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Preface

The goal of this work is to compile in one place
the current working knowledge of chemistry, proces-
sing, physical, and mechanical properties, as well as
the applications of thermoplastic elastomers.

The introduction (Chapter 1) covers some gen-
eral theoretical subjects applicable to all thermo-
plastic elastomers, such as principles of rubber
elasticity, phase structure, and essential thermo-
dynamics of phase separation in block copolymers,
general methods of synthesis of thermoplastic elas-
tomers, classification of thermoplastic elastomers,
and advantages and disadvantages of thermoplastic
elastomers in comparison to conventional vulca-
nized rubber materials. Following the introduction
are a brief history of TPEs and a chapter on addi-
tives for thermoplastics in general.

A rather comprehensive review of processing
methods applicable generally to thermoplastic elas-
tomers is in Chapter 4. This chapter will be useful to
the reader in that it provides a ready reference when
reading sections dealing with processing of indivi-
dual thermoplastic elastomers and needs additional
and more detailed information about the particular
process. In some cases processing conditions for
individual thermoplastic elastomers are in corre-
sponding chapters. Additional processing data for
most commercial TPEs are in Appendix 4.

Because of the great number of thermoplastic
elastomers, and the variety of chemistries involved,
it appeared useful to create individual detailed
chapters describing individual groups of TPEs con-
taining specifics as to the industrial preparation,
properties, processing methods, and conditions for
each group. Applications form a separate chapter
that includes ample illustrations for each group.
Recent developments and trends conclude the
main body of the work,

A significant part of this book is dedicated to
engineering data useful to processors and users of
these materials. We attempted to include as many
of these as possible and to present information pro-
vided by the major manufacturers and they are
included in respective appendices. It should be

xvii of xvii

noted that with the very large number of different
grades with constant development and/or replace-
ment of current grades there is only a limited num-
ber of data sheets we could include. Yet, it is felt
that even with these limitations they will be a valu-
able resource for the reader,

Additional appendices include bibliography, list
of major manufacturers and respective trade names,
ISO nomenclature, and recent patents. A rather
comprehensive glossary concludes the work.

To make the work useful to readers anywhere in
the world, both SI units and those common in the
United States are used side by side as much as
possible.

The focus is more on practical than on theoreti-
cal subjects. The goal has been to provide a useful
reference and resource of learning the basics for
those entering the field and updated references for
those already involved in polymerization, proces-
sing, and part manufacture. The work is also
intended to be a solid resource, for end users as
well as a comprehensive textbook for students spe-
cializing in polymer science and technology or mate-
rial science. Each chapter includes ample references
for in-depth study of the subjects. These references
are listed at the end of each chapter. Bibliography,
major symposia, and major review papers on ther-
moplastic elastomers are listed in Appendix 1.

My thanks are due to the team from the William
Andrew Publishing, particularly te Dr. Sina
Ebnesajjad, Valerie Haynes, Betty Leahy, Martin
Scrivener, and Millicent Treloar for bringing this
work to fruition, to Professor Nick Schott from
the University of Massachusetts at Lowell,
Professor Vratislav Duchadek from the Technical
University in Prague, and Dr. Ivan Chodak from
the Slovak Academy of Sciences for helpful com-
ments during the preparation of the manuscript.

Jiri G. Drobny

Merrimack, New Hampshire
and Prague, Czech Republic
May 2007
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1 Introduction

1.1 Elasticity and Elastomers

Rubber-like materials consist of relatively long
polymeric chains having a high degree of flexibility
and mobility, which are joined into a network
structure. The flexibility and mobility allow for a
very high deformability. When subjected to external
stresses, the long chains may alter their configura-
tion rather rapidly because of the high chain
mobility. When the chains are linked to a network
structure, the system has solid-like features, where
the chains are prevented from flowing relative to
each other under external stresses. As a result, a
typical rubber may be stretched up to 10 times its
original length. On removal of the external forces, it
is rapidly restored to its original dimensions, with
essentially no residual or nonrecoverable strain.

When ordinary solids, such as crystalline or
glassy materials, are subjected to external forces,
the distance between two atoms may be altered
by only a few angstroms for the deformation to be
recoverable. At higher deformations, such materials
either flow or fracture. The response of rubber
is entirely intramolecular, that is, the externally
applied forces are transmitted to the long chains
through the linkages at their extremities, change
their conformations, and each chain acts like
an individual spring in response to the external
forces [1].

High molecular weight polymers form entangle-
ments by molecular intertwining (see Fig. 1.la),
with a spacing (in the bulk state) characteristic of
the particular molecular structure. The spacing is
expressed by molecular weight between eniangle-
ments (M,). Some examples of values of the molec-
ular weight M, for several elastomers are listed in
Table 1.1. Thus, a high molecular weight polymeric
melt will show transient rubber-like behavior even
in the absence of any permanent intermolecular
bonds [2]. In a crosslinked elastomer, many of these
entanglements are permanently locked in (see Fig.
1.1b), and at a high enough degree of crosslinking,
they may be regarded as fully equivalent to cross-
links and as such they coniribute to the elastic
response of the material.

A network is obtained by the linking of polymer
chains together, and this linkage may be either
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(2)

Figure 1.1, (a) Molecular entanglements in a high-
molecular weight polymer. (b) Molecular entanglements
locked by cross-linking. Source; Reference [2}.

Table 1.1. Aepresentative Values of the Average
Molecular Weight between Entanglements (M,) for
Polymeric Melts

Polymer Ma
Polyethylene : 4,000
cis-1,4-Polybutadiene 7,000
cis-1,4-Polyisoprene 14,000
Poly{isobutylene) 17,000
Poly(dimethy! siloxane) . 29,000
Polystyrene 35,000

Note: Obtained from viscosity measurements.
Source: Reference {2].

chemical or physical. Physical linking can be ob-
tained by [1]

(1) absorption of chains onto the surface of
finely divided particulate fillers;

(2) formation of small crystallites;
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(3) coalescence of ionic centers; and
(4) coalescence of glassy blocks.

These physical crosslinks are, in general, not per-
manent and may disappear on swelling or increase
in temperature. Physical, thermoreversible networks
are present in most thermoplastic elastomers (TPEs).
Materials of this kind are technologically very
attractive because they can be processed as thermo-
plastics; yet they exhibit the behavior of rubber
vulcanizates, when cooled down to a sufficiently low
temperature.

1.2 Thermoplastic Elastomers

In the previous section, the concept of physical
crosslinks was introduced and a statement was
made that materials with thermoreversible cross-
links can be processed as thermoplastics (i.e., by
melt processing) and that they exhibit elastic be-
havior similar to that of vulcanized (chemically
crosslinked) conventional elastomers. Such materi-
als represent a large group of polymers called
thermoplastic elastomers.

1.2.1 Phase Structure

Most TPEs are essentially phase-separated
systems. The only currently known exceptions
are Alcryn® (registered trademark of Advanced
Polymer Alloys), a single-phase melt-processible

rubber (MPR) and materials based on ionomers.

Usually, one phase is hard and solid at ambient
temperature whereas the other is an elastomer.
Often, the phases are bonded chemically by block
or graft polymerization. In other cases a fine dis-
persion of the phases is apparently sufficient {3]. The
hard phase gives these TPEs their strength and
represents the physical crosslinks. Without it the
elastomer phase would be free to flow under stress
and the polymer would be practically unusable. On
the other hand, the elastomer phase provides
flexibility and elasticity to the system. When the
hard phase is melted or dissolved in a solvent, the
material can flow and can be processed by usual
processing methods. Upon cooling or evaporation
of the solvent, the hard phase solidifies and
the material regains its strength and elasticity.

The individual polymers constituting the re-
spective phases refain most of their characteristics
so that each phase exhibits its specific glass transi-
tion temperature (7)) or crystalline melting tem-
perature (T,,). These two temperatures determine

HanpBook 0F THERMOPLASTIC ELASTOMERS

the points at which the particular elastomer goes
through transitions in its physical properties.
An example of this is in Fig. 1.2, which represents
the measurement of flexural modulus over a wide
range of temperatures. There are three distinct
regions:

(1) At very low temperatures, that is, below the
glass transition of the elastomeric phase,
both the phases are hard, so the material is
stiff and brittle.

(2) Above the T, temperature, the elastomeric
phase softens and the material is elastic, re-
sembling a conventional vulcanized rubber.

{3) As the temperature increases, the modulus -
stays relatively constant (a region referred
to as “rubbery plateau™) until the point
where the hard phase softens or melts. At
this point the material becomes a viscous
fluid.

From these findings, it 18 obvious that the service
temperature range lies between the T}, of the elasto-
meric phase (lower service temperature) and the T
or T, of the hard phase (upper service temperature).
The exact values depend on the service conditions of
the final product, for example, the amount of
hardening that will be tolerated in the final product
or the amount of stress applied. Thus, often the
actual lower service temperature will be higher than
T, of the elastomer and the actual upper service

10°
tard elasiomers

; Waai( fluid
malerials
Flexural
Modulus,

pst

Soft elastomers

102 }——
Stiff beittle
materials

t 1

Tg of Temperature Tg
soft orTm
rubbery of hard
phasge phase

Figure 1.2, Stiffness of typical thermoplastic elastomers in
dependence on temperature (Courtesy Hanser Publishers).
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Table 1.2. Glass Transition and Crystalline Melt Temperatures of Major TPEs

Thermoplastic Elastomer Type Soft, Ru?:(e'rg) Phase, !’-_f:: f;:a(sg,)
Styrenic block copolymers
$-B-8 -90 95 (Tg)
5-1-8 —60 95 (Tp)
S-EB-S -55 95 (7) and 165 (Tp,)?
Multiblock copolymers
Polyurethane elastomers —-40 to -60 190 (Tem)
Polyester elastomers —40 185 t0 220 (Tpy)
Polyamide elastomers -40 to —-60 220 10 275 (Trm)
Polyethylene—poly{«-olefin) -50 70 ()
Poly(etherimide)-polysiloxane —60 225 (T,)
Hard polymer-elastomer combinations
Polypropylene-hydrocarbon rubber® —60 165 (Tr)
Polypropylene-—nitrile rubber -40 165 (Tm)
PVC~(nitrile rubber+DOP) -30 80 (7;) and 210 (Tr,)

Notes:

2In blends containing polypropylene.

SEPDM, EPR, buty! rubber, and natural rubber.
Source: Reference [4] chapter 19,

temperature will be lower than the T, or T, of the
hard phase. Glass transition and crystalline melt
temperatures for major TPEs are given in Table 1.2.

1.2.2 Methods of Synthesis of Thermoplastic
Elastomers

1.2.2.1 Methods of Synthesis of Block Copolymers

A substantial portion of industrially produced
TPEs is represented by block copolymers, consisting
of two or more polymer chains attached at their
ends. A linear block comprises two or more polymer

-
.- 4
.
H
s L .-
.y . Bt
e vas P
LT Y

L]

chains in sequence, whereas a star block copolymer
comprises more than two linear blocks attached at
a common branch point. Most block copolymers
are prepared by controlled polymerization methods
discussed below. Block copolymer architectures are
shown in Fig. 1.3.

Anionic polymerization is a well-established
method for the synthesis of tailored block co-
polymers. To prepare well-defined polymers, the
technique is demanding, requiring high-purity start-
ing reagents and the use of high-vacuum procedures
to prevent accidental termination due to presence

AB diblock Cyclic AB diblock
- o . ABC triblock Mixed arm
; .:,.‘-‘/U\_w_,.,}; ., star block
R

(AB), multiblock

Figure 1.3. Block copolymer
architectures.



of impurities. In the laboratory, it is possible to
achieve polydispersities M,,/M,<1.05 via anionic
polymerization. In industrial practice, this method
is used to prepare several important classes of block
copolymers including the SBS-type TPEs. Anionic
polymerization is discussed in some detail in
Chapter 5.

Cationic polymerization (sometimes referred to as
carbocationic polymerization) is used to polymerize
monomers that cannot be polymerized anionically,
although it is used for only a limited range of mono-
mers. More details on cationic polymerization used
in the synthesis of styrenic TPEs with isobutylene
monomer of the type (S-1B-S) are in Section 5.3.

Controlledfliving radical polymerization (CLRP)
is the most recently developed method that can be
used for the synthesis of TPEs [5). The principle of
CLRP is to establish a dynamic equilibrium between
a small fraction of growing free radicals and a large
majority of dormant species. Generated free radicals
propagate and terminate as in conventional free
radical polymerization, although the presence of
only a small fraction of radicals prevents premature
termination [6). More details are in Chapter 16.

Polymerization with Ziegler-Natta catalysts is
used for the synthesis of several block polyolefin-
based TPEs [7], which is described in Chapter 7.

Polyaddition is used for the synthesis of multi-
block thermoplastic polyurethanes using diisocya-
nate, long-chain diol, and a chain extender [8]. A
more detailed discussion of this subject can be found
in Chapter 9.

1.2.2.2 Methods of Synthesis of Other
Thermoplastic Elastomers

Other industrial methods used for the synthesis
of TPEs with morphologies other then blocks are

* dynamic vulcanization—used for thermoplas-
tic vulcanizates (TPVs) (Chapter 6);

* esterification and polycondensation—used for
polyamide elastomers (Chapter10);

¢ transesterification—used for copolyester elas-
tomers (COPEs) (Chapter 11);

* catalytic copolymerization of olefins—
used for reactor thermoplastic polyolefins
(RTPOs) (Chapter 7); and

* direct copolymerization, for example, co-
polymerization of ethylene and methacrylic
acid leading to certain ionomeric TPEs
(Chapter 12).

HanDBOOK OF THERMOPLASTIC ELASTOMERS

1.2.3 Phase Separation

In order to develop superior mechanical proper-
ties in a two-component polymeric system, the
components should be neither so incompatible that
they do not wet nor so mutually soluble that would
they form one homogeneous phase [9]. Most of the
currently known systems are compatible to the
extent that a slight degree of mixing takes place or
interfacial bonding is developed directly, such as in
grafts or blocks [10].

Polymer incompatibility arises from the very
small entropy gained by mixing different kinds of
long chains. In fact, in the limit of high molecular
weight, only polymer pairs with zero or negative
heats of mixing form one phase.

Generally, materials mix to form a single-phase
system if the free energy of mixing (AGy) is
favorable, that is, negative. This free energy can be
expressed in terms of enthalpy of mixing (A Hy,) and
entropy of mixing (ASy):

where T is the absolute temperature. The condition
for domain formation (i.e., phase separation) is a
positive value of the free energy of mixing. Thus,

AHy > TAS,. (1.2)

AH,, for hydrocarbon polymers is almost always
positive because there are no strongly interacting
groups and increases as the structures of the two
polymers forming the segments become less
alike [11}. T and AS,, will always be positive and
therefore the term —~TAS,, will always be negative,
However, this term will approach zero as the
molecular weights of the segments become large
and/or as the temperature decreases. The conditions
favoring the phase separation {or domain formation)
will be

» segments with highly different structures;
» segments with high molecular weight; and
* low temperature.

Unlike polyblends, where the constituting polymers
separate at macroscopic scale, for block copoly-
mers, only microhomogeneous scale separation is
possible, due to the covalent bond linking the blocks
of different polymers, which forces them to regroup
in smaller domains. The reasons for demixing of two
blocks of the copolymer are the same as those for
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demixing of low molecular weight liquids. However,
it becomes predominant for mixtures of polymers or
in a block copolymer when the chains are very long
and/or the constituting polymers differ considerably
(see above).

The two or more distinct and incompatible
moieties provide unique solid state and solution
properties to block copolymers, which in turn lead
to various applications. The microphase separation
in block copolymers gives rise to formation of
different types of microdomains in the solid state,
including spherical, cylindrical, Jamellar, and others.
In addition to this, they show micellization and
adsorption characteristics in suitable solvents [12].

When a diblock copolymer is mixed with a
homopolymer 4, the mixture may exist as an ordered
or disordered single phase or undergo macrophase
separation. Thus, phase diagrams of mixtures con-
taining a block copolymer and a homopolymer
exhibit fascinating complexity involving macrophase
or microphase separation [12].

The phase behavior of undiluted bulk (4—B),x
(branched) block copolymers is essentially de-
termined by three experimentally controllable
factors [13]:

(1) the overall degree of polymerization;

(2) architectural constraints and the composi-
tion {(overall volume fraction of the compo-
nent A4); and

(3) the A-B segment—segment (Flory-Huggins)
interaction parameter .

The first two factors are controlled by polymeri-
zation stoichiometry and affect the translational
and configurational entropy, whereas the magni-
tude of the largely enthalpic y is determined by the
selection of the monomer A-B pair.

The issues of thermodynamics of block co-
polymers and of order—disorder transitions in block
copolymers are discussed thoroughly in references
[13]} and [14], respectively.

1.2.4 Classification of Thermoplastic Elastomers

Currently known TPEs can be classified into the
following seven groups:

(1) styrenic block copolymers (SBCs);

(2) crystalline multiblock copolymers;

(3) miscellaneous block copolymers;

(4) combinations of hard polymer/elastomer; '

(5) hard polymer/elastomer graft copolymers;

{6) ionomers; and
(7) polymers with core-shell morphologies.

Considering such a large variety of matertals, it is
clear that their properties will be within a wide
range, from very soft rubbery to hard and tough,
at which point they approach the ili-defined border-
line between elastomers and flexible thermoplastics.
Property ranges are shown in Table 1.3.

1.2.4.1 Nomenclature of Block Copolymers

The majority of TPEs are either block or graft
copolymers, which are made up of sequences with
different chemical and physical structures usually
represented by capital letters—A, B, C, etc. These
sequences are of such molecular weight, which
would give them polymeric features, even when they
were separated. The manner in which these sequences
are arranged defines the type of block copolymer.
Thus, a diblock copolymer is represented by A-B,
indicating that a segment with composition A4 is
connected to a segment with composition B. Triblock
copolymers can be represented as A-B-4 or A-B-C.
Other possibilities are (4—B),, or (4—B),x. Triblocks
of the 4-B-A type have two terminal blocks A4
connected to a central block B; the 4-B~C triblocks
are composed of three blocks, each from a different
monomer. (4-B), is an alternating block copolymer
A—B-A-B..., and (4-B),x is a branched copolymer
with »n branches, where n = 2, 3, 4, ..., and x repre-
sents a multifunctional junction point. Branched
block copolymers with n = 3 or more are referred to
as star-shaped or star-branched block copolymers.

Using this terminology, a graft copolymer may
be represented as

A—A—A—A—A—A—A4A
b

In this copolymer one or more polymeric
segments B are attached (grafted) to the chain
backbone composed of polymeric species A.

It is common practice to use the first letter of
the monomer unit to denote the polymeric block,
for example, S for a styrene polymeric block, B
for a polybutadiene polymeric block, and so on.
Thus, the block copolymer poly(styrene-b-buta-
diene-b-styrene) is written as S-B-S. By the same
token, if one of the block is itself a copolymer
(ethylene-propylene copolymer), the block co-
polymer poly(styrene-b-ethylene-co-propylene-b-
styrene) is written as S-EP-S [7, 14, 15].
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Table 1.3. Property Ranges of Selected TPES
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Thermoplastic Elastomer Specific Gravity { Durometer Hardness

Styrenic block copolymers

8-8-8 (pure) 0.94 65A-75A

S~1-S (pure) 0.92 32A-37A

S-EB-S (pure) 0.91 65A-71A

§-B-S (compounds) 0.9-1.1 40A-45D

S-EB-S (compounds) 0.8-1.2 5A-60D
Polyurethane/elastomer block copolymers 1.05-1.25 70A® 75D
Polyester/elastomer block copolymers 1.16-1.40 35D-80D
Polyamide/elastomer block copolymers 1.0-1.15 B60A-65D
Polyethylene/poly{u-olefin) block copolymers 0.85-0.90 65A~-85A
Polypropylene/fEPDM or EPR biends 0.9-1.0 60A-650D
Polypropylene/EPDM dynamic vulcanizates 0.95-1.0 35A-50D
Polypropylene/buty! rubber dynamic vulcanizates 0.95-1.08 50A-80D
Polypropylene/natural rubber dynamic vulcanizates 1.0-1.05 60A~45D
Polypropylene/nitrile rubber dynamic vulcanizates 1.0-1.1 70A~50D
PVC/nitrile/DOP rubber blends 1.20-1.33 50A~90A
Halogenated polyolefin/ethylene interpolymers blends 1.10-1.25 50A~80A

Note:
3Ag low as 60A when plasticized.
Source: Moditied from reference [3)].

1.2.5 Advantages and Disadvantages of
Thermoplastic Elastomers

TPEs offer a variety of advantages over conven-
tional thermoset (vulcanized) rubber materials, such
as the following:

(1) Simpler processing with fewer steps since
TPEs use the processing methods for
thermoplastics, which are typically more
efficient and significantly less costly so the
final cost of the finished part is lower.

(2) Shorter fabrication times, which also lead to
lower finished part costs. Since molding
cycles for TPEs are typically several seconds
as opposed to minutes for thermoset rub-
bers, the productivity of the given equip-
ment is greatly increased.

(3) There is little or no compounding. The ma-
Jjority of TPEs is supplied fully formulated
and ready for fabrication.

(4) The possibility of reusing scrap in the
same fashion as with thermoplastics. The
scrap from thermoset rubbers is very often

discarded. Its amount generated may be in
some cases comparable to the weight of the
molded part. The TPE scrap can be reused
as a regrind frequently producing materials
having the same properties as the virgin
material,

(5) Lower energy consumption due to shorter
molding cycles and simpler processing.

(6) Better quality control and closer tolerances
of finished parts due to simpler formula-
tions and process.

(7) Lower quality control costs because of
greater reproducibility and consistency of
properties of TPE resins.

(8) Since most TPEs have lower density than
conventional rubber compounds, their vol-
ume cost is often lower.

The disadvantages of TPEs in comparison to
conventional rubber materials include

(1) melting at elevated temperatures. This in-
herent property limits the use of parts from
TPEs to service temperatures well below
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Table 1.4. World Thermoplastic Elastomer Demand, Current and Forecast ('000 metric tons)

ltem 2004 2009 2014 % Annual growth, 09/04
Thermoplastic elastomer demand 2300.0 3100.0 4200.0 6.2
By type
Styrenic block copolymers (SBCs) 1081.0 1409.0- 1847.0 5.4
Thermoplastic polyolefins (TPOs) 506.2 687.0 936.0 6.3
Thermoplastic polyurethanes (TPUs) 320.1 442.0 609.0 6.7
Thermoplastic vulcanizates (TPVs) 161.7 233.0 332.0 7.6
Copolyester elastomers (COPES) 1209 175.0 256.0 7.7
Other TPEs 110.1 154.0 220.0 6.9
By region
North America 628.7 785.5 880.5 4.6
Western Europe 503.4 608.0 726.5 3.8
China 690.0 1062.0 1587.0 8.8
Japan 153.0 183.5 220.5 3.7
Other Asia/Pacific 237.0 3425 497.5 7.6
Other regions 87.9 128.5 188.0 7.9

Source: Freedonia Group, (nc., Cleveland, Ohio.

their melting point. A thermoset rubber
would be probably suitable for a brief expo-
sure to that temperature;

(2) limited number of low hardness TPEs. Many
TPEs are available at hardnesses about 80
Durometer A or higher. The number of
materials softer than S0 Durometer A is still
rather limited;

(3) drying prior to processing. This step is
almost never used for conventional rubber
materials but is quite common in fabrication
of thermoplastics in general.

1.2.6 Demand for Thermoplastic Elastomers
and Its Growth

Current global demand (apparent consumption)
for TPEs reported in November 2005 (data from
2004) is 2,300,000 metric tons, with SBCs represent-
ing the largest volume, foliowed by thermoplastic
polyolefins (TPOs) [16). China represents the largest
volume market in the world, mainly due its massive
footwear industry. Through 2009, China’s TPE
market is predicted to expand and diversify rapidly
based on the country’s significant positions in the
production of many of the key products manufac-
tured with TPE parts and components. However,
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with the notable exception of China, global TPE
sales will remain concentrated if the developed
markets of the United States, Western Europe, and
Japan, particularly for higher-performance materi-
als such as COPEs and TPVs. Growth prospects
through 2009, however, are predicted to be still
strongest in the developing countries [13). The
current data and prognosis for the growth through
2014 overall, by type of TPE and by regions, are
in Table 1.4.
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2 A Brief History of Thermoplastic Elastomers

The development of thermoplastic materials
having more or less elastic properties started in the
early 1930s with the invention of plasticization of
PVC at the B.F. Goodrich Company [1]. This
invention led to further interest in flexible plastics
and eventually to the development of blends of PVC
and NBR (butadiene-acrylonitrile rubber) [2, 3].
The PVC/NBR blends, when properly formulated,
have a rubber-like look and feel and bridge the gap
between liquid plasticized PVC and conventional
cured elastomers. Thus, they can be considered as
the precursors of thermoplastics elastomers, as we
know them today.

A major breakthrough occurred with the dis-
covery of the basic diisocyanate polyaddition reac-
tion in 1937 [4], which was first applied to produce
polyurethane fibers and then to the development of
some elastomeric polyurethanes at DuPont and ICI
[5-7]. The work at DuPont focused on elastic fibers
and eventually led to the invention of elastic linear
copolyesters, prepared by melt-ester interchange
between two melt copolymerized polymers [8]. This
synthetic elastomer had higher strength than vulca-
nized natura! rubber and exhibited a rapid elastic
recovery. It was used to make fibers by extrusion
or spinning from solutions and can be considered
to be the first thermoplastic elastomer. The DuPont
patent dated 1954 [9] describes it as segmented
polyurethane fiber with excellent elastic properties.

