothetically 100% crystalline PET is 137 kJ/kg,
43 In a soda bottle, how does the degree of crystallinity in the screw-top what was the degree of crystallinity of the original PET sample. s

region compare to the degree of crystallinity in the wall? Explain.
On the same graph below sketch a hypothetical DSC output for the

44 A 5K/min heating and 5K/min cooling differential scanning calorimetry original PET sample with a temperature heating rate that i
(DSC) test (Fig. 4.28) was performed on a 10.8 mg sample of PE-LD. What allfw any additioxI:al crystallizaticl))n during heatir?g. atis too fast o
is the specific heat of the PE-LD just after melting during heating and just
before crystallization during cooling. What is the degree of crystallinity of
the initial and the final samples. |

®  Courtesy of ICIPC, Medellin, Colombia.
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Figure 4.30  Isothermal DSC measurements of UPE samples.

Temperature, T (°C)
Figure 4.29  DSC scan of a PET sample.

46 A typical injection pack/hold pressure during injection molding of
polyamide 66 components is 1000 bar and the injection temperature is
280 OC. The gate freezes shut when the average temperature inside the
mold reaches 225 ©C.

4.8 A differential scanning calorimetry (DSC) test (Fig. 4.31) was performed
on an 183 mg sample of polystyrene. What is the glass transition
temperature of the sample. Determine the specific heat of this PS just
before the glass transition temperature has been reached. What is C, just

Draw the process on the pvT diagram given in Fig. 4.17. after T,? Why is the heat larger as the temperature increases?

What volume shrinkage should be taken into account when designing the

mold? Note that the shrinkage is mostly taken up by a thickness reduction.
| \ _ b Heating rate=5K/min
‘ 47 Tsothermal differential scanning calorimetry (DSC) tests were performed 2001
on three unsaturated polyester (UPE) samples at three different = ] I
temperatures (100 °C, 110 °C, and 120 °C). The output for the three DSC 2 =
| tests are presented in the figure below?. On the graph, label which curve = 1501 —
is associated with which test temperature. From the curves in Fig. 4.30 2e)
estimate the total heat of reaction, QT. 2 g
% 1007
g j
T 2
50}
0 1 T T T ¥ U
¢ 50 100 150 200

Temperature, T (°C)

7 Courtesy of GenCorp Research, Akron, OH. Figure 4.31  DSC scan of a PS sample.
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49 Sketch the pvT diagrams for a semi-crystalline polymer with a high and a
low cooling rate.
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Rheology of Polymer Melts

5.1 Introduction

Rheology is the field of science that studies fluid behavior during flow-induced
deformation. From the variety of materials that rheologists study, polymers
have been found to be the most interesting and complex. Polymer melts are
shear thinning, viscoelastic,c and their flow properties are temperature
dependent. Viscosity is the most widely used material parameter when
determining the behavior of polymers during processing. Since the majority of
polymer processes are shear rate dominated, the viscosity of the melt is
commonly measured using shear deformation measurement devices. However,
there are polymer processes, such as blow molding, thermoforming, and fiber
spinning, which are dominated by either elongational deformation or by a
combination of shear and elongational deformation. In addition, some polymer
melts exhibit significant elastic effects during deformation. This chapter will
concentrate on shear deformation models but, for completeness, elongational
flows, concentrated suspensions, and viscoelastic fluids will also be covered.
Modeling and simulation of polymer flows will be briefly discussed. For
further reading on rheology of polymer melts, the reader should consult the
literature [1-6]. For more detail on polymer flow and processing simulation the
literature [7, 8] should also be reviewed.

5.1.1 Continuum Mechanics

When analyzing the flow or deformation of polymers during processing, a
balance of energy, mass and forces must be preserved.

Using the notation found in Fig. 5.1 and performing a mass balance on the

differential element, for an incompressible liquid! one can write
1

It is clear that a polymer melt is not incompressible. However, assuming incompressibility simplifies
the analysis significantly without losing accuracy in flow predictions.
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V-v=0 (5.1)
where Eq. 5.1 represents the divergence of the Velqcity vector and is presented
in Appendix A in expanded form for various coordinate systems.

Using a similar differential element that is moving with the fluid, as shown

in Fig. 5.2, a force balance results in

(5.2)

Dy
ATV
il a]+pg

Figure 5.1  Differential element used for mass balance.

N y

Velocity

Flow path

Figure 5.2  Differential element used for force balance.

where the term on the left side represents the inertia of the polymer melt, the
first term on the right is the divergence of the stress tensor and represents
viscous and elastic forces, and the second term on the right represents the
gravitational effects. The operator D/Dt is
defined by

D 9 _ (5:3)

the substantial or material derivative

5 Rheology of Polymer Melts 131

which represents a convective or embedded frame of reference that moves with
a material particle.

The stress, g, sometimes referred to as the fotal stress, can be split into
hydrostatic pressure, o 0 and deviatoric stress, T. The hydrostatic pressure is a
stress vector that acts only in the normal direction to the surfaces and can be
represented by -ps, where p is the pressure and § is a unit tensor. The
momentum balance can now be written as

D
pﬁ=—Vp+[V-£]+pg (5.4)

The full form of Eq. 5.4 is presented in Table VI of the appendix.

5.1.2 The Generalized Newtonian Fluid

The viscosity of most polymer melts is shear thinning and temperature
dependent. The shear thinning effect is the reduction in viscosity at high rates
of deformation. This phenomenon occurs because at high rates of deformation
the molecules are stretched out, enabling them to slide past each other with
more ease, hence, lowering the bulk viscosity of the melt. Figure 5.3 clearly
shows the shear thinning behavior and temperature dependance of the
viscosity a specific general purpose polystyrene. To take into consideration
these non-Newtonian effects, it is common to use a viscosity which is a function of
the strain rate and temperature to calculate the stress tensor? in Eq. 5.4

z=n(T)7 (5.5)

where 7 is the viscosity and y the strain rate or rate of deformation tensor defined

by
Z=Vv+Vvt 5.6)

where Vy represents the velocity gradient tensor. This model describes the
Generalized Newtonian Fluid. In Eq. 5.5, 7 is the magnitude of the strain rate
tensor and can be written as

7= %11 (.7)

where II is the second invariant of the strain rate tensor defined by

n-3377, (58)

AT

2 As will be shown later, this is only true when the elastic effects are negligible during deformation of the

polymeric material,
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measured values shifted to a reference temperature of 150 ©C. For the shift in

i ts in Eq. 5.8 are defined b .
The strain rate tensor components 1n Eq y N b A s s

v (5.9)
ox ; ox, 7

i

Vi

The temperature dependence of the polymer's viscosity is normally factored

out as

6 - 1150C  _
- 1300°C
o 1509C

n(T.7)= fDn(7) (5.10)

where for small variations in temperature f (T) can be approximated using an
exponential function such as

Reduced viscosity, log n/aT (Pa-s)
N

f@ =exp(-a(T -T,)). G1D ,
4 S (Polystyrol 144 CH)
4717000 PS (Polystyro 5
3.5
o 200 °C 1 I 1 | I | |
© 3
o 23000 -4 -3 -2 -1 0 1 2 3 4
> 254
’g-“,) ’ Reduced shear rate, log a ¥4 (3‘1)
o 2-
% Figure 5.4  Reduced viscosity curve for a low density polyethylene at a reference
o 1.5- temperature of 150 °C.
S
1 -
0.5 Several models that are used to represent the strain rate dependence of
ol ! : ‘ T 3 ! | polymer melts are presented later in this chapter.
= 0 1 2

Log (shear rate) (1/s)
Figure 5.3  Viscosity curves for a polystyrene.

5.1.3 Normal Stresses in Shear Flow

The tendency of polymer molecules to “curl-up” while they are being stretched
H r as mentioned in Chapter 2, a variation in temperature in shear flow results in normal stresses in the fluid. For example, shear flows
owever, ’

corresponds to a shift in the time scale. A shift commeonly used for semi- exhibit a deviatoric stress defined by
crystalline polymers is the Arrhenius shift, which is written as

Ty =1(0)7 (5:13)
(D= (M _ exp ﬂ[l __1_)) (5.12) Measurable normal stress differences, N, =7, -7, and N, =7, -1 are referred
T 1,(Ty) R\T T, to as the first and second normal stress differences. The first and second normal

stress differences are material dependent and are defined by
where E, is the activation energy, T; a reference temperature, and R ’chedgaslc

constant. Using this shift, one can translate viscosity curves measure a Nymt, = (BT 05
different temperatures to generate a master curve at a specific temperatu.rt; '

Figure 5.4 [9] presents the viscosity of a low density polyethylene wit
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N, =7, —7.=-.(1.T)75 (5.15)

The material functions, y, and y,, are called the prima%‘y and secondal.‘y
normal stress coefficients, and are also functions of the magmtude.of the strain
rate tensor and temperature. The first and second nor_rnal stress dlfference.s d-o
not change in sign when the direction of the strain rate_changes. This is
reflected in Egs. 5.14 and 5.15. Figure 5.5 [9] presents the first no_rmal ‘stress
difference coefficient for the low density polyethylene mi.e]t of Fig. 5.'4 at a
reference temperature of 150 °C. The second normal stress difference is difficult

to measure and is often approximated by

¥, (7) ==0.1y,(7) (5.16)

» 1150C
v 130 °C -
* 150 0C
= 170 0C
2190 °C
+210°C

i 1 1 1 1

Reduced first normal stress difference coefficient,

i I L]
-4 -3 -2 -1 0 1 2 3 4
Reduced shear rate, log at yo (3'1)

Figure 5.5  Reduced first normal stress difference coefficient for a low density
polyethylene melt at a reference temperature of 150 °C.

5.1.4 Deborah Number

A useful parameter often used to estimate the elastic effects during flow is the
Deborah number3, De. The Deborah number is defined by

3 From the Song of Debarah, Judges 5:5—"The mountains flowed before the Lord.” M. Reiner is credited
for naming the Deborah number; Physics Today, (January 1964).
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De =— (5.17)

where A is the relaxation time of the polymer and 7, is a characteristic process
time. The characteristic process time can be defined by the ratio of characteristic
die dimension and average speed through the die. A Deborah number of zero
represents a viscous fluid and a Deborah number of » an elastic solid. As the
Deborah number becomes > 1, the polymer does not have enough time to relax
during the process, resulting in possible extrudate dimension deviations or
irregularities such as extrudate swell 4, shark skin, or even melt fracture.

Although many factors affect the amount of extrudate swell, fluid
“memory” and normal stress effects are the most significant ones. However,
abrupt changes in boundary conditions, such as the separation point of the
extrudate from the die, also play a role in the swelling or cross section
reduction of the extrudate. In practice, the fluid memory contribution to die
swell can be mitigated by lengthening the land length of the die. This is
schematically depicted in Fig. 5.6. A long die land separates the polymer from
the manifold for enough time to allow it to “forget” its past shape.

Figure 5.6  Schematic diagram of extrudate swell during extrusion.

Waves in the extrudate may also appear as a result of high speeds during
extrusion, where the polymer is not allowed to relax. This phenomenon is
generally referred to as shark skin and is shown for a high density polyethylene
in Fig. 5.7a [10]. It is possible to extrude at such high speeds that an intermittent
separation of melt and inner die walls occurs as shown in Fig. 5.7b. This
phenomenon is often referred to as the stick-slip effect or spurt flow and is
attributed to high shear stresses between the polymer and the die wall. This
phenomena occurs when the shear stress is near the critical value of 0.1 MPa
[11-13]. If the speed is further increased, a helical geometry is extruded as
4

[t should be pointed out that Newtonian fluids, which do not experience elastic or normal stress effects,
also show some extrudate swell or reduction. A Newtonian fluid that is being extruded at high shear
rates reduces its cross-section to 87% of the diameter of the die, whereas if extruded at very low shear
rate it swells to 113% of the diameter of the die. This swell is due to inertia effects caused by the

change from the parabolic velocity distribution inside the die to the flat velocity distribution of the
extrudate.
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shown for a polypropylene extrudate in Fig. 5.7c. Eventually, the speeds are so |
high that a chaotic pattern develops such as the one shown in Fig. 5.7d. This
well known phenomenon is called melt fracture. The shark skin effect is
frequently absent and spurt flow seems to occur only with linear polymers. |

The critical shear stress has been reported to be independent of the melt |
temperature but to be inversely proportional to the weight average molecular
weight [14, 12]. However, Vinogradov et al. [15] presented results where the
critical stress was independent of molecular weight except at low molecular
weights. Dealy and co-workers [16], and Denn [17] give an extensive overview
of various melt fracture phenomena which is recommended reading. ,

the Deborah number and the size of the deformation
| during processing determine how the system can
most accurately be modeled. Figure 5.8 [1] helps visualize the relation between
time scale, deformation and applicable model. At small Deborah numbers, the
polymer can be modeled as a Newtonian fluid, and at very high Deborah
numbers the material can be modeled as a Hookean solid. In between, the
viscoelastic region is divided in two: the linear viscoelastic region for small Figure 5.8  Schematic of N ) o
deformations, and the non-linear viscoelastic region for large deformations. " regimes ;s oa fuewtt.oman; slastlc, linear, and non-linear viscoelastic
Linear viscoelasticity was briefly discussed in Chapter 2. deformation of por;;rle:ricomateefr?;?s,latlon and Deborah number during

Deformation
Newtonian fluid

1

1

1

I
Non-linear viscoelasticity !_ 7

I

1

1

1

1

1

1

1

1

Elasticity

To summarize,
imposed upon the materia

1
) 1
Linear viscoelasticity i
1

Deborah number

5.2  Viscous Flow Models

Sfrlctly speaking, the viscosity 7, measured with shear deformation

| viscometers, should not be used to represent the elongational terms located on
the diagonal of the stress and strain rate tensors. Elongational flows are briefl
chscussed later in this chapter. A rheologist's task is to find the models that bes}fc
fit the data for the viscosity represented in Eq. 5.5. Some of the models used by
polyme-r processors on a day-to-day basis to represent the viscosity of
industrial polymers are presented in the next section.

5.2.1 The Power Law Model

The power law model proposed by Ostwald [18] and de Waale [19] is a simple
model that. accurately represents the shear thinning region in the viscosit
versus strain rate curve but neglects the Newtonian plateau present at smaﬁ
strain rates. The power law model can be written as follows:

|
Figure 5.7  Various shapes of extrudates under melt fracture. n=m(T)y"" ) (5.18)
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where m is referred to as the consistency index and n the power law index. The | Table 5.1  Power Law and Consistency Indices for Common

consistency index may include the temperature dependence of the viscosity Thermoplastics
such as represented in Eq. 5.11, and the power lce)lw index represelljltsdﬂiedf?ht.‘;ﬂ' ‘ Polymer m(Pa-s") n T(°C)
o " - velocity
thinning behavior of the polymer melt. Figure 5.9 presents normalize
disiIibugtions inside a tube for a fluid with various power law indices calculated P‘fIYSfoenf 2.80 x10% 028 170
using the power law model. It should be noted that the limits of this model are ' High density polyethylene 2.00 x10% 0.41 180
Low density polyethylene 6.00 x103 0.39 160
n—0asy— o and
Polypropylene 750 x103 0.38 200
n—>oasy—0 Polyamide 66 6.00 x102 0.66 290
. Polycarbonate 6.00 x102 0.98 300
The infinite viscosity at zero strain rates leads to an erroneous result in e . -~ -
problems where there is a region of zero shear rate, such as at the center of a yviny. 1.70 x10 .
tube. This results in a predicted velocity distribution that is flatter at E{he cen]’[cler
’ ; i i i lymer flows, this
than the experimental profile. In compuler simulation of poly ; )
problem is often overcome by using a truncated model such as 5.2.2 The Bird-Carreau-Yasuda Model
n=m (T) s for §>7, and (5.192) A model that fits the whole range of strain rates was developed by Bird and
! Carreau [20] and Yasuda [21] and contains five parameters:
n= mO(T) for 7=y, (5.19b) n-n Ln-a
o[+ 4] (5.20)
Mo — M-

where m, represents a zero shear rate (7,) viscosity. Table 5.1 presents a list of

] i indices for common thermoplastics. . . i . o ) )
typical power law and consistency indi P where 7, is the zero shear rate viscosity, 7 is an infinite shear rate viscosity, A

is a time constant and #n is the power law index. In the original Bird-Carreau

25 model, the constant a = 2. In many cases, the infinite shear rate viscosity is

negligible, reducing Eq. 5.20 to a three parameter model. Equation 5.20 was

| n=1.0 modified by Menges, Wortberg and Michaeli [22] to include a temperature
2

dependence using a WLF relation. The modified model, which is used in
commercial polymer data banks, is written as follows:

kay

. - 5.21
1 [1+ k.7a, ] G21)

where the shift ar applies well for amorphous thermoplastics and is written as

_ 8.86(k, k) 8.86(T-k,)
71016+ k, —k, 101.6+T—k,

0.57 Tz

(5.22)

0 T T Table 5.2 presents constants for Carreau-WLF (amorphous) and Carreau- I

0 0.25 0.5 Arrhenius models (semi-crystalline) for various common thermoplastics. In

r/R | addition to the temperature shift, Menges, Wortberg and Michaeli [22]

Figure 5.9  Pressure flow velocity distributions inside a tube for fluids with various measured a pressure dependence of the viscosity and proposed the following
power law indices. model, which includes both temperature and pressure viscosity shifts:
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8.86(T -7)  886(1"-T.+ 0.02p)

logn(T,p) =logn, + * i : 2
gn(T.p) =logno + 1o F —T, 1016+ (T -T,+0.02p) &=

where p is in bar, and the constant 0.02 represents a 2 °C shift per bar.

Table 5.2  Constants for Carreau-WLF (Amorphous) and Carreau-Arrhenius
(Semi-Crystalline) Models for Various Common Thermoplastic

Polymer K1 K2 K3 K4 X5 TO EO
(Pas) () 0 (0 (%O  (/mol)
Polystyrene 1777 0.064 073 200 123 B -
High density polyethylene 24198  1.38 0.60 - - 200 22272
Low density polyethylene 317 0.015 061 - - 189 43694
Polypropylene 1386 0.091 0.68 - - 220 427198
Polyamide 66 44 0.00059 040 - - 300 123058
Polycarbonate 305 0.00046 048 320 153 - E
Polyvinyl chloride 1786 0.054 073 185 88 - -

5.2.3 The Bingham Fluid

The Bingham fluid is an empirical model that represents the rheological
behavior of materials that exhibit a “no flow” region below certain yield
stresses, T,, such as polymer emulsions and slurries. Since the material flows
like a Newtonian liquid above the yield stress, the Bingham model can be

represented by

n=0  or y=0 T=T, (5.24a)
T,

N=hy+—= T=Ty (5.24b)
Y

Here, 7 is the magnitude of the deviatoric stress tensor and is computed in the
same way as in Eq. 5.7.

5.2.4 Elongational Viscosity
In polymer processes such as fiber spinning, blow molding, thermoforming,

foaming, cerfain extrusion die flows, and compression molding with specific
processing conditions, the major mode of deformation is elongational.

5 Rheology of Polymer Melts 141

To illustrate elongational flows, consider the fiber spinning process shown

in Fig. 5.10.

Figure 510  Schematic diagram of a fiber spinning process.

A simPle elongational flow is developed as the filament is stretched with
the following components of the rate of deformation:

Yi=-¢ (5.25a)
T =—¢ (5.25b)
Vs = +2¢ (5.25¢)

wherg ¢ is the elongation rate, and the off-diagonal terms of y;; are all zero.
The diagonal terms of the total stress tensor can be written as !

0, =-p-né (5.26a)
Op=-p-1né (5.26b)

and
Oy =-p+2né (5.26¢)

Since the only Qutside forces acting on the fiber are in the axial or 3 direction,
for the Newtonian case, 0,, and o,, must be zero. Hence,

p=-né and (5.27)
Oy, =3né="¢ (5.28)
which is known as elongational viscosity or Trouton viscosity [23]. This is analogous

to elasticity where the following relation between elastic modulus, E, and shear
modulus, G, can be written

2 =2(L+v) (5.29)
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where v is Poisson's ratio. For the incompressibility case, where v = 0.5, Eq. 5.29 6 ‘

reduces to v//f/’LDPE—
E
—=3 (5.30)
G g L
Figure 5.11 [24] slmws. shear and elonga:tinnal viscositie?» f_or two types f’f f‘@\ Ethylene-propylene copolymer
polystyrene. In the region of the Newtonian plateau, the limit of 3, shown in e
Eq. 5.28, is quite clear. Figure 5.12 presents plots of elongational viscosities asa =
function of stress for various thermoplastics at common processing conditions. i 4T PMMA
1t should be emphasized that measuring elongational or extensional viscosity is 5
an extremely difficult task. For example, in order to maintain a constant strain § POM
rate, the specimen must be deformed uniformly exponentially. In addition, a >
molten polymer must be tested completely submerged in a heated neutrally 3 {7 =
buoyant liquid at constant temperature.
|
5108 T o T ] 2 I ! L
- po = 1.7-10 Pa-g™. Elongational test 3 4
. 1 J‘._‘ I _-___ﬁ-___‘v____“!___v“‘-‘k ; . 5 6
:,‘Y 108 F— —;10:1.6-108 Pa—s# — 1 4@ . . . . ensile stress, log o (Pa)
& £ |I ‘ B | Figure 5.12 Elongational viscosity curves as a function of tensile stress for several
=° 5107 e Mo =5.5107 Pa-s thermoplastics.
= i -
£ I | N |
= Mo = 5107 Pa-s \ Shear test
] e N I 0.8
8 107} | d ’
= —— T=140" B '
5-106 07 I
—Polystyrene | \ D °C
- ———Polystyrene Il | 1 06 |
108 PR AV S ESTE ST Lol e | o ‘
| 102 5-102 108 104 105 5-10% g 05|
Stress, t, o (Pa) E
. . . 5 5 i
Figure 5.11 Shear and elongational viscosity curves for two types of polystyrene. 2 0.4
| . ?@ 0 3
5.2.5 Rheology of Curing Thermosets a -
. ) . . 0.2
A curing thermoset polymer has a conversion or cure dependent viscosity that
increases as the molecular weight of the reacting polymer increases. For the 04
vinyl ester whose curing history® is shown in Fig. 5.13 [25], the viscosity
behaves as shown in Fig. 5.14 [25]. Hence, a complete model for viscosity of a | 0.0 b1 a0, el b
reacting polymer must contain the effects of strain rate, y, temperature, T, and 10-1 100 101 102
degree of cure, ¢, such as . Cure time (min)
igure 5.13 Degree of cure as a function of time for a vi i
g . inyl ester at vario
n= U(Y,T,C ) (5.31) isothermal cure temperatures. 4 e

5 A more in-depth view of curing and solidification processes of thermosetting polymers is given in

Chapter 7.
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There are no generalized models that include all these variables for
thermosetting polymers. However, extensive work has been done on the ]
viscosity of polyurethanes [26, 27] used in the reaction injection molding

process. An empirical relation which models the viscosity of these mixing-
activated polymers, given as a function of temperature and degree of cure, is

written as

1 (Pa-s)

B/ cy+cac

(08

n=noe/”[ £ ) (5.32)
Cg—C

where E is the activation energy of the polymer, R is the ideal gas constant, T is
the temperature, ¢g is the gel pointd, ¢ the degree of cure,and Ciand C3 are
constants that fit the experimental data. Figure 5.15 shows the viscosity as a
function of time and temperature for a 47% MDI-BDO P(PO-EQ) polyurethane,
and Fig. 5.16 shows the viscosity as a function of degree of cure.

0.01 .
0.1 1.0 ) ) 10 100
7 - e _| . . . ‘ Time (min)
50°C Figure 5.15 Viscosity as a function of time for a 47% MDI-BDO P(PO-EO)
polyurethane at various isothermal cure temperatures.
40°C
1000f , o 30°C o
600 ©50°C &
~ 090 °C o
® Q
]
£ 00 200
z 100 y
a | 7 4
2 . 60 e
AD
20 Cle
KB/D/ § 4
j*J
10| oA jo
= o
1079 01 02 03 04 06 05 07
Degree of cure, ¢
2 -
Figure 5.14 Viscosity as a function of degree of cure for a vinyl ester at various N —
isothermal cure temperatures. 02 0.6 1.0
Degree of cure, ¢
Figure 5.16 Viscosity as a function of degree of cure for a 47% MDI-BDO P(PO-
I EO) polyurethane at various isothermal cure temperatures.

6 At the gel point the change of the molecular weight with respect to the degree of cure goes to infinity.
Hence, it can be said that at this point ail the molecules are interconnected.
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5.2.6 Suspension Rheology

Particles suspended in a material, such as in filled or reinforced polymers, have
a direct effect on the properties of the final article and on the viscosity during
processing. Numerous models have been proposed to estimate the viscosity of
filled liquids [28-32]. Most models proposed are a power series of the form?

nr
o

=l+ap+ad +ad’+.. (5.33)

The linear term in Eq. 5.33 represents the narrowing of the flow passage
caused by the filler that is passively entrained by the fluid and sustains no
deformation as shown in Fig. 5.17. For instance, Einstein's model, which only
includes the linear term with g3 = 2.5, was derived based on a viscous
dissipation balance. The quadratic term in the equation represents the first-
order effects of interaction between the filler particles. Geisbiisch suggested a
model with a yield stress and, where the strain rate of the melt increases by a

factor x as

Ny = —Tyg +K1(K7) (5.34)

For high deformation stresses, which are typical in polymer processing, the
yield stress in the filled polymer melt can be neglected. Figure 5.18 compares
Geisbiisch's experimental data to Eq. 5.33 using the coefficients derived by Guth
[30]. The data and Guth's model seem to agree well. A comprehensive survey
on particulate suspensions was recently given by Gupta [33], and on short-fiber
suspensions by Milliken and Powell [34].

Particles

G N

z v

i

7

J
A

Figure 5.17  Schematic diagram of strain rate increase in a filled system.

n
7 The model which best fits experimental data is the one given by Guth (1938): L. 1 +2.5¢ +14.1¢2
o
However, a full analysis of the first-order particle interactions gives an analytical value for the

quadratic term of 6.96.
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7
L]
® Experimental data
6 —a;=2.5, a,= 14.1 (Guth, 193.8)
5_

nim
w I
1 1
° [ ]
\

0 10 20 30 40 50
Volume fraction of filler (%)

Figure 5.18 Viscosity increase as a function of volume fraction of filler for polystyrene
ar'1d low density polyethylene containing spherical glass particles with
diameters ranging between 36 pm and 99.8 pm.