Further development of thermoplastic polyure-
thanes continued through the 1950s and 1960. In
1962 a group from the B.F. Goodrich Company
presented an article on “Virtnally cross-linked poly-
mer, Polyurethane VC,” which was soluble, had
high tensile strength, good elasticity, high abrasion
resistance, and could be processed as a thermoplas-
tic [10, 11]. Commercial polyurethane thermoplastic
elastomers were introduced in the 1960s by B.F.
Goodrich, Mobay and Upjohn in the United States,
and by Bayer A.G. and Elastogran in Europe.
© Styrene-diene block copolymers were first devel-
oped by Shell utilizing anionic block copolymeriza-
tion .of styrene with butadiene (S—B-S) and styrene
with isoprene (S-1-S) and were introduced commer-
cially in 1966 as Kraton®, Phillips Petroleum Co.
entered this field in 1968 with radial styrenic block
copolymers. In 1972 Shell added the S-EB-S
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copolymer, where EB is the ethylene-butylene co-
polymer segment. S-EB-S copolymer is prepared by
hydrogenation of the polybutadiene center block
thus eliminating the double bonds and improving
resistance of the product to oxidative scission and
ozone attack [12]. The product was introduced as
Kraton G®,

Copolyetherester thermoplastic elastomers were
developed during the 1960s and were commercia-
lized by DuPont in 1972 as Hytrel®. The randomly
segmented copolymer contains poly(tetramethylene
oxide) terephtalate soft segments and multiple tetra-
methylene terephtalate hard segments. The attributes
of this material were high strength, high elasticity,
excellent dynamic properties, and creep resistance.
Similar products were commercialized by the GAF
Corporation in the late 1970s (Pelprenc®), by
Eastmian Chemical Co. in 1983 (Ecdel®), and by
the General Electric Corporation in 1985 (Lomod®).

Thermoplastic polyolefin blends (TPOs) were
developed throughout the 1960s. The first patent on
record is that of Hercules Inc. covering blends of
crystalline polypropylene and ethylene-propylene
copolymers (EPM), in which the propylene content
was more than 50% [13]. Dynamically vulcanized
blends of polypropylene and chiorinated butyl
rubber were patented in 1962 [14]. Partially dyna-
mically cured blends of EPM or ethylene-propylene-
diene monomer with polypropylene using peroxide
curing were the subject of two Uniroyal patents
issued in 1974 [15, 16]). Uniroyal Inc. introduced
TPR thermoplastic rubber materials consisting of
blends of partially dynamically cured EPDM with
polypropylene in 1972.

Thermoplastic vulcanizates (TPVs) are materials
based on an extensive research done at the Monsanto
Company during the 1970s and 1980s. These are
mechanically mixed blends of an elastomer with a
thermoplastic [17-30]. The first commercial product
was Santoprene® based on a blend (or alloy) of
EPDM and polypropylene introduced in 1981. A
similar product based on a blend of butadiene-
acrylonitrile rubber {ASTM designation NBR) and
polypropylene, Geolast® was introduced in 1985[31].

Polyamide thermoplastic elastomers were intro-
duced in 1982 by ATO Chemie followed by
Grilamid® and Grilon produced by Emser Industries

9
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and by Dow Chemical Company’s Estamid®
{32-34]. The properties of polyamide TPEs depend
upon the chemical composition of the hard (poly-
amide) block and the soft (polyether, polyester, or
polyetherester) block.

Single-phase melt-processable rubber (MPR) is
based on work done at DuPont in the early 1980s
and led to the commercialization of proprietary
products under the name Aleryn® in 1985.

During the last two decades of the 20th century
many new developments have taken place, such as
functionalized styrenic TPEs [35, 36}, new and
improved TPVs, softer MPRs, and MPRs with
improved physical properties, TPEs based on blends
of natural rubber and polypropylene [37], thermo-
plastic fluoroelastomers [38], etc. Many more com-
panies have developed new products and their
applications. The above subjects will be discussed
in chapters dealing with individual TPEs and their
applications as well as in a chapter summarizing the
newest developments and trends.
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3 Additives

Practically all thermoplastic resins contain essen-
tial stabilizers that are added during or immediately
after polymerization to prevent their degradation
during monomer recovery, drying, and compound-
ing, and in some cases even during storage. The types
and amounts vary depending on the type of the
polymer. Other additives may be added during the
different stages of processing and provide specific
characteristics of the material during processing and/
or application.

The following sections briefly describe the most
common additives used in the majority of thermo-
plastics. The actual number of such additives is very
large and the reader can find a more detailed
coverage of this subject in several publications [1-3].

3.1 Antioxidants

Many organic materials, including polymers
undergo reactions with oxygen. When polymers
oxidize, they lose mechanical properties, such as
tensile strength, may become rough or cracked on
the surface, or discolor. These typical manifesta-
tions of oxidation are referred to as aging, and the
effects of oxidation on the chemical structure of the
polymers are called degradation [4]. Aging and
degradation can be inhibited or retarded by chemi-
cal substances called antioxidants.

Most antioxidants are used in polyolefins and
styrenics and impact-modified styrenics, and to a
somewhat lesser degree in polycarbonates, poly-
esters, polyamides, and polyacetals. The type and
amount of antioxidant used depend on the type of
resin and application; typical levels range 0.05-1%
by weight on the weight of the polymer [4].

The effectiveness of antioxidants under proces-
sing conditions has to be assessed on the polymeric
melt. The usual procedure consists of multiple
extrusions or prolonged residence times in a hot
cylinder or in the injection molding machine. The
properties evaluated are change in melt flow index,
and possibly yellowing. The assessment of the
effectiveness under conditions of actual use is done
by measuring changes upon exposure to elevated
- temperatures in heat aging ovens below the melting
point of the polymer. Accelerated aging test at
temperatures much higher than service temperatures
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yield rapid results but these are generally not very
significant in actual practice. Ideally, oven-aging
tests should be carried out as close to the use
temperature as practical [5].

In general, antioxidants inhibit the oxidation
reaction by combining with free radicals or by reacting
with hydroperoxides. Primary antioxidants, such as
hindered phenolics and secondary aromatic amines are
radical scavengers. The most common simple hin-
dered phenolics antioxidant is butylated hydroxy-
toluene (BHT) or 2,6-di-t-butyl-4-methylphenol [6].
Higher molecular weight hindered phenolics anti-
oxidants are less volatile and are used when high
processing temperatures are necessary or for high
temperature applications. The advantage of hindered
phenolics antioxidants is that they do not discolor
easily. Moreover, certain high molecular weight
phenolics antioxidants are approved by the FDA [7].
Secondary aromatic amines are superior to phenolics
for high-temperature applications, but they discolor
easily and are therefore used only in combination
with pigments or carbon blacks, It such a combina-
tion the discoloration is masked. These antioxidants
are not approved for food-contact use [7).

Secondary antioxidants, also called peroxide
decomposers [7], inhibit the oxidation of polymers
by decomposing hydroperoxides. Phosphites and
thioesters are the most common secondary antiox-
idants. Phosphites are the most widely used second-
ary antioxidants. They are nondiscoloring and FDA
approved for many indirect food applications [7],
Secondary antioxidants are usunally combined with
primary antioxidants for a synergistic effect.

3.2 Light Stabilizers

In general, polymers deteriorate in the presence
of sunlight, which results in cracking, embrittle-
ment, chalking, discoloration, or loss of mechanical
properties, such as tensile strength, elongation, and
impact strength, Photodegradation occurs as a result
to exposure to ultraviolet light at wavelengths 290
400 nm. Different wavelengths may produce differ-
ent types of degradation, depending on the polymer
[8]. Specialty chemicals, called light stabilizers or
UV stabilizers, are used to interfere with the
physical and chemical processes of light-induced

13
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polymer degradation. Stabilization of the polymer
can occur by the use of additives that absorb UV
radiation, preventing its absorption by the mole-
cules of the polymers, by free radical scavengers, by
the additives that decompose peroxides, or by
quenchers that accept energy from the chromophore
and convert it to heat [9].

3.2.1 UV Absorbers

UV absorbers act as optical filters; they absorb
UV light and release the excess energy as heat. The
most widely used UV absorbers are 2-hydroxy-
benzophenones, 2-hydroxyphenylbenzotriazoles,
organic nickel compounds, and sterically hindered
amines (hindered amine light stabilizers, HALS).
Other additives, such as carbon blacks and certain
pigments (e.g., titanium dioxide, zinc oxide), may be
used as UV absorbers in certain applications, where
the color or loss of transparency does not matter[10],

3.2.2 Quenchers

Quenchers are molecules that accept the energy
from an excited state chromophore. The chromo-
phore, after transferring its energy, reverts to its
ground state, a stable energy state. The quencher
dissipates the energy. as heat, fluorescence, or phos-
phorescence, that is, methods that do not result in
the degradation of the polymer. Most widely used
quenchers are organic nickel complexes, such as
[2,2-thiobis(4-octylphenolato)-n-butylamine nickel
(II), nickel salts of thiocarbamate, and nickel
complexes with alkylated phenol phosphonates
[11]. Quenchers are often used in combination with
UV absorbers.

3.2.3 Free Radical Scavengers

Free radical scavengers are similar to secondary
antioxidants that are used to inhibit thermal
oxidation. They react with free radicals in the

plastic material, reducing them to stable, unreactive -

products. HALS function mainly as free radical
scavengers, although they may also be made to work
as quenchers and peroxide decomposers.

HALS are available in a wide variety of
molecular weights. They display low volatility and
good stability at high temperatures. They can
provide surface protection and can be used alone
or in combination with UV absorbers or quenchers.
Use levels depend on the substrate thickness,
pigmentation, and application requirements, gener-
ally ranging from 0.1% to 1.5% [12-14].

HaNDBOOK OF THERMOPLASTIC ELASTOMERS

3.2.4 Evaluation of UV Stabllity

The most accurate test of UV stability is the use
of the material in its intended end-use environment
over a period of time. Because outdoor testing takes
a very long time, accelerated testing using artificial
light sources (xenon arc lamp, sunshine carbon lamp,
mercury arc lamp) is common. Filtered xenon most
accurately reproduces the spectral energy distribu-
tion of sunlight, whereas light sources with signifi-
cant emission below 290 nm can produce different
results than those obtained in long-term outdoor
weathering. Accelerated tests may underestimate the
effectiveness of HALS due to very high levels of
UV radiation produced [14]. New types of artificial
weathering devices have been developed in the past
few decades, including those combining high UV
intensity from fluorescent lamps with water conden-
sation on the test samples (QUV, UVCON) [15].

3.3 Nucleating Agents

Polymers crystallize from a melt under the
following conditions [16]:

(1) The molecular structure of the polymer
must be regular enough to allow crystalline
ordering.

(2) The crystallization temperature must be below
the melting temperature, but not close to the
glass transition temperature of the polymer.

(3) Nucleation must occur prior to crystal-
lization.

(4) The crystallization rate has to be sufficiently
high, .

Because of chain connectivity, polymers crystal-
lize in such a way that only a limited crystallinity is
obtained. Polymers are, therefore, often referred to
as semi-crystalline materials. This chain connectiv-
ity is also the main reason why polymers crystallize
at significantly lower temperatures than they melt.

When polymers crystallize from the melt, the
polymer crystals (lamellae) organize from a primary
nucleus and form complex spherical macrostruc-
tures called spherulites. The spherulites contain
lamellae as well as amorphous regions between the
lamellae. The spherulites continue to grow into the
melt until their growth fronts impinge on the growth
fronts of the neighboring spherulites.

The onset of phase transformation is indicated
by the appearance of very small particles of the
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new phase. Eventually primary nucleation will occur
and the crystal growth will follow [17]. The rate of
nucleation is strongly dependent on temperature.

The number and size of spherulites formed are
determined by whether the nucleus formation is
homogeneous or heterogeneous. The formation of
nuclei is greatly enhanced by the addition of foreign
substances—the nucleating agents. Since much more
nuclei are formed in the presence of a nucleating
agent, under the same cooling conditions the
resulting spherulites will be considerably smaller
than in a material to which no nucleating agents
have been added. Nucleated polymers have, there-
fore, finer grain structure than unnucleated ones,
and this is reflected in their physical and mechanical
properties. Thus, plastics with coarse spherulites are
more brittle and less transparent or translucent than
ones with the same crystalline fraction but a fine
spherulitic structure.

Nucleation increases the crystallization tempera-
ture and the rate of crystallization; as a result, parts
can be removed from the mold at higher tempera-
tures, and molding cycle times are reduced. Nucle-
ated materials have higher tensile strength, stiffness,
flexural moduli, and heat deflection temperatures
(HDTs), but impact strength is in general lower.
Clarity is enhanced by increased the cooling rate and
reduced spherulite size, which reduces the scattering
of light as it passes through the material [18].

Nucleating agents can be roughly classified as
follows {19]:

(1) inorganic additives, such as talc, silica, clay;

(2) organic compounds, such as salts of mono-
or polycarboxylic acids (e.g., sodium benzo-
ate), and certain pigments;

(3) polymers, such as ethylene/acrylic ester co-
polymers.

The usual amounts of nucleating agents used in
thermoplastics are up to 0.5%, higher amounts
usually do not produce further enhancement. They
are incorporated as powder/powder mixtures, as
suspensions or solutions, or in the form of a master
batch. Regardless of which method is used, a good
predispersion of the nucleating agent is necessary
for an optimum effect [19].

3.4 Flame Retardants

Many thermoplastics, particularly those with
high carbon content are inherently flammable due
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to their petrochemical origin. Polyolefins ignite
when in contact with a flame and burn with a faintly
luminous flame even afier the ignition source is
removed. Melting occurs due to the high tempera-
ture of the flame, producing burning drips. Thermo-
plastics containing halogens tend not to burn easily;
some of them do not burn at all, the main factor
being the content of the halogen.

Additives used to retard or stop burning are
referred to as flame retardants. Flame retardants
generally impart their properties to polymers in the
condensed or gaseous phase. In the condensed phase,
the additive can remove thermal energy from the
substrate by functioning as a heat sink or by
participating in char formation to form a barrier heat
and mass transfer. The additive can also provide
flame retardancy by conduction, evaporation, or
mass dilution or by participating in endothermic
reaction.

Char forming systems, also called intumescent
systems, form a foamy porous protective barrier on
the polymeric material to shield it from further
pyrolysis and combustion. Most intumescent systems
require an acid source {catalyst), a char-forming
compound {carbonific), and a gas-evolving com-
pound (spumific). In a typical system, phosphorus
compound promotes the charring of a substrate
(typically a carbon-oxygen compound or an oxygen-
containing polymer), and this char is foamed by gases
released during the decomposition of a nitrogen
compound. The acid is typically a phosphoric acid or
a suitable derivative, such as ammoniom polypho-
sphate. Typical carbonifics include pentaterythritol
and other polyols. Common spumifics include urea,
melamine, and dicyandiamide. Commercial intumes-
cent systems containing catalyst, carbonific, and
spumific are also available [20].

Other flame retardants acting in the condensed
phase do so, not by forming an intumescent layer,
but by depositing a surface coating that insulates the
polymer from the heat source and retards the
evolution of additional fuel. Some silicone flame
retardants are thought to deposit silicon dioxide
(sand) on the polymer surface [21].

The most widely used flame retardant alumina
trihydrate (ATH) functions in the condensed phase,
not by forming char or a protective layer, but by
functioning as a heat sink and a source of a
noncombustible gas (H,0) for fuel dilution. ATH
starts to decompose at 230°C and eventually loses
34.5% of its mass as water vapor. Magnesium
hydroxide decomposes at 340°C and loses 31% mass.
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Both ATH and magnesium hydroxide decompose
endothermically and remove heat from the con-
densed phase, which decreases the rate of polymer
decomposition. Substantial quantities of these ad-
ditives are needed to impart flame retardancy to a
combustible polymer. For example, a resin formu-
Iation containing 40-60% by weight of ATH is
typical.

Flame retardants acting in the gas phase inter-
rupt the combustion chemistry of the fire. During
combustion, polymer fragments interact with oxy-
gen and other highly reactive species in a chain
reaction to form oxygen radicals, hydroxyl radicals,
and hydrogen radicals. Certain additives, mainly
those containing halogens or phosphorus, can
chemically interact with these radicals to form less
energetic species and interrupt the chain propaga-
tion necessary for fire initiation or continuation [22].
A typical example of such flame retardant systems is
antimony trioxide, which is effective in halogenated
polymer systems. Some phosphorus flame retardants
can also be effective in the gas phase. Zinc borate has
been used as a partial or complete replacement for
antimony oxide mostly in olefins. Zinc borate is less
expensive than antimony oxide and also functions
as a smoke suppressant, afterglow suppressant, and
antiarcing agent "[23].

Organic compounds containing halogens (chlo-
rine or bromine) function in the gas phase of the
combustion reaction by scavenging free radicals
formed during combustion. Antimony trioxide is
generally added to halogenated flame retardants for
synergistic effect {23].

Brominated flame retardants are subjected to
increasing restrictions due to possible environmen-
tal and health risks of brominated diphenyl ethers,
which can under some conditions form brominated
dioxins and furans.

Recent research efforts in the field of nanocom-
posites have yielded flame retardant additives that
are effective and environmentally friendly. Interca-
lated polymer clay nanocomposites have been used
in several polymers and were found to have lower
peak heat release rates than pure polymers {24]. The
advantage of such systems is that only small loadings
(3-6%) impart flame retardancy without affecting
the physical properties of the resin used [25).

3.4.1 Flammability Tests

Flammability tests have been developed to
measure the burning parameters, such as burning
time, dripping, smoke emission, and flame spread,
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of a material under specific conditions, in order to
predict its performance in an actual fire. Many
applications require specific performance levels in
particular tests.

The most common test is the Underwriters
Laboratory UL-94. In this test, the specimen is sus-
pended vertically over a Bunsen burner and surgical
cotton. The specimen is ignited for 10 s with a
defined gas flame from below. If the specimen ex-
tinguishes after the removal of the ignition flame, it
is ignited once more for 10 s. The results are clas-
sified in the following way:

{1) V-0 rating
s Afterflame time <10 s

» Sum of afterflames (10 flame applications)
<50 s

o No burning drips igniting the cotton

» Specimens do not burn completely to the
clamp

¢« Afterglow after removal of ignition £30 s,

(2) V-1 rating
o Afterflame time <30 s

» Sum of afterflames {10 flame applications)
£250 s

* No burning drips igniting the cotton

 Specimens do not burn completely to the
clamp

o Afterglow after removal of ignition <60 s.

(3) V-2 rating
» Afterflame time <30 s

o Sum of afterflames (10 flame applications)
<250s

= Ignition of cotton by burning drips

» Specimens do not burn completely to the
clamp

* Afterglow after removal of ignition <60 s.

Limiting oxygen index (LOI} test is based on
determining the minimum concentration of oxygen
necessary for candle-like burning of 23 min.
Numerical data are obtained, and the LOI is
generally directly proportional to the concentration
of the flame retardants. A higher LOI indicates that
more oxygen is needed to support combustion. Air
contains ~21% oxygen, so a rating lower than this
will usually support combustion under normal
atmospheric conditions [26], The LOI method has
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been standardized by the American Society for
Testing Materials as ASTM D2863 and by the Inter-
national Organization for Standardization as ISO
4589-2 [27].

In Europe, the German DIN 4102, the British
BS 476 Part 7, and the French NF P 92-501 are used
to test building materials and to assign flammability
ratings [27].

3.5 Colorants

Colorants used in plastics are pigments or dyes.
Dyes are organic compounds that are soluble in the
plastic, forming a molecular solution. They produce
bright, intense colors and are transparent and easy
to disperse and process. Pigments are generally
insoluble in the plastic; color results from the
dispersion of fine particles (~0.01-0.1 ym) throungh-
out the resin. They produce opacity ot translucence
in the final product. Pigments can be inorganic or
organic compounds and are available in a variety of
forms, such as dry powders, color concentrates,
liquids, and precolored resins.

3.5.1 Optical Properties of Colorants

Pigment and dyes produce color in a resin from
selective absorption of visible light with wavelength
ranging from ~380 (violet) to 760 nm (red). The
perceived color is the color of the light transmitted
through the colorant and not the light that was
absorbed. Complementary colors are red—green,
blue~orange, and violet-yellow. The human eye
can detect color differences of about 1 nm in wave-
length. Absorption of all wavelengths will produce a
black color; no absorption will appear colorless [28].

Because dyes are in solution, color is produced
only from light absorption, and the material is
transparent. A dispersion of pigment particles in a
resin can also reflect or scatter light. If the refractive
index of the pigment particle is different from that of
spherulites in the polymer microstructure, light will

be reflected, and the particle dispersion will scatter.

light in all directions. Light reflection and scattering
produces opacity in an originally transparent resin.
Resins can be colored and opaque if light was
absorbed only at particular wavelengths, or white
and opaque if all light was reflected (no absorption).
The color shade is affected by the particle size of the
pigment. Ultramarine blue pigments are nonreflec-
tive because of their refractive index being similar to
that of the plastic [29].
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3.5.2 Characteristics of Colorants

Pigments must be adequately dispersed in the
polymer for optimum scattering; specks and uneven
coloration can result from incomplete dispersion. If
agglomerates are present they may adversely affect
the mechanical properties of the resulting product,
mainly tensile strength, impact strength, and flex
fatigue.

Pigments should be compatible with the poly-
mer; poor compatibility may be a cause of part
fajlure. Some pigments may be partially soluble in
the resin and may migrate through the polymer to
the surface, where they rub off. Pigments must also
be compatible with any other additives present in
the formulation.

High temperature during processing can damage
or destroy the pigment caunsing changes in shade or
loss of color. Thermal sensitivity is related to both
temperature and duration of exposure—long cycles
in injection molding and rotational molding can have
a more adverse effect than high-speed extrusion.

Some pigments can act as nucleating agents,
altering the mechanical properties and improving
the clarity of the resin [30].

?

3.5.3 Inorganic Pigments

The most common inorganic pigments include
oxides, sulfides, hydroxides, chromates, and other
complexes based on metals such as cadmium, zinc,
titanium, lead, and molybdenum. They are generally
more thermally stable than organic pigments and
are more opaque and resistant to migration, chemi-
cals, and fading. They can cause wear on the pro-
cessing equipment, such as extrusion machine screws
and barrels. The use of compounds of heavy metals
(e.g., cadmium) has been restricted due to toxicity
issues.

White pigments—titanium oxide (rutile) is the
most widely used white pigment. It is used either
alone or in combination with other colorants to
control opacity and produce pastel shades. Other
white pigments are zinc oxide, zinc sulfide, and lead
carbonate (lead white).

Black pigments—carbon black, which is essen-
tially pure carbon, is by far the most widely used
black pigment. When combined with white pig-
ments, it produces different shades of gray, depend-
ing on the particle size and tinting strength of the
carbon black grade. Iron oxide, Fe;O,, is another
black pigment, which has lower thermal stability
and tinting strength.
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Other colored pigments—a variety of inorganic
compounds is used for coloring thermoplastics.
Below is a listing of the most common ones:

(1) Yellow pigments: Chrome yellow; nickel-,
chrome-titanium yellow; iron oxides; lead
chromates.

(2) Orange pigments: Molybdate orange and
cadmium orange.

(3) Brown pigments: Iron oxide or combination
of chromefiron oxides.

(4) Red pigments: Iron oxide; cadmium sulfide/
selenide.

(5) Blue pigments: Ultramarine (aluminosilicate
with sodium ion and ionic sulfur groups);
mixed metal oxides, based primarily on
cobalt aluminate.

(6) Green pigment: Chrome oxide; cobalt-based
mixed oxides.

3.5.4 Organic Pigments

Organic pigments are usually brighter, stronger,
and more transparent than inorganic pigments but
are not as light resistant. They may be partially
soluble in many thermoplastics, with a much greater
tendency to migfate.

Azo pigments are the largest group of organic
pigments; they contain one or more azo (—N=N—)
chromophoric groups and form yellow, orange, and
red pigments. Monoazo pigments, that is, with only
one chromophore, exhibit low thermal and light
stability and have a tendency to bleed; they are not
usually used in plastics. Polyazos, with more than
one chromophore, do not tend to bleed and have
better thermal stability and excellent chemical
stability.

Nonazo pigments have varied structures, usually
polycyclic and sometimes complexed with metals.
Phtalocyanine blues and greens, most of which are
complexed with copper, are highly stable to light, heat,
and chemicals and form highly transparent, intense
colors with high tinting strength. Other organic
pigments are quinacridones (red, violet, orange),
dioxazines (violet), isoindolines (yellow, orange, red),
and perylenes, flavanthrones, and anthraguinones [31).

3.5.5 Special Effect Pigments

Some colorants produce special effects in plas-
tics, such as pearlescence or phosphorescence. The
pigment must be well dispersed in the resin and must
be carefuily handled during processing. Pearlescent
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pigments produce pearly lusters and iridescence—
the resin has a soft, silky, and/or multicolor
appearance. Luster is produced by reflection of
light by thin (<1 um) platelets oriented in parailel
layers. Pearlescent pigments include titanium
dioxide coated mica (muscovite), ferric oxide coated
mica, and bismuth oxychloride.

Metallic flakes are used to produce silvery lusters
or gold bronze effects. Aluminum, copper, and
alloys of copper and zinc (bronze) are commonly
used. Aluminum can be processed up to 310-340°C
{600-650°F) with loadings in the range 0.5-4%.
Copper is susceptible to oxidation starting at ~120°C
(250°F) and can tarnish, depending on temperature
and duration of exposure. Slow discoloration occurs
in outdoor applications [32, 33].

Fluorescent pigments appear to glow in daylight;
they absorb visible and ultraviolet light, and then
emit the light in longer wavelengths. A glow appears
when this light combines with the reflected color of
the plastic. Phosphorescent pigments also emit light
at longer wavelengths than it was absorbed, but the
yellow—green glow appears only in darkness. Phos-
phorescence is produced by the addition of doped
zinc sulfide [34).

3.5.6 Colorant Forms

Colorant forms include dry color, color or pellet
concentrates, liquid color, and precolored resins. A
precolored resin contains the colorant already
dispersed in the polymer; all other forms require
dispersion by the resin processor.

Dry colorants are powders composed of one or
more pigments or dyes. They are supplied in
preweighed packets and must be compounded and
dispersed into the resin. Dry colorants are the most
economical form and provide the largest selection of
colors and use a minimum of warchousing space.
Their disadvantage is their tendency to dust and to
cross-contaminate.

" Color concentrates are colorants dispersed in a
resin carrier that is formulated for use in a particular
polymer family. Color concentrates can contain
10-80% colorant, depending on the application
requirements, the pigment used, and the compound-
ing equipment. Color concentrates are the most
common form of in-house coloring. They are most
frequently supplied in pellet form for easy flowing
and metering.

Liguid colorants are composed of a pigment in a
nonvolatile liquid carrier. Liquid carriers include
mineral oils and complex fatty acid derivatives and
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can contain surfactants for improved dispersion and
clean up. Their viscosities range from maple syrup
to gel-like consistencies, and good dispersion can
frequently be obtained with high pigment loading
(10-80%). The carrier can affect polymer properties
and its processing behavior.

A very comprehensive treatment of the subject
of coloring additives, their types, their chemistry
and technology can be found in references [1-3].

3.6 Antistatic Agents

In general, thermoplastics are good insulators,
because of which, they do not conduct electricity
and an electric charge can build up on the surface of
a part, leading to problems with dust accumulation,
static cling in films and fabrics, electric discharge
that can produce shocks or fires, and damage to
electronic components.

Static electricity or an electrostatic charge is a
deficiency or excess of electrons, which occurs on
ungrounded or insulated surfaces. It is produced by
triboelectric charges, that is, charges generated by
friction between two surfaces, such as, for example
movement of paper through a copier or printer. The
ability of a material to discharge static electricity is
classified according to its surface resistivity, the
ratio of direct current (DC) voltage to current
passing across a square unit of area, in ohms/sq (see
Table 3.1). Surface resistivity is independent of the
size of the square or its unit.

A material with useful antistatic properties has a
surface resistivity between 10° and 10'2 ohms/sq.
Static decay rate of insulating polymers measures
the ability of grounded material to dissipate a
charge induced on its surface. The decay rate of an
insulated material is much slower than that of a
material treated by dissipative materials.

3.6.1 Types of Antistatic Agents

Aantistatic agents, commonly called antistats, can
be ionic or nonionic. Jonic antistats include cationic

Table 3.1. Classification of Surface Resistivity

Surface Resistivity {Ohms/sq) Classification
<105 Conductive
5108 to <10° Static dissipative
>10° to <10 Antistatic
s10 Insulative

Source: Reference [35).
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compounds, such as quaternary ammonium, phos-
phonium, or sulfonium salts, and anionic com-
pounds, usually sodium salts of sulfonates,
phosphates, and carboxylic acids. Nonionic antistatic
agents include esters, such as glycerol esters of fatty
acids, and ethoxylated tertiary amines. Antistats are
used usunally at levels from 0.5% to <1%, and
loading levels depend mainly on the resin processing
temperatures, the presence of other additives, and
application requirements, such as clarity, printability,
and FDA compliance [35].

In general terms, antistatic agents can be divided
according to the method of application into internal
and external agents [36].

Internal antistats are incorporated into the poly-
mer mass as surfactant additives, either before or
during processing (e.g., molding). They have limited
compatibility with the polymer and continuously
migrate to the part surface. An antistat must exhibit
the proper amount of compatibility with the given
polymer for a controlled migration to the surface.

External antistats are applied directly to the
surface of the finished article from an aqueous and/
or alcohol solution (concentration typically 1-2%)
as spray or dip. Internal and external antistatic
agents can function lubricants and mold release
agents [36, 37}. '

3.6.2 Electrically Conductive Materials

Static electricity can be dissipated by the addi-
tion of conductive fillers, such as special conductive
grades of carbon black or graphite. In such a case
electrons are then conducted through the polymer
and resistivity values less than 10° ohm/sq [38] and
often as low as 10>-10° ohm/sq [37] are obtained
with high loadings of conductive carbon black or
graphite. Other conductive materials used less
frequently are various metals (silver, copper, alumi-
num, iron, brass, steel fibers) and metal-coated
particles (mica, glass flakes, and glass beads).

3.7 Slip Agents

Slip agents are used in plastic films and sheets to
provide surface lubrication during and immediately
after processing. They have limited compatibility
with the polymer and exude to the surface, provid-
ing a coating that reduces the coefficient of friction.
Slip agents reduce sticking of the plastic to itself
by minimizing tack and facilitate processing on
high-speed packaging equipment. They can also
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improve antistatic properties, lower plasticity, and
act as mold release agents {37].

Slip agents are usually modified fatty acid esters,
used in concentrations of 1-3 parts per hundred
parts of polymer (phr) of fatty acid amines,
especially erucamide and oleamide [37].

3.8 Antiblocking Agents

Antiblocking agents prevent plastic films from
sticking together due to cold flow or a buildup of
static electricity. They can be applied internally or
externally. When incorporated internally, they must
be partially incompatible with the polymer so that
they can exude to the surface. Antiblocking agents
include natural and manufacturing waxes, metallic
salts of fatty acids, silica compounds, or polymers,
such as polyvinyl alcohol, polyamides, polyethyl-
ene, polysiloxanes, and flnoroplastics [37].

3.9 Processing Aids

Processing aids is a general term that refers to
several different classes of materials used to improve
the processability and handling of high molecular
weight polymers. The benefits are realized mainly in
the melt stage of the host polymer [39]. Two main
groups of processing aids are [ubricants and fluoro-
polymer-based additives, Each has a distinct effect
on the polymer melt and is used in a different way.

Lubricants are used in polymer processing to lower
melt viscosity or to prevent polymers from sticking to
metal surfaces. Internal lubricants act intermolecu-
larly, making it easier for polymer chains to slip past
one another. Lowering viscosity improves polymer
flow. Materials used for lubricants include metal
soaps, hydrocarbon waxes, polyethylenes, amide
waxes, fatty acids, fatty alcohols, and esters [37].

Fluoropolymer-based processing aids are mostly
copolymers of vinylidene fluoride and hexafluoro-
propylene. This material is commonly referred to as
“fluoroelastomer,” even though it is not crosslinked
when used as 2 processing aid and, thus, has no elas-
tomeric properties [40]. The most pronounced effect
of fluoropolymer processing aids is the elimination
of the melt fracture during polymer extrusion.

3.10 Fillers and Reinforcements

Fillers are relatively inexpensive, solid sub-

stances that are added in fairly large volumes to”
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polymers to adjust volume, weight, cost, surface,
color, processing behavior (rheology), shrinkage,
expansion coefficient, conductivity, permeability,
and mechanical properties. They can be roughly
divided into inactive or extender fillers and active or
functional or reinforcing fillers.

Inactive fillers are used mainly to reduce costs,
whereas active fillers bring about a special change in
properties so that the compound meets the require-
ments demanded of it; however, in reality, there is
no filler that is fully inactive and reduces costs
only [41).

Some reinforcing fillers function by forming
chemical bonds with the polymer. Others produce
enhancements in mechanical properties by taking up
volume; they bind to nearby polymer chains,
decreasing polymer chain mobility and increasing
polymer orientation at the filler surface. The in-
creased orientation results in increased stiffness,
lower deformability, and increased strength. Re-
duced mobility results in higher glass transition
temperature [42). Another effect that some fillers
have is on crystallinity by promoting nucleation [43].

Particle size and shape as well as derived
properties like specific surface and particle packing
are the most significant factors affecting the me-
chanical characteristics of a compound. In addition
porosity and tendency to agglomeration (weak
bonding) and/or aggregation can have important
effects both on processing behavior and mechanical
properties [44)],

The true density of a filler depends on the
chemical composition and morphology. Light-
weight fillers, such as hollow glass spheres, reduce
the density of a compound, whereas heavy fillers
increase it and may be used, for example, for sound
deadening applications. Most of the commercial
fillers have densities between 1.5 and 4.5 gfem?.
Because most fillers are used in powder form, the
bulk or loose density significantly affects handling
and feeding during processing. Fine fillers can have
bulk densities below 0.2 g/em® because of air
entrapment and electrostatic charges, thus limiting
their use on conventional processing equipment.
These problems can be partially solved by split
feeding, improved degassing, and surface treatment
and/or compacting of the filler [44].

Specific surface area is defined as the total
surface area per unit weight of the filler. The most
widely used method of determining specific surface
is by nitrogen absorption (BET) method. A simple
method to get figures related to the specific surface
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area is to determine the oil absorption. The result is
given as the quantity of the fluid in milliliters per
gram of filler and provides a rough estimate of the
minitnum quantity of polymer needed to disperse
the filler [45].

Other properties of fillers and reinforcement
affecting the specific properties of a compound are

* optical properties
» hardness and abrasiveness

L]

electrical and magnetic properties
acid solubility

» loss on ignition

« pH

* moisture content.

The reinforcing properties of fillers can be enhanced
by coupling agents. Coupling agents, usually silanes
and titanates, improve interfacial bond between the
filler and the resin. They are bifunctional molecules,
in which one end reacts with polar, inorganic
materials, whereas the other end reacts with organic,
nonpolar substrates. They function as molecular
bridges between the filler and the resin. Commercially
available coupling agents have different functional
groups appropriate for the particular resin. The final
effect is an improved adhesion between the filler and
the polymer, which results in enhanced mechanical
properties, such as tensile strength, flexural modulus,
impact strength, and heat deflection temperature.

3.10.1 Fillers Commonly Used in Thermoplastic
Polymers

3.10.1.1 Cubic and Sphercidal Fillers

Natural calcium carbonate depending on the raw
material source is available in the form of chalk,
limestone, or marble. Natural calcium carbonate
reduces the cost of a compound without dramatic
changes in its properties.

Precipitated calcium carbonate is most com-
monly prepared from calcined limestone (CaO)
and carbon dioxide. Precipitated calcium carbonate
is very pure and fine, but more expensive than the
natural product, which limits its use. It is often
offered surface treated with fatty acids. Because of
its high specific surface (20-40 m?/g) it has a major
effect on rheological properties and adsorption
properties (stabilizers, plasticizers) [46].

_ Barium sulfate is available both as a natural
. mineral (barite) and as a synthetic product (blanc
fixe). It has the highest specific gravity among
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commercial fillers, is inert, very bright, and easy to
disperse. Barium sulfate is most widely used for
sound deadening applications (foams, piping), in
carpet backing, floor tiles, sporting goods, brake
and clutch linings, in radiation shielding, and as
white pigment.

Glass and ceramic beads are widely used in resin
systems. They are often treated by silanes to
enhance the bonding between resin and particles
or coated by metals (Ag, Cu) and used as conductive
fillers. Spherical fillers impart tear and compressive
strength, dimensional stability, scratch resistance,
and stiffness to compounds. Hollow glass beads
reduce specific gravity of the compound and are
used in foams, syntactic foams, and in automotive
parts. Solid spheres are used in bumper formula-
tions, TV and computer housings, connectors, etc.

Svynthetic silica is essentially amorphous silicone
dioxide with primary particles having diameters
ranging from 10 to 100 nm and forming aggregates
(secondary particles) with 1-10 pm in size. Silica
products are named after thelr production process:
fumed, fused, and prec:lpltated [47], and their sur-
face area, depending on the process used, may vary
from 50 to 800 m?/g [48]. Synthetic silicas are used as
semi-reinforcing fillers in thermoplastics, elasto-
mers, as antiblocking additives for films, as viscos-
ity regulators, and as matting agents. To enhance
their reinforcing properties, synthetic silicas are
treated by silane coupling agents. In summary,
silicas perform the following functions in thermo-
plastics [49]:

» Reduction of shrinkage and crack formation
* Reinforcement

* Prevention of film blocking

* Improvement of dimensional stability under
heat

Reduction of the coefficient of linear
expansion

* Improvement of electrical properties
* Increase of hardness

Reduction of die swell

Affecting rheological behavior.

Carbon black is predominantly used as reinfor-
cement in elastomers. Its use in thermoplastics is
limited to pigmentation, UV protection, and con-
ductivity. Specific uses in thermoplastic elastomers
are discussed in sections covering individual types
of TPEs.
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3.10.1.2 Platy Fillers

Talc, the softest of all minerals with a Mohs
hardness of 1, is chemically magnesium silicate
hydrate. Most talc goes into polypropylene com-
pounds for automotive industry. Talc positively
affects many properties, including HDT, creep
resistance, shrinkage, and coefficient of linear ther-
mal expansion (CLTE). Talc has an adverse effect on
toughness, elongation at break, weld line strength,
long-term thermal aging, and UV resistance [50].

Mica, like talc is a sheet silicate with an excellent
platelet structure. The most important grades of
mica are muscovite and phlogopite. Both these grades
have aspect ratios of 20~40 and are used in thermo-
plastics to improve rigidity, dimensional stability,
and HDT. Mica also exhibits good electrical proper-
ties and is acid resistant [51]. Muscovite appears
white to virtually colorless, whereas phlogopite has a
golden brown inherent color. Mica is relatively
difficult to disperse, therefore, its surface is treated
by aminosilanes, waxes, or aminoacetates. Another
disadvantage of mica is its poor weld line strength.

Kaolin and clay, a variety of hydratized alumi-
num silicates, come in varying degrees of purity. The
mineral has a hexagonal, sheet-like crystal structure
with an aspect ratio of 10 maximum, is pale in color,
and possess excellent chemical resistance and good
electrical properties. The average particle size of
commercial products ranges between | and 10 pm,
and the surface areas range from 10 to 40 m?/g [52].

The main application for kaolin is as a filler in the
rubber industry, where distinction is made between
hard and soft clay (according to its reinforcing
effect). Kaolin is often used in calcined form and
with special surface treatments (e.g., with silanes). In
thermoplastics, it contributes to the improvement of
chemical resistance, of electrical properties, and to
the reduction of water absorption. It lowers the
crack tendency in finish articles, improves shock
resistance and surface quality. The lamellar structure
results in improvement in the surface hardness of
the finished products [53].

3.10.1.3 Fibrous Fiillers

Glass fibers (chopped strand) are a frequently
used reinforcement in thermoplastics. They are cost
effective and a broad range of physical properties
can be achieved for a large number of applica-
tions. Glass fiber reinforcements are strands of
filaments drawn to different diameters between 3.8
and 18 um. The number of filaments per strand, the
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configuration of the strand, and the fiber length-to-
weight ratio can be varied, depending on the desired
properties [54]. Chopped and continuous strands are
used in injection molding, at loadings 5-30%. Mats
can be made from chopped or continuous strands.
Glass fiber reinforced resins have high tensile
strength, high stiffness and flexural modulus, high
creep resistance, impact resistance, and high HDTs.
In addition, they exhibit excellent dimensional
stability and low CLTE. The reinforcing efficiency
of glass fibers can be further enhanced by the use of
coupling agents (e.g., silanes). Because glass fibers
orient in the flow directions during injection mold-
ing, shrinkage is greatly reduced in the direction
of flow; in the transverse direction, the shrinkage
reduction is not so great. Disadvantages of glass
fibers are warpage, low weld line strength, and low
surface quality. Because of their abrasiveness, they
can damage machinery and tooling; hardened coat-
ings on barrels, screws, and tooling can minimize
abrasion [55].

Carbon fibers and aramid fibers have exceptional
reinforcing properties, but because of their high
cost, they are used only in specialized applications,
such as aerospace, marine, military, and medical

.applications.

3.10.1.4 Nanofillers

Nanofillers are defined as fillers with particle
sizes in the 1-100 nm range [56]. Such fillers, for
example, carbon blacks, synthetic silicas, precipita-
ted calcium carbonate, have been around for a long
time; however, their primary particles form bigger,
stable secondary particles through agglomeration,
so that, ultimately, they cannot be classified as
nanofillers.

Recently, different nanofillers, such as nanoclays
{(montmorrilonite, smectite) and needle-shaped
nano-wiskers have become commercially available
[57]). Nanoclays are exfoliated (separated into in-
dividual layers) and reinforcing primary particles
with extremely high aspect ratios (greater than 200)
are formed [57]. Exfoliation is enhanced by the
surface treatment, so-called intercalation, by com-
pounds containing ammonium or phosphonium
functional groups. This converts the surface from
hydrophilic to organophilic [58]. The advantage of
such fillers is that they produce very good me-
chanical properties at Jow loadings, scratch resis-
tance, superior barrier properties, enhanced fire
resistant properties, and improved heat distortion
performance when compared to neat polymers.
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Major current applications are packaging films
and rigid containers, automotive and industrial
components [58].

3.11 Plasticizers

3.11.1 Types of Plasticizers

Plasticizers are defined as substances added to
polymeric materials to improve their flexibility,
extensibility, and processability. It is a characteristic
of plasticizers that they lower the melting tempera-
ture, melt viscosity, glass transition temperature,
and elastic modulus of polymers without altering
their chemical nature [59]. Technologically, they
fulfill several functions. They act as processing aids,
enter into physical interaction with the polymer, and
enable materials to be “tailormade,” or very nearly
50, to specific property requirements,

Commercial plasticizers are normaily supplied in
the form of low to high viscosity liquids and more
rarely as solid products. Since many thermoplastics
require high processing temperatures, plasticizers
used for such materials must possess sufficient heat
resistance to prevent discoloration, decomposition,
or excessive evaporation rates during processing.
Low volatility is also required for application, where
the polymeric material is used at elevated tempera-
tures for extended periods of times. Typical plasti-
cizers meeting the requirement of low volatility are,
for example, phtalates and adipates, prepared from
Ci0—C;3 aliphatic alcohols and esters of trimellitic
acid [60]. For articles exposed to complex effects of
weathering, not only volatility, but also resistance to
light, water extraction and fungal attack are re-
quired. It is not always easy to find a plasticizer or a
combination of plasticizers, and often some com-
promise has to be made.

Migration problems can occur under unfavor-
able circumstances in multilayer articles, such as
artificial leathers and films causing degradation or
excessive tackiness of the layer that originally did
not contain plasticizer. In such cases, a polymeric
plasticizer could be the correct choice.

Flammability might be another issue in many
applications. In such cases, phosphoric esters (e.g.,
tricresyl phosphate or trichloroethyl phosphate) and
chlorinated paraffins with high chlorine content are
used. Both these groups of plasticizers are irritants
and may cause health problems when ingested or
absorbed through skin. Therefore, adequate protec-
tion must be used when handling them.
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For articles made from polar polymers (PVC,
acrylonitrile and their copolymers) that are ex-
posed to low temperatures (typically below —40°C
or —40°F), special plasticizers, such as dibutyl
phtalate, dioctyl phtalate, and dioctyl adipate, are
suitable. The low temperature brittleness is reduced
with increasing amount of plasticizer. Depending on
the base polymer, the plasticizer content may be as
high as 45% [61].

There are many types of plasticizers, each having
a compatibility with a specific type of polymer.
These can be grouped in the following manner [62):

* Phtalic esters

* Phosphoric esters

¢ Adipic, azelaic, and sebacic esters

¢ Citric esters

¢ Trimellitic esters

+ Halogenated hydrocarbons

* Hydrocarbons (aliphatic, naphtenic, and
aromatic)

» Benzoic esters

» Fatty acid esters (oleates, stearates, ricinole-
ates), pentaerithrol

» Fatty esters, epoxidiied '

» Polyesters (polymeric plasticizers)

« Polymers, polycondensates.

3.11.2 Methods of Incorporation

Plasticized polyvinyl chioride compounds, plas-
tisols, require relatively large amounts of plastici-
zers. They are prepared in planetary mixers, internal
mixers, and dissolvers. Practically all thermoplastics
and elastomers can be mixed with plasticizers and
other compounding ingredients in batch and con-
tinuous mixers. Specialty or sensitive compounds
prepared in small batches are usually mixed on roll
mills. Plasticizers can be added in liquid formorasa
dispersion (dry blend) on a carrier.

3.12 Other Additives

Other specialized additives have different func-
tions in certain polymers and applications and
include antimicrobials, fluorescent whitening
agents, and PVC stabilizers.

Antimicrobials are natural or synthetic, mostly
low molecular weight substances that kill or sup-
press the growth of viruses, bacteria, and/or fungi
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(i.e., yeasts and molds). Antiviral activity is only of
minor interest to the polymer processing industry
with the exception of medical devices, such as
catheters. Major interest is in antimicrobials agents
that contro!l the growth of bacteria and fungi.
Depending on the target organisms, this activity is
described as bacteriostatic (inhibiting the growth of
bacteria) or fungistatic (inhibiting the growth of
fungi). In contrast, the activity of killing the bacteria
or fungi is called dactericidal or fungicidal activity.
Each antimicrobial substance has a specific spectrum
of activity with susceptible microbial species [63].

Manifestations of deterioration of a plastic
material due to a microbial attack are

» staining
» deterioration of electrical properties, particu-
larly of insulation power

» deterioration of mechanical properties
* enhanced dirt uptake
s odor.

A detailed coverage of this subject and a compre-
hensive list of commercial antimicrobial agents can
be found in reference [63].

Fluorescent whitening agents have the main effect
of either improving or masking the initial color of
plastics, which is often slightly yellowish. Moreover,
they can produce a brilliant white color in certain
articles or increase the briliancy of colored and
black pigmented articles.

Many thermoplastics absorb light in the blue
spectral range of natural daylight, which is referred
to as “blue defect,” causing a more or less pro-
nounced yellowish appearance. There are essentially
three basic principles to compensate for it, namely
bleaching, compensation for the blue deficit, and
increase in reflection {64].

Only few of the known classes of fluorescent
whitening agents have the properties required for
mass whitening of plastics and fibers, namely bis-
benzoxales, phenylcoumarins, and bis-(styryl) bi-
phenyls [64].

The low thermal stability of PVC is well known.
Despite this fact, processing of PYC and its blends at
elevated temperatures is possible by adding specific
heat stabilizers to stop the damage. When PVC is
processed at high temperatures, it is degraded by
dehydrochlorination, which is a chain scission and
crosslinking of macromolecules. Free hydrogen
chloride (HCI) evolves and discoloration of the resin
occurs along with important changes in physical
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and chemical properties. This degradation can be
controlled by the addition of stabilizers. A heat
stabilizer must prevent the dehydrochlorination
reaction, which is the primary process in degrada-
tion. Currently, the following commercially avail-
able classes of heat stabilizers for PVC are

e alkyltin stabilizers

+ mixed metal stabilizers (K, Ca, Ba, Cd)

s organic phosphites

+ B-diketone stabilizers
epoxidized fatty acid ester stabilizers
+ organotin mercaptides and organotin sulfides
¢ lead stabilizers
* metal-free stabilizers.

<

A detailed discussion of this subject is given in

reference [65].

3.13 Selection of Additives

In the selection of additives by their function, it
is important to consider not only the desirable
properties it will confer on the compound, but also
the side effects it may have on other properties and
its effect on the overall processability of the whole
compound.

Additives for thermoplastics are supplied in
many varieties with frequent overlaps in properties
[3]. Mineral fillers are increasingly offered with
surface treatments to improve their bonding with
the polymer matrix and give improved mechanical
properties to the final products and at the same
time, improved incorporation during mixing. Some
pigments (e.g., titanium dioxide, carbon black, or
zinc oxide) can provide shielding against the effects
of UV radiation. Lubricants can not only plasticize
the compound but also act as mold release agents
and in some instances add antistatic properties to
the product during its lifetime [3].

The current trend is to use multifunctional
additives, or hybrid systems, or exploiting the
synergistic effects of two or more additives. This
development is evident in the development of
technology for UV light stabilization and flame
retardancy [3]. '

The form (liquid, powder, paste, pellets) and the
microstructure of the additives are of importance
because these may strongly affect the mixing
process, particularly the sequence in which the
individual ingredients are added to the mix.
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The aspects of health, hygiene, and impact on
environment are extremely important in the selec-
tion and use of any ingredient (see Section 3.14).

3.14 Health, Hygiene, and Safety

Health risks must be considered in all cases
where human beings come in contact with chemi-
cals. This, of course, also applies to additives for any
polymeric material. Within the lifetime of an
additive, the following phases are important [1]:

* Production

* Incorporation of the additive and processing
of the polymeric material into its end use

* Use of the finished article
* Disposal of used articles.

The phases mainly applicable to this chapter are the
selection, handling, and incorporation of additives
into the compound; however, the way the individual
additives affect the heaith, hygiene, and environ-
ment during the use and disposal of the finished
article has to be also considered.

The manufacturers of additives are obliged to
assess among other things the health and environ-
mental impacts of their products during storage,
handling, and fabrication by issuing specific doc-
umentation, such as Material Safety Data Sheets
(MSDS), which has to be provided with the
materials, including samples for laboratory work.

Because of the large number of additives with
different molecular structures, their individual bio-
logical activity may rank from inactive to highly
active, or nontoxic to toxic. Specific regulations exist
for contact with food, for pharmaceutical devices
and packaging, for toys, pipes for drinking water
supply, etc. It is beyond the scope of this chapter to
discuss details; only basic principles are addressed.

Product handiing in production facilities requires
a particular attention with the emphasis to avoid
possible contamination that could be harmful to
humans. Such possibility exists usually in filling
facilities or where drums or other packages are
opened and emptied.

When handling solid additives, the safest way is
to store them in silos and use single-component
dosing devices. In practice this system is less flexible
than might be expected because the dosing systems
must be individually adjusted to the solid flow
properties of each component. Pellet form for
polymers, color, and other additives is the best for
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such handling and weighing systems because they
essentially eliminate dusting. If dusting occurs,
adequate protective devices, such as masks or
respirators, must be used.

Liquid additives, particularly toxic additives and
volatile solvents, represent major hazards. The
former can cause health problems, and the latter
may be combustible, toxic, or both. Certain sol-
vents, such as hexane and heptane, may cause
explosions. Many liquid substances may be harm-
ful to skin, eyes, and respiratory systems. Here
again, sufficient protection, such as gloves, goggles,
face shields, respirators, or protective clothing, is
required.

Operating transportation conveying, mixing,
and processing equipment represents another ha-
zard leading to injury or in extreme situations even
to death. Reasonable precautions including safety
training minimize or efiminate such hazards.

In general, good housekeeping, ventilation,
lighting, explosion-proof switches in areas where
explosive solvents are used and a use of warning
signs, floor, and wall markings reduce or entirely
eliminate many hazards. Emergency showers and
showers for flushing eyes are other important
devices that can be used for safety and good
hygiene. '

More detailed coverage of this subject is in ref-
erence [1] (chapter 22) and reference [3] (chapter 21).
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4 Processing Methods Applicable to

Thermoplastic Elastomers

4.1 Introduction

Polymeric materials come in a variety of forms.
They may be solids of different hardness, liquids, or
dispersed in water as latex or a suspension. Some
are converted into finished products as received,
that is, without modifications; others are modified,
dissolved, blended, or mixed to produce desired pro-
cessing and performance characteristics. Thermo-
plastics are generally processed by methods shaping
them in the molten state to desired shapes and sizes.
Such methods are often referred to as melr-processing
methods. Most thermoplastics are not subjected to
cross-linking, which means that they can be remelted
and shaped again. Thus, production scrap or used
parts can be utilized again, at least as a partial repla-
cement of virgin materials.