5.3 Simplified Flow Models Common in Polymer Processing

Many polymer processing operations can be modeled using simplified
geometries and material models. This section presents several isothermal flow
models in simple geometries using a Newtonian viscosity and a power-law
viscosity as described in Eq. 5.18. Although it is very common to simplify
analyses of polymer processes by assuming isothermal conditions, most
operations are non-isothermal since they include melting and are often
ujﬂuenced by viscous dissipation. Hence, the temperature of the polymer melt
lies between 7. (amorphous polymers) or T, (semi-crystalline polymers) and
the heater temperature, 7", and often exceeds T, due to viscous dissipation. An

W

estimate of the maximum temperature rise due to viscous heating is

AT =

LB (5.35)

W}llerg vy Tepresents a characteristic velocity in the flow system, such as plate
velocity in a simple shear flow, and k represents the thermal conductivity. To
8

The subscript W is often used for “wall.”
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estimate the importance of viscous dissipation, the Brinkman number, Br, is hAp 2y\?
often computed v.(y)= 1- (—) (5.39)
8ulL h
i
Br=——"——= 5.36
KT =Ty (650 and
_ WRAp o
The Brinkman number is the ratio of the heat generated via viscous 12uL (2:40)

dissipation and the heat conducted out of the system via conduction. A
Brinkman number > 1 implies that the temperature field will be affected by
viscous dissipation. The choice of temperatures in the denominator of the
equation depends on the type of material and problem being analyzed.

for the net volumetric throughput. When using the power-law model the flow

field is described by
ok rdpY|, (29
V:(y)_(Z(S-%-l))(ZmL)l (h) } L)

5.3.1 Simple Shear Flow

and
Simple shear flows as represented in Fig. 519 are very common in polymer ., ,
ing, such as insid d 1l as i i ing flows. The flo Wh™_( hAp
processing, such as inside extruders as well as in certain coating tlows e flow = — (5.42)
field in simple shear is the same for all fluids and is described by 2(s+2)\2mL
Vil (5.37) -
<=V, : for the throughput, where s=1/n, and n the power-law index.
for the velocity distribution and J:._ L
Q _ VUhW (5 38) y . .’_{ij"/ﬂ/////lf/i//l[f/ff//j/{j/j//‘
. - h
‘ 2 ! .‘....Z 1= ! L AD=P1-D2
‘ for the volumetric throughput, where W represents the width of the plates. e e
P4 P2
P A T Figure 5.20  Schematic diagram of pressure flow through a slit.
by Nl |
| NIRRT, 5.3.3 Pressure Flow through a Tube - Hagen-Poiseuille Flow
Figure 519  Schematic diagram of a simple shear flow. Pressure flow through a tube (Fig. 5.21), or Hagen-Poiseuille flow, is the type

that exists inside the runner system in injection molds, as well as extrusion dies
and inside the capillary viscometer. For a Newtonian fluid, the flow field inside

5.3.2 Pressure Flow Through a Slit a tube is described by
The pressure flow through a slit, as depicted in Fig. 5.20, is encountered in RAp \2
flows through extrusion dies or inside injection molds. The flow field for a v.(r) = L 1—(;) (5.43)

Newtonian fluid is described by
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R Ap (5.44)
Q= Bul

for the throughput.
Using the power law model, the flow though a tube is described by

v.(r)= —R—(RAP) 1—(%)

1+ s\2mL
. ( R’ )( R_AP)X (5.46)

(5.45)

and

s+3\2mL

for the throughput.

- L
‘.Wyff///ff/f_/f/f//f/f/////////////ﬂ-’r;_

A \
1] = CC T [ Ap=pyp2

e o
P1 P2

Figure 521  Schematic diagram of pressure flow through a tube.

5.3.4 Couette Flow

The Couette device, as depicted in Fig. 5.22, is encountered in bearings and in
certain types of rheometers. It is also used as a simplified flow model for
mixers and extruders. The Newtonian flow field in a Couette device is

described by

() == (——Ra'r_) (547)
K -1 r

where x =R,/R,. Using the power law model, the flow field inside a Couette
device is described by

() = (R'f' ) 649

K’ -1
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B
—Ts
e =
a <,
Rj

Figure 5.22  Schematic diagram of a Couette device

5.4 Viscoelastic Flow Models

Viscoelasticity has already been introduced in Chapter 3, based on linear
viscoelasticity,. However, in polymer processing large deformations are
imposed on the material, requiring the use of non-linear viscoelastic models.
There are two types of general non-linear viscoelastic flow models: the
differential type and the integral type.

5.4.1 Differential Viscoelastic Models

Differential models have traditionally been the choice for describing the
viscoelastic behavior of polymers when simulating complex flow systems.
Many differential viscoelastic models can be described with the general form

Yo+ Az, + (7 T4z i)+ AT g) - moy (549)

where g is the first contravariant convected time derivative of the deviatoric stress
tensor and represents rates of change with respect to a convected coordinate
system that moves and deforms with the fluid. The convected derivative of the
deviatoric stress tensor is defined as

D
£(|)=F£—(VE"£+£'VE) (5.50)

t

The constants in Eq. 5.49 are defined in Table 5.3 for various viscoelastic models
commonly used to simulate polymer flows. A recent review by Bird and Wiest
[6] gives a more complete list of existing viscoelastic models.

The upper convective model and the White-Metzner model are very similar with
the exception that the White-Metzner model incorporates the strain rate effects
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of the relaxation time and the viscosity. Both models provide a first order
approximation to flows in which shear rate dependence and memory effects are

5 Rheology of Polymer Melts 153

cases, the shape of the circulation patterns were predicted accurately. The flow
simulation of the square die predicted a velocity on the order of 10° m/s along

the diagonal of the cross section, which was in agreement with the
experimental results. Also worth mentioning is work recently done by Baaijens
[40], who evaluated the Phan-Thien Tanner models 1 and 2, and the Giesekus
models. He compared finite element results to measured isochromatic
birefringence patterns using complex experiments with polymer melts and
solutions. His simulation results predicted the general shape of the measured
birefringence patterns. He found that at high Deborah numbers, the Phan-Thien
Tanner models converged much more easily than the Giesekus model.

important. However, both models predict zero second normal stress
coefficients. The Giesekus model is molecular-based, non-linear in nature and
describes the power law region for viscosity and both normal stress
coefficients. The Phan-Thien Tanner models are based on network theory and give
non-linear stresses. Both the Giesekus and Phan-Thien Tanner models have
been successfully used to model complex flows.

Table 5.3  Definition of Constants in Eq. 5.49

Constitutive model Y A A, A,
Generalized Newtonian 1 0 0 0
Upper convected Maxwell 1 M 0 0
White-Metzner 1 ME) o
Phan-Thien Tanner-1 exp(—e(A 11 ) trg) A N g 0
2
Phan-Thien Tanner-2 1- s(A / no)trg A %gx 0
Giesekus 1 A 0 = (aA; /mg)

An overview of numerical simulation of viscoelastic flow systems and an
extensive literature review on the subject was given by Keunings [35], and
detail on numerical implementation of viscoelastic models are given by
Crochet et al. [36] and Debbaut et al. [37]. As an example of the application of
differential models to predict flow of polymeric liquids, it is worth mentioning

I recent work by Dietsche and Dooley [38], who evaluated the White-Metzner,

| the Phan-Thien Tanner-1, and the Giesekus models by comparing finite
element? and experimental results of the flow inside multi-layered coextru-
sion dies. Figure 5.23 [39] presents the progression of a matrix of colored
circular polystyrene strands flowing in an identical polystyrene matrix down

| a channel with a square cross section of 0.95 x 0.95 cm. The cuts in the figure are |
shown at intervals of 7.6 cm.

The circulation pattern caused by the secondary normal stress differences
inside non-circular dies were captured well by the Phan-Thien Tanner and
Giesekus models but, as expected, not by the White-Metzner model. Figure 5.24
presents flow patterns predicted by the Phan-Thien Tanner model along with
the experimental rearrangement of 165 initially horizontal layers of
polystyrene in square, rectangular, and tear-drop shaped dies10. In all three

Figure 523  Polystyrene strand profile progression in a square die.

9 For their simulation they used the commercially available code POLYFLOW.
10 These geometries are typical for distribution manifolds used in sheeting dies.

MacNeil Exhibit 2117
Yita v. MacNeil IP, IPR2020-01139
Page 87



154  Basic Principles 5 Rheology of Polymer Melts 155

5.52, z[o] and Z[O] are the finite strain tensors given by
=A""A-§ and (5.53)

Y =6-EE (5.54)

Table 5.4. Definition of Constants in Eq. 5.52

. Constitutive model 0y (R
=——4 E Lodge rubber-like liquid 1 0
z oW ow
K-BKZ* =
a1, al,
Wagner** exp(-B)Jod, + (1-a)l, -3 0

[0

*kk 0

(a=3)+pl +1- B,

W(I1,12) represents a potential function which can be derived from empiricisms or molecular theory.

Papanastasiou-Scriven-Macosko

-

*k

Wagner's model is a special form of the K-BKZ model

) o ou-Seriven M s al y : .

Figure 5.24 Comparison between experimental and pre dicted flow patterns o The Papanastasiou-Scriven Macosko model is also a special form of the K-BKZ model
polystyrene in square, rectangular, and tear-drop shaped dies.

The terms and are displacement gradient tensors!! defined by

4. 1Vi lastic Model ax(x, 1
| 5.4.2 Integral Viscoelastic Models A, - ,(a\ ) - (5.55)
X
| Integral models with a memory function have been widely used to describe the !
| viscoelastic behavior of polymers and to interpret their rheological ox,(x'11)
measurements [9,41,42]. In general one can write the single integral model as E; = —'a,— (5.56)
X'
J
. | / ! ’
= f M(t-1)S()a (5.51) where the components Ajj measure the displacement of a particle at past time #'
- relative to its position at present time £, and the terms Ejj measure the material
where M(r-1') is a memory function and a deformation dependent tensor displacements at time ¢ relative to the positions at time ¢'.
defined by A memory function M(t-t') which is often applied and which leads to

’ commonly used constitutive equations is written as
S(t) = 4 (111, + S (L L) (552)

Y i
where I, and I, are the first invariant of the Cauchy and Finger strain tensors M(t-1')= E ;3‘ exp(———)L ) (5.57)
respectively. . k=t 22 %

Table 5.4 [43-47] defines the constants¢, and ¢,for various models. In Eq.

11 Another combination of the displacement gradient tensors which are often used are the Cauchy strain

tensor and the Finger strain tensor defined by g_’ = é' ‘Aand B=E- £'respecﬁvely.
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where A, and 7, are relaxation times and viscosity coefficients at the reference 6
temperature T, respectively.
Once a memory function has been specified one can calculate several
material functions using [4] -
© A
o
N = w“"\&
n(7) = fM(S)S(¢’I +¢.)ds (5.58) 24t w‘3*1:\:\4&\
’ Z
x [ 8
5 ') Q
w(7)= [ M(s)s (¢, + ¢,)ds and (5.59) 2 4 D\'\g\g
0 5] \g
w,(7) = [ M(s)s* (#.)ds (5.60) 2
0
For example, Figs. 5.25 and 5.26 present the measured [48] viscosity and first - ) ’ ‘
normal stress difference data, respectively, for three blow molding grade high 2 4 0 ] > 3
density polyethylenes along with a fit obtained from the Papanastasiou- Shear rate, log 7 (1/5)

Scriven-Macosko [47] form of the K-BKZ equation. A memory function with a
relaxation spectrum of 8 relaxation times was used. The coefficients used to fit
the data are summarized in Table 5.5 [41]. The viscosity and first normal stress
coefficient data presented in Figs. 5.4 and 5.5 where fitted with the Wagner [9]
form of the K-BKZ equation [9]. Luo and Mitsoulis used the K-BKZ model with

i Figure 5.25 Measured and predicted shear viscosity for various high density poly-
ethylene resins at 170 ©C.

the data in Table 5.5 to simulate the flow of HDPE through annular dies. Figure 5
5.27 [41] shows simulation results for a converging, a straight, and a diverging
die geometry. The results shown in Fig. 5.27 were in good agreement with
| experimental resultsl2. -
| o
Table 5.5 Material Parameter Values in Eq. 5.57 for Fitting | = pa
Data of High Density Polyethylene Melts at 170 ©C = £ o
g s
k (s m (Pas) o 4r | A
%
= w 8
i 0.0001 52 £ - A4
2 0.001 148 2 a 1
3 0.01 916 B o &
4 0.1 4210 [ /
5 1.0 8800 5/
6 10.0 21,200 |
7 100.0 21,000 3 i i
8 1000.0 600
-2 -1 0 1
1 Shear rate, log y (1/s)

Figure 5.26 Measured and predicted first normal stress difference for various high
density polyethylene resins at 170 °C.

12 The quality of the agreement between experiment and simulation varied between the resins.
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80 ¢ UL R 5.5 Rheometry

In industry there are various ways to qualify and quantify the properties of the
polymer melt. The techniques range from simple analyses for checking the
consistency of the material at certain conditions, to more complex
measurements to evaluate viscosity, and normal stress differences. This section

g
(=]
o

4.0 , / : includes three such techniques, to give the reader a general idea of current
60 E measuring techniques.
8.0 | (1 I i | I I i I L L

730 50 7.0 9.0 11.0 13.0 15.0 17.0 19.0 21.0 23.0 25.0 27.0

2Ihg 5.5.1 The Melt Flow Indexer

8.0 T ] The melt flow indexer is often used in industry to characterize a polymer melt
= / . and as a simple and quick means of quality control. It takes a single point
SEE— == [ measurement using standard testing conditions specific to each polymer class

0 on a ram type extruder or extrusion plastometer as shown in Fig. 5.28. The

2.0 1 standard procedure for testing the flow rate of thermoplastics using a extrusion

0.0 1 plastometer is described in the ASTM D1238 test [49]. During the test, a sample
£ - | is heated in the barrel and extruded from a short cylindrical die using a piston

' actuated by a weight. The weight of the polymer in grams extruded during the

4.0 10-minute test is the melt flow index (MFI) of the polymer.

-6.0

B e 70 80 110 130 150 17.0 180 210 230 250 5.5.2 The Capillary Viscometer

2h
’ The most common and simplest device for measuring viscosity is the capillary
viscometer. Its main component is a straight tube or capillary, and it was first
used to measure the viscosity of water by Hagen [50] and Poiseuille [51]. A
capillary rheometer has a pressure driven flow for which the velocity gradient
or strain rate and also the shear rate will be maximum at the wall and zero at
the center of the flow, making it a non-homogeneous flow.

r/hg

Since pressure driven viscometers employ non-homogeneous flows, they
can only measure steady shear functions such as viscosity, n(y). However, they
are widely used because they are relatively inexpensive to build and simple to
operate. Despite their simplicity, long capillary viscometers give the most
accurate viscosity data available. Another major advantage is that the capillary

-8.0

L . . L . A ‘
30 50 7.0 9.0 11.0 13.0 150 17.0 19.0 21.0 23.0 25.0 27.0

2/, rheometers has no free surfaces in the test region, unlike other types of

) ) theometers such as the cone and plate rheometers, which we will discuss in the

Figure 527  Predicted extrudate geometry for: () converging, (b) straight, and © next section. When the strain rate dependent viscosity of polymer melts is
diverging annular dies. measured, capillary rheometers may be the only satisfactory method of

obtaining such data at shear rates > 10 s-1. This is important for processes with
higher rates of deformation like mixing, extrusion, and injection molding.
Because its design is basic and it only needs a pressure head at its entrance,
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' capillary rheometers can easily be attached to the end of a screw- or ram-type B
extruder for on-line measurements. This makes the capillary viscometer an Eter Insulation

efficient tool for industry.

R

_Weight

~Thermometer

Pressure
»tfransducer

Polymeli

Polymer— sample
2 |} Figure 529  Schematic diagram of a capillary viscometer.
“‘ Capillary | Th 1
ittt e capillary viscometer can be modeled using the z-co
N . . = m
\ equation of motion in terms of stress, T, as & ponent of the
dp 1d
| =—+——(r
) (5.61)
| where,
| Figure 5.28 Schematic diagram of an extrusion plastometer used to measure melt
flow index. ap _po-p,
dz i (5.62)

| The basic features of the capillary rheometers are shown in Fig. 5.29. A Integrating for the shear stress term gives:
capillary tube of radius R and length L is connected to the bottom of a .
reservoir. Pressure drop and flow rate through this tube are used to determine T.= M + G
the viscosity. = 2L - (5.63)

To derive the viscosity relation, the following assumptions are made:
e no velocity in the r and 0 directions,
« the polymer is incompressible, and
« fully developed, steady, isothermal, laminar flow.

The constant Cy is t i
ake W
A5G 1 n to be zero since the stress can not be infinite at the tube
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5.5.3 Computing Viscosity Using the Bagley and Weissenberg- .
Rabinowitsch Equations | i
A I
At the wall the shear stress is: & g
R(p()—pL]__ISAR (564)
T =T, ===
2 L 2 L

Equation 5.64 requires that the capillary be suf.Fi-:_iently long to assure a fu]])cri _.91,_l+
developed flow where end effects are insignificant. However, due to en e
effects the actual pressure profile along the length of the capillary exhibits a Figure 531  Bagley plots for two shear rates,
curvature. The effect is shown schematically in Fig. 5.30 [52] and was corrected
by Bagley [53] using the end correction ¢ as, The equation for shear stress can now be written as

«-tipe) e oo

) ( R “‘)
The correction factor e at a specific shear rate can be found by plotting pressure To obtain the shear rate at the wall, Lfi—v i Tieiagmthers. Rakmariedh [54)
. ' i -

drop for various capillary L/D ratios as shown in Fig. 5.31 [52]. cquation can be used

Barrel _ﬂ =y, = l}',“w B d(nQ) (5.67)

S— dr 4 d(InT)

&\ S

=i
Pd o where, 7, is the apparent or Newtonian shear rate at the wall and is written as

= @\\\\m\\ i’ PP itten a |

* - o= 22 (5.68) .

| B . Vaw = 25 : |

Fuily developed

flow region The shear rate and shear stress at the wall are now known. Therefore, using the
ey —————— 4-"1

measured values of the flow rate, Q, and the pressure drop, p,-p,, the

Pw viscosity can be calculated using
Entrance T
l Iength_ Pe n= Y_: (5.69)
0" =S S L Pa
5.5.4 Viscosity Approximation Using the Representative Viscosity
Figure 5.30  Entrance effects ina typical capillary viscometer. Method

A simplified method to compute viscosity, developed by Schiimmer and
Worthoff [55], takes advantage of the fact that the Newtonian and the shear
thinning materials have a common streamline at which the strain rate is the
same. This is schematically represented in Fig. 5.32 where the common
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streamline is located at rs. The position of that streamline is related to the aT
power law index and varies between 0.7715R and 0.8298R for power law indices Typ == (5.74
between 1.4 and 0.25. A close approximation is given by13 27R 74)
. The viscosity function can now be obtained from
r. == R=0.854R (5.70)
4 L,
(o) =22 (5.75)

and the strain rate at that point is given by Yoy

The primary normal stress coefficient function, v, can be calculated by

;=i% rngj (5.71) measuring the force, F, required to maintain th i
TR R | T R ain the cone in place and can be
The shear stress at the location r5 can be calculated using
o 2F
— - . ey 5.76
_L_=(P0 pL)ngR(m pL) 5.72) R (5.76)
L Jz2 8\ L Although it i i
gh it is also possible to determine the secondary stress coefficient

function from the normal stress distribution across the plate, it is very difficult

W//// f/f’/%//’/%f// ///E////{///W to get accurate data.
'\ﬂ_ﬁ e

Force

Figure 5.32 Strain rate distribution in Newtonian and non-Newtonian fluids
flowing through a capillary.

5.5.5 The Cone-Plate Rheometer

The cone-plate rheometer is often used when measuring the viscosity and the
primary and secondary normal stress coefficient functions as a function of shear
rate and temperature. The geometry of a cone-plate theometer is shown in Fig.
5.33. Since the angle & is very small, typically < 59 the shear rate can be >

Fixed plate

| ~—

considered to be constant and is given by
R l Pressure transducers |
Trs = Q (5.73) .
w g Fi 5 ic di
) gure 533  Schematic diagram of a cone-plate rheometer.

where Q is the angular velocity of the cone. The shear stress can also be
considered to be constant and can be related to the measured torque, T,

13 The value JT/ 4 was not mathematically derived but offers a significant simplification to the equations

with a final error in viscosity of less than 5%.
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Once the shear strain rate and stress are known the viscosity can be

5.5.6 The Couette Rheometer I computed using

Another rheometer commonly used in industry is the concentric Cyh“;l.erali’é ] (5.80)
Couette flow rheometer schematically depicted in Fig. 534 The tOTqutel' ,h ; y
rotational speed, @, can easily be measured. The torque 1s related H’ e et . . . .
tress that acts on the inner cylinder wall and can be computed as follows: The major sources of error in a concentric Cyllpder rheonlle.ter are the end-
L effects. One way of minimizing these effects is by providing a large gap
T (5.77) between the inner cylinder end and the bottom of the closed end of the outer
T 2mr’L cylinder.

If we consider a power-law fluid confined between the outer and inner cylirlctiecr1
walls of a Couette device, the shear rate at the inner wall can be compute

using

5.5.7 Extensional Rheometry

It should be emphasized that the shear behavior of polymers measured with

l the equipment described in the previous sections cannot be used to deduce the

S (5.78) extensional behavior of polymer melts. Extensional rheometry is the least

n(l— (r/ ro)m) understood field of rheology. The simplest way to measure extensional

viscosities is to stretch a polymer rod held at elevated temperatures at a speed

The power-law index can be determined with experimental data using that nllaint.ains a constant strain rate as the roc} redl.lces its cross-sec?ional area.

The viscosity can easily be computed as the ratio of instantaneous axial stress to

dlogT, (5.79) elongational strain rate. The biggest problem when trying to perform this

"=m measurement is to grab the rod at its ends as it is pulled apart. The most

common way to grab the specimen is with toothed rotary clamps to maintain a

' | constant specimen length [56]. A schematic of Meissner's extensional rheometer
incorporating rotary clamps is shown in Fig. 5.35 [56].

Vi=

er=InLa/LR

Displacement
sensor

LR [~

bl TR
T

Sample
< Lo
Figure 535  Schematic diagram of an extensional rheometer.

K

Another set-up that can be used to measure extensional properties without

{ clamping problems and without generating orientation during the

measurement is the lubricating squeezing flow [57], which generates an
Figure 534 Schematic disgram of a Couette theometer. | equibiaxial deformation. A schematic of this apparatus is shown in Fig. 5.36.
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It is clear from the apparatus description on F;g 5.35 that carrylpgéfhaut te_sgi
to measure extensional rheometry is a very difficult task._ Qne o e‘E:] o
problems arises because of the fact that, Lm_hke shear tests, it is nrc;ic _po.sm‘m :
achieve steady state condition with elongatmnai_ rheometry tests}. c;.;s is _s:] iﬁ y
because the cross-sectional area of the test specimen is constantly diminishing,

Figure 537 [56] shows this effect by comparing shear and elongational
rheometry data on polyethylene.

==
B

Figure 536  Schematic diagram of squeezing flow.
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08| rs )t £
= # 4 /0,001
. e
& st ) e (s71)0.001
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Figure 5.37 Development of elongational and shear viscosities during deformation
for polyethylene samples.
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Finally, another equibiaxial deformation test is carried out by blowing a
bubble and measuring the pressure required to blow the bubble and the size of
the bubble during the test. This test has been successfully used to measure
extensional properties of polymer membranes for blow molding and
thermoforming applications. Here, a sheet is clamped between two plates with
circular holes and a pressure differential is introduced to deform it. The
pressure applied and deformation of the sheet are monitored with time and
related to extensional properties of the material. Assuming an incompressible

material, the instantaneous thickness of the sheet can be computed using the
notation shown in Fig. 5.38:

D>
t= to(mj (5.81)

The instantaneous radius of curvature of the sheet is related to bubble height by

ELapY (5.82)
8h 2

The biaxial strain can be computed using

. 1n(2;R) (5.83)

and the biaxial stress can be calculated using

RAP

For more detail on extensional rheometry, beyond the scope of this book, the
reader should refer to the literature [58].

Figure 5.38  Schematic diagram of sheet inflation.
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5.6 Surface Tension

Although surface tension is generally not included in rheolqu chapters, it da(i;as
play a significant role in the deformation of polymers during ﬂo;.r, especxt v
in dispersive mixing of polymer blends. Surface tension, s between Iwo
materials appears as a result of different 1nte?molecular interactions. dnta
liquid-liquid system, surface tension manifests. itself as a _fqrce that ten sho
maintain the surface between the two matena!s to a minimum. Thus, the
equilibrium shape of a droplet inside a matrix yvh1ch is at restis a sphere. Whlen
three phases touch, such as liquid, gas, and solid, we get different contact ang Z;
depending on the surface tension between the three Pha'ses. F1gui'e .

schematically depicts three different cases. In case 1, t_he liquid perfectly weqs
the surface with a continuous spread, leading to a wetting angle of zero. Case 2,
with moderate surface tension effects, shows a liquid that has a tendenc_y to
flow over the surface with a contact angle between zero and /2. Case 3, Wlt}.l ;
high surface tension effect, is where the liquid c%oes not wet the surface w'kfuc

results in a contact angle greater than x/2. In Fig. 5.39, ‘US denotes the sql a'.:;
tension between the gas and the solid, & the surface tensmp l}el'wefan t_he hqlln

and the gas, and o, the surface tension between the solid and liquid. Using

geometry one can write

c0sf < %= % (5.85)

Case 1.——5=

Case 2 .-

Figure 5.39 Schematic diagram of contact between liquids and solids with various
surface tension effects.

===
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The wetting angle can be measured using simple techniques such as a
projector, as shown schematically in Fig. 5.40. This technique, originally
developed by Zisman [59], can be used in the ASTM D2578 [60] standard test.
Here, droplets of known surface tension, o; are applied to a film. The measured
values of cos ¢ are plotted as a function of surface tension, o, as shown in Fig.
5.41, and extrapolated to find the critical surface tension , o, required for wetting.

For liquids of low viscosity, a useful measurement technique is the
tensiometer, schematically represented in Fig. 5.42. Here, the surface tension is
related to the force it takes to pull a platinum ring from a solution. Surface
tension for selected polymers are listed in Table 5.6 [61], for some solvents in
Table 5.7 [62] and between polymer-polymer systems in Table 5.8 [61].

Furthermore, Hildebrand and Scott [63] found a relationship between the
solubility parameterl4, §, and surface tension, o; for polar and non-polar
liquids. Their relationship can be written as [64]

¢
/
Micrometer
Syringe
Drop

_ﬂ, .-1' T\;?Aagnifying apparatus
I“i == -

— x-y translator
) -

Optical bench

Figure 540 Schematic diagram of apparatus to measure contact angle between
liquids and solids.

O'c 0| ——

Figure 541  Contact angle as a function of surface tension.

1 Solubility parameter is defined in Chapter 6.
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Level Table 5.6 Typical Surface Tension Values of Selected Polymers at 180 °C

Force measuring

dewie : [ Polymer o5 (N/m) d0g/ T (N/m/°C)
Polyamide resins (290 °C) 0.0290 -
Ring [ Polyethylene (linear) 0.0265 5.7x107
Polyethylene terephthalate (290 ©C)0.027 -
i Polyisobutylene 0.0234 6.6 x 100
Fluid Polymethyl methacrylate 0.0289 7.6x107°
- ; Polypropylene 0.0208 5.8 x105 '
Polystyrene 0.0292 72x10°
l_ —l Polytetrafluoroethylene 0.0094 -62x10
‘ ]i Polyvinyl acetate 0.0259 6.6 x10 |
nsion of B

Figure 542 Schematic diagram of a tensiometer used to measure surface te
liquids.

0,=02487V*P (5.86) \
where V is the molar volume of the material. The molar volume is defined by

v-M (5.87)

P

where M is the molar weight. It should be noted that the values in Egs. 5.86 and
5.87 must be expressed in cgs units.

There are many areas in polymer processing and in engineering design
with polymers where surface tension plays a significant role. These are mixing Finally, during the sinteri :
of polymer blends, which is discussed in detail in Chapter 6 of this book, especially when tg)ringinsgntigrel’glegrogaeisrss/ cS)lflr;aaCretictleer:1a01’:1 hFi)Ig?St aLkey tIOIE,

emperatures

adhesion, treatment of surfaces to make them non-adhesive and sintering. without applying pressure. Using the notation for the sinteri
B o : interin ro
presented in Fig. 5.43, Menges and Reichstein [65] develop the relatior% L

Figure 5.43  Schematic of the sintering process.

During manufacturing it is often necessary to coat and crosslink a surface
with a liquid adhesive or bonding material. To enhance adhesion it is often
necessary to raise surface tension by oxidizing the surface, by creating COOH 2 oDt
groups, using flames, etching or releasing electrical discharges. This is also the e n (5.88)
case when enhancing the adhesion properties of a surface before painting.

On the other hand it is often necessary to reduce adhesiveness of a surface here, oy is the surface tension, ¢ is time and 7 the viscosity.
such as required when releasing a product from the mold cavity or when i
an to give it nonstick properties. A material that is often used for

|

coating a p
known by its tradename

this purpose is polytetrafluoroethylene (PTFE), mostly
of teflon.
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Examples . r_(élj) -
T\ 2

|

5.1 Derive the equation that describes the pressure driven velocity field Since v. =0 at r= R, the above equation becomes |

inside a tube of constant diameter (Eq. 5.43).

| L _Fap 1_(1)2

}_‘_ L——— > S 4ul R
52 Derive the equation that describes the annular flow in a wire coating l
process. The wire travels through the annulus at a speed, V, and we ’

P1 p2 assume that the pressure inside the die equals atmospheric pressure. Use
the notation presented in Fig. 5.45. Assume a power law viscosity. [
|
I

Figure 5.44 Tube geometry and coordinate system.

. ) %
In our solution scheme, we must first choose a coordinate system: /
Next we must state our assumptions: %
R

L d / 2
e no variations in the 6 direction: ol v, =0, | " R e

[!] 1ir
Z/,__U

]

d
* steady state: v 0, /

+ no velocity in the radial direction: v, =0. ‘ : ///
The continuity equation (Appendix 1) reduces to /2

‘4—L—-—

Figure 545 Wire coating process geometry and coordinate system.

Using the reduced continuity equation and the above assumptions, |

‘ only the z-component of the equation of motion (Appendix 1) is When solving this problem we make similar assumptions as in
needed Example 5.1. This results in % =v, =0, %:0 and v, =0. Here too, the i
| P 19/ av continuity equation reduces to :
T
0z rar\ or v
o0
0z

Letting % = ATP and integrating gives

However, the pressure gradient, g—p, can be neglected. Since this

v i Ap +C problem is non-Newtonian we need to use the general equation of
"o 2 ul\ L : motion (Appendix 1). The z-component reduces to

i vy 0. Integrating again, we get i(r'::,_)=0

Since a—):=0 at r=0, C, =0. Integrating again, | o VT
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Next, we define the deviatoric stress as a function of rate of
deformation using

T =0(Ta7)F = otV

Since the only deformation that occurs is the shear deformation in the
rz-plane the magnitude of the rate of deformation tensor is given by

av.

Y=Y,»;=E

The equation of motion, can now be written as

Figure 5.46 Schematic of an end-fed sheeting die.

Integrating this equation twice, and applying two boundary
conditions, v_=V at r=xR,and v_=0 at r =R we get
Manifold

=
[L] ’ -1 / Die land
- . _, ,

K -1
J P
! v

53 Formulate a design equation for the end-fed sheeting die shown in Fig.
546 so that the extruded sheet is of uniform thickness. Your job is to !
specify the length of the approach zone or die land as a function of the qpic=
manifold direction to achieve uniform flow. The manifold diameter is
constant and the flow can be assumed isothermal with a Newtonian z Lo
'l | viscosity of 7. -
I After assigning a coordinate system, and assuming the notation |
presented in Fig. 546, the flow of the manifold can be represented Y
using the Hagen-Poiseuille equation as I A
n:R“’( dp) h |
Qo=
8n \ dz <L (z)—>
and the flow in the die land (per unit width) using slit flow .
Figure 5.47 End-fed sheeting die coordinates and dimensions. |
(- 2)- 22 |
129\ di) 12n\L, ; A manifold that leads to a uniform sheet must deliver a constant
throughput along the die land. Performing a flow balance within the

differential element shown in Fig. 5.48 results in
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B

4]
4]

_ 8o, L,
ak’

0

Q(z+Az)

which leads to a land length of

[ _WLyp, 20°L
"o, 3aR’

Problems
Q) 51 During the filling stage of the injection molding cycle, would the
Figure 548 Differential element of an end-fed sheeting die. | pressure requirements for a PP with a MFI=10 be larger or smaller,

relative to a PP with a MFI = 4? Why?

LAY — O — (A = 52  Model the viscosity of the PE-LD shown in Fig. 5.4 using the power law
Oz +A2)=0()~4(2)A<=0 model and the Bird-Carreau model.

and letting Az —0 results in 53 Derive the equation that predicts the volumetric throughput during

do pressure flow through a slit, assuming a Newtonian viscosity (Eq. 5.40).
—= = —q = constant
dz 5.4  Derive the Hagen-Poiseuille equation for a power law fluid (Eq. 5.46).
If we integrate and let 0=, at z=0and Q=0 at z=L, we get
55 You are to extrude a polystyrene sheet through a die with a land length
g of 0.1 m. What is the maximum speed you can extrude the sheet if you are
Q@) =0 (l L extruding a polystyrene with the viscoelastic properties presented in Fig.
v | 3.44 of Chapter 3.
Hence, . . . . |
5.6  The metering section of a single screw extruder can be modeled using a
o 0 1 p) combination of shear flow and pressure flow between parallel plates.
2L _EL—(J Derive the relation between volumetric throughput versus pressure |
b - ! build-up, Ap, in a melt extruder of a Newtonian fluid. Hint: Use the
I which results in notation given in Chapter 6. |
|! n L, 5.7 In Example 5.2 obtain an expressions for the flowrate, coating thickness, I
| L)= EQ—TP ) and the axial force required to pull the wire through the die. |
!
where p(z) is unknown. We can now rewrite the manifold equation as 5.8  Formulate the design equation for an end-fed sheeting die such as the ';
one in Example 3. Unlike the example, the new die should have a |
dp 81 B variable radius manifold as in Fig. 5.48. In this case, the axial distance
P Or (1 - L—D) from the manifold center to the die exit must be constant. |
and then, letting p = p, at =0, we get
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Introduction to Processing

The mechanical properties and the performance of a finished product are
always the result of a sequence of events. Manufacturing of a plastic part begins
with material choice in the early stages of part design. Processing follows this,
at which time properties of the final part are made and frozen into place.
During design and manufacturing of any plastic product one must always be
aware that material, processing and design properties all go hand-in-hand and
cannot be decoupled. This approach is often referred to as the four P's: polymer,
processing, product and performance. This chapter presents the most important
polymer processing techniques available today?l. Extrusion? is covered
first, followed by mixing processes and injection molding3. Secondary
shaping shaping operations are discussed next. At the end of the chapter other
processes such as calendering, coating, compression molding, and rotational
\ [ molding are presented.

6.1 Extrusion

During extrusion, a polymer melt is pumped through a shaping die and formed
into a profile. This profile can be a plate, a film, a tube, or have any shape for
| its cross section. Ram-type extruders were first built by J. Bramah in 1797 to
extrude seamless lead pipes. The first ram-type extruders for rubber were built
by Henry Bewley and Richard Brooman in 1845. In 1846, a patent for cable
| coating was filed for trans-gutta-percha and cis-hevea rubber and the first
insulated wire was laid across the Hudson River for the Morse Telegraph
Company in 1849. The first screw extruder was patented by Mathew Gray in
1879 for the purpose of wire coating. However, the screw pump can be
attributed to Archimedes, and the actual invention of the screw extruder in

1 An in-depth view of polymer processing is given by Tadmor and Gogos [1].

2 For further reading in area of extrusion we recommend Rauwendaal’s book [2].

3 For further reading in the area of injection molding we recommend Osswald, Turng and Gramann [3]
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186 Influence of Processing on Properties

polymer processing by A.G. DeWolfe of the United States dates to the early
1860s. The first extrusion of thermoplastic polymers was done at the Paul
Troester Maschinenfabrik in Hannover, Germany in 1935.

Although ram and screw extruders are both used to pump highly viscous
polymer melts through passages to generate specified profiles, they are based
on different principles. The schematic in Fig. 6.1 shows under what principles
ram extruders, screw extruders, and other pumping systems work.

- w |
Centrifugal pump ' | Roman agueduct

Positive displacement pump

Figure 6.1  Schematic of pumping principles.

The ram extruder is a positive displacement pump based on the pressure
gradient term of the equation of motion. Here, as the volume is reduced, the
fluid is displaced from one point to the other, resulting in a pressure rise. The
gear pump, widely used in the polymer processing industry, also works on this
principle. On the other hand, a screw extruder is a viscosity pump that works
based on the pressure gradient term and the deformation of the fluid,
represented as the divergence of the deviatoric stress tensor in Fig. 6.1. The
centrifugal pump, based on the fluid inertia, and the Roman aqueduct, based on
the potential energy of the fluid, are also represented in the figure and are
typical of low viscosity liquids.

6 Introduction to Processing 187

In today's polymer industry, the most commonly used extruder is the single
screw extruder, schematically depicted in Fig. 6.2. The single screw extruder
can either have a smooth inside barrel surface, called a conventional single
screw extruder, or a grooved feed zone, called a grooved feed extruder. In
some cases, an extruder can have a degasing zone, required to extract moisture,
volatiles, and other gases that form during the extrusion process.

Figure 6.2  Schematic of a single screw extruder (Reifenhduser).

Another important class of extruders are the twin screw extruders,
schematically depicted in Fig. 6.3. Twin screw extruders can have co-rotating or
counter-rotating screws, and the screws can be intermeshing or non-
intermeshing. Twin screw extruders are primarily employed as mixing and
compounding devices, as well as polymerization reactors. The mixing aspects
of single and twin screw extruders are detailed later in this chapter.
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|
Non-intermeshing Table 6.1 Typical Extruder Dimensions and Relationships (the Notation for Table |
IntormesHing | s 6.1 is Defined in Fig. 6.5.) |
nter i
el ‘ . | L
Sl % L/D Length to Diameter ratio
D\ 1 J 20 or less for feeding or melt extruders
= | ‘ 25 for blow molding, film blowing, and injection molding
e il 30 or higher for vented extruders or high output extruders
| ‘ g g P
IQ l} D Standard diameter
[\T‘-I/r/] US (inches) 0.75,1.0,1.5,2,25,35,45, 6, 8, 10, 12, 14, 16, 18, 20, and 24
Co-rotating Counter-rotating Counter-rotating Europe (mm) 20, 25, 30, 35, 40, 50, 60, 90, 120, 150, 200, 250, 300, 350, 400, 450, 500, and
| PP, > @3 ! 600
[::_]:\4 ’/P/ | Y ‘ | 7 o Helix angle
1 et
\L\\i_‘"‘}“,/./ b El | {/!/‘ 17.659 for a square pitch screw where Lg=D
m{ﬁ/r’ \!\JJL,'E;" New trend: 0.8 < Lg/D < 1.2
A e = [
[\{ﬁ‘\\fj./ P ]\1\\] LL | h Channel depth in the metering section
T~ / / ) | . (0.05-0.07)D for D<30 mm
(5 T/J'Ii TIKMK\/[/‘ (0.02-0.05)D for D>30 mm
i /'r/ ' B Compression ratio:
Figure 6.3  Schematic of different twin screw extruders. lz“fteeil =ph
)
]
o Clearance between the screw flight and the barrel
6.1.1 The Plasticating Extruder 0.1 mm for D<30 mm
[ 0.15 mm for D>30 mm
| The plasticating single screw extruder is the most common equipment in the N Screw speed

1-2 rev/s (60-120 rpm) for large extruders

polymer industry. It can be part of an injection molding unit and found in
1-5 rev/s (60-300 rpm) for small extruders

‘ numerous other extrusion processes, including blow molding, film blowing,
and wire coating. A schematic of a plasticating or three-zone, single screw Vb

‘ extruder, with its most important elements is given in Fig. 6.4. Table 6.1

‘ presents typical extruder dimensions and relationships common in single screw
extruders.

Barrel velocity (relative to screw speed) = mTDN
0.5 m/s for most polymers

0.2 m/s for unplasticized PVC

| 1.0 m/s for LDPE

The plasticating extruder can be divided into three main zones:

jRAIE] « The solids conveying zone
Screw * The melting or transition zone
* The metering or pumping zone

Band heaters Extudate

The tasks of a plasticating extruder are to:

e Transport the solid pellets or powder from the hopper to the screw
channel
* Compact the pellets and move them down the channel
* Melt the pellets
| * Mix the polymer into a homogeneous melt
Schematic of a plasticating single screw extruder. * Pump the melt through the die

Solidg conveying zone
(Compaction)

Transition zone
(Melting)

Metering zone
(Pumping)

Figure 6.4
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Figure 6.5 Schematic diagram of a screw section.

The pumping capability and characteristic of an extruder can be represented
with sets of die and screw characteristic curves. Figure 6.6 presents such curves
for a conventional (smooth barrel) single screw extruder.

80
Tmax
_6o[N=
£
g
€401
.20
MyipHf-—= == f ===y e m o mm o o = m =
O 100 200 800 400 500
AP (bar)
Figure 6.6  Screw and die characteristic curves for a 45 mm diameter extruder with
an LDPE.

The die characteristic curves are Tandel K1, K2, K3, and K4 in ascending
order of die restriction. Here, K1 represents a low resistance die suck} as for a
thick plate, and K4 represents a restrictive die, such as is used fgr film. The
different screw characteristic curves represent different screw rotational speeds.
In a screw characteristic curve the point of maximum throughput and no
pressure build-up is called the point of open discharge. This occurs when there
is no die. The point of maximum pressure build-up and no ﬂ'llrc-ughput is called
the point of closed discharge. This occurs when the extruder is plugged.

6 Introduction to Processing 191

Shown in Fig. 6.6 are also lines that represent critical aspects encountered
during extrusion. The curve labeled Tmax represents the conditions at which
excessive temperatures are reached as a result of viscous heating. The
feasibility line () represents the throughput required to have an
economically feasible system. The processing conditions to the right of the
homogeneity line render a thermally and physically heterogeneous polymer
melt.

6.1.1.1 The Solids Conveying Zone

The task of the solids conveying zone is to move the polymer pellets or
powders from the hopper to the screw channel. Once the material is in the
screw channel, it is compacted and transported down the channel. The process
to compact the pellets and to move them can only be accomplished if the
friction at the barrel surface exceeds the friction at the screw surface. This can
be visualized if one assumes the material inside the screw channel to be a nut
sitting on a screw. As we rotate the screw without applying outside friction, the
nut (polymer pellets) rotates with the screw without moving in the axial
direction. As we apply outside forces (barrel friction), the rotational speed of
the nut is less than the speed of the screw, causing it to slide in the axial
direction. Virtually, the solid polymer is then "unscrewed" from the screw.

To maintain a high coefficient of friction between the barrel and the
polymer, the feed section of the barrel must be cooled, usually with cold water
cooling lines. The frictional forces also result in a pressure rise in the feed
section. This pressure compresses the solids bed which continues to travel
down the channel as it melts in the transition zone. Figure 6.7 presents the
pressure build-up in a conventional, smooth barrel extruder. In these extruders,
most of the pressure required for pumping and mixing is generated in the
metering section.

400

300

200+

P (bar)

100

0 T | i i i
0 5D 10D 15D 20D 25D

Figure 6.7 Conventional extruder pressure distribution.
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sing

The simplest mechanism for ensuring high friction between the polymer 800 \

and the barrel surface is grooving its surface in the axial direction [4, 5].
Extruders with a grooved feed section where developed by Menges and
Predshl [4, 5] in 1969, and are called grooved feed extruders. To avoid excessive

pressures that can lead to barrel or screw failure, the length of the grooved 50
barrel section must not exceed 3.5D. A schematic diagram of the grooved

section in a single screw extruder is presented in Fig. 6.8. The key factors that =

propelled the development and refinement of the grooved feed extruder were 8 4004

the processing problems, excessive melt temperature, and reduced productivity o

posed by high wviscosity and low coefficients of friction typical of high

molecular weight polyethylenes and polypropylenes. .
O_

|
seal thermal insulator
0 i T [ | |
0 5D 10D 15D 20D 25D

Figure 6.9  Grooved feed extruder pressure distribution.

100

J 80f /n / /n ? N=185 rpm
grooves cooling lines N=160

heated batrel ] / / /

60

N=120

Figure 6.8 Schematic diagram of the grooved feed section Of a single SCrew extruder, x
] / / / N=80
/

m (kg/hr)

(o] o

In a grooved feed extruder, the conveying and pressure build-up tasks are
assigned to the feed section. Figure 6.9 presents the pressure build-up in a
single screw extruder with a grooved feed section. The high pressures in the 20
‘ feed section lead to the main advantages over conventional systems. With |
grooved feed systems, there is a higher productivity and a higher melt flow
| stability and pressure invariance. This is demonstrated with the screw
m characteristic curves in Fig. 6.10, which presents screw characteristic curves for a

0 100 200 300 400 500
45 mm diameter grooved feed extruder with comparable mixing sections and AP (bar)

die openings as shown in Fig. 6.6. Figure 6.10 Screw and die characteristic curves for a grooved feed 45 mm diameter

extruder with an LDPE.

The behavior of the two extruders in Figs. 6.6 and 6.10 are best compared if

the throughput and the i i
. . pressure build-up are non-d i i
Gimensiot e fieahpat i p on-dimensionalized. The
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N 6.1)
oND’

=

and the dimensionless pressure build-up is

Ap o B2 62)
mN"L,

where L represents the total channel length and for a 25L/D extruder is

L, - (6:3)
° sin(¢)

where f is assumed to be 17.65° (square pitch). Figure 6.11 presents the results
shown in Figs. 6.6 and 6.10 after having been non—djmens._lqnahzed using Egs.
6.2 and 6.3. The figure clearly shows the higher productivity of the grooved
feed extruder where the throughput is at least 50% more than that o.bserved
with the conventional system for a comparable application. Used with care,
Fig. 6.11 can also be used for scale-up.

400—‘~ _— —

ol — T |

_M_ 200
pND3
o N=185 rpm Conventional ¢
© N=160 rpm
1007 v N=120 rpm
O N= 80 rpm
O T i T l
0 5 10 15 20 25
ApD
mNnL

Figure 6.11 Dimensionless screw characteristic curves for conventional and grooved
feed extruders. |
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6.1.1.2 The Melting Zone

The melting or transition zone is the portion of the extruder were the material
melts. The length of this zone is a function of the material properties, screw
geometry, and processing conditions. During melting, the size of the solid bed
shrinks as a melt pool forms at its side, as depicted in Fig. 6.12a which shows
the polymer unwrapped from the screw channel.

Solid bed

Unwrapped channel

Melt pool

ganel . Leading flight
Trailing flight Melt film p

()
Figure 6.12 (a) Solids bed in an unwrapped screw channel and (b) screw channel
cross section.

Figure 6.12b presents a cross section of the screw channel in the melting
zone. The solid bed is pushed against the leading flight of the screw as freshly
molten polymer is wiped from the melt film into the melt pool by the relative
motion between the solids bed and the barrel surface.
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Knowing where the melt starts and ends is important when dfesigning a
screw for a specific application. The most widely used model to predict meltu;g
in a plasticating single screw extruder is the wei_l known .Tadmor M_odgl Eh]_
Using the Tadmor Model, one can accurately predict the _sohcl bed profile in cei
single screw extruder. Figure 6.13 presents the experimental and predicte
solids bed profile of an LDPE in a single screw e?ctruder. The matenal
properties and processing conditions used in the calculations are given in Table

6.2.

g 1.0 e ST Wt A N [ G T _|
)
£ 08} |
.g 0.7 g;e“ A"lAzA:AA.o.A b o 4 "
8 0.6~ bgéeéo ] oo % A‘-
o 0.5 6AAAA _
2 041 \ |
@ 0.3 7 |
1933 0.2k Ae X/W at barrel surface Model B
2 01 t LA° X/:N at sl,orewlroot L . |
1 L 1 i
é 0'05 I 7 g 11 13 15 17 19 21 23 25 27
Turns

Figure 6.13  Predicted (Tadmor Model) and experimental solids bed profile.

Table 6.2 Extruder Parameters, Processing Conditions, and Material Properties for
the Solids Bed Profile Results in Fig. 6.13.

Extruder Geometry:
Square pitch screw, D=63.5 mm, L/D=26.5, W=54.16 mm

Feed zone -12.5 turns h1=9.4 mm
Transition zone - 9.5 turns h1=9.4 mm hp=3.23 mm
Metering zone - 4.5 turns ~ hp=3.23 mm

Processing Conditions:
Tp=24°C Tp=149 °C  N=60rpm Dp=204 bar =618 kg/hr

Material properties (LDPE):

Viscosity: n=0.345 a=001°C"  mg=5.6x10" Pa-s" Tp=110 °C
Thermal: "
km=0.1817 W/mOC  Cm=2.596 k]/kgoC ~ Cs=2.763 kI/kg?C
¥ = g =852.7 + 5.018x107p - 0.4756T
Pbulk=595 kg/m ps=915.1 kg/m pm=5852 p

A=129.8 kJ/ kg
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From experiment to experiment there are always large variations in the
experimental solids bed profiles. The variations in this section of the extruder
are caused by slight variations in processing conditions and by the
uncontrolled solids bed break-up towards the end of melting. This effect can be
eliminated by introducing a screw with a barrier flight that separates the solids
bed from the melt pool. The Maillefer screw and barrier screw in Fig. 6.14 are
commonly used for high quality and reproducibility. The Maillefer screw
maintains a constant solids bed width, using most effectively the melting with
melt-removal mechanism, while the barrier screw uses a constant channel
depth with a gradually decreasing solids bed width.

Barrier flight

Maillefer screw

Barrier screw

Figure 6.14 Schematic diagram of screws with different barrier flights.

6.1.1.3  The Metering Zone

The metering zone is the most important section in melt extruders and
conventional single screw extruders that rely on it to generate pressures
sufficient for pumping. The pumping capabilities in the metering section of a
single screw extruder can be estimated by solving the equation of motion with
appropriate constitutive laws. For a Newtonian fluid in an extruder with a
constant channel depth, the screw and die characteristic curves for different
cases are represented in Fig. 6.15. The figure shows the influence of the channel
depth on the screw characteristic curves. A restrictive extrusion die would
clearly work best with a shallow channel screw, and a less restrictive die would
render the highest productivity with a deep channel screw.
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] - 6.1.2 Extrusion Dies
e Operating points

| ! Le?$hri?;sktrsiﬁg\é?)die The extrusion die shapes the polymer melt into its final profile. The
Deep channel screw extrusion die is located at the end of the extruder and its used to extrude

e Flat films and sheets

| Deep channel screw * Pipes and tubular films for bags
m| i _ (Higher heater temperatures) ¢ Filaments and strands
; - * Hollow profiles for window frames
Shallow channel screw * Open profiles

e di As shown in Fig. 6.17, depending on the functional needs of the product,
R?%qrilguf\illfn) = several rules of thumb can be followed when designing an extruded plastic
profile. These are:

¢ Avoid thick sections. Thick sections add to the material cost and increase
sink marks caused by shrinkage.

Figure 6.15  Screw characteristic curves (Newtonian). * Minimize the number of hollow sections. Hollow sections add to die cost
and make the die more difficult to clean.

* Generate profiles with constant wall thickness. Constant wall thickness

Ap

In both the grooved barrel and the conventional extruder, the diameter of

the screw determines the metering or pumping capacity of the extFuder. Figure - in a profile makes 1t easier to control the thicknoss of the final profile
6.16 presents typical normalized mass throughput as a function of screw and results in a more even crystallinity distribution in semi-ceysialting
diameter for both systems. brofiles:
20, | .
Giooxssl(Feed Bad design Improved designs

1

onventional

'
]
1- N |l

“ 0.5- —_———
I Cost increase

.

B (kg * min/ hr)

0.3 Figure 6.17  Extrusion profile designs.
0.2
0.4— i 5|0| L \1I00 _200 6.1.2.1 Sheeting Dies
D (mm) . 2 ST 5 5
cns ThuoushoarfrEongenfionaln grootEaliesd Sriders | One of the most widely used extrusion dies is the coat-hanger sheeting die. A
Figure 6. oughpu ’

sheeting die, such as depicted in Fig. 6.18, is formed by the following elements:
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 Manifold: evenly distributes the melt to the approach or land ‘reg.ion - 6.1.2.2 Tubular Dies
o Approach or land: carries the melt from the manifold to the die lips . . .

| ppr the final shaping of the melt In a tubular die, the polymer melt exits through an annulus. These dies are
. Elle lwips: }}er&f)—f;\ t;iinrgmwhenpgeiem ting a uniform profile used to extrude plastic pipes and tubular film. The film blowing operation is
* Flex lips: ftor fine

discussed in more detail later in this chapter.

| Choker bar The simplest tubing die is the spider die, depicted in Fig. 6.20. Here, a
| | symmetric mandrel is attached to the body of the die by several legs. The
\ R 1 polymer must flow around the spider legs causing weld lines along the pipe or

film. These weld lines, visible streaks along the extruded tube, are weaker

regions.
Flex-lip 1

Heaters

Removable lower lip

| = i
e (=, R |
’[ i
Manifold u
Figure 6.18  Cross section of a coat-hanger die. I Q-_.__.

Figure 6.20  Schematic of a spider leg tubing die.

| ' *\\_
-

To generate a uniform extrudate geometry at the ‘die lips, the gfeometry }?f
the manifold must be specified appropriately. Figure 6.19 presents the

; v dis Wi -e distribution that corresponds to To overcome weld line problems, the cross-head tubing die is often used.
sch?mat;c ofe coat—haqger dle,tw 1?;;?}';? Sizuj_:ﬁpc::rs:;]iutéomenticn thatlihe flow Here, the die design is similar to that of the coat-hanger die, but wrapped
| a die that render&_‘. a umfogmhex T 1‘0a-|: g 'depend on the non-Newtonian around a cylinder. This die is depicted in Fig. 6.21. Since the polymer melt
though the mamfolcll and t (: agpd So the design of the die depends on the must flow around the mandrel, the extruded tube exhibits one weld line. In
properties of the polymer extruded.