Thermoplastic elastomers (TPEs) are materials,
which can be generally processed by melt-processing
methods used for plastics. The following sections will
describe in some detail processing methods used for
the fabrication of products from thermoplastic mate-
rials. Because of the large number of types of TPEs,
these processing methods may be applicabie only to
some of them. On the other hand, there are some
techniques, suitable specifically for TPEs. Specific
processing methods and conditions used for individ-
ual TPEs and other relevant details are included in
chapters discussing respective materials and in
Appendix 4.

4.1.1 Properties Influencing Processing
4.1.1.1 Flow Properties

Thermoplastic elastomers, as any other thermo-
plastic materials are formed into articles almost
exclusively by melt processes that rely on the flow
of the melted material at elevated temperatures.
Injection molding, blow molding, extrusion, and
rotational molding/lining are all examples of melt
processing. The most widely used melt-processing
methods, their advantages and disadvantages are
listed in Table 4.1. An understanding of melt flow
is essential for success with these processes. The
study of the flow of materials including that of
polymers is known as rheology.
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Therheology of a thermoplastics melt is complex,
being very dependent on temperature and shear rate.
This means that the melt viscosity—the characteristic
that makes flow easy or difficult—can vary widely in
the melt condition. The two key points about the flow
of thermoplastics are that the behavior is non-
Newtonian and that viscosities are very high. These
characteristics are dictated by the long polymer
chain molecular structure of the materials. One prac-
tical consequence is that considerable force is
required to make a plastics melt flow into a mold
or through a die. This explains why plastics process-
ing machinery and molds must be very robust and are
costly. Flow behavior pertaining to mixing is dis-
cussed in Section 4.2.1.2.

To understand and control melt processes, it is
necessary to define the way in which melt viscosity
changes with temperature and shear rate. The shear
rate is a measure of how fast the melt passes through
a channel or orifice. A simple fluid such as water has a
constant viscosity value regardless of shear rate. This
is known as Newronian behavior in which the fluid can
be described fully by a single constant—the viscosity.
By contrast, the viscosity of a melt of a plastic at a con-
stant temperature changes markedly as the shear rate
changes. This is non-Newtonian behavior. There is no
single viscosity value. The viscosity value for such a
melt must always be related to the shear rate at
which it was determined and strictly it should always
be referred to as the apparent viscosity, although this
qualification is usually assumed rather than explicitly
stated. An important consequence follows: for a visco-
sity to be truly useful in determining how a process
will turn out, it should be measured at about the
same shear rate experienced in the process (see Table
4.2). Unfortunately, this is not true of the most popu-
lar and widely available measure of melt viscosity, the
melt flow rate (MFR) or melt flow index (MFTI).

The MFR test is performed at a low shear rate
so MFR figures will be at their least inaccurate for
medium to low shear rate processes like blow molding
and thermoforming, and will be most inaccurate for
injection molding. The quoted MFR value is the
weight of polymer melt flowing through an orifice
in specified conditions, so the higher the MFR
value, the lower the melt viscosity and the easier
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Table 4.1. Comparison of Molding Techniques and Extrusion for Thermoplastic Polymers

Pracess Technique

Advantages

Disadvantages

Injection Molding

The most precise control of shape and
dimensions, highly automatic process, fast
cycle times; the widest choice of materials

High capital cost; is only good for large
numbers of parts; large mold pressures
(typically 140 MPa or 20,305 psi)

Compression Moiding

Lower mold pressures (typically 7 MPa, or
1,015 psi); does minimum damage to
reinforcing fibers (in composites); large
parts are possible

Raquires more labor; longer cycle than
injection molding; less shape flexibility

than injection molding; each charge is

loaded by hand

Good for encapsulating metal parts and

Some scrap with every part and each

Transfer Molding electronic circuits charge is loaded by hand
Can make hollow parts (such as bottles); No direct control over wall thickness;
Blow Molding stretching action improves mechanicai cannot mold small details with high preci-

properiies; fast cycie; requires low fabor

sion; requires polymer with high melt
strength

Rotational Molding and
Rotolining

Labware that is shatterproof and will not

contaminate samples; small to very large
vessels; valve lining, bellows, items with

complex geometry, containers

A slow process, requires labor, and
involves numerous moving parts; a great
deal of cleaning and surface conditioning
is necessary

Extrusion
insulation)

Used for films, sheets, wraps, or long
continuous parts (i.e., pipes, wire, and cable

Must be cooled below its glass transition
temperature to maintain stability

Source: Reference {63].

Table 4.2, Propess Shear Rate Ranges

Process Typical Process
Shear Rate (s7')

Injection Molding
{Section 4.4) 1,000-10,000
Extrusion
(Section 4.3) 100-1,000
Transfer Molding
(Section 4.6) 1-100
Rotational Molding/Lining
{Section 4.8) <100
Compressicn Molding 3
{Section 4.5) <
Blow Molding (Section 4.7) —

Source: Reference [11.

the material will flow. Even though MFR values are
measured at an unrealistically low shear rate, it might
seem that the test would accurately rank different
materials for comparative ease of flow. Unfortu-
nately, not even this can be guaranteed because of
the varying degree of shear dependency shown by
different materials and grades. The MFR test owes
its continued survival mostly to tradition and the
fact that it is cheap and easy to perform {1].

More reliable viscosity measurements can be made
with high-shear rheometers. Material testing is per-
formed at shear rates similar to those experienced dur-
ing extrusion or injection molding, so the resulting
values have a direct bearing on process considerations
(Fig. 4.1). Even then, it is not a simple matter to depict
flow behavior. A number of viscosity models have
been developed to describe this behavior, and while a
detailed discussion is beyond the scope of this work,
itisas wellto beaware of some of these models because
they are used in process simulation computer pro-
grams. These programs predict the effect of product
and control parameters on the end product. The sim-
plest version is known as the Power Law Model.
More elaborate and accurate models are based on
higher order versions of the power law, or on the
Carreau, Cross, or Ellis models. Flow data correspon-
ding to these models are still not widely published but
can usually be obtained on request from materials sup-
pliers. Developers of flow simulation software main-
tain extensive databases of plastics flow data but
these are not freely accessible [1]. The situation has
improved with the development of Campus, the free
industry-standard materials database that includes
rheological data (www.campusplastics.com).

- A third type of flow measurement is sometimes
available, although its popularity appears to be
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Figure 4.1, Example of viscosity curves at 260°C for
polypropylene. 1—Blow molding grade (MFR=04); 2—
Calenderfllm grade (MFR=1.1); 3—Block copolymer
molding grade (MFR=5.0); 4—Thin wall molding grade
(MFR=19.0). Source: Reference [1].

waning: Spiral flow method attempts to relate flow
information directly to the injection molding process
by using an industrial molding machine to run the
tests, in conjunction with a test mold in which a long
flow channel is arranged in a spiral. The disadvantage
is that reproducibility between different presses and
molds is low. The spiral flow behavior of thermoplas-
ticis characterized simply by the flow length observed
under prescribed conditions of temperature, pressure,
and flow rate. Flow length measurements ate specific
to test conditions and cannot be extrapolated to
other circumstances. However, because the test is per-
formed at typical process shear rates, it will reliably
rank materials for ease of flow at the test conditions.
Another drawback is that the test is rather unwieidy
and time consuming,.

3

4.1.1.2 Thermal Properties

The melt processing of thermoplastics involves
first heating the material to a point at which it can
be made to flow, and then cooling it again to a tem-
perature at which the formed object is stable. This
requirement constitutes a major energy demand in
the forming process, and is central to the efficiency
and economy of the process. It is a common percep-
tion that thermoplastics are difficult to heat and even
harder to cool, and that this is particularly true of
TPEs. The perception is a sound one, and a study
of thermal characteristics shows why this is so.

The heat energy or heat content of a system is a
function of the mass of a material, its specific heat,
and the ternperature change. The quantity is often
referred to as enthalpy. The heat energy to melt
a thermoplastic is therefore proportional to the dif-
ference between its melt temperature and room
temperature. Theoretically, the heat energy to be
removed in cooling, in the case of a molding, is the
difference between the melt temperature and the
mold temperature. In practice, the component can
usually be ejected at a higher temperature, and only
a region near the surface needs to be at this tempera-
ture, so the heat to be extracted is considerably less.

The heat energy involved in heating and cooling
varies considerably from one polymer to another
(Table 4.3). An additional consideration is the fun-
damental difference between amorphous and semi-
crystalline plastics. For semi-crystalline materials,
the heat requirement for melting includes additional
quantity for melting the crystalline structure. This is
known as latent heat of fusion of the crystalline struc-
ture. For example, polypropylene (PP) has the heat
of fusion 670 J/g and it is more than double of that
of polystyrene and considerably greater than the
energy requirement for materials with much higher

Table 4.3. Process Heat Requirements of Different Thermeplastics

Heat Removed on

Polymer Melt . Mold . Heat Required to :
Temperature ('C) Temperature {"C) Melt (J/g) Cooling (J/g)
Polystyrene 200 20 310 310
ABS 240 60 451 369
PMMA 260 €0 456 380
Polyamide 8 250 . 80 703 520
Polyamide 6/6 280 80 800 615
Polypropylene 260 20 670 670
HD polyethylene 260 20 810 81D

Source: Reference [1], p.149.
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melt temperatures, such as polycarbonate, polypro-
pylene oxide (PPO) and polyether sulfone (PES).
The cooling requirement for PP and high density
polyethylene (HDPE) is even more demanding.
These thermal characteristics have a direct bearing
on processing. They mean for example that cooling
for a PP mold must be much more efficient that
for most other plastics. The need is often overlooked
and it is responsible for the commonly experienced
difficulty of overheating cores and pins.

The specific heat and thermal conductivity of
plastics vary greatly wifh temperature. So indeed
does density. These variations are not brought out
in data sheets that deal only with solid properties,
and are not widely appreciated by plastics proces-
sors. It is still difficult to obtain information about
the thermal properties of plastics in the melt state,
even though this is important for plastics process cal-
culations. A plot of enthalpy against temperature
shows the extent of the variation and also clearly dif-
ferentiates between amorphous and semi-crystalline
materials [2). The enthalpy curve for the semi-crystal-
line polymers shows a distinct discontinuity or
“knee.” The rapid increase in enthalpy at this point
corresponds to the latent heat of crystalline fusion.
The curve for an amorphous material shows no
such discontinuity. The enthalpy curves give a direct
read-out of the approximate heat energy to be added
or removed when heating or cooling a plastics mate-
rial, and deserve to be more widely distributed. The
Table 4.4 gives guideline spot values for the thermal
properties of thermoplastics melts. In reality, the
values for density, specific heat, and thermal conduc-
tivity are temperature-related variables. The latent
heat of crystalline fusion is zero for amorphous
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polymers because the phenomenon is absent.
Freeze temperature is the point at which the material
becomes a solid. The no-flow temperature is not a
fundamental property. Rather it is a useful concept
that has been introduced in flow calculations to com-
pensate for shortcomings in viscosity models at low
temperatures near to the solidification. Effectively,
it is the temperature at which the viscosity of a not
quite frozen polymer is held to be infinite. Reinforce-
ments and fillers tend to reduce the specific heat and
enthalpy of PP but the effect is not very great [2]. If
figures are not available for reinforced grades, it
would be reasonable to use data for base grades
which would then provide a small safety factor.

4.1.1.3 Shrinkage and Warping

Shrinkage and warping are complex conse-
quences of melt processing. For semi-crystalline
plastics such as PP the situation is particularly com-
plicated. Crystalline regions exhibit a greater shrink-
age than the surrounding amorphous regions, so
semi-crystalline materials typically have a greater
and more variable degree of shrinkage than amor-
phous materials.

Plastics melts are compressible, particularly at the
high pressures used in injection molding and extru-
sion. The fundamental property is the relationship
between pressure, volume, and temperature. Mea-
surements describing this relationship for any mate-
rial are known as PVT data, and are usually shown
graphically in the form of a PVT plot. The plot for
PP (Fig. 4.2) shows the now-familiar discontinuity
or “knee” in the curve that corresponds to the region
of crystalline fusion. For amorphous materials by

Table 4.4, Approximate Thermal Melt Properties of Different Thermoplastics

Melt Density Specific Heat Therm.al‘ No-Flow Freeze Latent Heat of
Polymer (glem®) of Melt Conductivity Temp.erature Temp.erature Crystalline

{kdrkg-K) of Melt (W/m-K) ("C) ("C) Fusion (kJ/kg)
Polystyrene 0.88 1.8 0.13 130 95 0
ABS 0.89 2.1 0.15 140 105 0
PMMA 1.01 2.0 0.156 140 110 0
PA G 0.95 27 0.12 220 215 200
PA 6/6 0.97 27 0.13 250 240 250
Polypropylene 0.85 2.7 0.19 140 120 235
LD polyethylene 0.79 32 0.28 110 98 180
HD polyethylene 0.81 33 0.28 120 100 190

Source: Reference [2].



4: PROCESSING METHODS APPLICABLE TO THERMOPLASTIC ELASTOMERS 33

600

500
f.d
400 / /
V4

S
ﬁ 300
S N
8 200
= V4
L

100 ”

)

-100

-50 0 50 100 150 200

Temperature {°C)

Figure 4.2. Example of a PVT plot for polypropylene
homopolymers, measured during heating up. a—non-
reinforced PP; b—PP with 20% talc; c—PP with 40% talc;
d—PP with 20% glass fiber; e—PP with 30% coupled
glass fiber. Source: Reference {2].

contrast PVT plots reveal a simple change of slope at
a point corresponding to the glass transition
temperature.

The PVT curves make it clear that shrinkage
occurring as a result of melt processing is not just a
function of thermal expansion and contraction but
is also related to the compressibility of the melt. In
practice, this relationship is made complex because
process conditions will determine the extent to
which the melt is compressed. Furthermore, process
conditions are unlikely to be uniform throughout the
part. For example, PP shrinkage is related to the
degree of crystallinity in the material and hence to
the cooling rate. A greater degree of crystallinity
leads to a higher rate of shrinkage and also to a
greater differential between shrinkage in the flow
direction and shrinkage measured transversely to
flow. The differential effect is another consequence
of the viscoelastic property of long-chain molecules.
During flow, the molecules are aligned to a limited
extent in the flow direction and are extended to a
degree proportional to shear rate. On cooling, a
partial recovery of this extension gives rise to a higher
shrinkage value. The effect is more pronounced in
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materials with a wide distribution of molecular
weight. It is the differential shrinkage that is respon-
sible for warping, the name given to the distortion of
an apparently correctly formed part during and
after cooling.

A further difficulty is that shrinkage takes place
over a period of time. In the case of an injection
molding, the greater part of total shrinkage is evident
virtually immediately after ejection from the mold
but shrinkage will continue for more than 24 hours.
During this time, further crystallization and relaxa-
tion of internal stresses result in small dimensional
changes. Thereafter, further changes take place very
slowly but the effect is dependent on temperature
and will occur more rapidly if the part is exposed
to elevated temperatures. The sum of all these consid-
erations is that it is impossible to state a simple and
precise design figure for the shrinkage. Shrinkage
can be minimized by using high viscosity, controlled
rheology, or non-nucleated grade types. Warpage can
be limited by using materials with a narrow molec-
ular weight distribution, particularly the controlled
rheology types. Although it is a volumetric phenom-
enon, shrinkage is usually expressed as a linear quan-
tity either as a percentage or as a linear ratio (e.g.,
mm per mm) (Table 4.5).

The effect of fillers and reinforcements on
shrinkage depends largely on the physical form of
the additive. Particulate fillers such as talc or glass
beads tend to counteract the effect of molecular
orientation and so not only reduce shrinkage, but
also reduce shrinkage differentials and hence the
tendency to warp [3].

Fibrous reinforcements also reduce shrinkage
but because the fibers become partially oriented
during flow, the reduction is much greater in the
flow direction than in the transverse direction [3].
This results in an increase in shrinkage differentials,
although the increased tendency to warp is opposed
to an extent by the greater stiffness of the reinforced
material. In complex moldings, the varying flow
patterns make it very difficult to anticipate shrink-
age correctly by any means other than computer
analysis. Even then, it is wise to design the product
assembly to be tolerant of a degree of distortion
and inaccuracy.

4.1.2 Pre-Processing

Before any thermoplastic is processed into semi-
finished or end products, and irrespective of the pro-
cess to be adopted, there are a number of prior con-
siderations to be taken into account. For many
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Table 4.5. Approximate Shrinkage Range of Different Thermoplastics

Palymer Shrinkage (%) Shrinkage (mm/mm) Range (%)
SAN 04-0.6 0.004-0.006 0.2
ABS 0.4-0.7 0.004-0.C07 0.3
Polystyrene 0.4-0.7 0.004-0.007 0.3
PVC-U 0.4-0.8 0.004-0.008 0.4
PET 1.6-2.0 0.016-0.020 0.4
PMMA 0.3-0.8 0.003-0.008 0.5
Polyamide 6 0.2-1.2 0.002-0.012 1.0
Polyamide 6/6 0.8-2.0 0.008-0.020 1.2
Polypropyiene 1.2-2.5 0.012-0.025 1.3
HDPE 1.5-3.0 0.015-0.030 1.5
LDPE 1.0-3.0 0.010-0.030 20

Source: Reference [3].

thermoplastic materials, the principal questions are
those concerning drying and coloring.

4.1.2.1 Drying

Most TPEs have a low tendency to absorb water
and will not normally require drying before pro-
cessing. If any moisture is present, it will be as
water condensed br adsorbed on the polymer sur-
face. This can occur, for example, if the material is
moved from a relatively cool store to a warm and
humid environment in the processing shop. Because
the effect is purely a surface one, the moisture can
be easily removed by conventional dryers but of
course it is better to avoid the problem by attending
to the storage conditions. Some TPEs tend to absorb
moisture and these require thorough drying (see pro-
cessing details for the individual materials). .

A simple hopper dryer will usuvally be sufficient
to remove surface moisture from the granules.
However, if the material is in the form of powder,
the problem will be more severe, simply because of
the greatly increased surface area available for adsorp-
tion. Powdered materials constitute an explosion
hazard and should not be dried in conventional equip-
ment intended for granules. Instead, the problem
should be circumvented by storing producer-dried
powders in sealed containers at equable temperatures.

4.1.2.2 Coloring

Most of the TPEs are essentially colorless materi-
als, ranging from milky white to near transparent
depending on form and type. This characteristic

means that it is possible to color the material to
almost any desired shade by the inclusion of suitable
dyes or pigments. The quality of the end result
depends crucially on the even and thorough disper-
sion of the colorant throughout the melt, and proces-
sors have a variety of means at their disposal for
achieving this. Coloring operations can be broadly
divided into those that are coincidental with the
forming process (in-process coloring) and those
that precede it (pre-process coloring).

Pre-process coloring involves a separate coloring
operation that takes place before the primary form-
ing process. The method gives very good results
but is relatively costly and adds to the heat history
of the material. fn-process coloring methods are, as
the name implies, carried out during and as an
integral part of the primary forming process.
These processes—injection molding, blow molding,
extrusion~—involve the use of an extruder screw as
a melt plasticizer, and in this case it is pressed into
service for the additional duty of dispersing a color-
ant additive throughout the melt. The process screws
are not designed expressly for this duty and cannot
be optimized for it. Instead, the machine designer
has to compromise to produce a screw and batrel
that will work well enough with a range of polymers,
while providing a reasonable balance between the
conflicting requirements of throughput, heat transfer,
mixing, pressure, and cost. Process conditions too,
must be a compromise between what is best for dis-
persion and what is best for the physical product.

Consequently, the principal worry with in-
process coloring is how to achieve widespread,
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uniform, and repeatable dispersion of color addi-
tives. Mixing can be improved by the addition of sim-
ple static mixers such as screen packs or flow-divider
nozzles, but at the cost of greater process pressure
drops and perhaps reduced throughput. On the
plus side, no additional heat history is imparted to
the material, and the equipment, energy, and time
is effectively free. The processor also has no need to
hold large inventories of bulk colored material, and
can respond rapidly to changing needs and specifica-
tions. The most common method of in-process color-
ing is the use of color concentrate and to a lesser
degree liquid color and dry color.

Color-compounded polymers come to the proces-
sor already colored in standard or custom colors. A
custom compounder can prepare batches in desired
colors from base polymer and color concentrates.
The color is added in a melt process, generally a con-
tinuous process using an extruder or a screw-based
mixer. Batch processes can also be performed in
internal mixers or on roli mills but are less convenient
and less uniform for thermoplastics. The color com-
pounding process concludes with a pelletizing opera-
tion that results in colored pellets or granules ready
for use in injection molding, extrusion, and other
forming processes (for details see Section 4.2.5.2.1).

The compounding equipment can be optimized
for mixing, so the colorants are uniformly and widely
dispersed throughout the material. Together with the
availability of specialist color formulation and color
measuring equipment, this gives consistent and high
quality results but there are a number of disadvan-
tages. Certain TPEs are prone to oxidation at melt
temperatures and must be stabilized to counteract
this. By imposing an extra melt operation, the color
compounding process adds to the thermal strain or
as it is often known, the heat history of the material.
The additional operation also adds an extra cost,
which is partially offset by the efficiency gains of a
dedicated business. Standard color ranges are neces-
sarily limited, and the minimum order quantity for
custom colors may be high.

The processor uses color-compounded materials
in exactly the same way as natural grades of the
TPEs. Color dispersion is already complete, so pro-
cess conditions and equipment need take no account
of this consideration. The color shade of the finished
article can be taken for granted, provided quality
checks are performed on the incoming compound.
Minor process parameter adjustments may be
necessary when changing from natural to color-
compounded material but this is just a function of
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the minor rheological and thermal effects of the
color additive on the polymeric matrix.

Color concentrate or masterbatch combines some
of the advantages of pre-process and in-process col-
oring. The color concentrate is a thermoplastic
compounded in the pre-process manner with a very
high loading of colorant. It is then added in a
minor proportion to natural (uncolored) polymer,
and the process plasticizing screw has the task of mix-
ing and distributing the colored polymer proportion
throughout the mass of natural material. This
requirement is relatively unexacting because the pri-
mary task of dispersion has already been performed
during manufacture of the color concentrate.
Consequently, there should be no chance of color
agglomerates forming, even if the process screw is a
relatively inefficient mixer.

The degree of dilution, or in other words the pro-
portion of concentrate added to the polymer to be
colored, is known as the let-down ratio. The concen-
trate manufacturer will aim to get the ratio as large as
possible, but it is limited by the mixing efficiency of
the conversion machinery and by the practicalities
of concentrate compounding. Color concentrate is
now the most widely used method of coloring PP.
The processor requires-only simple metering equip-
ment to control the let-down ratib, and the added
heat history is negligible. On the downside, the car-
rier polymer used in production of the color concen-
trate may have a minor effect on processing and on
the properties of the finished part. This is because
the carrier for a PP color concentrate is unlikely to
have exactly the same characteristics as the grade
being colored. Indeed, the carrier may well be of
polyethylene rather than PP. These differences arise
from the economic and logistical need to produce a
near-universal color concentrate. The effects are
usually insignificant provided the let-down ratio
remains large.

4.2 Mixing and Blending

In many cases materials used to manufacture
products from thermoplastics are used as received.
However, some of them need to be prepared for
further processing by the addition of other ingredi-
ents to attain specific processing characteristics and/
or physical and mechanical properties. This process
often referred to as compounding is essentially prepar-
ing a uniform mixture by blending and/or mixing.
The method of preparing a uniform mixture depends
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on the nature of the components. If all components
are solids, they are blended in a blender using pad-
dles, screws, ribbons, or propellers and the process
is referred to as dry blending. If they are all liquids,
the blending is done by simple mixing with the use
of some sort of propeller. If both liquid and solid
components are in the mixture, the choice of method
depends on the component that is largest in volume.
Although in polymer processing all the above mixing
and blending methods are used, the main focus in the
following sections will be on polymeric melts.

In many cases polymeric solids are melted and
blended or mixed in the molten stage. Frequently,
various additives, such as powders, waxes, resins,
pigments, reinforcing agents, liquid or solid plastici-
zers, antidegradants, colorants, or other specialty
chemicals are added in the mixing process. Mixing
in the molten stage requires specialized equipment,
such as batch mixers or continuous mixers and con-
sumes a large amount of energy. The finished mix is
often called a compound or formulation and can be in
the form of pellets, sheets, slabs, or ropes, depending
on the form required for the next step in the manu-
facturing process.

In combining together different materials to form
amixture, there are two major concerns. One of them
is to produce a hbmogeneous mixture. The composi-
tional homogeneity of the mixture in a mixing pro-
cess is achieved through distributive mixing. The
second concern is to produce as fine and uniform dis-
persion of the ingredients as possible. The reduction
of disperse phase during mixing is described as
dispersive mixing. Another consideration regarding
the mixing process is whether the substances being
mixed are fully miscible, partially miscible are totally
immiscible. They can be all liquids (e.g., molten poly-
mers) or combinations of particulates that is, solids
and liquids. If the mixtures are liquids, it is important
to know the relative viscosities {or viscosity ratios)
and the interfacial tensions between the phases [4].

4.2.1 Basic Concepts Pertaining fo Mixing
4,2.1.1 Melting

Melting occurs when a solid polymer turns fluid
as it is heated. Many polymers have crystalline
molecular structure, and therefore a distinct melt-
ing point (crystalline melting point, frequently
denoted as Ty,). Materials that are “rubbery” and
without crystallinity are called amorphous. When
these polymers melt, their transition from glassy
to molten state occurs at the glass rransition
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temperature (T). Since this transition is gradual,
the exact value of the glass transition temperature
may not always be well defined. Some polymers are
semi-crystalline, that is, partly crystalline and partly
amorphous, and do not display a distinct melting
temperature.

4.2.1.2 Rheology and Flow Pertaining to Mixing

Rheology, in general, is a scientific discipline that
concerns the flow of flnids. The rheology of poly-
meric fluids (mainly melts) is rather complex because
these materials exhibit many unusual features related
mainly to their molecular structure. Polymers are
usually viscoelastic, which means that they exhibit
both viscous and elastic features. These features are
apparent when a polymeric fluid is displaced slightly
and then all forces acting upon it are removed.
The fluid flows back slightly, but not completely.
Elasticity of a material is its ability to retract to its
original dimensions. If elasticity is not exhibited
then the fluid is totally viscous.