: . . ; ddition, although the eccentricity of a mandrel can be controlled usin
T : : - e a die designed for one material e 4 & ; £ . . 1SS
shear thinning bel_'lavml‘ of the Pog‘m.el' Henge; 3 &n adjustment screws, there is no flexibility to perform fine tuning such as in the
does not necessarily work for another. | coat-hanger die. This can result in tubes with uneven thickness distributions.

Manifold

o]
o

(2]
o

N
o

Pressure (bar)
N
(=]

=" Island or
approach

" Choker bar

istribution i t-hanger die Figure 6.21  Schematic of a cross-head tubing die used in film blowing.
Figure 6.19  Pressure distribution in a coat- ;
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. ) _ lar bl films, eliminates When creating a polymer blend, one must always keep in mind that the
| Thi? Splr?fl dtle, C(:lmr:.ioocll‘:ll}czezs;eclt ktlgr::ﬁ;diu:lclib;ea;meggﬂy homogeneous | blend will probably be remglted in subsequent processing or shaping
| weld line effects and p It in a spiral die flows through several feed ports processes. For example, a rapidly cooled system, frozen as a homogenous

extrudate. The polyr{ne_r me 1!11 P sed around the circumference of the mixture, can separate into phases because of coalescence when re-heated. For all
into indepTerlndent Splgt‘gl. C'ham]:z;aﬁz;g;edepic’red A it practical purposes, such a blend is not processable. To avoid this problem,

I mandrel. This type of die is sc g D-es |

compatibilizers, which are macromolecules used to ensure compatibility in the
boundary layers between the two phases, are common [6].
{

The mixing can be distributive or dispersive. The morphology
development of polymer blends is determined by three competing
Mechanisms: distributive mixing, dispersive mixing, and coalescence. Figure
6.23 presents a model, proposed by Macosko and co-workers [6], that helps us
visualize the mechanisms governing morphology development in polymer
blends. The process begins when a thin tape of polymer is melted away from
the pellet. As the tape is stretched, surface tension causes it to rip and to form

into threads. These threads stretch and reduce in radius, until surface tension
\\\ becomes significant enough which leads to Rayleigh distrurbances. These cause
Spiral mandrel manifold the threads to break down into small droplets.

A
Morphology without

compatibilizer ®
Ogﬁﬂ%‘
| \ \

Figure 6.22  Schematic of a spiral die. Coalescends™ -Téoaﬂd I

boneﬁpo, %%ggee Morphology

ee PCqePe @ wihcompatbiizer

o e%e |
6.2 Mixing Processes n e

Wine

' Today, most processes involve some form of mixing. As Fhscussed Il;lf;}clf L ARORI SR
| previous section, an integral part of a serew extruder is a mixing zonc. ' facd e UL
most twin screw extruders are primarily used as mixing devncef.-:_. _Smu ar Y{Th'i AVAVAYA
plasticating unit of an injection molding .m:ac_hme often 11?5 a mlxmil 1zcmel. m;r . 0y
is important because the quality of the finished prod_uct in almps’rd gotz 4 T _ ‘
processes depends in part on how well the material was mixe 0 t arz componext v
material properties and the formabiﬁt_y of the compound mt?1 sh:tap;lt dj_rl::aro? e -
highly influenced by the mixing quality. Hgnce, a beFtt_er un et("is : ge o Distribution
mixing process helps to optimize processing conditions and increase p. N
quality: . itertacal ntabity F—\
The process of palymer blending or mixing is accpn'}plished }vy cils‘rrlbutmgt ‘h| -
or dispersing a minor or secondary component within a major CUmPOT‘;'ES Peliot == / / g::;;gr;‘z%?;‘p‘gggﬁt
serving as a matrix, The major component can be thought of as the continu - ___W J
| phase, and the minor components as distributed or dispersed phases in Fowre 625 Mochaniom £ A N 1 -

form of droplets, filaments, or agglomerates. | gure 6. echanism for morphology development in polymer blends.
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There are three general categories of mixtures that can be created:

» Homogeneous mixtures of compatible polymers,
* Single phase mixtures of partly incompatible polymers, and
« Multi-phase mixtures of incompatible polymers.

Table 6.3 lists examples of compatible, partially incompatible, and
incompatible polymer blends.
Table 6.3  Common Polymer Blends

Compatible polymer blends

Natural rubber and polybutadiene
Polyamides (e.g., PA 6 and PA 606)
Polyphenylene ether (PPE) and polystyrene

Partially incompatible polymer blends

Polyethylene and polyisobutylene
Polyethylene and polypropylene (5% PE in PP)
Polycarbonate and polybutylene terephthalate

Incompatible polymers blends

Polystyrene/polyethylene blends
Polyamide/polyethylene blends
Polypropylene/ polystyrene blends

6.2.1 Distributive Mixing

Distributive mixing or laminar mixing of compatible liquids is usually
characterized by the distribution of the droplet or secondary phase within the
matrix. This distribution is achieved by imposing large strains on the system
such that the interfacial area between the two or more phases increases and the
local dimensions, or striation thicknesses, of the secondary phases decrease.
This concept is shown schematically in Fig. 6.24 [7]. The figure shows a Couette
flow device with the secondary component having an initial striation thickness
of 8,. As the inner cylinder rotates, the secondary component is distributed
through the systems with constantly decreasing striation thickness; striation
thickness depends on the strain rate of deformation which makes it a function
of position. The total strain fhat a droplet or secondary phase undergoes is

defined by
y(@) = [y @)t (6.4)

where 7 is the magnitude of the strain rate of deform tion defined by Eqgs. 47
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.and 438, a{ld 7 is an arbitrary. point in time. For a sphere, which is deformed
into an ellipsoid, the total strain can be related to the striation thickness using

8=2R(1+y’)"" 65)

Initial

.

Vi

Er i

7 Revolutions 16 Revolutions

Final system

Figure 6.24 Experimental results of distributi ixing i
istributive mixing in Couette flo i
the final mixed system. g My and schematic of

6.2.1.1 Effect of Orientation

Imposing large s.trains on the system is not always sufficient to achieve a
homggeneous mixture. The type of mixing device, initial orientation and
position of the two or more fluid components play a significant role in the
Euahty of the mixture. For example the mixing problem shown in Fig. 6.24
: t(;rg;c:l%lgneously distributes thg .n_nelt within the region contained b}; the
et 1irsleshcut across by the .1n1t1al secondary component. The final mixed
hid shown in Fig. 6.24. Figure 6.25 [8] shows another variation of initial

ntation and arrangement of the secondary component. Here, the secondary
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phase cuts across all streamlines, which leads to a homogeneous mixture
throughout the Couette device, under appropriate conditions.

Figure 6.25  Schematic of distributive mixing in Couette flow.

A common way of quantifying mixing is by following the growth of the
interface between the primary and secondary fluids. In a simple shear flow, a
simple expression exists that relates the grow th of the interface, the strain, and
the orientation of the area of the secondary fluid with respect to the flow

direction [9]:

% =7y cosa (66)

where A, is the initial interface area, A is the final interface area, y is the total
strain and @ the angle that defines the orientation of the surface, or normal
vector, with respect to the direction of flow. Figure 6.26 [2] demonstrates this
concept. Here, both cases (a) and (b) start with equal initial areas, A, and
undergo the same amount of strain, y=10. The circular secondary component
in (a) has a surface that is randomly oriented, between 0 and 27, whereas most
of the surface of the elongated secondary component in (b) is oriented at /2
leading to negligible growth of the interface area. An ideal case would have
been a long slender secondary component with a surface oriented in the
direction of flow or vertically between the parallel plates. Hence, the maximum
interface growth inside a simple shear mixer can be achieved if the direction of
the interface is maintained in an optimal orientation (cosa = 1). In a simple
shear flow this would require a special stirring mechanism that would
maintain the interface between the primary and secondary fluid components in
a vertical position. Erwin [10] and Ng [11] demonstrated this in an experimental
study that involved placing black and white polyethylene blocks in a Couette
device (Fig. 6.27a). Figure 6.27b shows that after applying a small amount of
shear, the surfaces that were originally oriented in the radial direction have
stretched a certain amount and have changed their orientation. It is clear from
the photograph that the same surface tends to align with the planes of shear,
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reduc.ing the mixing efficiency of the process. Hence, in order to increase the
effectiveness of the mixer Ng [11] took the Couette content and cut it into new
hlo_cks, that were placed inside the Couette device rotated by 909(Fig. 6.27¢)
This changed the orientation of the surfaces back to a position where the}ll can
more eff.ectively feel the effects of deformation. By repeating this procedure
several times, Erwin and co-workers [10, 11] were able to demonstrate that the
area growth is also a function of the number of re-orientation that oceur during
the mixing process. If N is the total number of shearing stages, separated by a
re-orientation, the area growth can be computed using

Y Totul \ B
) (6.7)

_f
\' N

S

whe_re Y7o 15 the total strain applied during the process. Using this concept
Eryvm [10] demonstrated that the upper bound for the ideal mixer is found ina{
mixer that applies a plane strain extensional flow or pure shear flow to the
fluid and where the surfaces are maintained ideally oriented during the whole
process; this occurs when N = and each time an infinitesimal amount of shear
is applied. In such a system the growth of the interfacial areas follows the
relation given by

= 68)

o . s
In E_rwms ideal mixer the amount of mixing increases in an exponential
fashlgn, compared to a linear increase if the orientation of the fluids' interfaces
remain undisturbed.

/ —_—
(@) (b)

Figure 6.26  Effect of initial surfaCe orientation on distributive mixing.
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Figure 6.27  Couette deformation and reorientation scheme.

6.2.2 Dispersive Mixing

Dispersive mixing in polymer processing involves breaking a secondary
immiscible fluid or an agglomerate of solid particles and dispersing them
throughout the matrix. Here, the imposed strain is not as important as the
imposed stress which causes the system to break-up. Hence, the type of flow
inside a mixer plays a significant role on the break-up of solid particle clumps
or fluid droplets when dispersing them throughout the matrix.

6.22.1 Break-Up of Particulate Agglomerates

The most common example of dispersive mixing of particulate solid
agglomerates is the dispersion and mixing of carbon black into a rubber
compound. The dispersion of such a system is schematically represented in Fig.
6.28. However, the break-up of particulate agglomerates is best explained using
an ideal system of two small spherical particles that need to be separated and
dispersed during a mixing process.

If the mixing device generates a simple shear flow, as shown in Fig. 6.29,
the maximum separation forces that act on the particles as they travel on their

6 Introduction to Processing 209

streamline occur when they are oriented in a 450 position as they continuously
}'Iotate durm% 'ﬂox./v. The magnitude of the force trying to separate the
agglomerate” is given by [12]

—_— S
P
=4 T

Figure 6.28  Break-up of particulate agglomerates during flow.

MNANANNYN N WANN Y NN NN
Fshear
-
Fshear
NN NN N NN ~

Figure 6.29  Force applied to a two-particle agglomerate in a simple shear flow.

Fpear = 3777 (6.9)

where 17 is the viscosity of the carri id, y i
er fluid, y the magnitude of the i
and r are the radii of the particles. o Fhrein rate fensor

However, if the flow field ixi i
‘ A generated by the mixing device i
elongational flow, such as shown in Fig. 6.30, the par'cigles wil;.3 allswzyIsmg:

i ed at U ; the pOSi i 1 Of i i
1 £ ol muim rce. :
Unelll- ‘ - a ! t1o maxkr orce Ihe mﬁg[lltude Uf the fDICe fOI
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| [ 6.2.2.2 Break-Up of Fluid Droplets

‘ X In general, droplets inside an incompatible matrix tend to stay or become
L B spherical due to the natural tendencies of the drop trying to maintain the

\\ - 5 lowest possible surface to volume ratio. However, a flow field within the mixer

A applies a stress on the droplets, causing them to deform. If this stress is high

Fo enough, it will eventually cause the drops to disperse. The droplets will

Felong . disperse when the surface tension can no longer maintain their shape in the

- = flow field and the filaments break-up into smaller droplets. This phenomenon

of dispersion and distribution continues to repeat itself until the deviatoric

/ -4 stresses of the flow field can no longer overcome the surface tension of the new

4 2 droplets formed.

— »

\ As can be seen, the mechanism of fluid agglomerate break-up is similar in

i two-particle agglomerate in an elongational flow. nature to solid agglomerate break-up in the sense that both rely on forces to
Horceragplict o N e-paitic'e 368 disperse the particulates. Hence, elongation is also the preferred mode of
deformation when breaking up fluid droplets and threads, making the flow
1 10 number, A, an indispensable quantity when quantifying mixing processes that
F,.., = 6mmir’ (6.10) deal with such systems.

Figure 6.30

hich is twice as large as the maximum force generated by the system that A parameter commonly used to determine whether a droplet will disperse
‘;;Jvroduces a simple shear flow. In addition, in an glongaﬁonal flow, 'the is the capillary number defined by
agglomerate is always oriented in the direction of maximum force ﬁenere;?g}r:,
whereas in simple shear flow the agglomerate tumbles quickly through the ‘

position of maximum forcet.

The above analysis makes it clear that for mix_mg .process-esf whl:lh reg‘;uj: where 7 is the flow induced or deviatoric stress, R the characteristic dimension
break-up and dispersion of agglomerates, elongation is the pre erff o o Hon of the droplet and o, the surface tension that acts on the drop. The capillary
deformation. This is only valid if the magn_itude of the rate of oo | number is the ratio of flow stresses to droplet surface stresses. Droplet break-up
tensor can be kept the same in elongation as in shear. Hence, wge? Ophguim?s | occurs when a critical capillary number, Ca,,, is reached. This break-up is
mixing devices it is important to know Wk_uCh mode of de 011';11 adlof. d clearly shown in Fig. 6.31 [1], which shows the disintegration of a Newtonian
dominant. This can be accomplished by computing a flow number [13], define thread in a Newtonian matrix. Because of the continuously decreasing thread
by radius, the critical capillary number will be reached at some specific point in
. time. Due to the competing deviatoric stresses and surface forces, the
P (6.11) cylindrical shape becomes unstable and small disturbances at the surface lead to

7-w a growth of capillary waves. These waves are commonly referred to as
Rayleigh disturbances. Disturbances with various wavelengths form on the
where 7 is the magnitude of the rate of deformat cylinder surface, but only those with a wavelength greater than the
magnitude of the vorticity tensor. A flow number of 0 onal flow is circumference (27Ry) of the thread lead to a monotonic decrease of the
flow, a value of 0.5 represents simple shear flow, and pure elongational Ho interfacial area.

implied when 1 is 1.

camR (6.12)

| g

5

ion tensor and m the
implies pure rotational

Figure 6.32 [14] shows the critical capillary number as a function of
Viscosity ratio, ¢, and flow type, described by the mixing parameter A.For a
. Viscosity ratio of 1 the critical capillary number is of order 1 [1].
e relation between flow field and rotation of fibers and agglomerates s gIven Distributive mixing is implied when Ca is much greater than Ca,, since the

"Crit

4 A full description of t
in Chapter 7.
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T . a=qe” (6.13)

where ¢, is the initial disturbance amplitude, sometimes assumed to be 0.3% of
the thread radius, and the growth rate g defined by

_ o
2R,

q (6.14)

dimensionless growth rate presented in Fig. 6.33 as a function of viscosity ratio
for the wavelength disturbance amplitude which leads to break-up. The time
required for break-up, #,, can now be computed using the above equations as

| ~-O=0=0-

|
l
J In the above equation R, represents the initial radius of the thread and Q a
\
4
|

° o o O o o
p° O N O O (6.15)
Figure 6.31 Disintegration of a Newtonian 0.35 mm diameter castor oil thread in a
Newtonian silicon oil matrix. Redrawn from photographs taken every
second.
108 r —‘ |
=
102 ‘ g
&
G
s Simple shear Break-u ‘
g o ¢
100 f o) PR
2-D elongation _ 105 108 101 101 103 10°
nmz
i No brelak~up ] | J ‘
-1 1 | i ! - . . ) ) ) )
| 1010_5 105 104 10° 102 101! 10° 10! 102 108 | Figure 6.33 Dominant growth rate of interfacial disturbances as a function of
oty viscosity ratio.

Figure 6.32 Critical capillary number for drop break-up as a function of viscosity

io i i 2-D elongational flow. . ) ) ] ) ) )
ratio in a simple shear and a & where @, is the amplitude at break-up which for a sinusoidal disturbance is

interfacial stress is much smaller than shear stresses. For such a case the a, =\/%R0- The break-up time decreases as the critical capillary number is
capillary waves which would cause droplet break-up would not develop. exceeded. The reduced break-up time t,can be approximated using [14]
Dispersive mixing is implied when Ca is close to the value of the critical Cn‘ or )

when interfacial stresses are almost equal to the dev_iatoric stresses causing ) ca 1 .
droplet break-up. In addition, break-up can only occur if enough time is given by =10 & (6.16)

for this to happen. The disturbance amplitude, o, is assumed to grow
exponentially as
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As mentioned before, surface tension plays a large role in the mixing
process, especially when dealing with dispersive mixing, when the capillary
number approaches its critical value. Because of the stretching of the interfacial
area, due to distributive mixing, the local radii of the suspended components
decrease, causing surface tension to play a role in the process. It should also be
noted that once the capillary number assumes a value below the critical Ca,
only slight deformations occur and internal circulation maintains an
equilibrium elliptical droplet shape in the flow field as schematically
represented in Fig. 6.34. At that point, the mixing process reduces to the
distribution of the dispersed droplets. Analytical and numerical investigations
of stable droplet shapes, for Ca<Ca,, in simple shear flow have been made by
several investigators [15-17]. Figure 532 also shows that at viscosity ratios
above 4 simple shear flows are not able to break-up fluid droplets.

Figure 6.34  Schematic of droplet deformation in simple shear flow.

6.2.3 Mixing Devices

The final properties of a polymer component are heavily influenced by the
blending or mixing process that takes place during processing or as a separate
step in the manufacturing process. As mentioned earlier, when measuring the
quality of mixing it is also necessary to evaluate the efficiency of mixing. For
example, the amount of power required to achieve the highest mixing quality
for a blend may be unrealistic or unachievable. This section presents some of
the most commonly used mixing devices encountered in polymer processing.

In general, mixers can be classified in two categories: internal batch mixers
and continuous mixers. Internal batch mixers, such as the Banbury type mixer,
are the oldest type of mixing devices in polymer processing and are still widely
used in the rubber compounding industry. Industry often also uses continous
mixers because they combine mixing in addition to their normal processing
tasks. Typical examples are single and twin screw extruders that often have
mixing heads or kneading blocks incorporated into their system.

6 Introduction to Processing 215

6.2.3.1 Static Mixers

Stat3c mixers or motionless mixers are pressure-driven continuous mixing
devmgs through which the melt is pumped, rotated, and divided, leading to
effective mixing without the need for movable parts and mixing heads. One of
the most commonly used static mixers is the twisted tape static mixer
schematically shown in Fig. 6.35. Figure 6.36 [19] shows computed streamlines
?elatlve to the twist in the wall. As the fluid is rotated by the dividing wall, the
interfaces between the fluids increase. The interfaces are then re-orienteci b

90? once the material enters a new section. Figure 6.36 shows a typica}i
trajectory of a particle as it travels on a streamline in section N of the static
mixer and ends on a different streamline after entering the next section, N+1
Thfe .stretghing-re-orientation sequence is repeated until the numb’er of
striations is so high that a seemingly homogeneous mixture is achieved. Figure
6.37 shows a sequence of cuts down a Kenics static mixer5. From the figure it

can be seen that the number of striations increases from section to section by 2
4, 8,16, 32, etc., which can be computed using '

N=2" 6.17)

where N is the number of striations and n is the number of sections in the
mixer.

Figure 6.35  Schematic diagram of a Kenics static mixer.

5 .
Courtesy Chemineer, Inc., North Andover, Massachusetts.
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Particle trajectory inside element N

Streamline A in element N

Point at which particle
enters element N+1

Streamline A in element N+1
]

Particle trajectory inside element N+1

Simulated streamlines inside a Kenics static mixer section.

Figure 6.36

Figure 6.37  Experimental progression of the layering of colored resins in a Kenics
static mixer.

6.2.3.2 Banbury Mixer

The Banbury type mixer, schematically shown in Fig. 6:38, is perh‘aps ;lne most
commonly used internal batch mixer. Internal batch mixers are high .mtensﬂyk
mixers that generate complex shearing and elongational flows w}uch IWOJT

especially well in the dispersion of solid particle agglomt‘arate§ Mthxn po ymm{
matrices. One of the most common applications for high intensity interna
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batch mixing is the break-up of carbon black agglomerates into rubber
compounds. The dispersion of agglomerates is strongly dependent on mixing
time, rotor speed, temperature, and rotor blade geometry [18]. Figure 6.39 [15,
21] shows the fraction of undispersed carbon black as a function of time in a
Banbury mixer at 77 rpm and 100 ©C. The broken line in the figure represents
the fraction of particles smaller than 500 nm.

Figure 6.38  Schematic diagram of a Banbury type mixer.
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Figure 6.39 Fraction of undispersed carbon black, of size above 9 pm, as a function
of mixing time inside a Banbury mixer. (O) denotes experimental results
and solid line theoretical predictions. Broken line denotes the fraction of
aggregates of size below 500 nm.
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6.2.3.3 Mixing in Single Screw Extruders

‘ Mixing caused by the cross-channel flow component can be further enhanced by
introducing pins in the flow channel. These pins can either sit on the screw as
' shown in Fig. 6.40 [22] or on the barrel as shown in Fig, 6.41 [23]. The extruder
with the adjustable pins on the barrel is generally referred to as QSM-
extruderé. In both cases the pins disturb the flow by re-orienting the surfaces
between fluids and by creating new surfaces by splitting the flow. Figure 6.42
presents a photograph of the channel contents of a QSM-extruder”. The
photograph clearly demonstrates the re-orientation of the layers as the material
| flows past the pins. The pin type extruder is especially necessary for the mixing
of high viscosity materials such as rubber compounds; thus, it is often called a
cold feed rubber extruder. This machine is widely used in the production of )
rubber profiles of any shape and size. | Figure 6.42  Photograph of the unwrapped channel contents of a pin barrel extruder.

| _For lower viscosity fluids, such as thermoplastic polymer melts, the mixing
actlon. caused by the cross-flow is often not sufficient to re-orient, distribute,
| and cl.lspers:e the mixtu.re, making it necessary to use special mixing sections.
‘ Re-orientation .olf the interfaces between primary and secondary fluids and
d.1str1but1ve mixing can be induced by any disruption in the flow channel
Figure 6.43 [22] presents commonly used distributive mixing heads for singlé
screw extruders. These mixing heads introduce several disruptions in the flow
| field which have proven to perform well in mixing.
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Figure 6.41  Pin barrel extruder (Quer Strom Misch Extruder). | T i it

Figure 6.43 Distributive mixing sections: (a) Pineapple mixing section, (b) cavity

6 QSM comes from the German Quer Strom Misch which translates into cross-flow mixing.
\ transfer mixing section.

7 Courtesy of Paul Troester Maschinenfabrik, Hannover, Germany-
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As mentioned earlier, dispersive mixing is required when breaking down
particle agglomerates or when surface tension effects exist between primary
and secondary fluids in the mixture. To disperse such systems, the mixture must
be subjected to large stresses. Barrier-type screws are often sufficient to apply
high stresses to the polymer melt. However, more intensive mixing can be
applied by using a mixing head. When using barrier-type screws or a mixing
head as shown in Fig. 644 [22] the mixture is forced through narrow gaps,
causing high stresses in the melt. It should be noted that dispersive as well as
distributive mixing heads result in a resistance to the flow, which results in
viscous heating and pressure losses during extrusion.

S| E—

A== = = =
Vi
Figure 6.44  Maddock or Union Carbide mixing section.

6.2.34 Cokneader

The cokneader is a single screw extruder with pins on the barrel and a screw
that oscillates in the axial direction. Figure 6.45 shows a schematic diagram of a
cokneader. The pins on the barrel practically wipe the entire surface of the
screw, making it the only self-cleaning single-screw extruder. This results in a
reduced residence time, which makes it appropriate for processing thermally
sensitive materials. The pins on the barrel also disrupt the solid bed creating a
dispersed melting [24] which improves the overall melting rate while reducing
the overall temperature in the material.

Figure 645  Schematic diagram of a cokneader.
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[25]A simplified analysis of a cokneader gives a number of striations per L/D of
N, =2" (6.18)

which means that over a section of 4D the number of striations is

2(4)=2.8E14. A detailed discussion on the cokneader is gi
X by R
A At given by Rauwendaal

Figure 6.46 Geometry description of a double-flighted, co-rotating, self-cleaning,

twin screw extruder.

6.2.3.5 Twin Screw Extruders

In the past two decades, twin screw extruders have developed into the best
gvaﬂable continuous mixing devices. In general, they can be classified into
intermeshing or non-intermeshing, and co-rotating or counter-rotating twin
screw extruders8. The intermeshing twin screw extruders render a self-cleaning
effect which evens-out the residence time of the polymer in the extruder. The
self-cleaning geometry for a co-rotating double flighted twin screw extruder is
shown in Fig. 6.46. The main characteristic of this type of configuration is that
the surfaces of the screws are sliding past each other, constantly removing the
polymer that is stuck to the screw.

In the last two decades, the co-rotating twin screw extruder systems have
established themselves as efficient continuos mixers, including reactive
extrusion. In essence, the co-rotating systems have a high pumping efficiency
caused by the double transport action of the two screws. Counter- rotating
B

A complete overview of twin screw extruders is gi i i
ple s given by White, J.L., Twin Screw Extrusion-Te
and Principles, Hanser Publishers, Munich, (1990). SR
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systems generate high stresses because of the calendering action between the 104

screws, making them efficient machines to disperse pigments and lubricants®.
F All open screw configuration

| Several studies have been performed to evaluate the mixing capabilities of 1031
twin screw extruders. Noteworthy are two recent studies performed by Lim _§ T

! and White [27, 28] that evaluated the morphology development in a 30.7 mm c3
diameter screw co-rotating [17] and a 34 mm diameter screw counter-rotating g9 102t
[18] intermeshing twin screw extruder. In both studies they dry-mixed 75/25 8 T

. _ ; P

blend of polyethylene and polyamide 6 pellets t.hat were fed into the hopper at g _% 1 o Weight average domain size

‘ 15 kg/h. Small samples were taken along the axis of the extruder and evaluated ga 10~ @ Number average domain size

| using optical and electron microscopy. <5
Figure 6.47 shows the morphology development along the screws at 100 | | | ,

positions marked A, B, C, and D for a counter-rotating twin screw extruder N W RS S R SR L AR R A R
configuration without special mixing elements. The dispersion of the blend = e DT O TR
becomes visible by the reduction of the characteristic size of the polyamide 6 Figure 6.48  Number and weight average of polyamide 6 domain sizes along the

phase. Figure 6.48 is a plot of the weight average and number average domain screws for a counter-rotating twin screw extruder.

size of the polyamide 6 phase along the screw axis. The weight average phase
size at the end of the extruder was measured to be 10 pm and the number
average 6 um. By replacing sections of the screw with one kneading-pump
element and three special mixing elements, the final weight average phase size )
' was reduced to 2.2 pm and the number average to 1.8 pm, as shown in Fig. 6.49. 103

104

One kiesskalt element & three special elements plus
open & closed screw configuration

N @ © ©
!

TR
2o 08 A

—_
(=)
S

—_
<
—

O Weight average domain size
® Number average domain size

| | A |
:l;‘(i"‘rrm”';ﬂ\ T.-?c\-i'\'\ \\‘f“{ﬂ i AN :;:j. EE A R RN A
—i P T s e S VS S NS ML
== L cpea tpl i D L
Figure 6.49 Number and weight average of polyamide 6 domain sizes along the
screws for a counter-rotating twin screw extruder with special mixing
elements.

Average domain size
of polyamide 6

100

. Using a co-rotating twin screw extruder with three kneading disk blocks, a
flna'l morphology with polyamide 6 weight average phase sizes of 2.6 um was
achieved. Figure 6.50 shows the morphology development along the axis of the
screws. When comparing the outcome of both counter-rotating (Fig. 6.49) and
Co.—r.c>tating (Fig. 6.50), it is clear that both extruders achieve a similar final

! mixing quality. However, the counter-rotating extruder achieved the final
morphology much earlier in the screw than the co-rotating twin screw

Figure 647  Morphology development inside a counter-rotating twin screw extruder.

9 There seems to be considerable disagreement about co- versus counter-rotating twin screw extruders
between different groups in the polymer processing industry and academic community.
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extruder, A possible explanation for this is that the blend traveling through the
counter-rotating configuration melted earlier than in the co-rotating geometry.
In addition the phase size was slightly smaller, possibly due to the calendering
effect between the screws in the counter-rotating system.

104 :
PE/palyamide 6 = 75/25
Right-handed plus one left screw and
o Q three kneading disc blocks
@ E 108 O Weight average domain size
Sks ® Number average domain size
©
£
o=l
SE 102
58
g3
o
> M
[e]
<7 qolf
g
100 ' ' :

N N KN LN NN N AN N A AR R

Figure 6.50 Number and weight average of polyamide 6 domain sizes along the
screws for a co-rotating twin screw extruder with special mixing

elements.

6.2.4 Energy Consumption During Mixing

Energy consumption is of extreme importance when assessing and comparing
yarious mixing devices. High energy requirements for optimal mixing mean
high costs and expensive equipment. The power consumption per unit volume
of a deforming Newtonian fluid is given by [29]

2 2 2 2 2 2
p=2u[(%) +(BL) +(6L) ]+u(%+ﬁy—) +(6L+al) +(—6L+6L) } 6.19)
ax dy 0z dy 0x dz  dy dz  ox
Erwin [30] used the above equation to assess the energy input requirements for
different types of mixing flows: simple shear, pure shear, and extensional
flows. Table 6.4 presents flow fields and energy requirements for various flows
described by Erwin [30]. For example, to produce a mixture such that A/A, =10
in time 1,=100 s, for a fluid with viscosity u=10*Pa—s, in a mixer which
deforms the fluid with an elongational flow, one needs 96 kJ/m3 of energy
input. Since the flow is steady, this requires a power input of 0.96 kW/m? for
100 s. In a mixer that deforms the fluid in a biaxial extensional flow the energy

6 Introduction to Processing 225

required is 24 kJ/m?3 with 0.24 kW/m3 of power input. For the same amount of
mixing, a mixer which deforms the fluid in pure shear requires an energy input
of 40 kJ/m®2 or a steady power input of 0.4 kW/m3 for 100 s. A device that
deforms the fluid in simple shear requires a total energy input of 4x107 kJ/m3
or a steady power input of 40,000 kW/m? for a 100 second period to achieve the
same amount of mixing.

Table 6.4 Energy Input Requirements for Various Flow Mixers

Flow type Flow field Power Energy input
Extensional flow vx = Gx 3uG? 2
(elongational) vy =-Gy/2 ﬂ[]n[i J
vy =-Gz/2 ‘o 44
Extensional flow vy = -Gx 3;,LGZ B 2
(biaxial) vy = Gy/2 3—“(!:1[ 34 ]
vz = Gz/2 15} ¥
Pure shear vy = -hx 2u(h® + H) 2
- du A
vy . Hy _{ "{1 ]
vy=0 Ty Ay
Simple shear vx = -Gy uG* 2
oE 2 (i]
vz=0 o \4o

From this it is clear that, in terms of energy and power consumption,
simple shear flows are significantly inferior to extensional flows.

6.2.5 Mixing Quality and Efficiency

In addition to the flow number, strain, and capillary number, several
parameters have been developed by various researchers in the polymer
industry to quantify the efficiency of the mixing processes. Some have used
experimentally measured parameters while others have used mixing
parameters which are easily calculated from computer simulation.

A parameter used in visual experiments is the batch homogenization time
(BHT). This parameter is defined as the time it takes for a material to become
homogeneously colored inside the mixing chamber after a small sample of
colored pigment is placed near the center of the mixer. A downfall to this
technique is that the observed homogenized time can be quite subjective.

To describe the state of the dispersion of fillers in a composite material,
Suetsugu [31] used a dispersion index defined as:
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Dispersion index = 1-¢, (6.20)

where ¢, is a dimensionless area that the agglomerates occupy and is defined
by:

T 5
=" Ndn, 6.21
¢(l 4A¢ it nl ( )

where A is the area under observation, ¢ the volume fraction of the filler, d,
the diameter of the agglomerate and n, the number agglomerates. The
dispersion index ranges between 0 for the worst case of dispersion and 1 where
no agglomerates remain in the system.

A commonly used method to analyze the mixing capabilities of the
extruder is the residence time distribution (RTD). It is calculated by monitoring
the output of the extruder with the input of a secondary component. Two
common response techniques are the step input response and the pulse inPu’r
response shown in Fig. 6.51 [22]. The response of the input gives information
on the mixing and conveying performance of the extruder. The RTD response to
a pulse input for an ideal mixing situation is shown in Fig. 6.52. The figure
shows a quick response to the input with a constant volume fraction of the
secondary component until there is no material left.

)

Stimulus Response
l Step :‘
)

Figure 651  Step input and pulse input residence time distribution responses.

a
b

Intensity

| |

Time

Figure 652  Ideal residence time distribution response to a pulse input.
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By the use of a computer simulation, velocities, velocity gradients, and
particle tracking can be computed with some degree of accuracy —depending
on the computational method and assumptions made. Using information from
a computer simulation, several methods to quantify mixing have been
developed. Poincaré sections are often used to describe the particle paths
during the mixing process. The Poincaré section shows the trajectory of several
particles during the mixing process. They can be very useful in locating
stagnation points, recirculation regions, and detecting symmetric flow patterns
where no exchange exists across the planes of symmetry —all issues that hinder
mixing.

6.2.6 Plasticization

Solvents, commonly referred to as plasticizers, are sometimes mixed into a
polymer to dramatically alter its rheological and/or mechanical properties.
Plasticizers are used as a processing aid since they have the same impact as
raising the temperature of the material. Hence, the lowered viscosities at lower
temperatures reduce the risk of thermal degradation during processing. For
example, cellulose nitrite would thermally degrade during processing without
the use of a plasticizer.

Plasticizers are more commonly used to alter a polymer's mechanical
properties such as stiffness, toughness, and strength. For example, adding a
plasticizer such as dioctylphthalate (DOP) to PVC can reduce its stiffness by
three orders of magnitude and lower its glass transition temperature to -35 ©C.
In fact, a highly plasticized PVC is rubbery at room temperature. Table 6.5 [45]
presents some common plasticizers with the polymers they plasticize, and their
applications.

Since moisture is easily absorbed by polyamides, slightly modifying their
mechanical behavior, it can be said that water acts as a plasticizing agent with
these materials. Figure 6.53 shows the equilibrium water content for poly-
amide 6 and 66 as a function of the ambient relative humidity10. This moisture
absorption causes the polyamide to expand or swell as shown in Fig. 6.5411.

10 Courtesy of Bayer AG, Germany.
1 i,
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Table 6.5 Commercial Plasticizers and Their Applications

Plasticizer Polymers Plasticizer type
Di-octyl phthalate Polyvinyl chloride and copolymers General purpose, primary
(DOP) plasticizer
Tricresyl phosphate Polyvinyl chloride and copolymers, ~ Flame retardant, primary
(TCP) cellulose acetate, cellulose nitrate plasticizer
Di-octyl adipate Polyvinyl chloride, cellulose acetate, ~Low temperature plasticizer
(DOA) butyrate
Di-octy! sebacate Polyvinyl chloride , cellulose acetate, ~Secondary plasticizer
(DOS) butyrate
Adipic acid polyesters ~ Polyvinyl chloride Non-migratory secondary
(MW = 1500-3000) plasticizer
Sebacic acid polyesters ~ Polyvinyl chloride Nonirr'ligratory secondary
(MW = 1500-3000) plasticizer

Chlorinated paraffins Most polymers Flame retardant, plasticizer
(%CI = 40-70) extenders

(MW = 600-1000)

Bi- and terphenyls Aromatic polyesters Various

(also hydrogenated)

N-ethyl-toluene Polyamides Gene-rgl purpose, primary
sulphonamide plasticizer

Sulphonamide- Polyamides Non-_n}igratory secondary
formaldehyde resins plasticizers

14 b

12 |

Polyamide 6
grades

!
Polyamide 66
grades

Equilibrium water content (%)
o2}

0 ; ) | .
0 10 20 30 40 50 60 70 80 90 100
Relative humidity (%)

Figure 6.53 Equilibrium water content as a function of relative humidity for poly-
amide 6 and polyamide 66.
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Polyamide 66_
grades

~ Polyamide 6
grades

Linear expansion (%)

0 1 2 3 4 5 6 7 8 9 10
Water content (%)

Figure 6.54 Linear expansion as a function of water content for polyamide 6 and
polyamide 66.

The behavior of polymers toward solvents depends in great part on the
nature of the solvent and on the structure of the polymer molecules. If the basic
building block of the macromolecule and the solvent molecule are the same or
of similar nature, then the absorption of a solution will lead to swelling. If a
sufficient amount is added, the polymer will dissolve in the solvent.
Crystalline regions of a semi-crystalline thermoplastic are usually not affected
by solvents, whereas amorphous regions are easily penetrated. In addition, the
degree of cross-linking in thermosets and elastomers has a great influence on
whether a material can be permeated by solvents. The shorter the distances
between the linked molecules, the less solvent molecules can permeate and
give mobility to chain segments. While elastomers can swell in the presence of
a solvent, highly cross-linked thermosets do not swell or dissolve.

The amount of solvent that is absorbed depends not only on the chemical
structure of the two materials but also on the temperature. Since an increase in
temperature reduces the covalent forces of the polymer, solubility becomes
higher. Although it is difficult to determine the solubility of polymers, there
are some rules to estimate it. The simplest rule is: same dissolves same (i.e.,
when both—polymer and solvent—have the same valence forces, solubility
exists).

The solubility of a polymer and a solvent can be addressed from a
thermodynamic point of view using the familiar Gibbs free energy equation

AG = AH - TAS (6.22)

where AG is the change in free energy, AH is the change in enthalpy, AS the
change in entropy and T the temperature. If AG in Eq. 6.22 is negative
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| solubility, is possible. A positive AH suggests that polymer and the solvent do Table 6.6  Solubility Parameter for Various Polymers
| not “want” to mix, which means solubility can only occur if AH < T AS. On the R\
| other hand, AH =0 implies that solubility is the natural lower energy state. Polymer 5(9‘1‘/ cm )
Since the entropy change when dissolving a polymer is very small, the
determining factor if a solution will occur or not is the change in enthalpy, AH. Ilzo}ytetgafluoroethy[ene 6.2
Hildebrand and Scott [46] proposed a useful equation that estimates the change PEI;;O?;E;Q ;(9)
in enthalpy during the formation of a solution. The Hildebrand equation is Polyisobutylene 8
stated by Polyisoprene 8.3
Polybutadiene 8.6
12 112\~ Polystyrene 91
AH =V AE) _ L) P, (6.23) Poly(vinyl acetate) 9.4
v, v, Poly(methyl methacrylate) 9.5
! ‘ Polycarbonate 9.9
N where V is the total volume of the mixture, V; and V, the volumes of the EO}YSU.IP}‘IOYEI y 9.9
solvent and polymer, AE) and AE, their energy of evaporation and, ¢, and ¢, . ngg&?{e;e t(::rrle;&thalate 18;
their volume fractions. Equation 6.23 can be simplified to Polyamide 6 11.0
) Cellulose nitrate 11.5
AH=V(8 - 8,) 0.6, (6.24) Poly(vinylidene chloride) 12.2
Polyamide 66 13.6
where & is called the solubility parameter and is defined by | Polyacrylonitrile 15.4
| 172
5= (ﬁ) (6.25)
Vv
| If the solubility parameter of the substances are nearly equal they will dissolve. ' Uncross-linked
A rule-of-thumb can be used that if [0 ~8,| <1 (cal/ em’)"” solubility will occur o inﬁniﬁ’;'})’f;ﬂdble
[47]. The units (cal/cm’)* are usually referred to as Hildebrands. Solubility £ Uncross-linked | With sovent | Uncross linked
| parameters for various polymers are presented in Table 6.6 [48], and for various &| polymer | polymer
solvents in Table 6.7 [48]. § = _—
S
M Figure 6.55 [49] shows a schematic diagram of swelling and dissolvin E #
gu & & ! ) £ 7N
| behavior of cross-linked and uncross-linked polymers as a function of the . Cfgzls);r':]ne‘ied
, solubility or solubility parameter, 6, of the solvent. When the solubility
‘ parameter of the polymer and the solvent approach each other, the uncross- ! 5
linked polymer becomes unconditionally soluble. However, if the same 3
polymer is cross-linked then it is only capable of swelling. The amount of -
swelling depends on the degree of cross-linking. = T
— ™ bof Solven
| Figure 6.55 Equilibrium swelling as a function of solubility parameter for cross-
linked and uncross-linked polymers.
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1
| Table 6.7  Solubility Parameter of Various Plasticizers and Solvents 6.3 Injection Molding
| 1/2
3
‘ | Solvent 6(0;11/ cim )
Injection molding is the most important process used to manufacture plastic
Acetone 182 products. Today, more than one-third of all thermoplastic materials are
BDP:ILZP‘? " ethyl phthalate (Dronisol) 8.0 injection molded and more than half of all polymer processing equipment is
njgulsy?gcohzl P 11.4 | for injection molding. The injection molding process is ideally suited to
| Sec-butyl alcohol 10.8 n}anufa.cture mass-produced parts of complex shapes requiring precise
Butyl stearate 7.5 dimensions. The process goes back to 1872 when the Hyatt brothers patented
Chlorobenzene 9.6 | their stuffing machine to inject cellulose into molds. However, today's
Cyclohexanone N Zg injection molding machines are mainly related to the reciprocating screw
1 g%:u:y% pﬁf;g'llaih%p o 93 injection molding machine patented in 1956. A modern injection molding
‘ D;bﬁtzl Eebacate 9.2 machine with its most important elements is shown in Fig. 6.56. The
Diethyl phthalate 10.0 components of the injection molding machine are the plasticating unit,
Di-n-hexyl phthalate 8.9 clamping unit, and the mold.
Diisodecy! phthalate 7.2
][))'}metlily{fhtthalate 12; Clamping unit __ Plasticating unit
| ioctyl adipate 5 \ s
Dioctyl phthalate (DOP) 7.9 '_\f"ld -
Diocty! sebacate 8.6 — T T
Dipropyl phthalate 9.7 / | i \ /
Ethyl acetate g; .\I' o
Ethyl alcohol 12. ( - 7
( Ethylene glycol 14.2 Un_. Il L-T';_,-_T:I /
2-ethylhexyl diphenyl phosphate (Santicizer 141) 8.4 = _ ] @oo=
N-ethyl-toluenesulfonamide (Santicizer 8) 11.9 /
| Hydrogenated terphenyl (HB-40) 9.0 Control panel
Kronisol 8.0 —=—
Methanol 14.5 = - = = = Motor
Methy! ethyl ketone 13; Figure 6.56  Schematic of an injection molding machine.
Nitromethane .
n-propyl alcohol 11.9 o
Toluene 8.9 Today, injection molding machines are classified by the following
Tributyl phophate 8.2 international conventionl?
| 1,1,2-trichloro-1,2,2-trifluoroethane (freon 113) 7.2
Trichloromethane (chloroform) 9.2 Manufacturer T/ P
| Tricresyl phosphate 3(2)
;1;;}:;3“}’1 phosphate 4 where T is the clamping force in metric tons and P is defined as
Xylene 8.8 -
P . mnxpln:lx (6.26)
\ 1000
‘ where V___is the maximum shot size in cm3 and p,,, is the maximum injection
pressure in bar. The clamping forced T can be as low as 1 metric ton for small
| { machines, and as high as 11,000 tons.
12 The old US convention uses MANUFACTURER T-v where T is the clamping force in British tons and
v the shot size in ounces of polystyrene.
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6.3.1 The Injection Molding Cycle

The sequence of events during the injection molding of a plastic part, as shown
in Fig. 6.57, is called the injection molding cycle. The cycle begins when the
mold closes, followed by the injection of the polymer into the mold cavity.
Once the cavity is filled, a holding pressure is maintained to compensate for
material shrinkage. In the next step, the screw turns, feeding the next shot to the
front of the screw. This causes the screw to retract as the next shot is prepared.
Once the part is sufficiently cool, the mold opens and the part is ejected.

Moving plate
Ejector plate / Fixed plate

i Tie bar
Ejector bo\lt \ | / / i Check valve (closed)

i [
2

® it | ==
T OJ _/ :

t""“-—-J;;'

Screw

e

[ AN

Driving cylinder Ejector pi

"

(i

® W= —
T £
-

L'

Figure 6.57 Sequence of events during an injection molding cycle.

Figure 6.58 presents the sequence of events during the injection molding
cycle. The figure shows that the cycle time is dominated by the cooling of the
part inside the mold cavity. The total cycle time can be calculated using
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=t +t

ejection

(6.27)

tcyclc closing + tcooling

where the closing and ejection times, ., and 7., , can last from a fraction of
second to a few seconds, depending on the size of the mold and machine. The
cooling times, which dominate the process, depend on the maximum thickness
of the part. The cooling time for a plate-like part of thickness h can be
estimated using

n? =
s = 1n(ir"r—7l) (6.28)

cooling
ma \x* Ty-T,

and for a cylindrical geometry of diameter D using

D? T, -T,
Laoofine = ———1n| 0.692 2—* I
cooling 23 14a n( TD . w) (6 29)

" represents the temperature of the injected melt, T,, the temperature of
the mold wall, 7, the average temperature at ejection, and « the thermal
diffusivity.

where T

Cycle ends| Cycle starts

Cooling
Figure 6.58 Injection molding cycle.
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Using the average part temperature history and the cavity pressure history,
the process can be followed and assessed using the PvT diagram as depicted in
Fig. 6.59 [32-33]. To follow the process on the PvT diagram, we must transfer
both the temperature and the pressure at matching times. The diagram reveals
four basic processes: an isothermal injection (0-1) with pressure rising to the
holding pressure (1-2), an isobaric cooling process during the holding cycle
(2-3), an isochoric cooling after the gate freezes with a pressure drop to
atmospheric (3-4), and then isobaric cooling to room temperature (4-5).

9 Polystyrene

05

! 1 bar

[ 4
200

o)
£
>3
E 1.00 600
Qo
S 1000
Q
n >

0.95

0 50 100 150 200 °C
Temperature
Figure 6.59 Trace of an injection molding cycle in a PvT diagram.

The point on the PvT diagram where the final isobaric cooling begins (%),
controls the total part shrinkage, Av. This point is influenced by the two main
processing conditions - the melt temperature, T, , and the holding pressure, P,
as depicted in Fig. 6.60. Here the process in Fig, 6.59 is compared to one with a
higher holding pressure. Of course, there is an infinite combination of
conditions that render acceptable parts, bound by minimum and maximum
temperatures and pressures. Figure 6.61 presents the molding diagram with all
limiting conditions. The melt temperature is bound by a low temperature that
results in a short shot or unfilled cavity and a high temperature that leads to
material degradation. The hold pressure is bound by a low pressure that leads
to excessive shrinkage or low part weight, and a high pressure that results in
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Figure 6.60  Trace of two different injection molding cycles in a PvT diagram.
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Figure 6.61 The molding diagram.
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flash. Flash results when the cavity pressure force exceeds the machf'ne
clamping force, leading to melt flow across the mold parting line. The tfo[dmg
pressure determines the corresponding clamping force reqL{u‘ed to size the
injection molding machine. An experienced polymer processing engineer can
usually determine which injection molding machine is apprgpnate‘fm: a
specific application. For the untrained polymer processing engineer, finding
this appropriate holding pressure and its corresponding mold clamping force
can be difficult.

With difficulty one can control and predict the component's shape and
residual stresses at room temperature. For example, sink marks in the final
product are caused by material shrinkage during cooling, and residual stresses
can lead to environmental stress cracking under certain conditions [35].

Warpage in the final product is often caused by processing cox_*tdit-ions that
lead to asymmetric residual stress distributions through the part thickness. The
formation of residual stresses in injection molded parts is attributed to two
major coupled factors: cooling and flow stresses. The first and most important
is the residual stress formed as a result of rapid cooling which leads to large
temperature variations.

6.3.2 The Injection Molding Machine

6.3.21 The Plasticating and Injection Unit

A plasticating and injection unit is shown in Fig. 6.62. The major .tasks of the
plasticating unit are to melt the polymer, to accumulate the melt in the screw
chamber, to inject the melt into the cavity, and to maintain the holding pressure
during cooling.

Check valve Hopper—1o
Nozzle Screw
/ Screw chamber /
P _
; N N,

Figure 6.62  Schematic of the plasticating unit.
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The main elements of the plasticating unit follow:

* Hopper
Screw
Heater bands
Check valve
Nozzle

The hopper, heating bands, and the screw are similar to a plasticating single
screw extruder, except that the screw in an injection molding machine can slide
back and forth to allow for melt accumulation and injection. This characteristic
gives it the name reciprocating screw. For qquality purposes, the maximum
stroke in a reciprocating screw should be set smaller than 3D.

Although the most common screw used in injection molding machines is
the three-zone plasticating screw, two stage vented screws are often used to
extract moisture and monomer gases just after the melting stage.

The check valve, or non-return valve, is at the end of the screw and enables
it to work as a plunger during injection and packing without allowing polymer
melt back flow into the screw channel. A check valve and its function during
operation is depicted in Fig. 6.57, and in Fig. 6.62. A high quality check valve
allows less then 5% of the melt back into the screw channel during injection and
packing.

The nozzle is at the end of the plasticating unit and fits tightly against the
sprue bushing during injection. The nozzle type is either open or shut-off. The
open nozzle is the simplest, rendering the lowest pressure consumption.

6.3.2.2 The Clamping Unit

The job of a clamping unit in an injection molding machine is to open and close
the mold, and to close the mold tightly to avoid flash during the filling and
holding. Modern injection molding machines have two predominant clamping
types: mechanical and hydraulic.

Figure 6.63 presents a toggle mechanism in the open and closed mold
positions. Although the toggle is essentially a mechanical device, it is actuated
by a hydraulic cylinder. The advantage of using a toggle mechanism is that, as
the mold approaches closure, the available closing force increases and the
closing decelerates significantly. However, the toggle mechanism only
transmits its maximum closing force when the system is fully extended.
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Moving plate
Toggle lever |

Sup;f){cn plate | Tie bar Fixed plate

| * Mold
Hydraulic cylinder
Figure 6.63 Clamping unit with a toggle mechanism.

Figure 6.64 presents a schematic of a hydraulic clamp'%ng unit in _the open
and closed positions. The advantages of the hydraulic system is that a
maximum clamping force is attained at any mold closing position and that the
system can take different mold sizes without major system adjustments.

Hydraulic fluid tank
Prefill valve .
— ji Main cylinder

Figure 6.64 Hydraulic clamping unit.
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6.3.2.3 The Mold Cavity

The central point in an injection molding machine is the mold. The mold
distributes polymer melt into and throughout the cavities, shapes the part,
cools the melt and, ejects the finished product. As depicted in Fig. 6.65, the mold
is custom-made and consists of the following elements:

* Sprue and runner system

* Gate

* Mold cavity

e Cooling system (thermoplastics)
* Ejector system

E%ecticn pin Guiding pin

|\ Cavity / Part| |
H\ h‘ Y ‘]

1= s== ool

T

Ejection plate
Sprue bushing

I i |
{ | IF Cooling !Ines|

Ejection ring

Figure 6.65 An injection mold.
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During mold filling, the melt flows through the sprue and is distributed
into the cavities by the runners, as seen in Fig. 6.66.

Sprue
] Cavities/Parts
|

Runners

mj e
=T 0

Figure 6.66 Schematic of different runner system arrangements.

The runner system in Fig. 6.66 (a) is symmetric where all cavities fill at the
same time causing the polymer to fill all cavities in the same way. The
disadvantage of this balanced runner system is that the flow paths are long,
leading to high material and pressure consumption. On the other hand, the
asymmetric runner system shown in Fig. 6.66 (b) leads to parts of different
quality. Equal filling of the mold cavities can also be achieved by varying
runner diameters. There are two types of runner systems - cold and hot. Cold
runners are ejected with the part, and are trimmed after mold removal. The
advantage of the cold runner is lower mold cost. The hot runner keeps the
polymer at its melt temperature. The material stays in the runner system after
gjection, and is injected into the cavity in the following cycle. There are two
types of hot runner system: externally and internally heated. The externally
heated runners have a heating element surrounding the runner that keeps the
polymer isothermal. The internally heated runners have a heating element
running along the center of the runner, maintaining a polymer melt that is
warmer at its center and possibly solidified along the outer runner surface.
Although a hot runner system considerably increases mold cost, its advantages
include elimination of trim and lower pressures for injection.

When large items are injection molded, the sprue sometimes serves as the
gate, as shown in Fig. 6.67. The sprue must be subsequently trimmed, often
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requiring further surface finishing. On the other hand, a pin-type gate (Fig.
6.67) is a small orifice that connects the sprue or the runners to the mold cavity.
The part is easily broken off from such a gate, leaving only a small mark that
usually does not require finishing. Other types of gates, also shown in Fig. 6.67,
are film gates, used to eliminate orientation, and disk or diaphragm gates for
symmetric parts such as compact discs.