A purely elastic material (Hookean elastic)
behaves in such a way that its deformation is directly
proportional to the applied stress, that is, follows
Hooke’s law. If elasticity is not exhibited then the
material is totally viscous. Polymers are usually vis-
coelastic, which means that they exhibit both viscous
and elastic features. These features are apparent when
a polymeric fluid is displaced slightly and then all
forces acting upon it are removed. The fluid flows
back slightly, but not completely.

Flow of a fluid can be imposed by either shear
or elongational forces. Shear forces are applied
when a fluid is placed between two parallel plates
and one of the plates is moving faster than the
other. Purely elongational flow occurs when a
fluid descends from an orifice and thins down to
a smaller diameter.

The quantity providing the measure of deforma-
tion of a fluid (i.e., changes in its shape or movement)
is the shear strain. Newtonian fluids exhibit a linear
dependence of shear rate (measure of its flow) on
the imposed shear stress. Thus the plot of shear stress
versus shear rate (referred to as flow curve) for a
Newtonian fluid is a straight line passing through
the origin and having a slope expressing its resis-
tanee-to flow, that is, its wiscosity, p (see Fig. 4.3).
Non-Newtonian fluids are broadly classified as
time-independent fluids, time-dependent fluids, and
viscoelastic flnids [5].

. Time-independent non-Newtonian fluids are those,
for which the shear rate at any point is a function
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of only the instantaneous shear stress (Fig. 4.3).
Time-dependent non-Newtonian fluids are those for
which the shear rate depends on both the magnitude
and duration of the applied shear. Such flunids also
show a relationship between shear rate and the
time lapse between consecutive applications of shear
stress (Fig. 4.4). Viscoelastic fluids display the
behavior of partial plastic recovery upon the
removal of a deforming shear stress.

Time-dependent non-Newtonian fluids can ex-
hibit yield stress, denoted as t,, which can be thought
of as a minimum stress value that must be exceeded
for deformation to occur. Flow curves of such fluids
are shown in Fig. 4.3B. Also shown in that illustration
is an idealized time-dependent fluid that is often referred
to as Bingham Plastic.

Many industrial fluid-like materials can be
described as being pseudoplastic. The flow curve of
a pseudoplastic fluid is depicted in Fig. 4.3A. The
apparent viscosity of a pseudoplastic fluid decreases
with increasing shear rate and such a fluid is
referred to as a shear thinning fluid. Dilatant fluids

SHEAR STRESS, T,
SHEAR STRESS,T,,

SHEAR RATE, ¥

(B)

Figure 4.3, Flow curves for non-
Newtonian, time-independent fluids
(Courtesy Taylor & Francis) [5).

are time-independent materials exhibiting an
increase in apparent viscosity with increasing shear
rate. The flow curve for a dilatant fluid is also
shown in Fig. 4.3A.

Time-dependent non-Newtonian fluids can be
classified as thixotropic and rheopectic. Thixotropic
fluids display a reversible decrease in shear stress
with time at a constant shear rate (Fig. 4.4A).
Rheopectic fluids (Fig. 4.4B) are sometimes called
antithixotropic fluids because they exhibit a reversi-
ble increase in shear stress over time at a constant
rate of shear under isothermal conditions [4].

Examples of non-Newtonian materials are
shown in Table 4.6.

When a polymeric melt is forced through a circu-
lar opening (e.g., through an extrusion die), the
emerging strand has frequently a considerably larger
diameter than the opening. While a contraction may
sometimes occur, most polymeric melts expand
under these circumstances, sometimes as much as
eight times [6]. This phenomenon is referred to as
die swell.

Figure 4.4. Hysteresis loops for
time-dependent fluids, (A) thixo-

SHEAR RATE, 7

{A)
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tropic hysteresis, (B) rheopectic
hysteresis {Courtesy Taylor &
Francis) [5].
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Table 4.6. Examples of Non-Newtonian Fluids

Hanpsook OF THERMOPLASTIC ELASTOMERS

Type of Fluid

Examples

Time-Independent Fluids

Fluids With a Yield Stress

Pseudoplastic Fluids (Without Yield Stress)

Dilatant Fluids (Without Yield Stress)

Various plastic melts, oils, sand suspensions in water, mayonnaise,
shortening, greases, toothpaste, soap, detergent slurries, paper pulp

Rubber solutions, adhesives, polymer solutions and melts,
starch suspensions, cellulose acetate, mayonnaise, paints, various
biological fluids

Aqueous dispersions of titanium dioxide, comn flour/sugar solutions, gum
arabic in water, wet beach sand, iron powder suspended in
low-viscosity liquids

Time-Dependent Fluids

Thixotropic Fiuids

Meits of high-molecular weight polymers, various greases, margarine and
shortening, printing inks, paints, various food substances

Bentonite clay suspensions, gypsum suspensions, various oils, dilute

Rheopectic Fluids

suspensions of ammonium oleate

Viscoelastic Fluids

Bitumen, flour dough, napalm, various jellies, polymers and polymer
melts (e.g., polyamide), various polymer solutions

Source: Reference [5].

During the melt mixing of polymeric compounds,
flow in the mixing equipment may be caused by drag
(drag flow) or by, positive displacement. While one or
the other may predominate, a combination of the
two usually takes place [5].

Drag flow can be viewed in its simplest form as
one plate sliding on top of another with polymer
between them [7]. If there is no pressure, the velocity
profile is linear and referred to as pure drag flow.
If pressure is forcing the melt to move in the same
direction or in the opposite direction it is flowing,
the velocity profile becomes curved [7].

Positive displacement occurs by mechanically
enclosing and transporting a pocket of a melt. Such
pockets can be formed in mixing equipment with
two intermeshing screws (see Section 4.2.3.3.2). The

_ polymer is forced along the screw axis [7].

4.2.1.3 Residence Time

Residence or dwell time is the amount of time that
an arbitrarily selected, small volume element in the
feed stream spends inside the mixing equipment.
Frequently, for an efficient mixing the entire resi-
dence time distribution has to be known. It can be
roughly estimated by dropping several black peliets
into the mixer while a white material is being mixed.
At first, there is no change at the exit, after that the

material blackens and eventually turns white again.
If the intensity of the black color is directly propor-
tional to the concentration of the black colorant,
this intensity can be plotted as a function of time pro-
viding the residence time distribution [8).

4.2.1.4 Specific Mechanical Energy

The amount of energy required for mixing a poly-
meric compound is usually dictated by the amount
of mixing needed. While better mixing is desirable,
there are limitations set by the amount of exposure
a polymer can tolerate. Knowing how much energy
is required for an optimum mixing determines the
size of the mixer and drive and the energy consump-
tion while the equipment is in operation [9].

To compare different mixing machinery and for
scale-up, the concept of specific mechanical energy
(SME) is used. It is essentially the drive energy
consumption per unit weight of polymer mixed by
the specific equipment. The energy consumption is
usually determined by measuring the current (7} in
amps through the electric motor. For direct-current
(DC) motors, the power (P) in watts is calculated
using the well-known relation:

P=].V (4.1

where [ is the current in amps and V is the voltage
in volts.
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The SME is obtained by dividing the power by
the mass flow rate ri1, (in kg/h) and multiplying by
the motor efficiency #:

SME=1n-Plm,=n-V-Iim, “.2)

For both DC and alternating-current (AC)
drives, the torque is proportional to the current
exerted on the drive. The power can be calculated
by multiplying the torque by the rotational speed [9].

4.2.2 Polymer Blends

The development of new types of commercial
polymers has decreased with considerably more
interest directed to polymer blends, where synergies
of properties are exploited to meet new application
needs [10]. In fact, commercial blends were devel-
oped before the use of pure polymers, because
early polymers did not provide desired properties
[10]. Recent statistics indicate that blends represent
more than 30% of all polymers used with an annual
growth rate estimated at about 9% [11].

Only few polymers are miscible, that is, mutually
soluble. The measure of compatibility in general is
the magnitude of interfacial tension between the
two materials. Ideally, when the interfacial tension
is zero, they dissolve in each other. As the interfacial
tension increases, the two materials are increasingly
incompatible and immiscible with each other, in
a thermodynamic sense. An example of values of

interfacial tension for different polymer melt pairs
is in Table 4.7. Interfacial tensions between two
homopolymers melts have been found to be largely
determined by the differences in polarity of the
structural units. The larger the polarity difference is,
the larger the interfacial tension. Thus the
greatest interfacial tension between polymer melts
listed in Table 4.7 is between polyethylene and
polyamide 6 [12].

When immiscible polymers are combined in the
mixing process, separate phases are formed. If only
two immiscible polymers are blended, droplets may
form in the final product [11]. As the relative
volume of each polymer increases, a co-continuous
morphology may form instead of droplets. Phase
co-continuity may provide the best balance of prop-
erties in a blend of polymers. For example, a lamellar
structure is preferred when barrier properties are
desired [11].

In the early stages of mixing, the polymer of the
minor phase is sheared into sheets that gradually dis-
integrate by forming cylindrical shapes or developing
holes. In the next stage, the holes grow until they coa-
lesce and the material from the original sheets forms
ribbons and irregular fragments[13]. With additional
flow these fragments may turn into droplets, which
may break up further into smaller droplets. These
may finally combine (coalesce) into larger droplets.
A dynamic interchange between drop coalescence
and breakage may occur and after a sufficient
amount of time equilibrium will be established {14].

Table 4.7. Examples of Values of Interfacial Tensions for Different Melt Pairs

Polymer Melt Pair Melt Te(r.rg;erature Inter(f:;:‘a;;;r;sion
Polyethylene-polypropylene - 1.2
Polyethylene-polystyrene 180 N

290 4.0~-5.0
Polyethylene-polysulfone 290 6.5-7.0
Polyethylene-polyphenylene sulfide 290 7.2~7.8
Polyethylene-polymethylmethacrylate 180 9.0
Polyethylene-polyethylene terephtalate 290 9.2-9.4
Polyethylene-polycarbonate 230 12.5-13.0
Polyethylene-polyamide & 290 12.8-13.2

220 5.8
Polypropylena-polystyrene 050 8.7
Polystyrene-polymethylmethacrylate 180 1.2

Source: Reference {4].
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The major factor determining the droplet size is
its surface tension, which depends not only on the
nature of the polymer within the droplet but also
on the nature of the material that surrounds the
droplet [15].

Interfacial tension is essentially the force that
holds the droplet together. At the same time, the
droplet is entrained in the melt flow inside the mixing
equipment, subject to viscous forces that try to pull
the droplet apart. The ratio of the two forces is called
the Weber Number, If the droplet is in such a condi-
tion where the Weber Number is greater than some
critical value, it will break up. This critical value is
related to the viscosity ratio of the dispersed phase
to that of the matrix [16]. The diameter of the dis-
persed particles has been shown to pass through a
minimum value when the viscosities are matched
[16]). A reduction in the interfacial tension generally
leads to a smaller particle size and better physical
properties of the mixed material.

In general, the miscibility of polymers, essentially
a reduction of interfacial tension is improved by the
use of compatibilizing agents in the mixture, Compat-
ibilizing agents have a similar effect as surfactants in
liquid systems (e.g., oil/water mixtures). These agents
do not impart thermodynamic compatibility, which
would causesthe polymers to exist in a single molecu-
larly blended, homogeneous phase [17]. Instead, they
anchor themselves to both polymers across their
interface. The molecules of compatibilizers have seg-
ments, which are soluble in each of the phases. They
may have either block or graft structure [18-20j;
the former is held to be more efficient; however,
gralt compatibilizers are used more frequently for
cost reasons.

4.2.3 Mixing Equipment

Mixing machines are used to prepare materials
with a minimum possible concentration gradient,
that is, with a high uniformity. In some cases this
might be accompanied by a dectease in the thermal
gradient in processes involving heat generation
and/or transfer. As pointed out earlier, the design
of mixing machine suvitable for a given system
depends on the physical properties of components
to be mixed. The mixing of non-Newtonian materials
is essentially done by mechanical devices that com-
bine the ingredients and provide intensive agitation.
Common devices are sigma-blade mixers; roll mills,
anchor agitators, centrifuga! disk-type mixers, and
others. Batch mixing is in general suitable if relatively
short cycles are required [211.
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Heavy pastes and polymeric melts require heavy
machinery to achieve satisfactory mixing. Such
materials are mixed in either batch of continuous
operations. A batch mixing process is most fre-
quently performed in a closed volume of the mixing
device. Over the course of the mixing cycle, the
properties of the mixture may change considerably
and the material is completely discharged at the end
of the mixing cycle.

A continuoys mixing operation requires continu-
ous loading and unloading of the components.
There is a drastic variation in the concentration of
components at the inlet. When properly performed,
continuous mixing decreases these variations to the
desired minimmum. The main advantage of continuous
mixing is that it provides a stable process. Moreover
the power consumption is both lower and more con-
stant than in the batch process. The major disadvan-
tage of continuous mixing is a relatively long mixing
time compared to batch technology [21].

4.2.3.1 Batch Mixers

The batch mixer is the oldest and conceptually
simplest mixing machine and as pointed out earlier,
the mixing occurs within a single isolated volume;
the homogenization and dispersion of different
phases is accomplished by rotating agirators or
rotors. Certain technologies, such as mixing of rub-
ber and certain plastics are still carried out in mixers
of this design. Batch mixers ¢an be divided into
machines open to the atmosphere (e.g., a roll mill)
and machines with enclosed mixing chambers (e.g.,
the Banbury mixer).

4.2.3.1.1 Roll Mills

The roll mill is the simplest batch mixing equip-
ment. The principal design consists of two horizontal
rolls, usually of equal size, arranged side by side and
rotating toward each other at different speeds. The
ratio of the peripheral speeds of the rolls, known as
Sfriction ratio, ranges from | to 2 but is usually around
1.2. The higher friction ratio leads to a higher heat
generation in the processed material. Friction,
speed, and the sizes of the rolls influence the cooling
of the material mass and the intensity of its treat-
ment. Depending on the properties of the process
material and its desired temperature the rolls may
be internally cooled or heated by using circulating
cooling water or a suitable heating medium.

The basic mixing operation is illustrated in
Fig. 4.5. The material is charged between the rolls in
the form of lumps, pellets, chunks, or powder. As a
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(A)

(8)

result of rotation, adhesion, and friction, the material
is entrained into the gap between the rolls, and upon
discharge it sticks to one of the rolls, depending on
their temperature difference and velocities. Another
factor is the gap between the rolls. In batch mixing
the material after loading passes through the gap
between the rolls several times and the mixing action
is due to the different speeds of the rolls. Both the
shearing action and entrainment of the material into
the gap are very important in the mixing process and
transporting of the material through the unit. The
gap between the rolls can be adjusted by a massive
screw mechanism. During the operation, cutting of
the sheet of the material (“blanket”), folding, and roll-
ing are carried out, which increases the uniformity of
the composition. If additives, often in the powder,
liquid, or paste form, are to be incorporated they are
added into a rolling “bank” formed between the rolls.

Roll mills are also used for warming up materials
for calendering or extrusion. In such cases the warm
material is cut into strips that are fed into the calen-
der or extruder often continuously. Another appli-
cation of roll mills is to cool materials discharged
from an internal batch mixer in a form of large
lumps (see Section 4.2.3.1.2). The resulting blanket
is then transported in form of strips to the calender
or extruder or removed from the rolls as thick sheets.

A thorough theoretical analysis of mill mixing is
in references [22] and {23].

Two-rotor mixers with open mixing chambers
have been developed and manufactured by Werner
& Pfleiderer of Germany.

4.2.3.1.2 Internal Mixers

An internal mixer consists usually of two rotors
enclosed in a mixing chamber. One of the most widely
used designs is the Banbury® mixer shown in Fig. 4.6.
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Figure 4.5. Operation of mixing
rolls: {a) Batch operation.
{1—loading; 2—olling; 3—end of
rofling; 4—mass shear; 5—knife);
{b) Continuous operation
{1—knife, 2—continuous removal
of the material)

{Courtesy Taylor & Francis) [5].

In this design, the massive rotors (1) rotate toward
each other at slightly different speeds. Each rotor
has a blade that extends along the length of the
rotor roughly in the form of a spiral. Bach rotor is

=

Figure 4.6. Schematic drawing of a Banbury® Mixer
(Courtesy Farrel Corporation}. 1-—rotors; 2—mixing cham-
ber; 3—cooling sprays; 4—feed hopper; 5—floating weight;
6—discharge slide; 7—saddle.
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cored to permit cooling or heating by the passage of
water or of an appropriate heating agent. Example
of a two-wing rotor widely used in a Banbury design
is shown in Fig. 4.7. The mixing chamber (2) may
also be cooled or heated by means of sprays (3). The
materials to be mixed are fed into the mixing chamber
through the feed hopper (4). A floating weight (5) is
operated by compressed air and rests on top of the
feed, serving to confine the material to the mixing
space and to exert pressure on it. The mixed material
is discharged by a slide discharge mechanism (6)
shown in this illustration. The saddle (7) between
the rotors, which isattached to the sliding mechanism,
slides from underneath the rotors, leaving an opening
through which the mix discharges. Newer machines
use a drop door for the discharge of the mixed com-
pound, which assures a faster discharge that in turn
increases the mixing capacity of the equipment by
shortening the mixing cycle. The mixed batch is
always dropped onto a two-roll mill or into a large
single- or twin-screw extruder to partially cool it
and to convert it into a desired shape for further pro-
cessing, such as sheets, pellets, or chunks. Production-
scale mixers of this design can process batches
weighing 1,000 Ibs (450 kg) or more with drives
4,000 hp (2,985 kW) and rotor diameter 29 in.
(74 cm) [24). Power draw on the motor during a mix-
ing cycle in an internal mixer is depicted by Fig. 4.8.

Other designs of batch internal mixers include
those with single mixing chambers containing
single rotor or two rotors. The rotors may be sepa-
rated, tangential, or intermeshing and with different
directions of rotation (counter-rotating and co-
rotating). These alternatives to the Banbury design
are discussed in detail in reference [25).

4,2.3.2 Continuous Mixers

There are many designs of mixing machines
operating continuously. Essentially, they consist

Figure 4.7. Two-wing rotor of a Banbury® Mixer (Courtesy
Farrel Corporation).
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Figure 4.8. Power draw on the motor of the internal
mixer during a production cycle (Courtesy Farrel
Corporation).

of roughly elongated cylindrical or rectangular pris-
matic steel chambers into which feeders monitor the
addition of various ingredients. They contain one
or more rotating members that are capable of
pumping and mixing. Such members are often of
screw or screw-like shape.

Many continuous mixers, particularly single- and
twin-screw extruders, are pressurized machines with
dies that extrude strands. The strands are then
continuously cut into pellets. Other continuous mix-
ing machines are not pressurized at their exits. Exam-
ples are the single-screw KoKneter (or Kneader)
manufactured by Buss AG, and various machines
consisting of nonintermeshing, counter-rotating
shafts with screw and mixing rotor sections. An exam-
ple of the latter is Farrel Continuous Mixer (FCM )
and similar machines manufactured by Japan Steel
Works, Kobe Steel, and Techint Pomini. The molten
compound is discharged through doors or other con-
necting members into a second pressurized screw
extruder with a pelletizing die [26].

The different continuous mixers differ in their
internal operation. They may contain a single rotating
and pumping member with the general configuration
of a screw, but with the incorporation of special
mixing sections, The Buss KoKneter (Kneader) con-
tains a screw member that rotates and reciprocates
in a barrel containing pins [26]. Other designs
may use co-rotating or counter-rotating modular
screws, intermeshing or tangential screws. Discus-
sion of design and operating details of these
machines is beyond the scope of this book and the
reader is advised to obtain this information from
reference [27].
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Figure 4.9. Farrel Continuous Mixer (Courtesy Farre!
Corporation).

Farrel Continuous Mixer (FCM®) is a non-
intermeshing counter-rotating machine (Fig. 4.9).
Its distinctive feature is that the clearance between
the screw flights and the barrel is much less than in
a twin-screw extruder. This leads to increased
shearing between screw {light tips and the machine
barrel [28]. A sectional view of an FCM in operation
is shown in Fig. 4.10.

The Farrel Continuing Mixer was originally
developed for the continuing mixing of powdered/
pelletized rubber [29]. Since the commercial intro-
duction, there have been few applications of this
kind; however it found use for post-polymerization
processing of polyolefins and for mixing of com-
pounds with high content of fillers [30).

KoKneter, Ko-Kneader, or Kneader is a recipro-
cating single-screw mixer made by the Swiss com-
pany Buss AG. Its screw rotates and reciprocates
with one complete forward and return stroke for
every rotation. The reciprocating action of the

pee—— EAIRING CHAMBER et

screw makes it completely self-wiping in the mixing
section.

In the barrel wall of the machine, there are three
rows of pins running from the main feeding port to
the discharge (see Fig. 4.11). The rows of the mixing
pins are spaced 120 degrees apart. These pins
impart enhanced mixing to the screw, but also
make each pin location a possible port to the mix-
ing chamber. The Buss Kneader is manufactured
in sizes ranging from 46 mm (1.7 in.) to 200 mm
(7.4 in.) in diameters suitable for the processing of
polymeric compounds and blends [31] with typical
throughputs ranging from 10 kg/h (22 lb/h) to
6,000 kg/h (13,215 Ib/h). It is used in applications
where both dispersive and distributive mixing is
required. Machines used specifically for engineering
plastics are designed with electrical heating and
twin-screw side feeding [32]. An overall view of a
typical Buss Kneader is in Fig. 4.12.

4.2.3.3 Other Mixing Machinery

The machinery discussed in the previous sections
is designated to mixing only. Other equipment that
has a primary function to extrude melts into different
shapes can be and at times is also used for continu-
ous mixing. Single-screw and twin-screw extruders
are pressurized machines having dies that extrude
strands, which can be continuously cut into pellets
if desired.

4.2.3.3.1 Single-Screw Extruders

Single-screw extruders are the most widely used
polymer extrusion machines. Although their utility
as mixing equipment is somewhat limited, many
compounding operations have at least one [33].
Their key advantage is a relatively low cost,
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(Courtesy Farrel Corporation).
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Figure 4.11. Cross-section of the Buss Kneader (Courtesy
Buss AG).
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straightforward design, ruggedness, and favorable
performance/cost ratio.

The single-screw extruder is primarily a drag
pump designed to work with highly viscous fluids
such as polymeric melts. The usual screw configura-
tion has twenty or more turns with a pitch similar to
the diameter giving a Jong slender machine in which
substantial longitudinal temperature gradients can
be maintained and controlled. An appreciable resi-
dence time permitting a degree of end-to-end mixing
is also provided. In addition to this distributive mix-
ing, high shear stresses over flight lands give a
degree of dispersive mixing for breaking up agglom-
erates such as pigments, waxes, and other similar
additives [34].

Typical single-screw extruder is shown in
Fig. 4.13. Its main components are:

* Barrel and feed section

+ Barrel heating and cooling mechanism

* Barrel and die temperature control systems
» Motor and drive

* Gear Box

* Thrust bearing

» Feedscrew.

Figure 4.12. Buss Kneader, overall view Buss (Courtesy Buss AG).
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The barrel houses the feedscrew and provides a
transfer medium for heating, cooling, and venting
and is made from a special bimetallic hardened
liner to withstand wear and high pressures occurring
during the operation of the extruder.

Inside diameter of the barrel (D) and barrel
length (L) to barrel diameter ratio (L/D) are the prin-
cipal dimensions used to express the size of the extru-
der. The (L/D) measurement is arrived at by dividing
the barrel length from the downstream edge of the
feed throat to the end of barrel by the barrel diam-
eter. The (L/D) ratio has an important relation to
available barrel surface area and residence time of
the material within the extruder [35].

The feed opening is located at the end of the
barrel, near the gearbox. The material to be pro-
cessed is usually fed from a hopper that is bolted
over the feed opening. In general, the opening is
round and of the same diameter as the screw [36].
The material flows in most cases by gravity from
the feed hopper down into the barrel and into the
annular space formed between the extruder screw
and barrel.

extruder (Courtesy Hanser
Publishers).

Most extruder screws have a single metal ridge
(flight) wrapped like a large screw thread around a
cylindrical root. The screw nomenclature is shown
in Fig. 4.14 and the specific geometrical attributes
in Fig. 4.15. The majority of single-screw extruders
have single-flighted screws, which means that the
screw has a single helical flight. Some screws are of
multi-flight design, that is, they have more than
one helical flight, typically two or three. The screw
flights may be right handed or left handed when the
screw rotation is in the clockwise direction, as viewed
from the end of the screw (see Fig. 4.16). Almost all
single-screw extruders have right-handed screw
threads and rotate in the clockwise direction when
viewed from the end of the screw {37).

The barrel is stationary and the screw is turning.
The result is that the frictional forces act on the mate-
rial and cause a forward movement. The output rate
is controlled by the intake capacity of the feedscrew.
The flights in the feed section are full in most cases.
This case is referred to as flood feeding. As the mate-
rial moves forward, it heats up as a result of the
heat generated by and by heat conducted from the

Figure 4.14. Feedscrew nomenclature (Copyright Spirex Corporation, 1979-2006).
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Figure 4.15. Geometrical attributes of a serew (Courtesy
Hanser Publishers).
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Figure 4.16. (a) Right-handed screw. (b} Left-handed
SCrew.

barrel heaters. When the material exceeds its melting
point, a melt film forms at the barrel surface. During
the forward movement the amount of melted compo-
nent increases and at one point all of it is melted. In
the last part of the extruder, the pumping section, the
polymer melt is pressurized and pumped into the die.

Although a single-screw extruder provides a degree
of end-to-end mixing, the residence time of the melt
is of the order of only 10 s. On the other hand, it is
quite effective, especially at high back pressure, as a
distributive mixer on a small scale, thus forming a
useful compounding device when fed with a blend
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Figure 4.17. Various local screw modifications to
enhance mixing.

containing masterbatch (a premix), or following an
intensive high-speed mixer for powders [38].

Feed screw mixing devices, such as mixing pins,
Duimage section, Dray Mixer, and Maddock Mixer
have been developed to overcome problems inherent
in the design of single-screw extruders [38]. They
mostly represent different modifications of the screw.
Examples of such local screw modifications are in
Fig. 4.17.