Sprue gate Pin gate Diaphragm gate Film gate
, Gate —— part
/ Part
) ]» Disk-shaped runner /
=
\\ J’I\“‘-E'prue 7 \ .
\ | — Diaphragm gate éate I
\ \ f nner
Sprue Part | ,f
Part Runner

|
|

Figure 6.67  Schematic of different gating systems.

6.3.3 Related Injection Molding Processes

Although most injection molding processes are covered by the conventional
process description discussed earlier in this chapter, there are several important
molding variations including:

* Multi-color

* Multi-component

* Co-injection

* Gas-assisted

* Injection-compression

Multi-component injection molding occurs when two or more polymers, or
equal polymers of different color, are injected through different runner and
gate systems at different stages during the molding process. Each component is
injected using its own plasticating unit. The molds are often located on a
turntable. Multi-color automotive stop lights are molded this way.

In principle, the multi-component injection molding process is the same as
the multi-color process. Here, either two incompatible materials are molded or
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one component is cooled sufficiently so that the two components do not adhere
to each other. For example, to mold a ball and socket system, the socket of the
linkage is molded first. The socket component is allowed to cool somewhat and
the ball part is injected inside it. This results in a perfectly movable system.
This type of injection molding process is used to replace tedious assembling
tasks and is becoming popular in countries where labor costs are high. In
addition, today, a widely used application is the multi-component injection of a
hard and a soft polymer such as polypropylene with a thermoplastic elastomer.

In contrast to multi-color and multi-component injection molding, co-
injection molding uses the same gate and runner system. Here, the component
that ends as the outer skin of the part is injected first, followed by the core
component. The core component displaces the first and a combination of the
no-slip condition between polymer and mold and the freezing of the melt
creates a sandwiched structure as depicted in Fig. 6.68.

In principle, the gas-assisted injection molding process is similar to co-
injection molding, Here, the second or core component is nitrogen, which is
injected through a needle into the polymer melt, blowing the melt out of the
way and depositing it against the mold surfaces.

Injection-compression molding first injects the material into a partially
opened mold, and then squeezes the material by closing the mold. Injection-
compression molding is used for polymer products that require a high quality
surface finish, such as compact discs and other optically demanding
components because it practically eliminates tangential molecular orientation.

\\}\‘&\%\*mm\“m\m R N ‘N‘E\.‘%\\\‘E
% — Polymer A | >

_ , 7
T,

\\‘1 = —— St e
%‘_—> Polymer B ‘

n - _ 7
I

Polymer B

Polymer A

S —— —_——— %_
%

Figure 6.68  Schematic of the co-injection molding process.
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6.4 Secondary Shaping

Secondary shaping operations such as extrusion blow molding, film blowing,
and fiber spinning occur immediately after the extrusion profile emerges from
the die. The thermoforming process is performed on sheets or plates previously
extruded and solidified. In general, secondary shaping operations consist of
mechanical stretching or forming of a preformed cylinder, sheet, or membrane.

6.4.1 Fiber Spinning

Fiber spinning is used to manufacture synthetic fibers. During fiber spinning, a
filament is continuously extruded through an orifice and stretched to diameters
of 100 pm and smaller. The process is schematically depicted in Fig. 6.69. The
molten polymer is first extruded through a filter or screen pack, to eliminate
small contaminants. The melt is then extruded through a spinneret, a die
composed of multiple orifices. A spinneret can have between one and 10,000
holes. The fibers are then drawn to their final diameter, solidified, and wound
onto a spool. The solidification takes place either in a water bath or by forced
convection. When the fiber solidifies in a water bath, the extrudate undergoes
an adiabatic stretch before cooling begins in the bath. The forced convection
cooling, which is more commonly used, leads to a non-isothermal spinning
process.

Ao Vg

1;07( ) 1~ Uniform axial velocity

z \

L
——————— Point of solidification
‘vo=Dpvg

il
Figure 6.69 The fiber spinning process.
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The drawing and cooling processes determine the morphology and
mechanical properties of the final fiber. For example, ultra high molecular
weight HDPE fibers with high degrees of orientation in the axial direction can
have the stiffness of steel with today's fiber spinning technology.

Of major concern during fiber spinning are the instabilities that arise
during drawing, such as brittle fracture, Rayleigh disturbances, and draw
resonance. Brittle fracture occurs when the elongational stress exceeds the melt
strength of the drawn polymer melt. The instabilities caused by Rayleigh
disturbances are like those causing filament break-up during dispersive mixing
as discussed in Chapter 5. Draw resonance appears under certain conditions and
manifests itself as periodic fluctuations that result in diameter oscillation.

6.4.2 Film Production

6.4.2.1 Cast Film Extrusion

In a cast film extrusion process, a thin film is extruded through a slit onto a
chilled, highly polished, turning roll where it is quenched from one side. The
speed of the roller controls the draw ratio and final film thickness. The film is
then sent to a second roller for cooling of the other side. Finally, the film passes
through a system of rollers and is wound onto a roll. A typical film casting
process is depicted in Fig. 6.70 and 6.71. The cast film extrusion process exhibits
stability problems similar to those encountered in fiber spinning [36].

ABLB inlet
Cast film die | Stripping roli
Edge trim slitter
-~

Y S
L 3
Y NG, A — 4 Pullrolls
Argap | o PO
Wi i =
molten '\.\t'/" O @/ @ i
web N Wind up rolls

Casiing roll

Figure 6.70  Schematic of a film casting operation.
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Slit die

Chill roll

Figure 6.71 Film casting.

6.4.2.2 Film Blowing

In film blowing, a tubular cross-section is extruded through an annular die,
normally a spiral die, and is drawn and inflated until the freezing line is
reached. Beyond this point, the stretching is practically negligible. The process
is schematically depicted in Fig. 6.72 [37] and Fig. 6.73. The advantage of film
blowing over casting is that the induced biaxial stretching renders a stronger
and less permeable film. Film blowing is mainly used with less expensive
materials such as polyolefins. Polymers with lower viscosity such as PA and
PET are better manufactured using the cast film process.

The extruded tubular profile passes through one or two air rings to cool the
material. The tube interior is maintained at a certain pressure by blowing air
into the tube through a small orifice in the die mandrel. The air is retained in
the tubular film, or bubble, by collapsing the film well above its freeze-off
point and tightly pinching it between rollers. The size of the tubular film is
calibrated between the air ring and the collapsing rolls.
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Figure 6.72

Figure 6.73
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6.4.3 Blow Molding

The predecessor of the blow molding process was the blowing press developed
by Hyatt and Burroughs in the 1860s to manufacture hollow celluloid articles.
Polystyrene was the first synthetic polymer used for blow molding during
World War II and polyethylene was the first material to be implemented in
commercial applications. Until the late 1950s, the main application for blow
molding was the manufacture of LDPE articles such as squeeze bottles.

Blow molding produces hollow articles that do not require a homogeneous
thickness distribution. Today, HDPE, LDPE, PP, PET, and PVC are the most
common materials used for blow molding.

6.4.3.1 Extrusion Blow Molding

In extrusion blow molding, a parison or tubular profile is extruded and inflated
into a cavity with the specified geometry. The blown article is held inside the
cavity until it is sufficiently cool. Figure 6.74 [38] presents a schematic of the
steps in blow molding. )

Figure 6.74 Schematic of the extrusion blow molding process.

During blow molding, one must generate the appropriate parison length
such that the trim material is minimized. Another means of saving material is
generating a parison of variable thickness, usually referred to as parison
programming, such that an article with an evenly distributed wall thickness is
achieved after stretching the material. An example of a programmed parison
and finished bottle thickness distribution is presented in Fig. 6.75 [39].
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Figure 6.75  Wall thickness distribution in the parison and the part.

A parison of variable thickness can be generated by moving the mandrel
vertically during extrusion as shown in Fig. 6.76. A thinner wall not only
results in material savings but also reduces the cycle time due to the shorter
required cooling times.

As expected, the largest portion of the cycle time is the cooling of the blow
molded container in the mold cavity. Most machines wor with multiple molds
in order to increase production. Rotary molds are often used in conjunction
with vertical or horizontal rotating tables (Fig. 6.77 [37]).

21 Il

L bt vt byle;
Figure 6.76 Moving mandrel used to generate a programmed parison.
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Die

Part ejection

Extruder

Rotating table -

Blowing Cooling
Figure 6.77  Schematic of an extrusion blow molder with a rotating table.

6.4.3.2 Injection Blow Molding

Injection blow molding depicted in Fig. 6.78 [38] begins by injection molding
the parison onto a core and into a mold with finished bottle threads. The
formed parison has a thickness distribution that leads to reduced thickness
variations throughout the container. Before blowing the parison into the
cavity, it can be mechanically stretched to orient molecules axially, Fig. 6.79
[38]. The subsequent blowing operation introduces tangential orientation. A
container with biaxial molecular orientation exhibits higher optical (clarity)
and mechanical properties and lower permeability. In the injection blow
molding process one can go directly from injection to blowing or one can have
a re-heating stage in-between.

The advantages of injection blow molding over extrusion blow molding
are:
* Pinch-off and therefore post-mold trimming are eliminated
* Controlled container wall thickness
* Dimensional control of the neck and screw-top of bottles and containers

Disadvantages include higher initial mold cost, the need for both injection
and blow molding units and lower volume production.
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6.4.3.3 Thermoforming

Thermoforming is an important secondary shaping method of plastic film and
sheet. Thermoforming consists of warming the plastic sheet and forming it into
a cavity or over a tool using vacuum, air pressure, and mechanical means.
During the 18th century, tortoiseshells and hooves were thermoformed into
combs and other shapes. The process was refined during the mid-19th century
to thermoform various cellulose nitrate articles. During World War I,
thermoforming was used to manufacture acrylic aircraft cockpit enclosures,

. canopies, and windshields, as well as translucent covers for outdoor neon signs.
During the 1950s, the process made an impact in the mass production of cups,
blister packs, and other packaging commodities. Today, in addition to
packaging, thermoforming is used to manufacture refrigerator liners, pick-up
truck cargo box liners, shower stalls, bathtubs, as well as automotive trunk
liners, glove compartments, and door panels.

A typical thermoforming process is presented in Fig. 6.80 [37]. The process
begins by heating the plastic sheet slightly above the glass transition
temperature, for amorphous polymers, or slightly below the melting point, for

| semi-crystalline materials. Although, both amorphous and semi-crystalline
= 3 polymers are used for thermoforming, the process is easiest with amorphous
= ’:] m S polymers because they have a wide rubbery temperature range above the glass

Figure 6.78  Injection blow molding.

still has enough rigidity to hold the heated sheet without much sagging. Most
semi-crystalline polymers lose their strength rapidly once the crystalline
H—Tf’ structure breaks up above the melting temperature.

{ transition temperature. At these temperatures the polymer is easily shaped, but

Mold closed Stretch The heating is achieved using radiative heaters and the temperature reached
during heating must be high enough for sheet shaping, but low enough so the
o sheets do not droop into the heaters. One key requirement for successful

4 \ thermoforming is to bring the sheet to a uniform forming temperature. The
= sheet is then shaped into the cavity over the tool. This can be accomplished in
several ways. Most commonly a vacuum sucks the sheet onto the tool,

) | stretching the sheet until it contacts the tool surface. The main problem here is

) the irregular thickness distribution that arises throughout the part. Hence, the
| Blow main concern of the process engineer is to optimize the system such that the
St differences in thickness throughout the part are minimized. This can be
accomplished in many ways but most commonly by plug-assist. Here, as the
Figure 6.79  Stretch blow molding. ( plug pushes the sheet into the cavity, only the parts of the sheet not touching
the plug-assist stretch. Since the unstretched portions of the sheet must remain

hot for subsequent stretching, the plug-assist is made of a low thermal

conductivity material such as wood or hard rubber. The initial stretch is

l ‘ followed by a vacuum for final shaping. Once cooled, the product is removed.
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Figure 6.80  Plug-assist thermoforming using vacuum.

To reduce thickness variations in the product, the sheet can be pre stretched
by forming a bubble at the beginning of the process. This is schematically
depicted in Fig. 6.81 [37]. The mold is raised into the bubble, or a plug-assist
pushes the bubble into the cavity, and a vacuum finishes the process.

 Heated sheet m
[ . T
2] |a]

NN

[&

Vacuum

Figure 6.81 Reverse draw thermoforming with plug-assist and vacuum.
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One of the main reasons for the rapid growth and high volume of
thermoformed products is that the tooling costs for a thermoforming mold are
much lower than for injection molding.

6.5 Calendering

In a calender line, the polymer melt is transformed into films and sheets by
squeezing it between pairs of co-rotating high precision rollers. Calenders are
also used to produce certain surface textures which may be required for
different applications. Today, calendering lines are used to manufacture PVC
sheet, floor covering, rubber sheet, and rubber tires. They are also used to
texture or emboss surfaces. When producing PVC sheet and film, calender lines
have a great advantage over extrusion processes because of the shorter
residence times, resulting in a lower requirement for stabilizer. This can be
cost effective since stabilizers are a major part of the overall expense of
processing these polymers.

Figure 6.82 [37] presents a typical calender line for manufacturing PVC
sheet. A typical system is composed of:

* Plasticating unit

* Calender

e Cooling unit

* Accumulator

¢ Wind-up station

Internal b atch mixer Calender

Cooling rolls
/ Strainer extruder

Embpssing

ake-up system
Trimming

!

Figure 6.82  Schematic of a typical calendering process (Berstorff GmbH).

In the plasticating unit, which is represented by the internal batch mixer
and the strainer extruder, the material is melted and mixed and is fed in a
continuous stream between the nip of the first two rolls. In another variation
of the process, the mixing may take place elsewhere, and the material is simply
reheated on the roll mill. Once the material is fed to the mill, the first pair of

A
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rolls control the feeding rate, while subsequent rolls in the calender calibrate
the sheet thickness. Most calender systems have four rolls as does the one in
Fig. 6.82, which is an inverted L- or F-type system. Other typical roll arrange-
ments are shown in Fig. 6.83 and 6.84. After passing through the main
calender, the sheet can be passed through a secondary calendering operation for

embossing. The sheet is then passed through a series of chilling rolls where it is ' oh
cooled from both sides in an alternating fashion. After cooling, the film or —
sheet is wound. ony

| One of the major concerns in a calendering system is generating a film or A +

sheet with a uniform thickness distribution with tolerances as low as
" +0.005 mm. To achieve this, the dimensions of the rolls must be precise. It is
| also necessary to compensate for roll bowing resulting from high pressures in
' the nip region. Roll bowing is a structural problem that can be mitigated by
placing the rolls in a slightly crossed pattern, rather than compleifely paralle:l,
or by applying moments to the roll ends to counteract the separating forces in

I the nip region. Figure 6.84  Schematic of the calendering process.

Calendering can be modeled by assuming steady state, laminar flow and
isothermal conditions.

6.6 Coating

In coating a liquid film is continuously deposited on a moving, flexible or rigid
substrate. Coating is done on metal, paper, photographic films, audio and
video tapes, and adhesive tapes. Typical coating processes include wire coating,
dip coating, knife coating, roll coating, slide coating, and curtain coating.

In wire coating, a wire is continuously coated with a polymer melt by
pulling the wire through an extrusion die. The polymer resin is deposited onto
the wire using the drag flow generated by the moving wire and sometimes a
pressure flow generated by the back pressure of the extruder. The process is
schematically depicted in Fig. 6.8513. The second normal stress differences,
generated by the high shear deformation in the die, help keep the wire centered
in the annulus [40].

Dip coating is the simplest and oldest coating operation. Here, a substrate
is continuously dipped into a fluid and withdrawn with one or both sides
coated with the fluid. Dip coating can also be used to coat individual objects
that are dipped and withdrawn from the fluid. The fluid viscosity and density '
and the speed and angle of the surface determine the coating thickness.

\ Ltype Ztype

‘ Figure 6.83  Calender arrangements. =
Other wire coating processes extrude a tubular sleeve which adheres to the wire via stretching and
vacuum, This is called tube coating.
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Figure 6.85 Wire coating process.

Knife coating, depicted in Fig. 6.86, consists of metering the coating
material onto the substrate from a pool of material, using a fixed rigid or
flexible knife. The knife can be normal to the substrate or angled and the
bottom edge can be flat or tapered. The thickness of the coating is nearly half
the gap between the knife edge and the moving substrate or web. A major
advantage of a knife edge coating system is its simplicity and relatively low
maintenance.

Roll coating consists of passing a substrate and the coating simultaneously
through the nip region between two rollers. The physics governing this process
is similar to calendering, except that the fluid adheres to both the substrate and
the opposing roll. The coating material is a low viscosity fluid, such as a
polymer solution or paint and is picked up from a bath by the lower roll and
applied to one side of the substrate. The thickness of the coating can be as low
as a few pm and is controlled by the viscosity of the coating liquid and the nip
dimension. This process can be configured as either forward roll coating for co-
rotating rolls or reverse roll coating for counter-rotating rolls (Fig. 6.87). The
reverse roll coating process delivers the most accurate coating thicknesses.

Substrate

Figure 6.86 Schematic of a knife coating process.
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7 T1

; Reverse roll coating
U4 Uq

f Forward roll coating

Figure 6.87 Schematic of forward and reverse roll coating processes.

Slide coating and curtain coating, schematically depicted in Fig. 6.88, are
commonly used to apply multi-layered coatings. However, curtain coating has
also been widely used to apply single layers of coatings to cardboard sheet. In
both methods, the coating fluid is pre-metered.

Slide surface Coating roll

Slide coating

Curtain coating

Figure 6.88  Slide and curtain coating.

MacNeil Exhibit 2117
Yita v. MacNeil IP, IPR2020-01139
Page 140



260 Influence of Processing on Properties

6.7 Compression Molding

Compression molding is widely used in the automotive industry to produce
parts that are large, thin, lightweight, strong, and stiff. It is also used in the
household goods and electrical industries. Compression molded parts are
formed by squeezing a charge, often glass fiber reinforced, inside a mold
cavity, as depicted in Fig. 6.89. The matrix can be either a thermoset or
thermoplastic. The oldest and still widest used material for compression
molded products is phenolic. The thermoset materials used to manufacture
fiber reinforced compression molded articles is unsaturated polyester sheet or
bulk, reinforced with glass fibers, known as sheet molding compound (SMC) or
bulk molding compound (BMC). In SMC, the 25 mm long reinforcing fibers are
randomly oriented in the plane of the sheet and make up for 20-30% of the
molding compound's volume fraction. A schematic diagram of an SMC
production line is depicted in Fig, 8.90 [41]. When producing SMC, the chopped
glass fibers are sandwiched between two carrier films previously coated W’]‘tlh
unsaturated polyester-filler matrix. A fiber reinforced thermoplastic charge is
often called a glass mat reinforced thermoplastic (GMT) charge. The most
common GMT matrix is polypropylene. More recently, long fiber reinforced
themoplastics (LFT) have become common. Here, one squeezes sausage shaped
charges deposited on the mold by an extruder.

mm Upper platten

| T/// ////é Lc:\-f-\./er platen

|, S

Figure 6.89 Compression molding process (h, = charge thickness, h, = part thickness,

and h= closing speed).
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During processing of thermoset charges, the SMC blank is cut from a
preformed roll and is placed between heated cavity surfaces. Generally, the
mold is charged with 1 to 4 layers of SMC, each layer about 3 mm thick, which
initially cover about half the mold cavity's surface. During molding, the
initially randomly oriented glass fibers orient, leading to anisotropic
properties in the finished product. When processing GMT charges, the
preforms are cut and heated between radiative heaters. Once heated, they are
placed inside a cooled mold that rapidly closes and squeezes the charges before
they cool and solidify.

One of the main advantages of the compression molding process is the low
fiber attrition during processing. Here, relatively long fibers can flow in the
melt without the fiber damage common during plastication and cavity filling
in injection molding.

An alternate process is injection-compression molding. Here, a charge is
injected through a large gate followed by a compression cycle. The material
used in the injection compression molding process is called bulk molding
compound (BMC), which is reinforced with shorter fibers, generally 1 cm long,
with an unsaturated polyester matrix. The main benefit of injection
compression molding over compression molding is automation. The
combination of injection and compression molding leads to lower degrees of
fiber orientation and fiber attrition compared to injection molding.

Continuous
strand roving

Chopper Resinffiller

paste

\ 1

Carrier film

Chain link
compaction belt

Q O 0O O QO .
QO 0O 000000 .
Resinffiller

paste Take-up roll

Carrier
film

Figure 6.90 SMC production line.
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6.8 Foaming

Density

In foam or a foamed polymer, a cellular or porous structure has been generated
through the addition and reaction of physical or chemical blowing agents. The
basic steps of foaming are cell nucleation, expansion or cell growth, and cell
| stabilization. Nucleation occurs when, at a given temperature and pressure, the
solubility of a gas is reduced, leading to saturation, expelling the excess gas to
form a bubble. Nucleating agents, such as powdered metal oxides, are used for
initial bubble formation. The bubbles reach an equilibrium shape when their
inside pressure balances their surface tension and surrounding pressures. The
cells formed can be completely enclosed (closed cell) or can be interconnected
(open cell).

Figure 6.91 Schematic of various foam structures.

A physical foaming process is one where a gas such as nitrogen or carbon | pa CE; ;1?1}; g?,iin Zsarlfezfc irsgt;gir;:ngrcmll ;mportancg alnd ate primarily used in
dioxide is introduced into the polymer melt. Physical foaming also occurs after il BEE SOl e R e mst ac;ng mflaterla s. Examples of foamed
heating a melt that contains a low boiling point fluid, causing it to vaporize. polypropylenep a}r,ticle foam (EPP , expanded polystyrene (EPS) and expanded
For example, the heat-induced volatilization of low-boiling-point liquids, such P )-

as pentane and heptane, is used to produce polystyrene foams. Also, foaming Polyurethane foam is perhaps the most common foaming material and is a

occurs during volatilization from the exothermic reaction of gases produced typical example of a chemical foaming technique. Here, two low viscosity
during polymerization such as the production of carbon dioxide during the components, a polyol and an isocyanate, are mixed with a blowing agent such
reaction of isocyanate with water. Physical blowing agents are added to the as pentane. When manufacturing semi-finished products the mixture is
| plasticating zone of the extruder or molding machine. The most widely used deposited on a moving conveyor belt where it is allowed to rise, like a loaf of
| physical blowing agent is nitrogen. Liquid blowing agents are often added to . bread contained whithin shaped paper guides. The result is a continuous
the polymer in the plasticating unit or the die. polyurethane block that can be used, among others, in the upholstery and

tress | A
Chemical blowing agents are usually powders introduced in the hopper of mRUEss g isades;

the molding machine or extruder. Chemical foaming occurs when the blowing The basic material to produce expanded polystyrene products are small
agent thermally decomposes, releasing large amounts of gas. The most widely pearls produced by suspension styrene polymerization with 6-7% of pentane as
used chemical blowing agent for polyolefin is azodicarbonamide. a blo_wing agent. To process the pearls they are placed in pre-expanding
In mechanical foaming, a gas dissolved in a polymer expands upon mnzif}unes hef';lted w1th. steam until their temperature reaches 80 to 100 °C. To
. ' enhance their expansion, the pearls are allowed to cool in a vacuum and
reduction of the processing pressure. 1 . . p
allowed to age and dry in ventilated storage silos before the shaping operation.
The foamed structures commonly generated are either homogeneous foams ‘ Polystyrene foam is is used extensively in packaging, but its uses also extend to
| or integral foams. Figure 6.91 [42] presents the various types of foams and their the construction industry as a thermal insulating material, as well as for shock
corresponding characteristic density distributions. In integral foam, the absorption in children’s safety seats and bicycle helmets.

unfoamed skin surrounds the foamed inner core. This type of foam can be Bxparded ‘wolyoroovlene partde I . imil . .
achieved during injection molding and extrusion and it replaces the Charac]i)erize d bP 1};5 exrt,:}ejllent par 1cte boam 18 512112111' i o EPS bt s
sandwiched structure also shown in Fig. 6.91. applications @ eY imarelv i impact.abserptien gand Ghemidall fesistante, Iis

[ primarely in the automotive industry as bumper cores, sun
visors and knee cushions, to name a few.
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6.9 Rotational Molding

Rotational molding is used to make hollow objects. In rotational molding, a
carefully measured amount of powdered polymer, typically polyethylene, is
placed in a mold. The mold is then closed and placed in an oven where the
mald turns about two axes as the polymer melts, as depicted in Fig. 6.92.
During heating and melting, which occur at oven temperatures between 250
and 450 °C, the polymer is deposited evenly on the mold's surface. To ensure
uniform thickness, the axes of rotation should not coincide with the centroid of
the molded product. The mold is then cooled and the solid part is removed
from the mold cavity. The parts can be as thick as 1 cm, and still be
manufactured with relatively low residual stresses. The reduced residual stress
and the controlled dimensional stability of the rotational molded product
depend in great part on the cooling rate after the mold is removed from the
oven. A mold that is cooled too fast yields warped parts. Usually, a mold is
first cooled with air to start the cooling slowly, followed by a water spray for
faster cooling.

The main advantages of rotational molding over blow molding are the
uniform part thickness and the low cost involved in manufacturing the mold.
In addition, large parts such as play structures or kayaks can be manufactured
more economically than with injection molding or blow molding. The main
disadvantage of the process is the long cycle time for heating and cooling of the

mold and polymer.
il

Minor axis Spider
) | i
IH || Mold
| \ ||~ parting line

Off-set arm
Figure 6.92  Schematic of the rotational molding process.
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F_igure 6.93 presents the air temperature inside the mold in a typical
rotational molding cycle for polyethylene powders [43]. The process can be
divided into six distinct phases:

1. Induction or initial air temperature rise
2. Melting and sintering

3. Bubble removal and densification

4. Pre-cooling

5. Crystallization of the polymer melt

6. Final cooling

The induction time can be significantly reduced by pre-heating the powder,
and the bubble removal and cooling stage can be shortened by pressurizing the
material inside the mold. The melting and sintering of the powder during
rotational molding depends on the rheology and geometry of the particles.
This phenomenon was studied in depth by Bellehumeur and Vlachopoulos [44].

150

Temperature (C)
=]
s}

s/ | P

[0 © (008 6 |

i | i1I0-I [ |2|0'|'\ | |3|0|'
Time (min)

Figure 6.93 Typical air temperature in the mold while rotomolding polyethylene
parts.
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Examples * °
. . 200 °C PP (Novolen 1125 NX)

~ 8.04220 °C

61 You are to use a 45 mm diameter single screw extruder to create a polymer e 240 °

polycarbonate/polypropylene polymer blend. The maximum screw e

rotation is 160 rpm and the screw channel depth is 4mm. Assuming a =

barrel temperature of 300 oC, a surface tension, between the two

polymers of 8x103 N/m, and using the viscosity curves given in in the 2

appedix of this book, determine:

* If one can disperse 20% PC into 80% PP

I I | I | |
5 1.0 1.5 2.0 2.5 3.0 3.5 4

-S,

Log (viscosity) (
) N
o o
1 1

-
[4,]
il

-
o

o If one can disperse 20% PP into 80% PC T

e The minimum size of the dispersed phase 0.0 0. 0

Log (shear raté) (17s)

We start this problem by first calculating the average speed in the Figure 6.94  Viscosity curves for a polypropylene.

extruder using

| v, = mDn = m(45)(160)(1/60) = 377mm /s 2.8
o (45)(160)(1/60) » 7 ]300°C \PC(Makaon 2800)
which results in an average rate of deformation of
| @ 2.6
» ! ©
Yo 37Tmmls _gpc & 551 320°%C
h 4mm 2
‘ § 2.4+
\ From the viscosity curves we get 17, ~600Pa—s and 17, =150Pa-s. . £ 534 ]
Using Fig. 6.32 we can deduce that one cannot disperse polycarbonte =2 —340,°C
into polypropylene using a single screw extruder that only induces = 2 \
shear deformation, since 1, /N, >4. On the other hand, one can 2.1 . | ’ :
1.0 1.5 2.0 2kS 3.0 3.5

disperse polypropylene into polycarbonate using the same single

l screw extruder. Log (shear rate) (1/s)
|
|
I

Using Fig.6.32 we can see that dispersive mixing for a My /1 >0.25 Figure 6.95  Viscosity curves for a polycarbonate.

will occur at Ca,,, ~0.7. Hence, neglecting the effects of coalescence we

can calculate the minimun size of the dispersed phase usin: 6.2 You are to determine the maximum clamping force and injection pressur
P P g ping ] P e

required to mold an ABS suitcase with a filling time, f4; , of 2.5 seconds.

R 600(94)R Use the dimensions shown in Fig. 6.96, an injecti i

Ca —07-TR_ o D—2R=02 g. 6.96, an injection temperature, T; , of

| Geri o, 3+10~ pm 227 °C.(500 K), and a mold temperature, Ty, of 27 °C (300 K). I'Ihe
properties necessary for the calculations are also given below.

To achieve this dispersion we must maintain the stresses for an

extended period. Table 6.8 Properties for ABS

n =029 p=1020kg/m’
| mg = 29x10°Pa - 5" C,=2343] /Kg/K

a=0.01369/K k=0.184W /m/K
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To aid the polymer processing engineer in finding required injection | Using the notzlation in Fig. 625 and a viscosity defined by
pressures and corresponding mold clamping forces, Stevenson [4] 1= me~ Tl four dimensionless groups are defined.
. . ; N : -aphs f
ﬁiﬁ:&ﬁiﬁ;ﬁ O;gllilnefriﬁ?l;lez? gsgigieaﬁi;%ﬁLiiﬁ;ﬁﬁg igﬁs,s V\?Z e The d.imensionless temperature .determjnes the intensity of the
start this problem by first laying the suitcase flat and determining the ‘I:fupjuflg bgtl‘;veen the energy equation and the momentum balance.
required geometric factors (Fig. 6.97). From the suitcase geometry, th.e 15 (deTnCC Dy
longest flow path, , is 0.6 m and the radius of the projected area, Rp, is B=a(T.-T,) (6.30)
, 0.32 m. where T; and T, are the injection and mold temperatures
respectively.
0.8m 7/ ' * The dimensionless time is the ratio of the filling time, ¢4, and the
\ time for thermal equilibrium via conduction, defined by
1K
. /’ e (6.31)
[4
\ / / 0.4m '
‘ = / / e The Brinkman number Br is the ratio of the energy generated by
0.002 m viscous dissipation and the energy transported by conduction. For a
' ] non-isothermal, non-Newtonian model it is
i ST 7,2 .
= =
| Figure 6.96  Suitcase geometry. (T =T\ L
| * The power-law index n of the Ostwald and deWaale model reflects
| the shear thinnng behavior of the polymer melt. Once the
dimensionless parameter are calculated, the dimensionless injection
A=0.68 m? pressures (Ap/Ap,) and dimensionless clamping forces (F/F,)are read

0.15m f from Figs. 6.98 to 6.101. The isothermal pressure and force are
' computed using
—irT, i
045 m ap, - P4f 1+2n R (5) (633)
/ l=n | 2n k| \h
and
F, = JrRz( i )Ap, (6.34)
3-n

Figure 6.97 Layed-flat suitcase.
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0|
I
35 [ C -
: n=03 Br=03 C n=03 Br=0.3
30— B=10 - L p=10 R
] - f=3.0 A F — — p=3.0 P
_f ol 2.00F -
LEL 25 - e “ - 5 P
- s c b P
C o &
20 Az _sarnn =0 E = |
. - — 03— 1.50—

15 —_ 20- _
ffjfﬂ*’z.o
L |
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L 1 " P (PRI |
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T

Figure 6.98 Dimensionless clamping force versus dimensionless groups. . R . T |
gur ping group Figure 6.100 Dimensionless injection pressure versus dimensionless groups. ‘

35
T n=0.5 Ve L
30 —— B=10 Br=03 2.00F n=05 Br=03"
F= = =3.0 - [ —— pB=1.0 //'
7 — -
| [ ~ p=3.0 —
_ 25f -
F - -
~ L &
5 20FF - _1.0-
C - ——
) . = 03—
15 F 1.0
- === 20—
e
1.0 F
| L I U WA TP |
0.01 0.02 0.05 0.1 0.2 L " PR IR SR |
T 0.01 0.02 0.05 0.1 0.2
T
Figure 6.99 Dimensionless clamping force versus dimensionless groups. Figure 6,101 Dimensionless injection pressure versus dimensionless groups.
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Using the data given for ABS and the dimensions for the laid-flat
suitcase we can compute the dimensionless groups as

B =0.01369(500 - 300) = 2.74

6 Introduction to Processing 273

Since the part are exceeds the projected area, Fig. 6.102 can be used to
correct the computed clamping force. The clamping force can be
corrected forn an Rp= 0.32 m using Fig. 6.102 and R, /R =0.53.

Fpmjeclml = (0~52)107300 = 57356metric tons
T= 2'.5(0'184) =0.192
(0.001)*(1020)(2343) 1o
_ (29x109e°5# 00,001 (0.6 )“"*' 0T 08 |_
N T 0.184(500-300)  \2.5(0.001)
The isothermal injection pressure and clampng force are computed w 06 |
using egs. 6.30 to 6.34. 3
8
1y =D 369(500) 029 o
. _ 29x10° 1+2(0.29) 0.6 ( 0.6 ):171MPa g o4 |
! 1-0.29 2(0.29) 2.5(0.001)/ 10.001
0.2 |
[ 1-0.29 7 6
= : =50.7x10"N
F, =7(0.6) (3_0‘29)(17.1x10 }=50.7x
5 | | | I
We now look up Ap/Ap, and F/F,in Figs. 6.98 to 6.101. Since little 0 02 0.4 0.6 08 1o

change occurs between n = 0.3 and n = 0.5, we choose n = 0.3. However,
for other values of n we can interpolate or extrapolate. For f=2.74, we
interpolate between 1 and 3 as

B=1—>Ap/Ap, =136 and F / F, =1.65
B=3—Ap/Ap, =1.55and F / F, =2.1

B =274 — Ap/Ap, =1.53and F / F, = 2.04

Ap=(22/_\Ap, = 262MPa = 2,620bar
Ap, !

F-= (% )F, =10.3x10'N =10,300metrictons
1

Rp/R

Figure 6.102 Clamping force correction for the projected area.

For our suitcase cover, where the total volume is 1,360 cc and total part
area is 0.68 m’ the above numbers are too high. A usefull rulo-of-
thumb is a maximun allowable clamping force of 2 tons/in”. Here, we
have gratly exceeded that number. Normally, around 3,000 metric
tons/m’ are allowed in commercial injection molding machines. For
example, a typical injection molding machine4 with a shot size of 2,000
cc has a maximun clamping force of 630 metric tons with a maximun
injection pressure of 1,400 bar. A machine with much larger clamping
forces and injection pressures is suitable for much larger parts. For
example, a mchaine with a shot size of 19,000 cc allows a maximum
clamping force of 6,000 metric tons with a maximum injection pre-
ssure of 1,700 bar. For this example we must reduce the pressure and

14 MINIFLOW, Injection Molding Simulation, The Madison Groups PPRC, Madison, WI.
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clamping force requirements, This can be acomplished by increasing
the injection and mold temperatures or by reducing the filling time. Section 1: 4Q=(
Recommended injection temperatures for ABS are between 210 and

240 ©C and recommended mold temperatures are between 40 and
90 0C.® Ascan be seen, there is room for adjustment in the processing ) ) |
condition, so one must repeat the above procedure using new Section 2: 2 Q=(n—(2Rl)‘ )(ZR](P2 —P3)]

(2R \(2R (P - P.)\
s+3 2mL

conditions. s+3 2m(2L)

63 Let us consider the multi-cavity injection molding process shown in Fig,.
6.103. To achieve equal part quality, the filling time for all cavities must be 2R \(R(P,~0)}
balanced. For the case in question, we need to balance the cavities by Section 3: Q=( 1)(242_) |
solving for the runner radius. For a balanced runner system the flow rates s+3 2m(2L)
into all cavities must match. For a given flow rate Q, length L, and radius
R, we can also solve for the pressure at the runner system junctures. ) |
Assuming an isothermal flow of a non-Newtonian shear thinning polymer Section 4 0= 7R} Rl( P, _o) |
with viscosity 1, we can compute the radius for a part molded of : s+3)\ 2m(2L)
polystyrene with a consistency index of 2.8x10" Pa-s" and a power law
index (n) of 0.28.

Using values of L=10cm, R =4mm mm, and Q=20cm’[s: the |
unknown parameters, P, P, P;, and R, can be obtained using the

preciding equations. The equation are non-linear and must be solved '
in an iterative manner. For the given values, a radius, R,, of 3.4 mm |
would result in a balanced runner system, with pressures P, = 265.7 bar, [
P, = 230.3 bar, and P, = 171.9 bar. For comparison, if one had assumed

a Newtonian model with the same consistency index and a power law

index of 1.0 a radius, R,, of 3.9 mm would have resulted, with much

higher required pressures of P =13,926 bar, P, =12,533 bar, and

P, = 11,140 bar. The difference is due to shear thinning.

Problems

6.1 You are to extrude a 100 mm wide high density polyethylene sheet using a
40 mm diameter single screw extruder with distributive as well as
dispersive mixing heads. The screw characteristic curve is shown in Fig.
6.10416,

Figure 6.103 Runner system lay out. The die can be approximated with a 100 mm wide and 100 mm long slit.
On the graph below draw the die characteristic curves for dies with Tmm
and 1.5mm thick slits. Will it be feasible to extrude a sheet through a

unn ion i i 46, . :
The flow tl?rough e_ach = ef secuion X gov‘ernfad by equation 5 1.5mm thick slit? If yes, what screw speed would you choose? What about
| and the various sections can be representied using: al thick slit

15 A good reference for such values is the CAMPUS® material data bank. Books such as H.
Domininghaus, Plastics for Engineers, Hanser Publishers (1992), Munich are also recommended. 16 Courtesy of ICIPC, Medellin, Colombia.
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Why do your die characteristic curves cross over the ones shown in the
graph? Note that the data in the graph was measured experimentally with
a variable restriction (valve) die.

Typical power law constants for HDPE at 180 °C are m=20,000 Pa-s" and
n=0.41. Use a specific gravity for HDPE of 0.95.

6 Introduction to Processing 277

6.4

Someone in your company proposes to use an existing square pitch 150
mm diameter plasticating single screw extruder as a mixing device for a
40/60 PP/PS polymer blend. The metering section is 5 turns long and has a
channel depth of 10 mm. Will dispersion of the polypropylene occur for a
screw rotation of 60 rpm? Will there be enough time for dispersion?
Assume open discharge and a temperature of 220 ©C. Use viscosity data
given in problems 6.3 and below.

50
D=40 mm
HDPE 4.5
PS (Polystyrol 144 CH
40 4 170 °C (Poly )
3.5 -
@ 200 °C
& 3
(=3
30 = 2.5 4
€ g 2
2 215 4
<E =
20 120 rpm 8, 1
. 2/60 — 0.5 4
L e e ey b i 90 rpm
T A R A
10 — / 60 rpm B 1 s 4 5
y Log (shear rate) (1/s)
/.’ /.
/”;/r/ Figure 6.105  Viscosity curves for a polystyrene.
ok

0 100 200 300 400 500
P (bar)

Figure 6.104 Process characteristic curves for a 45 mm diameter conventional

6.2

6.3

extruder.

Estimate the striation thickness of a 3mm diameter pigmented polystyrene
pellet in a polystyrene matrix after traveling through a 20 turn, 45 mm
diameter, 5 mm constant channel depth, single screw extruder. Assume
open discharge conditions. Use 100 rpm rotational speed.

Someone in your company proposes to use an existing square pitch 150
mm diameter plasticating single screw extruder as a mixing device for a
40/60 PS/PP polymer blend. The metering section is 5 turns long and has a
channel depth of 10 mm. Will dispersion of the polystyrene occur for a
screw rotation of 60 rpm? Assume open discharge and a temperature of
220 OC. Use viscosity data given in example 6.1 and Fig. 6.106.

6.5

6.6

A thin polyamide 66 component is injection molded under the following
conditions:

* The melt is injected at 275 ©C to a maximum pack/hold pressure of 800
bar.

e The 800 bar pack/hold pressure is maintained until the gate freezes off,
at which point the part is at an average temperature of 175 °C.

* The pressure drops to 1 bar as the part cools inside the cavity.

¢ The part is removed from the mold and cooled to 25 °C.

* Draw the whole process on the PvT diagram.

* Estimate the final part thickness if the mold thickness is 1 mm. For thin
injection molded parts, most of the shrinkage leads to part thickness
reduction.

Does the screw and die characteristic curves, correspond to a conventional
or a grooved single screw extruder?

A die can be approximated with a 1 mm diameter and 30 mm long
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capillary. On the graph below draw the die characteristic curve for the 6.8 Design a balanced runner system for the mold in Example 6.3 if you are to
given die? | injection mold a polystyrene product. Assume a power-law model with a

Typical power law constants for HDPE at 180 °C are m=20,000 Pa-s" and GontsitenGymAe, iy GH2AE5I SN x50, nicha Boer i iNHe o025

=0.41. U ifi ity for HDPE of 0.95.
S04l Teemupecing gravityien 6.9 Estimate the cooling time for the ABS suitcase presented in Example 6.2 if

demolding occurs when the average part temperature is below 60 ©C.

0 1 K4 K& HMW PE
Tw=195°C 6.10 What are the required clamping force and injection pressure if the filling
300 J 3\ time in Example 6.2 is increased from 2.5 s to 3 s?
= ; 6 6.11 What are the required clamping force and injection pressure if the mold
g 2001 \ temperature in Example 6.2 is increased from 27 ©C to 90 °C ?
3
24\\ 6.12 What are the required clamping force and injection pressure if the
. injection temperature in Example 6.2 is increased from 227 to 240 0C?
12
n(m 6.13 Measure and plot the wall thickness distribution on a PE-HD one gallon
: 0 ] i i | | I | milk container.
| 100 200 300 400 500 600 700 800 900
|
AP (bar) 6.14 Measure and plot the wall thickness distribution on a small thermoformed
Figure 6.106 Process characteristic curves for a 45 mm diameter extruder. individual coffee cream container.

6.7 An internal batch mixer maintains shear rates, 7, of 100 s for extended
perlods In the mixer you want to disperse LDPE in a PS matrix at 170 ©C.
What is the size of the d1spersed phase? Will the PS still be transparent? References

| data giv Problem 6.4 and below.
Use viscosity data given in o 1. Tadmor, Z., and Gogos, C.G., Principles of Polymer Processing, John Wiley &

Sons, New York, (1979).

2,72 _"1600C LDPE (Lupolen 2410 T) 2. Eaglgvil)e.ndaal, C., Mixing in Polymer Processing, Marcel Dekker, Inc., New York,
& 25 | 1900C 3. Osswald, T.A., Turng, LS., and Gramann, P.J., Injection Molding Handbook,
& Hanser Publishers, Munich, (2001).
& 225 - 59900 4. Menges, G., and Predshl, W., Plastverarbeiter, 20, 79, (1969).
= o | 5. Menges, G., and Predohl, W., Plastverarbeiter, 20, 188, (1969).
2 6. Scott, C.E., and Macosko, C.W., Polymer Bulletin, 26, 341, (1991).
§ 175 = 7. Gramann, PJ., Stradins, L., and Osswald, T.A., Intern. Polymer Processing, 8, 287,
= 15 - ~ (1993).
§) 1.05 8. (Osswald, T.A., Polymer Processing Fundamentals, Hanser Publishers, Munich,
: 1998).
15 ] ] ) ] 0 7 T 1 9. Erwin, L., Polym. Eng. & Sci., 18, 572, (1978).
0 0.5 1 1.5 2 2.5 3 3.5 4 10.  Erwin, L., Polym. Eng. & Sci., 18, 738, (1978).
Log (shear rate) (1/s) ! 11.  Ng, K.Y., Master of Science Thesis, University of Wisconsin-Madison, (1979).
Figure 6.107  Viscosity curves for a low density polyethylene. 12. Tadmor, Z., Ind. Eng. Fundam., 15, 346, (1976).
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Anisotropy Development During Processing

| The mechanical properties and dimensional stability of a molded polymer part

are strongly dependent upon the anisotropy of the finished part’ . The structure

of the final part, in turn, is influenced by the design of the mold cavity, e.g., the

type and position of the gate, and by the various processing conditions such as

| injection speed, melt or compound temperatures, mold cooling or heating
rates, and others. The amount and type of filler or reinforcing material also has
a great influence on the quality of the final part.

! This chapter discusses the development of anisotropy during processing of
thermoset and thermoplastic polymer parts and presents basic analyses that can
be used to estimate anisotropy in the final product.

| 7.1 Orientation in the Final Part

During processing the molecules, fillers, and fibers are oriented in the flow and
greatly affect the properties of the final part. Since there are large differences in
the processing of thermoplastic and thermoset polymers, the two will be
discussed individually in the next two sections.

7.1.1 Processing Thermoplastic Polymers

When thermoplastic components are manufactured, the polymer molecules
become oriented. The molecular orientation is induced by the deformation of
the polymer melt during processing. The flexible molecular chains get
stretched, and because of their entanglement they cannot relax fast enough
before the part cools and solidifies. At lower processing temperatures this
phenomenon is multiplied, leading to even higher degrees of molecular

1 This chapter primarily deals with the anisotropy development of injection and compression molded

parts.
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284 Influence of Processing on Properties

orientation. This orientation is felt in the stiffness and strength properties of the
polymer component. Orientation also gives rise to birgfringence, or donible
refraction, a phenomenon discussed in Chapter 12. The various degrees of
molecular orientation and the different main directions of orientation in the
material introduce a variable refractive index field, n(x,y,z), throughout the
part. The value of the refractive index, n, depends on the relative orientation of
the molecules, or the molecular axes, to the direction of the light shining
through the part.

As polarized light travels through a part, a series of colored lines called
isoclromatics become visible or appear as shown in Fig. 7.1 [1]. The
isochromatics are lines of equal molecular orientation and numbered from
zero, at the region of no orientation, up with increasing degrees of orientation.
A zero degree of orientation is usually the place in the mold that fills last and
the degree of orientation increases towards the gate. Figure 7.2 shows
schematically how molecular orientation is related to birefringence. The layers
of highest orientation are near the outer surfaces of the part with orientation
increasing towards the gate.

Figure 7.1  Isochromatics in a polycarbonate specimen of 1.7 mm wall thickness.

The degree of orientation increases and decreases depending on the various
processing conditions and materials. For example, Fig. 7.3 [1] shows quarter
disks of various wall thicknesses, molded out of four different materials:

7 Anisotropy Development During Processing 285

| polycarbonate, cellulose acetate, polystyrene, and polymethyl methacrylate.
We see that for all materials the degree of orientation increases with decreasing
wall thickness. An explanation for this is that the velocity gradients increase
when wall thickness decreases. In subsequent sections of this chapter we discuss
how orientation is directly related to velocity gradients.

Orientation is also related to the process used to manufacture the part. For
example, Fig. 7.4 [1] shows two injection molded polycarbonate parts molded
with different injection molders: a piston-type and a screw-type machine. It is
obvious that the cover made with the piston-type injection molder has much
higher degrees of molecular orientation than the one manufactured using the
screw-type injection molder. Destructive tests revealed that it was impossible
to produce a cover that is sufficiently crack-proof when molded with a piston-
type molding machine.

The articles in Figs. 7.1, 7.3, and 7.4 were injection molded — a common
processing method for thermoplastic polymers. Early studies have already
shown that a molecular orientation distribution exists across the thickness of
thin injection molded parts [2]. Figure 7.5 [2] shows the shrinkage distribution
in longitudinal and transverse flow directions of two different plates. The
curves demonstrate the degree of anisotropy that develops during injection
molding, and the influence of the geometry of the part on this anisotropy.

Oriented layers
.'r. \

Birefringence

———Before relaxatior
After relaxation

v
Isochromatics =
lines of equal molecular orientation

D Figure 7.2 Orientation birefringence in a quarter disk.
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Figure 7.3

Figure 7.4

1.7 mm

2.9 mm

4.2 mm

PS PMMA

Isochromatics in polycarbonate, cellulose acetate, polystyrene. and
polymethyl methacrylate quarter disks of various thicknesses.

Tsochromatics in polycarbonate parts molded with (left) piston-type and
(right) screw-type injection molding machines.
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Figure 7.5  Shrinkage distribution of injection molded polystyrene plates.

An example of how to use the birefringence pattern of polymer parts to
detect severe problems is in the manufacture of polycarbonate compact disks [3,
4]. Figure 7.6 shows the birefringence distribution in the rz-plane of a 1.2 mm
thick disk molded with polycarbonate. The figure shows how the birefringence
is highest at the surface of the disk and lowest just below the surface. Towards
the inside of the disk the birefringence rises again and drops somewhat toward
the central core of the disk. A similar phenomenon was observed in glass fiber
reinforced [5-7] and liquid crystalline polymer [8] injection molded parts which
show large variations in fiber and molecular orientation through the thickness.
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Figure 7.6  Birefringence distribution in the rz-plane at various radius positions.
Numbers indicate radial position.

All these recent findings support earlier claims that molecular or filler
orientation in injection molded parts can be divided into seven layers
schematically represented in Fig. 7.7 [1]. The seven layers may be described as
follows:

« Two thin outer layers with a biaxial orientation, random in the plane of
the disk;

« Two thick layers next to the outer layers with a main orientation in the
flow direction;

+ Two thin randomly oriented transition layers next to the center core;

e One thick center layer with a main orientation in the circumferential

direction.

7 Anisotropy Development During Processing 289

There are three mechanisms that lead to high degrees of orientation in
injection molded parts: fountain flow effect, radial flow, and holding pressure
induced flow.

The fountain flow effect [9] is caused by the no-slip condition on the mold
walls, which forces material from the center of the part to flow outward to the
mold surfaces as shown in Fig. 7.8 [10]. As the figure schematically represents,
the melt that flows inside the cavity freezes upon contact with the cooler mold
walls. The melt that subsequently enters the cavity flows between the frozen
layers, forcing the melt skin at the front to stretch and unroll onto the cool wall
where it freezes instantly. The molecules which move past the free flow front
are oriented in the flow direction and laid on the cooled mold surface which
freezes them into place, though allowing some relaxation of the molecules after
solidification. Using computer simulation, the fountain flow effect has been
extensively studied in past few years [11]. Figures 7.9a and b [12] show
simulated instantaneous velocity vectors and streamlines during the isothermal
mold filling of a Newtonian fluid.2 and Figs.7.9c and d show the velocity
vectors relative to the moving flow front. Figure 7.10 [13] presents the
predicted shape and position of the tracer relative to the flow front along with
the streamlines for a non-Newtonian non-isothermal fluid model. The square
tracer mark is stretched as it flows past the free flow front, and is deposited
against the mold wall, pulled upward again and eventually deformed into a
V-shaped geometry. Eventually, the movement of the outer layer is stopped as
it cools and solidifies.

Figure 7.7  Filler orientation in seven layers of a centrally injected disk.

2 The isothermal and Newtonian analysis should only serve to explain the mechanisms of fountain flow.

The non-isothermal nature of the injection molding process plays a significant role in the orientation of
the final part and should not be left out in the analysis of the real process.
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Radial flow is the second mechanism that often leads to orientation
perpendicular to the flow direction in the central layer of an injection molded
part. This mechanism is schematically represented in Fig. 7.11. As the figure
suggests, the material that enters through the gate is transversely stretched
while it radially expands as it flows away from the gate. This flow is well
represented in today's commonly used commercial injection mold filling
software.

Finally, the flow induced by the holding pressure as the part cools leads to
additional orientation in the final part. This flow is responsible for the spikes in
the curves shown in Figs. 7.5 and 7.6.

Polymer particle

= Gate .
— Deformed polymer particle

IR

X

Flow fronts

Figure 711 Deformation of the polymer melt during injection molding.

7.1.2 Processing Thermoset Polymers

During the manufacture of thermoset parts there is no molecular orientation
because of the cross-linking that occurs during the solidification or curing
reaction. A thermoset polymer solidifies as it undergoes an exothermic reaction
and forms a tight network of inter-connected molecules.

However, many thermoset polymers are reinforced with filler materials
such as glass fiber, wood flour, etc. These composites are molded via transfer
molding, compression molding, or injection-compression molding. The
properties of the final part are dependent on the filler orientation. In addition,
the thermal expansion coefficients and the shrinkage of these polymers are
highly dependent on the type and volume fraction of filler being used.
Different forms of orientation may lead to varying strain fields, which may
cause warpage in the final part. This topic will be discussed in the next chapter.

7 Anisotropy Development During-Processing 293

During the processing of filled thermoset polymers the material deforms
uniformly through the thickness with slip occurring at the mold surface as
shown schematically in Fig. 7.12 [14]. Several researchers have studied the
development of fiber orientation during transfer molding and compression
molding of sheet molding compound (SMC) parts [15]. During compression
molding, a thin SMC charge is placed in a heated mold cavity and squeezed
until the charge covers the entire mold surface. An SMC charge is composed of
a polyester resin with around 10% by volume of calcium carbonate filler and
20-50% by volume glass fiber content. The fibers are usually 25 mm long and
the final part thickness is 1-5 mm. Hence, the fiber orientation can be described
with a planar orientation distribution function.

bilhs
T

Free flow front

Figure 7.12 Velocity distribution during compression molding with slip between
material and mold surface.

To determine the relationship between deformation and final orientation in
compression molded parts, it is common to mold rectangular plates with
various degrees of extensional flow, as shown in Fig. 7.13. These plates are
molded with a small fraction of their glass fibers impregnated with lead so that
they become visible in a radiograph. Figure 7.14 shows a computer generated
picture from a radiograph, taken from a plate where the initial charge coverage
was 33% [15, 16]. In Fig. 7.14, about 2000 fibers are visible which through
digitizing techniques resulted in the histogram presented in Fig. 7.15 and depict
the fiber orientation distribution in the plate. Such distribution functions are
very common in compression or transfer molded parts and lead to high
degrees of anisotropy throughout a part.