4.2.3.3.2 Twin-Screw Extruders

There are many different designs of twin-screw
extruders being used in mixing of thermoplastic
and elastomeric materials. Essentially, they can be
grouped into two basic designs, namely modular co-
rotating twin-screw extruders and modular counter-
rotating twin-screw extruders.

Modular Co-rotating Twin-Screw Extruders. Modular
co-rotating twin-screw extruders have become the
most important commercial machine for continuous
mixing of compounds based on thermoplastics. They
also are the most studied and understood of the
equipment developed in the period after the Second
World War [39].

The machine contains - two shafts mounted with
various screw and mixing element moduies each hav-
ing a specific function. These are usually right-
handed and left-handed screw elements, kneading
disc blocks, distributive mixing elements, rotor and
polygonal elements, and valves.
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Modular co-rotating twin-screw extruders are
widely used for blending of polymers and incorpora-
tion of fillers, pigments, oils, and other additives into
the polymeric base. Moreover, they are used for
removal of liquids (devolatilization), for reactive
extrusion, polymerization, and grafting [40].

Modular Counter-rolating Twin-Screw Extruders.
Modular counter-rotating twin-screw machines with
modular construction are used for mixing, blending,
devolatilization, and reactive extrusion. Two classes
of these machines have been commercialized, namely
tangential screw and intermeshing screw machines
[41]. The intermeshing screw machines have been
used for difficult mixing problems involving pig-
ments, fillers, and lubricants that are difficult to dis-
perse. The machines with tangential screws provide
the processed material with a milder stress history
and consequently are much less able to break up
difficult particle agglomerates than the intermesh-
ing screw machines. Therefore, they found their
major applications in devolatilization and reactive
extrusion [42].

4.2.4 Material Feeding and Feeders

Bulk raw materials are most frequently stored in
large storage bins or tanks. Some liquids, such as
highly viscous oils require heating in order to facili-
tate their flow into the feeding system. Other raw
materials, such as waxes and certain chemicals have
to be melted before being introduced into the mixer
and are often stored in heated tanks,

All mixing machines must have some device or
system to feed the material into the process. Their
design depends on the type of machine and on the
type of materials processed, their physical properties,
_ and flow behavior. Such devices or systems are
referred to as feeders.

There are many types of feeders, such as single-
and twin-screw feeders, rotary feeders, belt feeders,
vibratory feeders. They can discharge the raw mate-
rials by volume (volumetric feeders) or by weight
(gravimetric feeders). The latter require weighing
system and accurate and dependable controls.

Feeding systems for batch mixing are relatively
simple. They may include scales, simple conveyor
belts, or weigh belts. Liquids can be introduced
directly into the mixing chamber from a volumetric
or gravimetric feeder. Feeding systems for continuous
mixers are considerably more sophisticated, often
with complex controls.
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The subject of feeding and feeders is covered in
great detail in reference [43].

4.2.5 Finishing Operations

The mixed compound is often not in a form to be
delivered to the user. Thermoplastic materials are
most widely reduced in size to be suitable for the
manufacture into semifinished or finished products.

4.2.5.1 Filtration

For certain applications the compounds must be
clean, without solid contaminants, such as particu-
lates, gels, unconverted polymer, carbonized poly-
mers, agglomerated additives, and debris such as
metal particles, dirt, or dust. These must be subjected
to melt filtration. Machines with mixing screws
almost aiways have a built-in filter, consisting of a
breaker plate and a screen pack (see Fig. 4.18). In
order to maintain continuous melt flow, screen chan-
gers of various designs are used. An example of a
screen changer is in Fig. 4.19.

Compounds mixed by batch mixing equipment
must be cleaned in down-stream equipment, which
can be a simple single-screw extruder with a filter-
ing device described above or a specialized strainer
with a screen changer.

4.2.5.2 Size Reduction

In general, mixed compounds can emerge from
the mixing equipment as lumps, strips, and slabs. In
some cases the shapes and dimension are not suit-
able for use in such manufacturing equipments, as
injection molding machines, extruders, blow molding

BREAKER PLATE SCREEN PACK
ADAPTER / SCREW
o1E \

LI L

EXTRUDATE

éy PRESSURE GAUGES

Figure 4.18. Location of screen pack and breaker plate in
an extruder.
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Figure 4.19. An example of a
screen changer (Courtesy Gneuf
Kunststofftechnik, GmbH).

(a) Schematic diagram;

(b} overall view,

and rotomolding equipment. In order to prepare the
mixed compounds for the next manufacturing step,
they have to be reduced in size. The size reduction
methods include pelletizing, dicing, and granulation.

Table 4.8. Processes and Equipment Used
for Pelietizing and Dicing

The processes and equipment used for pelletizing Guenching, Solidifying, | Cutting, Quenching,
and dicing are listed in Table 4.8. and Cutting and Solidifying
Below is the descfription of the most common Dicers Die-face pelletizers
processes and machines used for the production Strand Pealletizors Dry face pellelizers
of reduced sizes of thermoplastic compounds after it " P :
they are mixed or prepared for recycling. Wet ring pelletizers
Underwater pelletizers
4.252.1 Pelletizing Rotary knife pelletizers

Pelletizing is the most widely used process for size
reduction of many thermoplastic materials, including

Centrifugal pelletizers
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raw polymers and mixed compounds. The process
involves extrusion through a die. The extrudate is
cooled to solidification and then cut into pellets, or
the molten extrudate is cut as it emerges from the
extrusion die and the pellets are subsequently cooled.
In the latter case both cutting and cooling can be
done in air or water, or cutting may be done in air,
followed by quenching in water [44]. Cutting thermo-
plastics as a melt rather than as solid generates fewer
fines and less knife wear [45].

The pelletizing device, which converts the prod-
uct into pellets of different shapes and sizes, is fre-
quently attached to an extruder or a gear pump.
The pellet form offers several processing advan-
tages over other forms. It can be easily weighed,
uses simple feeding systems with fewer feeders,
and allows homogeneous and uniform free-flowing
feed for the subsequent end uses.

The product viscosity, heat history, product uni-
formity, required throughput, and other factors will
generally determine the cutting method that can be
successfully emploved. Below are the most widely
used pelletizing machines for thermoplastics.

Strand pelletizers have been most widely used for
pelletizing thermoplastic polymers and compounds
[46] in the past, but the current trend is to use the
underwater machines. The strands emerging from
the die of an extruder or a gear pump are conveyed
through cooling water bath with grooved rollers
that keep them separate until they solidify. Then
they are air dried and fed into nip rolls to a multi-
knife-blade rotor operating against fixed bilades.
The cross-section of the pellets can be round, oval,
or nearly square {47] with typical diameter of 24
mm (0.08-0.16 in.) and length of -5 mm (0.04-
0.2in.). There are several methods of cooling and dry-
ing the pellets; these are discussed in some detail in
{48]. A schematic diagram of a strand pelletizer is in
Fig. 4.20.

Die-face pelletizers produce pellets by the use of
knives rotating rapidly across a multiple-hole die
plate. The pellets are quenched in air alone with a
water mist, or by subsequent immersion into a water
bath [49]). A schematic diagram of a hot die-face
pelletizer is in Fig. 4.21.

Dry-cut eccentric pelletizers have an excentri-
cally mounted cutter with multiple arms rotating
at speeds up to 2,500 rpm.

Underwater pelletizers are probably the most
versatile equipment for a wide viscosity range,
higher outputs, and pellet size capability. They
operate with the die face and rotating cutter fully

49 of 408

Discharge vhute

Figure 4.20. Schematic drawing of a strand pelletizer
{Courtesy Rieter-Automatik).

LI

Figure 4.21. Schematicdiagram of a hot die-face pelletizer,
1—Polymer melt; 2—Rotary knife; 3—Discharge chute,

immersed in water. The produced pellets are carried
away as slurry in water for further cooling in tran-
sit, to the dewatering, screening, and drying equip-
ment [50]. An example of an underwater pelletizing
head is in Fig. 4.22 and the detail of cutting knives
is shown in Fig. 4.22a.

In the water ring pelletizer the molten strands
emerging from the die are cut with a centrally
mounted cutter. The freshly cut pellets are thrown
into a spirally rotated water, about 20 mm (0.8 in.)
deep. The pellets are cooled down in the water, then
screened and dried. A schematic of this type of
pelletizer isin Fig. 4.23 and an example of the arrange-
ment of die knives in such a device in Fig. 4.23a.

In centrifugal pelletizers the melt is fed into a
rotating die chamber at atmospheric pressure.
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Figure 4.22. Schematic drawing of an underwater pelletiz-
ing head {Courtesy Pomini). 1—Water chamber;
2—Pellets; 3—Knife holder; 4—Die Plate; 5—Extruder teed
sScrew.

Figure 4.22a. Detail of the culting head of an underwater
pelietizer (Courtesy Dazvis-Standard LLC, Black Clawson
Converting Machinery). '

The pressure to extrude the polymer through the die
holes is generated by the centrifugal force within the
die rather than by an extruder or gear pump. The
emerging strands are cut by single stationary knife
[503. This type of machine was offered at one time
but is no longer being made.

Rotary knife pelletizers operate with a die simi-
lar to the strand die, but with the rotary cutter oper-
ating in close proximity to the emerging strands.
The cutter is completely enclosed [51].

Thermoplastic elastomers can be processed
essentially by any of these machines; the selection
depends mainly on the apparent viscosity of the
melt of the given material. The layout of a typical
pelletizing system for most TPEs is in Fig. 4.23b.

Figure 4.23. Schematic drawing of a water-ring pelletizer
{Courtesy Pomini). 1—Water ring chamber; 2—Pellets;
3—Knife holder; 4—Die plate; 5—Extruder feed screw,
6—Motor,

Figure 4.23a. Detail of the cutting head of a water ring
pelletizer (Courtesy Xaloy Extrusion).

4.2.5.2.2 Dicing

Dicers are used to produce square, rectangular,
parallelogram, or octahedral pellets [S2}. The strip
from an extruder or a sheet from a calender or a roll
mill is quenched before entering the dicer and is
then fed at a constant rate through nip rolls into the
rotating knives operating against stationary-bed
knife. The configuration of the knives, the strip
feed rate, rotor speed, and the number of rotating kni-
ves determine the pellet size, configuration, and
output.
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Figure 4.23b. Typical layout of a system for pelletization of thermoplastic elastomers (Courtesy Davis-Standard LLC, Black

Clawson Converting Machinery). -

4.2.5.2.3 Granulation

Although granulation is mostly used for reclaim-
ing and recycling of thermoplastics, granulators can
be useful for short runs or for compounds that are
difficult to pelletize. They have two or more rotary
knives inside a chamber, where stationary knives
are mounted. Granulators are used in very limited
applications to pelletize hot melt directly from the
extrusion die; cooling for solidification is achieved
in the granulator [53]. A schematic of a granulator
isin Fig. 4.24.

4.3 Extrusion

Extrusion is one of the widely used processes for
fabricating parts from TPEs. Unlike injection
molding (Section 4.4), extrusion usually results in
a semifinished or intermediate article that needs
further processing to arrive at an end product.
The principal end products made by extrusion are
wire insulation, tubing, profiles, film, and sheet.

The flow behavior of the molten polymer is of
critical importance in the extrusion of most thermo-
plastics. Thermoplastic elastomers, and generally
thermoplastic materials, must be processed below
the velocity at which melt fracture occurs, referred

to as the critical shear rate. Melt fracture in molten .

plastics takes place when the velocity of the resin in
flow exceeds the critical velocity, the point where
the melt strength of the polymer is surpassed by
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Figure 4.24. Schematic drawing of a granulator (Courtesy
Neue Herbold GmbH).

internal stresses. Parts extruded in a process that
exceeds the critical shear rate have poor quality.
Typical symptoms of melt fracture include a rough
surface (shark skinning), and frosty or cloudy surface.

4.3.1 Fundamentals of Extrusion Processes

Extrusion is a continuous process that involves
forming a product (extrudate) in two dimensions.
These x~y dimensions determine the cross-sectional
form of the extrudate, and this can be almost
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unlimited in scope, ranging from a simple tube to a
very complex extruded profile, The third (z) dimen-
sion is the length of the extrudate. In principle it
can be infinite. In fact, it is limited by practical con-
siderations governing winding, reeling, storage, and
transport. The essential point is that extrusion
always produces an object of constant cross-section.

The product cross-section is formed in a die;
the extrusion process consists of heating a thermo-
plastic above its melt temperature and forcing it
through the die. The heating and pressurizing device
involves one or more screws operating in a heated
barrel, and is known as an extruder. Downstream
of the die, the extrudate is calibrated, cooled, and
packaged by an array of ancillary devices including
vacuum calibrators, air cooling chamber, water
tanks, cooling rolls, haul-offs, cutters, and winders.
Upstream of the die, a melt pump (Fig. 4.25) may
be interposed between the extruder and the die
[54]. The exact selection and arrangement of these
components of an extrusion system will depend on
the end product. The specific processes for produc-
tion of different extruded products will be discussed
in detail later in this chapter. The principle of
extrusion is common to all these processes and will
be discussed first.

POLYNER
To DIF

Figure 4.25, Schematic diagram of a melt pump.
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4.3.2 The Extruder

The function of the extruder is to heat the plastics
material to a homogeneous melt and to pump it
through the extrusion die at a constant rate.
Because the extrusion of plastics is a continuous pro-
cess, the melt preparation device must be capable of a
constant output. Thermoplastic extrusion depends
almost entirely on the rotating screw as a melt deliv-
ery device. Thermoplastics are generally character-
ized by low thermal conductivity, high specific
heat, and high melt viscosity, so the preparation of
a uniform melt and its delivery at adequate pressure
and a constant rate pose considerable challenges.
These have been countered by the introduction of
various types of extruders.

The principal variants are the single-screw and
the twin-screw types. Of these, the single-screw
extruder (Fig. 4.26) is by far the most popular. The
twin-screw extruder may have parallel or conical
screws, and these screws may rotate in the same
direction (co-rotating) or in opposite directions
(counter-rotating) (see Fig. 4.27). Extruders with
more than two screws are known, for example, the
quad-screw extruder, but are not widely used [54].
Twin-screw extruders are normally used when mix-
ing and homogenization of the melt is very impor-
tant, and in particular where additives are to be
incorporated. Thermoplastic elastomers are nor-
mally extruded using a single-screw machine.

The single-screw extruder consists essentially of a
screw that rotates in an axially fixed position within
the close-fitting bore of a barrel, The screw is motor-
driven through a gear reduction train, and is sup-
ported by a thrust bearing that opposes the force
exerted on the plastic melts. A helical flight on the
screw provides the drag-induced conveying motion
that develops this force. The barrel is equipped
with both heating and cooling means, and its

Hopper
Thrust
Gear Bearing
Reducer /Fged Throat Barrel Vent Clamp
Breaker
lr .I‘L’ S =% ml - Plate
i i Sy S T T T &
Brive MY V—Pﬁwa‘ e Screens
Bolts J. - 7 7
& Heaters/Coolers Screw
1y Die
) S
15 Base Figure 4,26, Typical single-
h screw extruder with a vented
Drive Motors barrel.
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Counterrolating

Figure 4.27. Co-rofating and

downstream end is provided with an attachment
device for a shaping die that determines the cross-
section of the extruded product. The upstream or
inlet end of the barrel is equipped with a feed throat
or an aperture in the barrel wall where a plastics
material is input, generally in the form of granules
or pellets. During its passage along the helical
screw flight, this material is heated by a combination
of conducted heat received from the barrel and
mechanical shear heat derived from the mixing and
kneading action of the screw. The output rate of
the extruder is a function of screw speed, screw geo-
metry, and melt viscosity, The pressure developed in
the extruder system is a function of melt viscosity,
screw design, and barrel and die resistance.
Extrusion pressures are lower than those encoun-
tered in injection molding, and are typically less
than 35 MPa (5,000 psi) [55].

The key determinant of extruder performance is
the screw. The screw has three functions to perform:

counter-rotating twin screws.

feeding and conveying the solid thermoplastic feed
(most frequently pellets); melting, compressing, and
homogenizing the material; and metering or pump-
ing the meit to the die. The typical extruder screw
(Fig. 4.28) takes the form of a single constant-pitch
flight that decreases in depth from the input end to
the output end. The pitch is usually equal to the
screw diameter. This is sometimes known as a square
pitch screw; the resulting helix angle is 17.8". The
screw features three sequential zones, corresponding
to the three functions of feeding, compression, and
metering,.

Flight depth is usually constant in the feeding and
metering zones, and decreases at a constant rate over
the compression zone. The feed zone occupies about
50% of the screw length; the compression zone takes
up 25-30%, and the metering zone accounts for the
balance. The ratio of the flight depths in the feeding
and metering zones is known as the compression
ratio, and it affects the mixing and shear-heating

Feeding Zone

Compression
Zone

Metering

Zone

Figure 4.28. Features of a
typical extrusion screw:

[=screw length; O=diameter;
h=initial Length; = final

flight depth; hfhy= compression
ratio.
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Figure 4.29. Grooved feed section of barrel.

characteristic of the screw. The ratio of the screw
length to its diameter is known as the L/D ratio;
this has a bearing on mixing and uniformity of out-
put. Most conventional screw designs perform satis-
factorily for TPEs. Extrusion screws for wire
insulation should have an L/D ratio in the range of
24:1 to 30:1. A screw with a long feed section with
approximately a 3:1 compression ratio (core progres-
sive profiles that do not subject the resin to excessive
shear) is preferable.

The mixing performance of a single screw can be
improved by the addition of mixing elements in the
metering zone as shown earlier in Fig. 4.17. These
are sometimes teamed with or replaced by static
elements such as pins in the barrel. Attention to the
barrel can also improve the material conveying
performance at thé inlet, stepping up the output
rate. A series of axial grooves in the barrel wall
(Fig. 4.29), extending for at Jeast three screw diam-
eters, is effective.

Variants on the single screw include the barrier
or melt extraction screw (Fig. 4.30) and the vented
screw. Barrier screws have separate input and output
flights that overlap in the midsection of the screw
where the plastics material is only partially melted.
The barrier flights are slightly smaller in diameter
than the main flights. Molten material passes
through this clearance and proceeds to the metering
zone while solids are retained for further heating.
The barrier screw offers the potential for lower
melt temperatures or higher output rates, but is dif-
ficult to design and optimize. Vented screws, some-
times known as decompression screws or two-stage
screws are effectively two screws placed in series,
with the second or downstream screw having a
higher transport rate than the first. The upstream

Temperature Control
System

Figure 4.30. Section of a barrier screw,

end of the screw is provided with conventional feed-
ing, compression, and metering zones, but these are
followed by a sudden increase in flight depth, and
then by further compression and metering zones.
The mid-screw increase in flight depth causes a sud-
den pressure drop in the molten plastic, and this
allows any dissolved volatile matter to boil out.
The lack of compression at this point, coupled
with the differential transport rates of the two
screw sections, makes it possible to extract the vola-
tile material through a port in the extruder barrel
without the plastics melt emerging at the same
time. Vented screws typically have an L/D ratio of
greater than 30:1 and suffer from some instability
in pumping output. Operating conditions are also
constrained by the need to ensure that the vent
does not plug with plastics melt. For these reasons,
the use of vented screws is usually confined to mate-
rials likely to contain moisture, volatile matter, or
entrained air. Thermoplastic elastomers are not
usually prone to these problems, so vented screws
are not normally used in their processing.

4.3.3 Extrusion Methods

Depending on the intended use, the correspond-
ing extrusion method is used. Each method requires
specific tooling and process conditions. Often the
method and the polymer grade have to be matched
to assure a satisfactory product. The most common
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extrusion methods are film and sheet extrusion,
pipe and tube extrusion, wire coating, and profile
extrusion.

4.3.3.1 Film and Sheet Extrusion

Films from thermoplastics can be produced
either by extrusion casting or extrusion blowing pro-
cesses. Each has its advantages and disadvantages.
These basic processes result in film with a molecular
orientation predominantly in the machine direction.
Regardless of process, film production lines include
common downstream equipment such as haul-off,
tensioning, and reeling stations. A high purity melt,
free of inclusions, is essential for film production.
This is achieved by filtering the melt through a
screenpack located upstream of the die.

4.3.3.1.1 Cast Film Extrusion

Cast film is produced by extruding the melt from
a slit die and cooling it either by contact with a chill
roll or by quenching in a water bath. Both processes
are characterized by relatively high melt tempera-
tures and rapid rates of film cooling. This results in
films with low haze, good clarity, and high gloss.
Cast film grades typically have a melt flow index in
the range 5.0-12.0 g per 10 min.

In the chill roli cast film process, a plastics web is
extruded from a slit die (Fig. 4.31) against the sur-
face of a water-cooled chill roll. The die s arranged
to extrude vertically or obliquely downwards so
that the film web is delivered approximately tangen-
tially to the roll surface. The die is similar in princi-
ple to a sheet die but will usually not include a
restrictor bar. Film thickness is partially regulated
by the gap between the die lips but also by the rota-
tional speed of the chill roll which is arranged so as
to draw down and thin the melt web. Consequently,
the die gap is set in excess of the desired film

Lip Adjusting Bolt

Die Lip

Heater Holes

Plastic Melt ]
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thickness. Typical die gap settings for most thermo-
plastics are 0.4 mm for films up to 0.25 mm (0.01 in.)
thick, and 0.75 mm (0.03 in.) for film gauges in the
range 0.25-0.6 mm (0.01 to 0.024 in.). Die lip adjus-~
ters should allow the die gap to be varied at each
adjustment point across the die width in order to
allow control of the transverse film thickness. Film
reel quality will suffer if the transverse thickness
tolerance exceeds + 5% of target thickness. A con-
stant temperature should be maintained across
the die so that film draw-down rates and physical
properties remain constant across the film web.
Attempts to control film thickness by varying the
temperature profile across the die will disturb these
factors and reduce film quality. When the process
is correctly regulated, the thickness uniformity of
chill roll cast film is substantially superior to
blown film.

The die is maintained in close proximity (typically
40-80 mm or 1.6-3.2 in.) to the chill roll so that the
low-strength melt web remains unsupported for a
minimal distance and time (Fig. 4.32). If the die is
too close, there is insufficient space for thickness
draw-down and widthwise neck-in to take place in
a stable manner. The web flows on to the water-
cooled chill roll with a wraparound of 240" or more
before passing to a second chill roll, and then pro-
ceeding to edge trimming, tensioning, and win-up
stations. The first chill roll is critical to process qual-
ity. The cooling capacity must be sufficient to chill
the film at high output rates, and the temperature
gradient across the width of the roll should not
exceed +1°C (1.8°F). The actual roll temperature
depends on film gauge, line speed, and roll diameter.
The chill roll drive speeds must be very precisely
regulated to control film draw-down and finished
thickness.

At line speeds greater than 30 m/min (98 ft/min),
there is a tendency for a thin cushion of air to become
trapped between the film and the chill roll. This

\- Adapter Face

Figure 4.31. Typical slit die for cast film.
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Figure 4.32, Detail of chill roll process.

results in slow and uneven cooling, affecting the
appearance and properties of the film. Two measures
are adopted to counteract the problem (Fig. 4.32).
An air knife delivers a streamline jet of filtered air
that impinges on the film just beyond the point of
first contact with the chill roil and presses it against
the roll. The air is supplied through a narrow slit of
about 1.5 mm (0.06 in.) gap, and controlled at a
low differential above atmospheric pressure. An
optimum air knife setting improves film clarity and
gloss, but excessive pressure induces melt vibration

RUBBER ~
EXTRUDER
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and mars the film surface. The second measure is
the provision of a vacuum box, associated with the
die, and operating close to the chill roll surface just
ahead of the extruded melt web. The vacuum box
removes any condensates that have been deposited
on the roll by the film, and tends to draw air out of
the interface between film and roll.

The film temperature should be close to ambient
at the film windup station; otherwise the reel will con-
tinue to shrink after cooling, causing stretch marks
and corrugations, and accentuating any variations
in thickness. Winding tension should be sufficient
to ensure the integrity of the reel but otherwise should
be kept low to allow for a small amount of post-
winding shrinkage that will tighten the reel.
A typical line for chill roll cast film is in Fig. 4.33.

As in other plastic processes, the cast film process
depends on many interactive variables, so that any
defect may have one of several causes. A remedy
for one defect may introduce another, so process
problem solving is not straightforward. With these
provisos, the troubleshooting chart (Table 4.9) pro-
vides a useful guide for problem solving.

The water quench cast film process (Fig.-4.34) is
similar in concept to the chill roll process and uses
similar downstream equipment. A water bath takes
the place of the chill roll for film cooling, and by
cooling both sides of the film equally, it produces a
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Figure 4.33. Typical line for chill roll cast film.
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Table 4.9. Chill Roll Troubleshooting Chart

Problem Possible Cause Suggested Remedy
Increase melt temperature
Poor Clarity Cooling rate too low Reposition air knife

Increase air knife pressure
Reduce chill roll temperature

Variable Optical Properties the chill rol

Temperature gradient across

Adjust chill rolf coolant supply
Check chill roll cooling circuits

Pleateout Poor chill roll contact

Increase chill roll wrap-around
- | Adjust air knife

Flow Defects

Melt temperature too low

Increase die and adapter temperatures

Brittle and Fibrous Heat Seals

Melt temperature too high

Decrease die and adapter temperatures

Source: Ebnesajjad, S., Fluoroplastics, Vol.2, William Andrew Publishing, 2003, p. 200.
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film with slightly different properties compared to
chill roll cast film. The extruder’s slit die is arranged
vertically and extrudes a melt web directly into the
water bath at close range. The film passes under a
pair of idler rollers in the bath and, for any given
rate of extrusion, it is the rate of downstream haul-
off that regulates film draw-down and finished
thickness.

The speed of the process is limited by the ten-
dency of the film to carry over water from the
quench bath, Surface defects can also arise from
rippling in the water bath, The very rapid
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= Water Outlets

Figure 4.34. Typical water quench
film line.

quenching induced by the water bath reduces crys-
tallinity and produces a tough film.