Furthermore, under certain circumstances, filler orientation may lead to
crack formation as shown in Fig. 7.16 [1]. Here, the part was transfer molded
through two gates which led to a knitline and filler orientation shown in the
figure. Knitlines are cracklike regions where there are few or no fibers
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Figure 7.15 Measured fiber orientation distribution histogram in a plate with 33%
initial mold coverage and extensional flow during mold filling.

[~ In

‘ Figure 7.13  Schematic of extensional flow during compression molding.

"% Gates

Figure 7.16  Formation of knitlines in a fiber filled thermoset pulley.

In compression molding, knitlines are common when multiple charges are
placed inside the mold cavity or when charges with re-entrant corners are used,
as shown in Fig. 7.17 [18]. However, a re-entrant corner does not always imply
the formation of a knitline. For example, when squeezing a very thick charge,
an equibiaxial deformation results and knitline formation is avoided. On the
other hand, a very thin charge will have a friction deminated flow leading to
knitline formation at the beginning of flow. Knitlines may also form when
there are large differences in part thickness and when the material flows
around thin regions as demonstrated in Fig. 7.18. Here, a crack forms as the
material flows past the thinner section of the body panel. It is interesting to
Figure 7.14 Computer redrawn plot of fibers in a radiograph of a rectangular SMC ‘ point out that usually the thin region will eventually be punched out to give

plate. room to headlights, door handles, etc.
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Initial charge boundary

Flow front

Figure 7.17  Knitline formation in an L-shaped charge for a squeeze ratio of 2.

Direction of flow

_-Thin gap

-"1 > Filling pattern
|
Knit line

= Y
——— R

Figure 7.18 Schematic of knitline formation as SMC is squeezed through a narrow
gap during compression molding.
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7.2 Predicting Orientation in the Final Part

In general, the orientation of a particle, such as a fiber, is described by two
angles, ¢ and 6, as shown in Fig. 7.19. These angles change in time as the
polymer flows through a die or is stretched or sheared during mold filling. In
many cases the angular orientation of a particle can be described by a single
angle, ¢. This is true since many complex three-dimensional flows can be
reduced to planar flows such as the squeezing flow shown in Figs. 7.12 and 7.13
or the channel flow shown in Fig. 7.20. In squeezing flow, the z-dimension is
very small compared the other dimensions, whereas in channel flow, the z-
dimension is much larger than the other dimensions. Channel flow is often
encountered inside extrusion dies, and squeezing flow is common in
compression molding where the fiber length is much larger than the thickness
of the part. In both cases the fiber is allowed to rotate about the z-axis, with the
channel flow having a three-dimensional orjentation and the squeezing flow a
planar orientation distribution. Due to the simplicity of planar orientation
distributions and their applicability to a wide range of applications, we will
limit our discussion to two-dimensional systems which can be handled with
planar models. However, it should be pointed out that for many polymer
articles, such as injection molded parts, a planar orientation is not sufficient to
describe the angular position of the fillers or molecules. Since the topic of
three-dimensional orientation distribution function is still in the research
stages and is therefore beyond the scope of this book, the reader is encouraged
to read the literature [6, 7].

X

Figure 7.19  Fiber in a three-dimensional coordinate system.

MacNeil Exhibit 2117
Yita v. MacNeil IP, IPR2020-01139
Page 159




298 Influence of Processing on Properties
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Figure 7.20  Schematic of two-dimensional channel flow.

721 Planar Orientation Distribution Function

The state of particle orientation at a point can be .[-ull'y dgscribgd by an
orientation distribution function, y(¢,x,y.r). The distribution is defined such
that the probability of a particle, located at x,y at time f, being oriented between

angles ¢, and ¢,, is given by.
'
P(g,<d<8)= [w(d.xy1)de (7.1)
o

This is graphically depicted in Fig. 7.21. For simplicity, the x,y,t from the
orientation distribution function can be dropped.

-/2

Figure 7.21  Orientation distribution function.
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Since one end of a particle is indistinguishable from the other, the
orientation distribution function must be periodic:

v(¢)=y(d+7) (7.2)

Since all particles are located between -7/2 and 7/2, the orientation distribution
function must be normalized such that

A
f/ Y(¢)dp=1 (7.3)

The orientation distribution function changes constantly as the particles
travel within a deforming fluid element. Assuming the fiber density is
homogeneous throughout the fluid and remains that way during processing3, a
balance around a differential element in the distribution function can be
performed. This is graphically represented in Fig. 7.22. Here, the rate of change
of the fiber density of the differential element, shown in the figure, should be
the difference between the number of particles that move into and out of the
control volume in a short time period At. This can be written as

=9(9)9(0) - w(9 +A9)p(¢+ Ag) 74)
Letting At and A¢ — 0 reduces Eq. 7.4 to

o _ 9
2L yi) 79)

This expression is known as the fiber density continuity equation. It states that
a fiber which moves out of one angular position must move into a neighboring
one, conserving the total number of fibers. If the initial distribution function,
¥y is known, an expression for the angular velocity of the particle, ¢, must be
found to solve for Eq. 7.5 and determine how the distribution function varies in
time. The next sections present various models that can be used to determine
the angular rotation of a slender, fiberlike particle.

3 It is common knowledge that the fiber density is not constant throughout the part. However, this

assumption is reasonable for predicting fiber orientation distribution functions.
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-1/2

Figure 7.22  Differential element in an orientation distribution function.

7.2.2 Single Particle Motion

' The motion of molecules, particles, or fibers can often be described by the ‘
motion of a rigid single rod in a planar flow. The analysis is furthermore
simplified assuming that the rod is of infinite aspect ratio, that is, the ratio of |
length to diameter, L/D, is infinite. Using the notation in Fig. 7.23a, the fiber-
end velocities can be broken into x and y components and rotational speed of
the rod can be computed as a function of velocity gradients and its angular
position:

v v,
Py _ sin® ¢ Cid +cos’ p —2 +sing cosp—= (7.6) o |
dy . dy i o ,

¢ =—cos¢ sing
""" L A |

ax

Applying this equation to a simple shear flow as shown in Fig. 7.24, the
rotational speed reduces to

I ¢=- {;‘;‘ sin” ¢ (7.7) |

Figure 795 shows the rotational spee d, !2’; as a function of an gu]ar p osition, ¢' | A P A o o o o i o A e o o B o AP
| and Figure 7.26 shows the angular position of a fiber as a function of time for a Figure 7.24  Schematic of fiber motion in simple shear flow.
fiber with an initial angular position of 90°. It should be clear that for this

model (L/D =) all fibers will eventually reach their 0° position and stay there.
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Figure 7.25 Rotational speed of a fiber with L/D =« in a simple shear flow.
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Figure 7.26  Angular position of a fiber with L/D = in a simple shear flow.

7.2.3 Jeffery’s Model

The rotational speed of a single particle, as described in Eq. 7.6, is or}ly valid for
an infinite L/D ratio, since the model does not include the TotathIlaI' speed
contribution caused by the thickness dimension of the particle. The thickness
term was included in the classical equation derived by Jeffery [19] and describes
the rotational motion of a single ellipsoidal particle. His equation was later
modified to account for the motion of eylindrical particles or rods [20, 21] and is

written as
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2

o= zr‘ (—sin¢cos¢
ro+1

e

av X
dax

e Sin2¢% + cosz¢% + sin¢cos¢%)
X
(7.8)

. 0\). . 9 av . 8‘1\
- —sm¢cos¢—"—cos2¢%+sm‘(p—y+sm¢cos¢—’
ri+1 ox ay ox dy

Here, 7, is the ratio of the major dimensions of the particle, L/D. Note that for
the infinite I/D case, Eq. 7.8 reduces to Eq. 7.6.

7.2.4 Folgar-Tucker Model

A simplification of the Jeffery model is that a dilute suspension is assumed (i.e.,
very few fibers or fillers are present and do not interact with each other during
flow). In polymer processing, this is usually not a valid assumption. In
compression molding, for example, in a charge with 20-50% fiber content by
volume the fibers are so closely packed that one cannot see through a resinless
bed of fibers, even for very thin parts. This means that as a fiber rotates during
flow, it bumps into its neighbors making the fiber-fiber interaction a major
inhibitor of fiber rotation.

Folgar and Tucker [21, 22] derived a model for the orientation behavior of
fibers in concentrated suspensions. For the case of planar flow Folgar and
Tucker’s model is as follows:

. =C7 . w,
q>=ﬂ&—1'u—cos¢)sind)avr —sin2¢'9v"’ +cos” p—2 + sinpcosp—= (7.9)
dy ox dy

v 0 ™

Here, 7 is the magnitude of the strain rate tensor and C, is a
phenomenological coefficient which models the interactions between the
fibers. Folgar and Tucker's interaction coefficient, C,, varies between 0, for a fiber
without interaction with its neighbors, and 1, for a closely packed bed of fibers.
For a fiber reinforced polyester resin mat with 20-50% volume fiber content, C,
is usually between 0.03 and 0.06. When Eq. 7.9 is substituted into Eq. 7.5, the
transient governing equation for fiber orientation distribution with fiber
interaction built-in, becomes

2. ,l?V, :
Z—lf —C,Y%—Z—g(sc%—sz%+c‘a—’+scg’]
’ ’ (7.10)
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where s and ¢ represent sin ¢ and cos ¢, respectively. The Folgar-Tucker model
can easily be solved numerically. Using fiber reinforced thermoset composites
as an example, the numerical solution of fiber orientation is discussed in the
next section.

7.2.5 Tensor Representation of Fiber Orientation

Advani and Tucker [17, 23] developed a mote efficient method to represent
fiber orientation using orientation tensors. Their technique dramatically
reduced the computational requirements when solving orientation problems
using the Folgar-Tucker model.

Instead of representing the orientation of a fiber by its angle, ¢, Advani and
Tucker used the components of a unit vector p directed along the axis of the
fiber. The components of p are related to ¢,

g -
p,=cos¢ and T e o (7.11a)

py=sing ' (7.11b)

!

where, p; (i=1,2) are the two-dimensional Cartesian components of p. A suitably
compact and general description of fiber orientation state is provided by the
tensor of the form

a; = <p,.pj> and (7.12)

Ay = <PinPkP/ > (7.13)

Here the angle brackets < > represent an average overall possible direction of p,
weighted by the probability distribution function, and njj is called the second-
order orientation tensor and ajj the fourth-order tensor. The properties of
these tensors are discussed extensively by Advani and Tucker [24]. For the
present, note that g;j is symmetric and its trace equals unity. The advantage of
using the tensor representation is that only a few numbers are required to
describe the orientation state at any point in space. For planar orientations
there are four components of j, but only two are independent. Advani and
Tucker were concerned with planar orientation in SMC only, and used a;; and
a2 to describe the direction and distribution of orientation at a point. Once the
orientation tensor ;; is known, the mechanical properties of the composite can

be predicted. |

The Folgar-Tucker's model for single fiber motion in a concentrated
suspension can be combined with the equation of continuity to produce an
equation of change for the probability function and/or the orientation tensor [17,
25 ,26]. The result of second-order orientation tensors is
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1

Dt 1
. + f—
2

D: = _E(wikakj - aikwl.j) A’(yikakj + @y - 27““,7“) + 2Cl)}(6ij - aaij) (7.14)

where §jj is the unit tensor and o equals 3 for three-dimensional orientation
and 2 for planar orientation. Here, w; and y, are the velocity and the rate of
deformation tensors, defined in terms of velocity gradients as

av;

J

o and (7.15)

z?vj .
=—+_‘ N
= n (7.16)

[/

).,ij

The material derivative in Eq. 7.14 appears on the left-hand side because the
fibers are convected with the fluid. This casts the model of Folgar and Tucker
into a useful form for computer simulation.

To calculate compoenents of aij from Eq. 7.14, aijlg must be replaced by a
suitable closure approximation. Combinations of the unit tensor and the
components of a;; can be used to form the approximation. Various closure
approximations in planar and three-dimensional flow fields have been
extensively tested by Advani and Tucker [17], Verleye and Dupret [27], and
Cintra and Tucker [28]. It has been shown that, Cintra and Tucker's ortliotropic
closure approximation performs best. B o

To obtain the orientation state of the fibers during mold filling simulation,
Eq. 7.14 can be solved in the context of a finite element/control volume
approach filling simulation. Only two equations for a;, and g,need be solved.
The other components depend on these, and can be replaced on the right-hand
side of Eq. 7.14 using a,, =a, and a,, =1-q,,.

Nodes that lie within the charge at any given time are treated with a
conventional Galerkin finite element method. The spatial orientation field is
discretized using nodal values of the independent tensor components «,, and
a,, together with element shape function.

~ The same mesh and linear shape functions that were used in the filling
mmt{latlon are used for fiber orientation. The resulting finite element equations
for fiber orientation may be compactly expressed in a matrix form as

C;, 0llay, a,, R,
[o CUH%}J' {am}={Q’} (7.17)

K

Xl K fitij

K i K vy
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306 Influence of Processing on Properties 7 Anisotropy Development During Processing 307
‘ Here the dot denotes ordinary differentiation with respect to time. This

nonlinear system of ordinary differential equation was solved using fully = el0 468.5

implicit time stepping and a Newton-Raphson technique. The initial condition L |
|| is provided by the orientation state of the fibers in the initial charge. 0% ) @
I Advani [17] compared their model to the experiments and found that, e

overall, there is a good agreement between experimental and simulation B— i
| sl s

—— :

‘ - N L N : : es% ) (Csoeo= 88

7.2.5.1 Predicting Orientation in Complex Parts Using Computer Simulation a/—/—/-}l 509.0
| 4885 o

Today, computer simulation is commonly used to predict mold filling, fiber ﬁm.u 475 ™ 48815
‘ orientation, thermal history, residual stresses and warpage in complex parts. i

In injection molding, researchers are making progress on solving three- W2 ‘

' dimensional orientation for complex realistic applications [27, 29]. Crochet and 99% r‘:\ s

co-workers have solved for the non-isothermal, non-Newtonian filling and il
: fiber orientation in non-planar injection molded parts. They used the

Hele-Shaw model [30] to simulate the mold filling and Advani and Tucker's =
| tensor representation for the fiber orientation distribution in the final part. SEY-FR

They divided the injection molded part into layers and included the fountain enane

flow effect in the heat transfer and fiber orientation calculations. Figure 797 Figure 7.28 Isotherms in three layers at, 0 (center-line), 0.65 and 0.99 mm, the instant

presents the fixed finite element mesh used to representa 100 x 40 x 1 mm plate of fill.

and the filling pattern during molding. Figure 7.28 presents the isotherms, the
instant of fill, in three layers of the plate shown in Fig. 7.27, and Fig. 7.29 shows
the fiber orientation distribution for the same layers. | T

‘ I3 e Lt~ A AR NN
0%>3|||||\|Iltlllc|lwl
2t
..................
[ez-_
‘ S L g e

LIANA

;' D)

Figure 7.27 Fixed finite element mesh used to representa 100 x 40 x 1 mm plate and
temporary mesh adapted to represent the polymer melt at an arbitrary
time during filling.

| 65%

99% )

Figure 7.29  Fiber orientation in the same three layers shown in Fig. 7.28.
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308 Influence of Processing on Properties

Because planar flow governs the compression molding process, the models
described earlier work very well to represent the orientation of the fibers
during processing and of the final part. The Folgar-Tucker model, Eq. 7.10, is
usually solved using the finite difference technique and the velocity gradients
in the equation are obtained from mold filling simulation. The initial condition
is supplied by fitting yj (t = 0) to the measured initial orientation state. For
sheet molding compound charges the starting fiber orientation distribution is
usually random, or y; = 1/m.

The model has proven to work well compared to experiments done with
extensional flows described in Section 7.1.2. Figure 7.30 compares the measured
fiber orientation distributions to the calculated distributions using the
Folgar-Tucker model for cases with 67%, 50%, and 33% initial charge mold
coverage. To illustrate the effect of fiber orientation on material properties of
the final part, Fig. 7.31 [31] shows how the fiber orientation presented in Fig.
7.30 affects the stiffness of the plates.

1.5
67% Initial mold coverage

ks
< Hlof
2
2
i B (a)
L
o
2 o5}
[T

0

-1t/2 0 /2

Orientation angle - ¢

Figure 7.30 Comparison of predicted and experimental fiber orientation distribu-
tions for SMC experiments with (a) 67% initial mold coverage and
C, =0.04, and (b) 50% initial mold coverage and C, =0.04 and (c) 33%
initial mold coverage and C, =0.04. (continued)
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Figure 7.30 (continued) Comparison of predicted and experimental fiber orientation
distributions for SMC experiments with (a) 67% initial mold
coverage and C, =0.04, and (b) 50% initial mold coverage
and C, =004, and (c) 33% initial mold coverage and

C, =0.04.
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|
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Figure 7.31 Stress-strain curves of 65% glass by volume SMC for various degrees |
of deformation. Filling pattern

Figure 7.32 Initial charge and filling pattern during compression molding of an
The FPolgar-Tucker model has been implemented into various, automotive fender.
commercially available compression mold filling simulation programs. To
illustrate the prediction of fiber orientation distribution in realistic polymer
products, the compression molding process of a truck fender will be used as an
example. To compute the fiber orientation, the filling pattern must first be
computed. This is usually done by using the control volume approach [32]. The
‘ initial charge location and filling pattern during compression molding of the
fender is shown in Fig. 7.32, and the finite element discretization with which
the process was simulated is shown in Fig. 7.33. The fiber orientation
distribution field, computed with the Folgar-Tucker model for the compression
molded automotive fender under the above conditions is also shown in Fig.
|

7.33 [33]. For clarity, the orientation distribution function was plotted in polar
coordinates from 0 to 2x and in the center of each finite element that is used for
mold filling computation. For more detail about fiber orientation simulation
the reader is encouraged to read the literature [34].

| Figure 7.33 Fiber orientation distribution in a compression molded automotive
fender.
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312 Influence of Processing on Properties 7 Anisotropy Development During Processing 313

7.3 Fiber Damage 1

One important aspect when processing fiber reinforced polymers is fiber
damage or fiber attrition. This is especially true during injection molding where
high shear stresses are present. As the polymer is melted and pumped inside
the screw section of the injection molding machine and as it is forced through
the narrow gate, most fibers shorten in length, reducing the properties of the
final part (e.g., stiffness and strength). 0001

Figure 7.34 helps explain the mechanism responsible for fiber breakage.
The figure shows two fibers rotating in a simple shear flow: fiber “a”, which is 0-
moving out of its 0° position, has a compressive loading and fiber “b”, which is ‘ 0 20 40 60 80 100
moving into its 0° position, has a tensile loading. It is clear that the tensile L/D
loading is not large enough to cause any fiber damage, but the compressive Figure 7.35  Critical stress, T,,, versus fiber I/D ratio.
' loading is potentially large enough to buckle and break the fiber. A common
equation exists that relates a critical shear stress, Terit, to elastic modulus, Ef, and
to the L/D ratio of the fibers

o
=2

1000 erit/Er

.001

crit?

Figure 7.36 presents findings by Thieltges [35] where he demonstrates that
during injection molding most of the fiber damage occurs in the transition

|| In(2L/D)~175 . section of the plasticating screw. Lesser effects of fiber damage were measured

e = - B (7.18) in the metering section of the screw and in the throttle valve of the plasticating

2(“ D) machine. The damage observed inside the mold cavity was marginal. However,

) ) ) the small damage observed inside the mold cavity is of great importance since

where 7, is the stress required to buckle the fiber. When the stresses are above the fibers flowing inside the cavity underwent the highest stresses, further

Terit the fiber I/D ratio is red_uced. Figure 7.35 shows a d1men31onless plot (?f reducing their L/D ratios. Bailey and Kraft [36] also found that fiber length

X‘ critical stress versus L/D ratio of a fiber as ComPU}tEd using Eq- 718. It 18 distribution in the injection molded part is not uniform. For example, the skin
worthwhile to point out that although Eq. 7.18 predicts L/D ratios for certain region of the molding contained much shorter fibers than the core region.

| stress levels, it does not include the uncertainty which leads to fiber I/D ratio
‘ distributions— very common in fiber filled systems.

G PR A A A I AN

Fiber length (mm)

|
~ b
——= S ) -
3 e = by
T 3 .\1‘13 O Number average
= A |

OWeight average

| 0 | i i i
e e TS o Ve Nows ran
| . . 5 . 4——9D———— 43D -»tt——— 7D
Figure 7.34  Fiber in compression and tension as it rotates during simple shear flow. | .
I i Figure 7.36  Fiber damage measured in the plasticating screw, throttle valve and
mold during injection molding of a polypropylene plate with 40% fiber
content by weight.
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314 Influence of Processing on Properties 7 Anisotropy Development During Processing 315

]' Another mechanism responsible for fiber damage is explained in Fig. 7.37
[37], where the fibers that stick out of partially molten pellets are bent, buckled,

' and sheared-off during plastication. At a rate of deformation of 100 sl the viscosity of PA66 is
‘ approximately 66 Pa-s leading to a deviatoric stress of 6204 Pa. We can

7=v,/h =47Imm/s/5mm = 94s™'

now either use Eq. 7.18 or Fig. 7.35 with a critical stress equal to
Moving solid surface (i.e. extruder barrel) 6204 Pa, to find a corresponding L/D of approximately 70.

7.2 Consider a fiber of aspect ratio, /D, of 10 moving in a simple shear
flow. Plot the rotational speed of the fiber as a function of angular
position, and the angular position as function of time.

Polymer melt

If we apply Eq. 7.8 to simple shear flow, it reduces to

b= ——cos?p e T2 p P (7.19)
ro+1 dy i+l ay

When 7, = 10 — typical for a very short, damaged fiber in fiber
reinforced composite parts — the equation for rotational speed is

; 2 OV, . 174
| | $=0.01cos> g2 ~0.99sin? ¢ V= (7.20)
‘ dy dy
\
Figure 7.37  Fiber damage mechanism is the interface between solid and melt. .
| |
0.8
Examples ! Ly
Yo
7.1 Estimate the fiber length after extruding polyamide 66 reinforced with B
| 33% glass fiber. The initial fiber L/D=300, and the fiber diameter is 10 pm.
| The extruder diameter is 45 mm and the channel depth in the metering o
section is 5 mm. The extruder rotational speed is 200 rpm. The stiffness of '
the glass fiber is 90 GPa. 00 . ; . . . >
| ) : 0.0 05 1.0 1.5 2.0 25 3.0
When solving this problem we can assume a simple shear flow in the ¢ (radians)
‘ metering section of the extruder. The maximum speed is computed Figure 7.38 Rotational speed of a fiber with I/D = 10 in a simple shear
using flow, computed using Jeffery’s model.
vy = RQ:22.5mm(200rpm)(2i)(lmjn)= 471mm/s Figt}r‘e 7.39 shows the rotation gpeed, ¢, as a function ‘of angular
rev )\ 60s position. From Eq. 7.20 it is obvious that, at angular position of 0°,
] | there is a very small rotational speed of 0.010vy /@y. As the angle moves
and the shear with out of its 0° position it rapidly increases in speed to a maximum of
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316 Influence of Processing on Properties

0.9908v, /&y at 90°. Hence, most of the time a fiber is oriented in its 09
position. Figure 7.38 shows this effect by plotting the angular position
of the fiber with respect to time. The effect is further increased for
higher L/D ratios. Therefore, in shear dominated flows, most of the
‘ I fibers will be ariented in the direction of the shear plane on which they
‘ are traveling. In polymer processes such as extrusion and injection
molding, the main mode of deformation is shear. The relationship in
(| Eq. 7.19 and the behavior seen in Fig. 7.39 apply for each plane with its
| individual gradient vy /dy. In processes such as fiber spinning and
compression molding, the main modes of deformation are
elongational and a similar analysis as done above may be performed.

‘ 30/

L/D =10

/2

| o :
Figure 7.39 Angular position of a fiber with L/D = 10 in a simple shear
flow, computed using Jefferey’s model.

Problems

7.1 Consider the compression molding process of a circular sheet molding
compound (SMC) charge. The charge is composed of 30% by velume 1 in.
long glass fibers in an unsaturated polyester resin. The flow field when
compression molding a circular charge is described with the following
equations: v, =x/2and v, =y/2. How will the fibers orient if the initial

planar orientation is random? Explain.

7 Anisotropy Development During Processing 317

7.2

7.3
7.4

7.5

7.6

7.7

7.8

79

Does a lower melt temperature during injection molding lead to higher or
lower degrees of molecular orientation? Why?

Would you use polystyrene to injection mold CD’s? Why?

When manufacturing a component that includes a small lens, would you
place the injection gate near the lens edge, or as far as possible from the
lens? Why?

Find an injection molded transparent polystyrene component and observe
it through cross-polarizers. Determine the location of the gate. Point out
the places of highest and lowest orientation within the part.

Is there a direct relation between the fringe patterns that you see when
observing a transparent component through cross-polarizers and the
residual stresses that built up during manufacturing? Why?

A 45 mm single screw extruder is used to extrude plates manufactured of
polyamide 66 filled with 33% glass fiber by volume. Given that the
extruder is rotating at 120 rpm and that the channel depth in the metering
section is 5 mm, estimate the average final L/D of the fibers.

Work out example 7.1 for an aspect ratio, L/D, of 100. Plot the rotational
speed as a function angular position, and angular position as a function of
time.

The charge location and filling pattern during compression mold filling of
a truck wind deflector is presented in Fig. 7.40 [38]. The part was molded
using two sheet molding compound (SMC) charges, one 8 layer charge and
another 9 layer charge.

Is there a knitline in the finished product? If yes, sketch a diagram with its
approximate location in the finished part.

Point out the areas of maximum fiber orientation. —
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Solidification of Polymers

Solidification is the process in which a material undergoes a phase change and
hardens. The phase change occurs as a result of either a reduction in material

| temperature or a chemical curing reaction. As discussed in previous chapters, a

| thermoplastic polymer hardens as the temperature of the material is lowered
below either the melting temperature for a semi-crystalline polymer or the
glass transition temperature for an amorphous thermoplastic. A thermoplastic
has the ability to soften again as the temperature of the material is raised above
the solidification temperature. On the other hand, the solidification of a leads
to cross-linking of molecules. The effects of cross-linkage are irreversible and
lead to a network that hinders the free movement of the polymer chains
independent of the material temperature.

| 8.1 Solidification of Thermoplastics

‘ The term “solidification” is often misused to describe the hardening of

amorphous thermoplastics. The solidification of most materials is defined at a
discrete temperature, whereas amorphous polymers do not exhibit a sharp
transition between the liquid and the solid states. Instead, an amorphous
thermoplastic polymer vitrifies as the material temperature drops below the
glass transition temperature, T,. A semi-crystalline polymer does have a
distinct transition temperature between the melt and the solid state, the
melting temperature, T,

m*

8.1.1 Thermodynamics During Cooling

As heat is removed from a polymer melt, the molecules loose their ability to
move freely, thus making the melt highly viscous. As amorphous polymers
cool, the molecules slowly become closer packed, thus changing the viscous
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