4.3.3.1.2 Blown Film Extrusion

The blown film process involves extruding a
relatively thick tube, which is then expanded or
blown by internal air pressure to produce a rela-
tively thin film. The air-cooled blown film process
is in very widespread use mainly for polyolefin
films. The process needs a melt strength greater
than that required by cast film processes; so lower
melt temperatures are used.
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The die should be designed for constant output
rates and thickness at every point around the annular
die gap. This requires streamlined internal melt flow
paths and precise multipoint means of centering the
mandrel within the die ring. The die gap is typically
about 0.4 mmm (0.015 in.), with a short land length
and a die entry angle of about 10". Close thickness
tolerances are difficult to achieve with the blown
film process; variations around the bubble can belim-
ited to perhaps + 10% of the target film thickness.
To distribute these variations evenly, blown film
lines may include rotating or oscillating motions
applied either to the die, the extruder, or the haul-off.

As it emerges from the die, the tube passes
through an air ring that lays a large volume of low
velocity cooling air over the external surface. At the
same time, the tube is pressurized internally by air
supplied through the die mandrel. The air is confined
by downstream nip rollers, so it inflates the still soft
tube to form an enlarged bubble. The amount that
the bubble is extended is called the blow-up ratio
(BUR) and is typically in the range 2:1 to 4:1.
The distance that the tube travels upward before
its diameter increases is called the stalk height.
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Most materials are blown with a short stalk, with
the bubble diameter being increased to the final size
shortly after leaving the die lips [56). The line speed
is effectively limited by the bubble length available
for cooling. Downstream equipment includes bubble
calibration, a collapsing frame, and haul-off, ten-
sioning, and reeling stations. Film thickness and
process control is a2 balance between cooling rate,
bubble length, blowup ratio, and film tension.

After the bubble is cooled and collapsed into a flat
shape, the product (layflar) is rolled up on a high-
speed winder. In some cases the layflat is slit to
form two separate sheets and wound onto individ-
val rolls, requiring two independent winding
shafts (Fig. 4.35).

The water-quench blown-film process is also
known as the tubular water quench process, and
uses a tube die that is arranged to extrude vertically
downwards (Fig. 4.36). The bubble size is limited
and calibrated by an annular water cooling weir
that covers the outer bubble surface with a stream
of cooling water. The water contact is directed and
controlled by an annular flexible skirt [55].
The rapid bubble cooling induced by the water

Blown film bubble

Frost line

Extemol air ring

Support frame

Figure 4.35. Air-cooled
blown film process.



4: PROCESSING METHODS APPLICABLE TO THERMOPLASTIC ELASTOMERS

Extruder
L SNANNNANANANNNNNNRNNSY
Adapter DieLI
V4 N\ I
.l I J4————— AirRing

l TAir Flow

Film

Water Quench
] Weir

Cooling Skirt

(flexible)

Nip Rollers

to Dewatering, Corona Treatment,
Slitting,
Winding

Figure 4.36. Water-quench process for blown film.

stream limits crystallinity and produces a clearer film
than is possible by the air-cooled blown process.

After cooling, the film passes through a collaps-
ing frame and proceeds through de-watering, hanl-
off, and winding stations.

4.3.3.1.3 Shest Extrusion

A sheet is usually defined as thicker than 0.25 mm
(0.0l in.); anything thinner is classified as film.
Many thermoplastic sheets are extruded up to 30
mm (1.18 in.) thick and in widths up to 2,500 mm
(100 in.). The sheet material can be thermoformed,
or fabricated by blanking, punching, machining,
and welding.

Extruded sheet is produced with a die having a
wide slit-like outlet. The internal flow geometry is
designed to transform the cylindrical melt flow
received from the extruder to this slit form, while at
the same time ensuring that the melt flow velocity
at the slit exit is constant at all points across the slit
width. This is difficult to achieve, particularly in
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Figure 4.37. Coathanger die (Courtesy Hanser Publishers),

wide sheet dies, and a number of solutions have
been devised to deal with the problem. The usual
approach is known as the coat hanger die, so called
because the internal flow passage tapers from the
die center to the edges (Fig. 4.37) [57]. By offering a
greater resistance to flow in the die center, this
tends to equalize flow rates across the die. Most
sheet dies include two other regulating devices. An
internal adjustable dam known as a restrictor bar or
choker bar is positioned in the flow path of the die
exit and acts as a coarse regulator. Fine regulation
is achieved by adjustment of the die lips at the die
exit slot. The gap is formed by two flat metal plates
and is called the land area. The upper die lip includes
a thin section that can be flexed elastically by the
action of manual or automatic adjuster bolts, so
that the die exit gap can be varied across the die
width [58]. The die gap should be set in the range of
0--10% greater than the desired sheet thickness.

From the die, the sheet passes immediately to a
cooling and finishing device in the form of a roll cool-
ing stack. The usual configuration is a three-roll ver-
tical stack with the sheet entering at the nip between
the upper two rolls. Variations include up-stack
working where the sheet enters between the lower
two rolls, a horizontal roll stack used with a vertical
die for low viscosity melts, and a two-roll stack for
thinner sheet gauges. The function of the stack is to
cool and polish the sheet. Alternatively, an embossed
roll may be used to impart a texture to the sheet sur-
face. Close temperature control of the rolls is critical;
the temperature variation across the roll should be
no more than 1.5C (2.7°F) Roll temperatures depend
on sheet thickness and production rate, and on
whether a gloss surface is required. If so, the appro-
priate sheet surface must be maintained at least at
110°C (230°F) until it contacts the polishing roll.
Table 4.10 summarizes the effect of die and roll vari-
ables on sheet characteristics.
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Table 4.10. influence of Die and Roll Stack Variables on Sheet Characteristics

Variable Orientation Transparency Gloss Stiffness impact Resistance
Die Gap > — —_ — —
Melt Temperature < —_— > — —_—
Roll Temperatures — < > > <
Roll Speeds > < > > <

Source: Reference [55).

4,3.3.2 Coextrusion

Coextrusion is the process of forming an extru-
date composed of more than one thermoplastic
melt stream. The process came about because some
service demands, particularly from the packaging
industry, could not be satisfied by a single polymer
although they could be met by a combination of
polymers. Coextrusion was first practiced in the pro-
duction of cast film and is now also used in blown
film and sheet extrusion. The intention is normally
to produce a laminar structure in which each layer
contributes a key property to the overall product
performance. Coextruded films may be very complex
structures composed of many different functional
layers, including tie layers whose purpose is to bond

N ¢ e e 0p o
neighboring layers of limited compatibility. Five
layers are not uncommon. However, side-by-side
coextrusion is also possible.

Separate extruders are required for each distinct
material in the coextrusion. The process has two var-
iations, depending on the point at which the separate
melt streams are brought together. In feed block
coextrusion, the streams are merged into a single
laminar melt flow in a feedblock (Fig. 4.38) which
is positioned immediately upstream of the extrusion
die. The process depends on the high viscosity of
plastics melts to prevent intermingling of the layers
as they pass through the exirusion die. The flow
rate of each component layer can be controlled by
valves in the feedblock and the capital cost is rela-
tively low. The alternative, die coextrusion, uses a
complex die construction in which separate melt
path manifolds are arranged to merge at a point
close to the die exit (Fig. 4.39). The thickness and
flow rate of individual layers can be independently
controlled, and it is also possible to handle polymers
with substantially differing viscosities and melt
temperatures. The capital and maintenance costs of
such multi-manifold coextrusion dies are high,

Coextrusion of blown film is accomplished by
multi-manifold dies. The distribution of melt along

Distribution Manifold

Flex-lip

Adjustable Flow Distributor

Figure 4.38. Schematic of coextrusion feedblock.

Figure 4.39. Three-layer multi-manifold coextrusion die.

the circumference of these dies is accomplished by a
spiral mandrel [57]. An example of a die for the coex-
trusion of a three-layer film is in Fig. 4.40 and an
arrangement for the coextrusion of a nine-layer
blown film is in Fig. 4.41.

4.3.3.3 Wire Coating

The process of coating wire and cable by extru-
sion has been around for quite some time. Molten
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Figure 4.40. Three-layer coextrusion die for blown film
(Courtesy Hanser Publishers).

Figure 4.41. Equipment for coextrusion of nine-layer
biown film (Courtesy Battenfeld Gloucester Engineering
Company).

plastic is extruded into a crosshead die through
which the wire being coated is passed. After leaving
the die, the coated wire is cooled in air and/or
water bath while it is continuously tested for spark
and concentricity (roundness of the coating). In this
process, primary insulation is defined as a metal
wire directly coated with a plastic to isolate the
metal electrically. Jacketing (or sheathing) is referred
to covering one wire or a group of wire with a plastic
coating or jacket for nonelectrical protection. Jackets
are usually put on primary wires.

Typical wire coating line has several pieces of
equipment as summarized in Table 4.11. A stan-
dard thermoplastic extruder design, built using spe-
cial materials of construction, with a length to
diameter (L/D) ratio of 20:1 to 30:1 can be used
to extrude most TPEs. High L/D machines are
required to obtain sufficient contact surface area
for heat transfer to melt the resin. Lower L/D
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Table 4,11. Wire Insulation Line Equipment
and Components

Equipment/Component Function

Dry and feed resin to the

Hopper (feed of material) |\ et

Feed uncoated wire to the

Unwind cross-head die

Reguiates tension in the

Tension control devic ,
n control device feed wire

Heats up the uncoated

Preheater wire
Melts, heats up the resin,
Extruder and feeds the cross-head
die
\ Redirects the molten
Cross-head die resin 90" to coat the wire
Cooling trough Quenches the coated wire

Drives the wire to the line

Capstan speed

Detects faults in the
Spark tester coated wire
Take-up Winds up the coated wire

Source: Relerence [55].

*

resuits in a lower output, and barrel temperatures
would have to be raised, which can lead to an
increase in the polymer degradation. Table 4.12
shows the relationship between diameter, output,
and motor size for different extruders. Restriction
of flow imposed by the sizing die usually reduces
the extruder capacity.

Moisture should be avoided during the extrusion
because it can form bubbles in the insulation, which
can form points of dielectric breakdown failure.
Most TPEs are hydrophobic but can pick moisture
due to condensation (pigments in color concentrates
can be hygroscopic). The best way to dry the resin is
to blow warm air into the feed hopper in a concurrent
manner to the flow of the pellets. Blowing air at a
temperature in the range of 120-160°C (248-320°F)
for 1-2 hr at a velocity of <1 cm/s is sufficient for
drying the resin [11]. It is also possible to dry the
resin in an oven prior to charging it to the hopper.
More details on drying are found in sections on the
processing of individual TPEs.

Polymer melt travels from the extruder to the
head through an adapter. The internal design of the
adapter should be streamlined to allow smooth
flow. Conical reductions should, thus, be made at
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Table 4.12. Relationship Between Extruder Output

and Motor Size

Extruder Output Motor

Diameter (kg/hr) Size (kW)
30 15 3.7-7.5
50 45 11.1-18.6
65 75 26.1-37.3

Source: Reference [55].

a maximum angle of 30°. The adapter should be
equipped with a heater band to prevent cooling of
the melt and also alleviate the need for overheating
the melt in the extruder. Melt viscosity is a strong
function of the melt temperature. Extrusion rate
(the volume of the resin extruded per unit time) varies
with viscosity so any variation in melt viscosity will
be reflected in the extrusion rate. It is important to
preheat the adapter by using the heater band to pre-
vent solidification of the initial meit on its interior
surface, which can result in excessive pressure
buildup.

A crosshead die is the transition piece that
usually alters the direction of the melt flow by 90°
to coat the wire. Design of the crosshead should
be streamlined with minimum melt residence time.
Figures 4.42 and 4.43 show two designs of crosshead
dies. In one design (Fig. 4.42), the die is manually
adjusted for concentricity while in the other design
the die is fixed and concentricity adjusts automati-
cally. The most common type of die for thermoplas-
tic extrusion is a tube die (Fig. 4.44a) that extrudes a
thin wall tube around the wire. The tube is drawn
by vacuum onto the wire after it leaves the die.

_i[—

-

Tip Dle
Sealing Surface

Figure 4.42. A conventional cross-head design,
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Figure 4.43. A self-centered die cross-head design.

The vacuum is pulled through the clearance between
the conductor and its passageway through the
crosshead. Another type is pressure die in which
the melt comes in contact with the wire prior to
leaving the die while the melt is under pressure
(Fig. 4.44b).

4.3.3.4 Extrusion of Pipe and Tubing

Dies for pipe and tubing production consist
essentially of a female die ring that shapes the pipe
outside diameter, and a male mandrel that shapes
the inside diameter. The difficulty is fo support the
mandrel in rigid and accurate alignment with the
die ring without compromising the product. The spi-
der type (Fig. 4.45) uses three or four spider legs
(ribs) to support the mandrel but these legs cause
axial weld lines as the melt flows around them [55].
An alternative is the breaker plate design in which
the mandre! is supported by a disc pierced by a multi-
tude of small holes. A better solution, particularly for
larger pipe dies is the spiral mandrel, Here the man-
drel is rigidly supported and the melt flow is directed
around it in an initially helical pattern, which is con-
verted to axial flow by the geometry of the flow chan-
nels and lands. Weld lines are eliminated but the
difficulty is to ensure an even flow rate at all points
of the die outlet [55].

As the melt exits the die, it swells slightly.
Therefore it requires a size adjustment namely cali-
bration. The outside diameter of a pipe or tube may
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Figure 4.44. Schematic diagrams of (a) tube and (b)
pressure die.
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Figure 4.45. Typical spidertype tube die for pipe and
tube extrusion. .

be calibrated either by an internal air pressure of 1.3~
2.0 bar (19-29 psi), or by external calibration in a
vacuum sizing tank (Fig. 4.46) operating at a pres-
sure of 0.3-0.5 bar (4.5-7 psi). For calibration by
internal pressure, the diameter of the die ring is
made approximately equal to the internal diameter
of the finished pipe. For vacuum tank calibration,
the die ring is made up to 25% larger and the haul-
off is set for a wall thickness draw-down of up to
30%. Below is a more detailed description of the
pipe and tube sizing methods.

63 of 408

Thermoplastics tube and pipe size is set by
one of four techniques: the vacuum trough, the
extended (internal) mandrel, the sizing sleeve, and
the sizing plates (Fig. 4.47). Vacuum trough and
extended mandrel are the more common techniques
for holding the size of the tubes and pipes in a
quench bath. These two methods are described in
detail below. In the sizing sleeve method, the out-
side diameter of the tube is fixed as it comes in con-
tact with a water-cooled metal sleeve (usually
brass). This contact takes place by air pressure
inside the tube or by drawing a vacuum through
the perforated internal surface of the sleeve. The
sizing-plate method predates the vacuum trough
technique. In this method, the tube takes its size
as it is pulled through a series of brass or stainless
steel plates, similar to the way that metal wire is
drawn from a metal rod. The tube is forced through
the plates by a positive internal air pressure.

In the vacuum trough method illustrated in Fig.
4.47a, the tube (or pipe) enters into one end of a
closed long trough and is extruded out of the other
end. The trough is filled with water, which directly
contacts and surrounds the tube, providing efficient
cooling. Inside the trough, vacuum is drawn over the
water, reducing the pressure in the trough, thus
allowing the soft tube to expand against the collars
or rings at the entrance and exit. This mechanism
prevents tube collapse and ensures well-rounded siz-
ing of the outside of the tube. The pressure difference
between the outside (under vacuum) and the inside
of the tube that is open to the atmosphere generates
the expansion force. The tube moves through fixed
metal collars or rings, which give it its size. The
first collar at the trough entrance is the most impor-
tant one. A small stream of water is directed at the
pipe just before entrance as a lubricant. The number
and positions of the rings and sleeves are usually
adjustable. They become slightly smaller as the
pipe passes through the trough, taking into account
shrinkage that results from coeling and crystalliza-
tion of the polymer.

The vacuum trough method provides excellent
cooling with little frictional drag acting against the
tube. There are no theoretical limitations to the pro-
duction rate. The trough has to be longer for higher
output rates, which has a bearing on the available
space. Large pipes (>100 mm or 4 in. outside diam-
eter) are hard to keep submerged under the water
without distorting them or marring their surface.
On these occasions, the trough is not filled, but
water is sprayed and cascaded all around the pipe
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Figure 4.46. Vacuum sizing tank used for pipe and tube extrusion.
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while it is passing through. The entire inside space of
the trough is maintained under vacuum. Smaller
pipes and tubing (OD 0.5 in. or 12.5 mm) are usually
sized without the use of vacuum [56].

The extended mandrel techmique, illustrated in
Fig. 4.47b, provides internal cooling and support to
the tube. The shrinkage of the plastic as a result of
cooling causes a tight contact between the tube and
the metal mandrel that can extend up to 30 cm (12
in.) beyond the die. Longer mandrels have been diffi-
cult to use due to mechanical difficulties [55]. The
mandrel is tapered with the larger end closer to the
die. The diameter difference between the large and

Figure 4.47, Methods for pipe
and tube sizing: (a) vacuum
trough {top), (b) extended
mandre! method (bottom).

small ends is a function of the polymer type in addi-
tion to the variables related to the tube type and
size. The end of the mandrel is slightly larger than
the final pipe size to allow additional shrinkage.
There is a passage for cooling water inside the man-
drel. To ensure a constant temperature, the passage
must be uniform. Water cascades accomplish addi-
tional cooling over the tube. A small split ring is
placed around the tube just as it leaves the die to pre-
vent oscillation of the water, which could otherwise
cause water marking. Water cascades further cool
the tube after it leaves the mandrel. It finally enters
a water trough equipped with sizing plates,



4: PROCESSING METHODS APPLICABLE TO THERMOPLASTIC ELASTOMERS 65

Extruder

4

AL

Tooling ~
OQ AN s g s vt Nt et s s el varsr” P oau"ur?
o
Pull colls and Water lank
cut-off assembly

Figure 4.48. Schematic drawing of a profile extrusion line.

Pipe and tubing can also be made by extrusion Melt Stream
through a crosshead die, similar to that used for wire
and cable coating, described in Section 4.3.3.3 [56]. Erom Unnsind Film Die

O nwii

4.3.3.5 Extrusion of Profiles

Profile shapes, from stmple tubing or rods to
complex custom shapes can be readily produced by
extrusion. Methods of cooling and shaping of the
final products vary with the type of profile. It may
be a simple water trough to a complex vacuum sizing
equipment that holds the outer surface fixed during
the melt solidification. The melt temperatures for
profile extrusion are lower than those for the extru-
sion of films and sheets, where lower melt viscosities
aid in forming the product [56]. A schematic of a
simple profile extrusion line is in Fig. 4.48.

4.3.3.6 Extrusion Coating

The extrusion of melt through a flat sheet die also
can be used to produce a thin film coating on paper,
fabric, foils, or other substrates. The substrate to be
coated is unwound off a feeder roll and passed
through the first nip of the roll stack (Fig. 4.49).
Sometimes the substrate is treated prior to coating
for enhanced adhesion [56].

4.3.4 Process Control in Extrusion

It is important to equip the extrusion line with
sufficient instrumentation to produce a high quality
product. Process variables that are routinely con-
trolled and/or monitored are various temperatures,
melt pressure inside the extruder, and motor drive
speed. Table 4.13 contains a list of process variables,
the location of each variable, the impact of each vari-
able, and the methods of its control.
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Figure 4.49. Schematic of the extrusion coating process.

Temperature control is critical because of the sen-
sitivity of viscosity to temperature. Thermowells
(encasements to place a thermocouple) can be built
into the barrel wall to measure the temperature.
Melt temperature should be measured directly to
avoid dependence on the barrel temperature, which
could significantly differ from the melt. A thermocou-
ple is placed in the barrel in a manner that its tip is
immersed in the melt, extending to the middle of the
flow channel. Temperature controllers should be
equipped with limit switches or other mechanisms
to detect the failure of thermocouples, the heater, or
the controller itself. An ammeter can detect a full-
on failure that counld lead to degradation of the
resin. In cases where more than one band heater is
controlied by a controller, all units should have the
same power flux,

Pressure measurement is both important to
the quality of the product and safety of the
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Table 4.13. Extrusion Process Control Variahles

Variable Location Impact Control Method
Temperature Extruder barrel; 34 zones Melt viscosity PID® control of the barrel zones
P Heater bands Resin degradation On—off control is less desirable
Melt temperature
N Consistent flow requires consistent | Screw speed
Pressure Inside the barrel pressure Breaker plate
A rupture disk relieves overpressure
, Extruder Extruder output Solid state controllers
Motor Drive Take-up capstan Line tension Electronic controllers
Note:

*PID is abbreviation for Proportional-integral-Differentiaf controller.

Source: Reference [55).

extrusion process. The most preferred sensor is a
pressure transducer. High backpressure can damage
the equipment, particularly when screenpacks or
high-pressure drops are present. Similar to the melt
thermocouple, pressure transducers should also be
constructed from corrosion-resistant materials,

A variety of AC and DC drives are available for
extruders. Direct-current motors with solid-state
controllers and power supplies provide the most
flexible scenario for control. A speed control feed-
back loop on the drive will minimize variation in
the extruder output.

4.4 Injection Molding

A significant portion of TPE consumption is pro-
cessed by means of injection molding. The process
produces a complex finished part in a single rapid
and automatic operation. This distinguishes plastics
injection molding from most other manufacturing
processes, although there are parallels with metal
casting, particularly with die-casting. Generally
speaking, a whole series of forming, joining, and fin-
ishing operations would be needed to replicate an
injection molded article in other materials using
different manufacturing methods. It is the single
operation that makes injection molding economic-
ally viable despite the high cost of machinery and
molds. Injection molding machines and moids are
very costly because of the high pressures required
when injecting most TPE melts (thermoplastics, in
general) and the complexity of the process controls.
The ability to produce a completely finished part at
high speed balances the equation with high machine

and mold costs and makes injection-molded articles
highly cost effective.

4.4.1 General Considerations

As mentioned earlier, several factors affect any
type of the processing of thermoplastics including
injection molding. They include viscosity, heat, tem-
perature, thermal stability, thermal conductivity,
crystallinity, and moisture.

Viscosity is a measure of flow of a plastic, that
is, how fast a given mass of the plastic will flow
as a result of applying a force to it. Flow of plastics
is inversely proportional to viscosity. Viscosity
decreases with an increase in temperature. Lower
viscosity is helpful to injection molding in that it
reduces the flow time of the plastic, resulting in
higher production rates and good geometric defini-
tion. Temperature must be increased beyond the
melting point of the material to allow flow of the
plastic. Above the melting point, viscosity reduction
should be balanced against thermal degradation of
the plastic. In practice, viscosity is replaced by the
melt flow rate of the polymer, which is measured
under standard conditions. The lower the melt flow
rate, the higher the viscosity of the polymer.

Heat has to be delivered to the plastic to increase
its temperature and melt it. The molding equipment
should be able to deliver sufficient heat to melt the
polymer being processed. Thermal conductivity, the
speed by which heat is transferred through a mate-
rial, of the plastic is usually the controlling step for
the delivery of heat to the material.

Crystallinity is an important consideration in
injection molding because of the impact of a part’s
crystalline content on its properties and appearance.
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Most polymers are semi-crystalline, meaning that
there is a relatively large volume increase as the poly-
mer melts and becomes entirely amorphous. After a
part has been molded, the rate at which it is cooled
(the speed of cooling the part) will determine the
extent of its recrystallization. For example, flex
fatigue life and transparency increase when crystal-
linity decreases. Mechanical strength and various
moduli increase with higher crystallinity.

Finally, the polymer should be free of moisture
before molding begins; it should be dried before
charging the machine. Moisture evaporates during
the melting process and forms defects in the part.
1t appears as bubbles if it is trapped or as voids if
it escapes from the part. Both types of defects are
unacceptable quality problems.

4.4.2 Basic Technology

Injection molding is one of the most important
processes for mass-production of objects from
thermoplastics, usually without additional finishing
being required. Today, most injection molding
machines are the universal types, which can accept
all types of molds, within limits. The economics of
this process is excellent for articles with complex geo-
metry, giving this process an advantage over other
techniques. Cost per molding improves with scale,
despite the sizable initial cost of injection moiding
machines.

The principle of injection molding is very simple.
The plastic material is heated until it becomes a vis-
cous melt. It is then forced into a closed mold that
defines the shape of the article to be produced.
There the material is cooled until it reverts to a
solid, then the mold is opened and the finished part
is extracted. Although the principle may be simple,
the practice of injection molding is anything but sim-
ple. This is a consequence of the complex behavior of
plastics melts and the ability of the process to encom-
pass complicated products. The essential mechan-
isms of injection molding are heat transfer and
pressure flow. The essential equipment is an injection
molding machine, sometimes known as a press, and a
mold which may also be referred to as a tool or some-
times a die. The product of the process is a molded
part ot molding, which confusingly and maccurately
is sometimes called a mold.

Injection molding is a process in which a thermo-
plastic polymer is heated above its melting point,
resulting in the conversion of the solid polymer to a
molten fluid with a reasonably low viscosity. This
melt is mechanically forced, that is, injected, into a
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mold in the shape of the desired final object. The
low viscosity of the molten polymer allows complete
filling of the mold where the article resides until it is
cooled below the freezing point of the polymer. In the
case of semi-crystailine polymers, the crystallinity of
the object (which governs its mechanical and appear-
ance properties) is usually controlled by in-mold
cooling of the object at a defined cooling rate. In
the last step, the mold is opened and the part is
ejected and recovered.

4.4.3 The Process

An injection molding machine (Fig. 4.50) can be
divided into six components: plastification/injection
section, clamping unit, mold including the runner
system, control system, and tempering devices for
the mold {59]. The most important part of the process
is the mold, which is made of at least two parts to
allow ejection (demolding) of the molded part. The
injection molding process can be divided into six
steps. Table 4.14 presents the main function of each
step.

4.4.4 Injection Molding Machinery

There are many varieties of injection molding
machines, but they all perform the same essential
functions. They include melting or plastificating the
plastic, injecting it into the mold, holding the mold
closed, and cooling the injected material. It is conve-
nient to think of an injection molding machine as
consisting of two units. The plasticating and injection
requirements are combined in the injection unit while
the mold handling is performed by the clamp unit.
The two units are mounted on a common machine
base and are integrated by power and control sys-
tems. The convention is that the injection unit shail
be on the right of the operator, with the clamp unit
on the left (Fig. 4.50).

Clamp Limit Mold Area Feed Hopper
Swilches  Clamp [ BareliSerew | Hydraulic

Ram

Gperator's /
Gate Etectrical
Control Unit

Figure 4.50. Typical injection molding machine.
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Table 4.14. Processing Steps in Injection Molding

Step Funection

Screw transports the melt
to the reservoir where itis
heated

The screw is switched off
after the reservoir is filled

Beginning of Plastification

End of Plastification

Clamping unit actuates

Closing the Mold closure of the mold

Forward axial motion of the
screw starts the flow of the
melt into the mold until it is
filled

The mold begins to cool
and additional melt is in-

Beginning of Injection

Mold Cooling and End of

Injection jected to compensate for
the part shrinkage
i The part is ejected and the
gf :tton of the Molded screw retracts for a new

cycle

Source. Ebnesajjad, S., Fluoroplastics, Vol.2, William
Andrew Publishing, 2003, p. 162.

4.4.4.1 Clamp Unit

L4

The function of the clamp unit is to open and
close the mold halves and particularly to hold the
mold closed during injection of the plastic melts.
High injection pressures are necessary, due to the
high viscosity of plastic melts, so the force needed
to hold the mold closed is very great. The melt pres-
sure inside the mold is exerted over the entire area of
cavities and feed systems at the mold parting line.
The significant figure is the extent of this area when
projected on to a plane perpendicular to the opening
axis of the clamp system. This is known as the pro-
Jected area of the mold. The clamp force needed to
hold the mold shut during injection is a function of
the injection pressure and the projected area, but
this is not a simple function. The injection pressure
varies throughout the cavities and feed systems and
is also a complex function of process parameters
such as melt and mold temperature, and injection
rate. The cavity pressure is also a function of part
thickness, which is completely independent of the
projected area, so attempts to determine clamp

force on the basis of the projected area by itself are

going to be inaccurate. This means that the old
rule-of-thumb method of allotting x units of clamp
force per unit of projected area should be seen as a
last resort. It is one that is likely to lead to under
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utilization of machines due to the need for a large
safety factor to cover the deficiencies of the method.
The rule-of-thumb clamp figure for fluoropolymer is
0.79 tons/cm? of projected area should be sufficient
for all polymers in this group.

The force requirements ensure that the clamp
unit must be engineered very robustly, but this con-
flicts with the need to open and close the mold
rapidly to minimize production time. A variety of
clamp mechanisms has evolved in the search for a
suitable compromise. The two most cornmon types
are the direct hydraulic clamp (Fig. 4.51) and the tog-
gle clamp (Fig. 4.52). Other variants include hybrid
toggle/hydraulic types, lock-and-block systems, and
electromechanical systems.

Whatever the variation, the clamp unit always
features a stationary or fixed platen and a moving
platen on which the mold halves are bolted or other-
wise attached. The fixed platen is mounted rigidly on
the machine base and is positioned adjacent to the
nozzle of the injection unit. The injection half of
the mold is attached to the fixed platen while the
moving platen carries the ejection half of the mold.

A c

7 L

H G F E

Figure 4,51. Typlcal direct hydraulic clamp unil: A—
Actuating plunger; B—Removable spacer; C—Mold; D—
Injection nozzle; E—Fixed platen; F—Movable platen;
G—-Tie bar; H—Cylinder base Plate; —Clamping cylinder.

Figure 4.52, Typical toggle clamp unit: A—Movable
platen; B—Fixed platen; C—Mold; D—Front link; E—
Rear link; F—Actuating cylinder; G—Tie bar; H-—Cross-
head link.
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These terms may, in the case of some sophisticated
molds, cease to be literally true, and the expressions
fixed and moving mold halves are often used instead.
The clamp also includes a tailstock platen or
equivalent unit that the pressure means reacts against
in order to clamp the mold halves together between
the moving and fixed platens. For this purpose, the
fixed and tailstock platens are united by tiebars (tie
rods) that also serve as guides for the moving platen.
The tiebars are stretched elastically when the clamp
unit locks the mold shut under pressure. Since the tie-
bars limit access to the mold area and impede mold
changing, tiebarless machines have been intensively
developed in recent years. The tiebarless machine
uses the same clamp concepts but employs a greatly
strengthened machine base to tie the fixed and tail-
stock platens together. The result is a completely
unencumbered mold area with free access for auto-
mation, ancillaries, and mold changing operations.
Under clamp pressure, the machine frame and plat-
ens flex elastically. Tiebarless machines use a variety
of means to counteract this tendency and keep the
platens parallel. However, the effect limits the clamp
force that can be designed into tiebarless machines
although the figure is gradually being pushed
upward.
Another development, particularly in large injec-
tion molding machines, is 2 move towards two-
platen clamp systems. These systems do away with
the tailstock platen and use a variety of mechanisms
to lock the tiebars to the moving platen in the closed
position. The advantage of a two-platen clamp is a
considerable saving of up to 35% in floor space.
Clamp units are rated according to the maximum
closing force they can apply to the mold. The figure
may be expressed as kiloNewtons (kN), metric
tonnes (tonne), or U.S. tons (ton) [60].

4.4.4.2 injection Unit

The function of the injection unit is to heat the
plastics material to a uniform and homogeneous
melt and to inject it into the mold uader controlled
conditions of pressure and flow rate. Given the low
thermal conductivity, high specific heat, and high
melt viscosity of TPEs, these are exacting tasks.
Once again, many variants have been devised to
solve the difficult problems involved. The variants
can be grouped roughly into four principal injection
unit concepts:

¢ Single-stage ram or plunger
» Two-stage ram
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* Single-stage screw
» Two-stage screw/ram.

The single-stage ram unit is inefficient in heating,
mixing and pressure transmission and is largely
obsolete although the form survives in very small
machines and some specialized equipment. It has
the merit of simplicity and low cost. The two-stage
ram is also all but obsolete. It was an attempt to
improve on the single-stage ram by separating the
functions of heating and pressure flow, but the ram
remains an inefficient mixer and heater. The two-
stage screw/ram unit also separates the functions of
heat and flow, using a screw for heating and mixing,
and a ram for injection. Both are relatively efficient
devices for their respective duties so the concept is
attractive. However, the unit cost is higher, and it is
difficult to devise an ideal melt flow path between
the stages. The single-stage screw concept is by far
the dominant form. A screw capable of both rota-
tional and axial movement combines heating and
mixing function with the function of injection. For
this reason, the form is frequently referred to as a
reciprocating screw injection unit (Fig. 4.53).

The extruder-like screw operates within a heated
barrel and has axial zones that are concerned succes-
sively with feeding, melting, and metering the plastic
material. Many different screw forms have been
designed in the search for the best compromise
between plasticating and throughput, particularly
since CNC machining has made it possible to cut
shapes that were previously impractical. The design
process has been accelerated by extrusion simulation
software that makes it possible to predict how a

-screw design will perform. Ideally, the screw should

be optimized for use with a particular fluoropolymer,
but this can only happen if it is known that the injec-
tion molding machine will be dedicated throughout
its life to a narrow range of uses. Instead, virtually
all infection molding machines are supplied with a
screw that is designed as a compromise between the
requirements for the majority of thermoplastics.
This is known as a general-purpose screw. It is usual
for 2 machine to be offered with additional screw
options. Other options may include a vented screw,
which includes a decomipression zone and an associa-

ted exhaust port for the removal of water vapor or

other volatile species.

Most general-purpose screws take the form of a
single constant-pitch flight that decreases in depth
from the input or upstream end to the output or
downstream end (see Fig. 4.54). The flight pitch is
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Figure 4.54. An example of a screw design for the injection molding of thermoplastics.

usually equal to the screw diameter, giving a helix
angle of 17.8". Flight depth is usunally substantially
constant in the feed and metering zones and
decreases at a constant rate over the compression
zone. The feed zone typically occupies half the
screw length, with the compression and metering
zones each making up a quarter of the length. The
key parameters of such a screw are the ratio of length
to diameter (the L/D ratio), and the compression
ratio. The L/D ratio affects mixing and melts unifor-
mity, higher values giving better results. An L/D
ratio of 20:] is regarded as a minimum for injection
molding. Long screws with the L/D ratio as high as
28:1 are offered by some manufacturers. The
compression ratio has a bearing on mixing and
shear heating. Typical values range from 2:1 to 3:1
or greater. The real difference is between semi-
crystalline and amorphous polymers. On heating to
melt temperature, semi-crystalline materials undergo

a greater volume increase than amorphous materials
and so require a lower compression ratio.

The basic sequence of events in the injection
unit is:

» The screw rotates, thereby heating and melting
the material, which is conveyed along the screw
flights to the downstream end of the screw. The
barrel nozzle is closed by means of a thermal or
a mechanical vaive, or by the presence of a
previous moiding. The accumulating melt
presses the still-rotating screw back against a
controlled resistance (the back pressure) until
sufficient melt has accumnulated to make the
next molding. At this point, screw rotation
stops. This is the melt preparation phase.

s The barrel nozzle is opened and the screw

performs the action of a ram by moving
forward in the axial direction without rotating,
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This forces (injects) the melt that has accumu-
lated ahead of the downstream end of the screw
through the nozzle and into the mold. The
downstream end of the screw may be equipped
with a valve arrangement to prevent melit
flowing back down the screw flights. This is
the mold filling or injection phase.

o After the mold is filled, screw pressure is
maintained for a short period to compensate
for volumetric shrinkage of the cooling melt
contained in the mold. This is the packing or
holding phase.

* At the conclusion of the holding phase, and
while the mold remains closed for the molding
to cool to ejection temperature, the injection
unit cycle recommences with the resumption
of screw rotation and melt preparation.

Injection units are rated in terms of the maximum
injection pressure and injection volume avatlable.
Injection pressure is the theoretical maximum avail-
able at the downstream end of the screw. This is a
function of the screw diameter and the force acting
on it. It should not be confused, as it often is, with
the hydraulic line pressure acting on the injection
cylinder that supplies the force to the screw, nor
should it be taken as the pressure available to fill
the mold cavities. This is much less because of pres-
sure losses in the nozzle and mold feed systems.
Injection pressures are normally quoted in mega-
pascals (MPa), atmospheric pressures (bar), or
pounds per square inch (psi) [60].

The maximum injection volume or swept volume
is the product of the screw diameter and its maximum
retraction stroke during plasticating. The value is
expressed in cubic centimeters (cm?), cubic inches
(in.%), and sometimes as the weight in ounces (0z)
or grams (g) of plastic material that can be injected.
The weight rating is a less accurate measure and is
relative to the density of the plastic material in ques-
tion. The figure used to make the conversion should
be the density in the melted state rather than in the
solid state.

In principle, the entire theoretical shot volume is
available for injection. In practice, the volume is lim-
ited by the concept of residence time. This is the time
that an element of plastic material takes to pass
through the screw and barrel system, It is a function
of cycle time and injection stroke. The significance of
residence time rests on the fact that a plastic material
may begin to degrade if exposed too long to process
temperatures normally regarded as safe. Residence
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time itself is independent of material, but the sensitiv-
ity of materials to residence time varies and is at its
greatest with materials that are processed at a point
close to the degradation temperature. It is especially
unwise to expose such polymers to lengthy residence
times In the injection unit. Small shots produced
from big machines are likely to lead to trouble, espe-
cially if the cycle time is long.

Figure 4.55 shows residence times for a range of
cycle times. Injection strokes are expressed in terms
of D, the screw diameter. If, for example, we wish
to limit residence time to five minutes, this means
that the injection stroke should not be less than
about 1D for a fifty-second cycle, or not less than
about 0.6 for a thirty-second cycle. The two values
equate to about 25% and 15% of maximum shot
volume, respectively. The maximum injection stroke
for a typical injection molding screw is about 4D. The
preferred shot volume is in the range of 1D to 3D, or
25-75% of the maximum available.

Allowable residence times for TPEs depend on
the material temperature. Temperature should be
decreased as residence time is increased.

The European Committee of Machinery
Manufacturers for the Plastics & Rubber Industries
has developed a standard classification for injection
molding machines. This is knowm as the Euromap
international size classification and it consists of
two numbers in the format xxx/xxx. The first number
indicates the clamp force in kiloNewtons (kN). The
second number is an injection unit rating derived
by multiplying the maximum injection pressure
(bar) by the shot volume (cm’) and dividing by
1,000. This figure is useful for classifying injection
molding machines that are supplied, as most are,
with a choice of screw diameters. The maximum
injection force exerted by the machine on the screw
remains constant because only the screw and barrel
assembly is interchanged. This means that shot
volume is proportional to screw diameter but the
maximum injection pressure is inversely propor-
tional. The Euromap injection unit rafing is unaf-
fected by screw diameter. In other words, it returns
the same figure for each of the alternative screw
and barrel assemblies for a particular machine and
so simplifies the task of classification. This rating is
not much help in specifying an injection molding
machine; maximum shot volume and injection pres-
sure figures are indispensable for that purpose [60].

Major pressure drops occur in forcing the plastic
melt through the injection nozzle and hence through
the mold feed system and cavities. These pressure
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losses cannot be quantified by simple rules. They are
a function of the physical form of the flow path, the
condition of the plastic melts, the rate of heat
exchange, the type of polymer, and the rate and pres-
sure of injection. Specific figures can be calculated
with adequate accuracy by computer simulations of
the molding process [61].

4,443 Power Systems

Injection molding machines perform a wide range
of mechanical movements with differing characteris-
tics. Mold opening is a low-force high-speed move-
ment, and mold closing a high-force low-speed
movement. Plasticating involves high torque and
low rotational speed, while injection reguires high
force and medium speed. The modern injection
molding machine is virtually always a self-contained
unit incorporating its own power source, Early
machine frequency ran from a centralized source ser-
ving an entire shop or factory. In this respect, injec-
tion molding machines have undergone the same
metamorphosis as machine tools.

Oil hydraulics has become firmly established as
the drive system for the vast majority of injection
molding machines and until recently was almost
unchallenged as the power source. Put at its simplest,
the injection molding machine contains a reservoir of
hydraulic oil which is pumped by an electrically dri-
ven pump at high pressure, typically at up to 14 MPa
{2,030 psi), to actuating cylinders and motors. High

25 3
Figure 4.55. Material residence times.

and low pressure linear movements are performed
by hydraulic cylinders, and rotary movements for
screw drive and other purposes are achieved by
hydraulic motors. Hybrid machines, in which the
screw is driven by electric motor while the linear
movements remain hydraulically powered, are not
uncommon.

In recent years, the supremacy of the hydraulic
machine has been challenged by all-electric
machines. These use new brushless servomotor tech-
nology to power the various machine movements.
The capital cost of all-electric machines is higher
than that of conventional machines but the energy
consumption in production is much lower. This is
because the electric motors run only on demand,
and there are no losses due to energy conversion,
pipelines, or throttling. The elimination of hydraulic
oil makes the all-electric machines inherently cleaner,
so these machines are attractive for sterile or clean
room use. There is also evidence that all-electric
machine movements can be resolved with a higher
degree of precision and repeatability than hydraulic
systems.

4.4.4.4 Control Systems

The full sequence of operations and necessary
options in a modern injection molding machine is
very complex (Fig. 4.56). So too, is the range of
parameters and adjustments needed to control the
process accurately and automatically (Table 4.15).
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Figure 4.56, Principal elements of the injection molding cycle.

Table 4.15. Some Injection Molding Process Factors

Temperature Time Distance Speed Pre: sure or Profile
orce
. injection
Melt Hold changeover | Hold changeover | Screw rotation | Hold changeover pressure
o _— Injection
Mold Open Fast open Injection stroke | Injection speed
Carriage forward . Holding
Nozzie delay Slow open Carriage Peak pressure
Barrel Zones Hold Eject Slow break Holding
Feed Throat Carriage back Sprue break Fast apen Back
delay ,
Screw start delay | Suck back Slow open Nozzle hold-on
Cooling Shot Eject Clamp close
Peliets -
Eject Cushion Clamp open
Cycle delay

Source: Maier, C., and Calafut, T., Polypropylene, William Andrew Publishing, 1898, p. 167.

Control is ultimately exercised by valves, regulators,
and switches but it is rare now for these to be under
individual manual control. The norm now is electro-
nic control of varying degrees of sophistication rang-
ing from simple partial control by programmable
logic controller up to fully centralized computer con-
trol. It is usual for an injection molding machine to
be offered with a choice of control options to suit a
variety of end uses and budgets.
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The precision and repeatability of injection mold-
ing machines has been much improved by the
introduction of closed loop control to critical fea-
tures like the injection screw sequence. The closed
loop principle uses sensors to measure an important
parameter—speed, position, pressure—of the ele-
ment to be controlled. The readings are processed
by the control system which generates control
signals to a servo valve that regulates the element.
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The process is often known as feedback. In effect, the
system monitors itself to check whether it is perform-
ing as instructed and if not, it makes an adjustment
based on the discrepancy.

4.4.5 The Injection Mold

The injection mold performs two vital functions:
It defines the shape of the molded part, and it acts as
a heat exchanger to cool the plastic material from
melt temperature to ejection temperature. It must
be very robustly engineered to withstand injection
and clamping forces, if must operate automatically
at high speed, and it must be built to very high stan-
dards of precision and finish. The mold also has
other less obvious influences on the finished part.
The dimensions and properties of the molding are
greatly affected by shear rates, shear stresses, flow
patterns, and cooling rates. Some of these are
affected by both mold and machine; others are
almost exclusively a function of the mold. These fac-
tors combine to make the injection mold a costly
item. Modern technologies in the form of concurrent
engineering, computer-aided analysis of flow and
cooling, and high-speed and computer-controlled
machining can help to keep the cost down. So too
can the use of standard mold components that
enjoy economies‘of scale and specialization. Even
so, mold costs frequently *dismay purchasers of
moldings and there can be pressure to cut costs by
reducing mold quality. This is false economy and
will almost always result in a more expensive mold-
ing. There is no substitute for a quality mold [62].

4,4.5.1 Injection Mold Components

Figure 4,57 illustrates the principal components
used in the construction of an injection mold.

The sequence of operations (Fig. 4.58) for a
typical mold is:

 Plastics material is injected into the closed
mold.

¢ The mold remains closed while the molding
cools. The mold temperature is controlled by a
coolant fluid (generally water or oil) which is
pumped through cooling channels. Even if the
mold is heated relative to ambient temperature,
it is still cool in relation to the plastics melt
temperature.

» The mold opens, leaving the molding attached
by shrinkage to the core. During opening, the
side action is retracted by a cam to release an
undercut on the molding.
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Figure 4.57. Example of an injection mold, illustrating
principal component parts.

» The ejector plate is moved forward, causing
gjector pins and stripper bars to push the
molding off the core.

» The ejector plate returns and the mold closes,
ready for the next cycle.

4.4.5.2 Injection Mold Types

Every molded part is different and so every mold
is unique. Nevertheless, it is possible to distinguish
some standard features and types. All are generally
suitable for use with TPEs. The principal types are
two-plate, three-plate, and stack molds. A further dis-
tinction concerns the feed system, which can be either
the cold or hot type. These classifications overlap.
A thres-plate mold will have a cold runner feed sys-
tern, and a stack mold will have a hot runner system.
Two-plate molds can have either feed system [60].
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Figure 4.58. Sequence of mold operation: {a) plastic
materialis injected into the closed moid, (b) the mold opens,
leaving the molding attached by shrinkage to the core, (c) the
ejector plate is moved forward, causing ejector pins and
stripper bars to push the molding off the core.

4.4.5.2,1 Two-Plate Molds
The two-plate mold has more than two platesin its
construction. The description means that the mold
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Figure 4.59. Schematic drawing of a two-plate mold: A—
Knockout plate; B—Ejector retainer plate; C—Ejector
travel; D—Support plate; E—Sleeve-type ejector; F—Rear
cavity plate; G—Cavity; H—Front cavity plate; l—Locating
ring; J—Sprue bushing; K—Clamping plate; L—Parting
line; M—Core or force; N—Ejector pin; G—Sprue puller;
P—Clamping plate; Q—Retainer plate; A—Knockout pins;
S—Core or force pin.

opens or splits into two principal parts (Fig. 4.59).
These are known as the fixed or injection half,
which is attached to the machine’s fixed platen, and
the moving or ejection half, which is attached to the
moving platen. This is the simplest type of injection
mold and can be adapted to almost any type of mold-
ing. The cavities and cores that define the shape of
the molding—these are sometimes known as the
impressions—are so arranged that when the mold
opens, the molding remains on the ejection half of
the mold. In the simplest case, this is determined by
shrinkage that causes the molding to grip on the
core. Sometimes it may be necessary to adopt posi-
tive measures such as undercut features or cavity
air blast to ensure that the molding remains in the
ejection half of the mold.

4.4.5.2.2 Three-Plate Molds

The three-plate mold is so called because it splits
into three principal linked parts when the machine
clamp opens (Fig. 4.60). As well as the fixed and
moving parts equating to the two-plate mold, there
is an intermediate floating cavity plate. The feed
system is housed between the fixed injection half
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Flgure 4.60. Schematic drawing of a three-plate mold
{PL-Plate).

and the floating cavity plate. When the mold opens, it
is extracted from the first daylight formed by these
plates parting. The cavity and core is housed between
the other side of the floating cavity plate and the
moving ejection part of the mold. Moldings are
extracted from the second daylight when these plates
part. The mold needs separate ejection systems for
the feed system and the moldings. Motive power
for the feed system ejector and the movement of
the floating cavity plate is derived from the clamp-
opening stroke by a variety of linkage devices. The
molding ejection; system is powered normally by the
injection machine ejection system.

The three-plate mold is normally used when it is
necessary to inject multiple cavities in central rather
than edge positions. This is done for flow reasons:
to avoid gas traps, ovality caused by differential
shrinkage, or core deflection caused by unbalanced
flow. This type of mold also has the advantage of
automatically removing (degating) the feed system
from the molding. The disadvantages are that the
volume of the feed system is greater than that of a
two-plate mold for the same component, and that
the mold construction is more complicated and
costly.

4.4.5.2.3 Stack Molds

The stack mold also features two or more day-
lights in the open position. Two daylights are normal
(Fig. 4.61) but up to four are known. The purpose of
the stack mold is to increase the number of cavities in
the mold without increasing the projected area and
hence the clamp force required from the injection
molding machine. This is done by providing cavities
and cores between each of the daylights. Provided the
projected area at each daylight is the same, opposed
components of opening thrust from each daylight
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Figure 4.61. Schematic drawing of a stack moid.

cancel out, leaving the total moid opening force no
greater than that developed in a single daylight.
The cavities are fed by a hot runner system deployed
in the floating cavity plate. Separate ejection systems
are required for each daylight. The mold engineering
and hot runner control systems are complicated and
become much more so when there are more than two
daylights present. Stack molds are normally used for
high volume production of relatively small and shal-
low components such as closures for packaging
applications.

4.4.6 Infection Mold Feed Systems

The feed system is the name given to the flow melt
passage in the mold, between the nozzle of the injec-
tion molding machine and the mold cavities. This
apparently utilitarian feature has a considerable
effect on both the quality and economy of the mold-
ing process. The feed system must conduct the plas-
tics melt to the cavity at the right temperature,
must not impose an excessive pressure drop or
shear input, and should not result in nonuniform
conditions at the cavities of multi-impression
molds. The feed system is an unwanted by-product
of the molding process, so a further requirement is
to keep the mass of the feed system at a minimum
to reduce the amount of plastic material used.

This {ast consideration is a major point of differ-
ence between cold and hot runner systems. The cold
runner feed system is maintained at the same tem-
perature as the rest of the mold. In other words, it
is cold with respect to the melt temperature. The
cold runner solidifies along with the molding and is
gjected with it as a waste product in every cycle,
The hot runner system is maintained at melt
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Figure 4.62. Common runner configurations.

temperature as a separate thermal system within the
cool mold. Plastic material within the hot runner sys-
tem remains as a melt throughout the cycle, and is
eventually used on the next or subsequent cycles.
Consequently, there is little or no feed system waste
with a hot runner system. Effectively, a hot runner
system moves the interface between the machine
plasticizing system and the mold to a point at or
near the cavities. In a cold runner system, the inter-
face is at the outside surface of the mold, at a point
between the machine nozzle and the sprue bush {62].
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Runners are produced in a variety of cross-
sectional configurations (Fig. 4.62), but not all of
them perform equally well. The best shape for the
runner itselfis a full-round section, cut in both halves
of the mold. This is the most efficient form for melt
flow without premature cooling. There are some
instances when it is desirable to cut the runner only
in one half of the mold, either to reduce the machin-
ing cost or where it is mechanically necessary over
moving splits. In this case, the preferred runner sec-
tions are trapezoidal or modified trapezoidal. The
half-round runner provides only a restricted flow
channel combined with a large surface area for cool-
ing and consequently is not recomnmended.

The concept of the hydraulic diameter (Dy) pro-
vides a quantitative means of ranking the flow resis-
tance of the various runner configurations [63). The
hydraulic diameter is calculated from an expression
chosen to give a full-round runner a value of 1D,
where D is the runner diameter, 4 = cross-sectional
area, and P = perimeter:

4.4.6.1 Coid Runners

Cold runner feed systems include three principal
components: sprue, runner, and gate. The sprue is a
tapered bore in line with the axis of the injection
unit that conducts the melt to the parting line of
the mold. The runner is a channel cut in a parting
face of the mold to conduct melt from the sprue to
a point very close to the cavity. The gate is a relatively
small and short channe] that connects the runner to

The resulting values for equivalent hydraulic
diameters (Fig. 4.63) clearly demonstrate the super-
iority of the full-round design for runners cut in
both halves of the mold and the modified trapezoi-
dal design for runners cut in one half of the mold.

Runner layouts should be designed to deliver the

Dy=44/P

the cavity. The gate is the entry point of the melt

into the molding cavity [62].

plastic melt at the same time and at the same tempera-
ture, pressure, and velocity to each cavity of a multi-
cavity mold. Such a layout is known as a balanced
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Figure 4,63, Equivalent hydraulic
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diameters for common runner
configurations.
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Figure 4.64. Balanced and unbalanced runner layouts,

runner (Fig. 4.64). A balanced runner will usually
consume more material than an unbalanced: type,
but this disadvantage is outweighed by the improve-
ment in the uniformity and quality of the moldings.
Balance in a multi-cavity mold with dissimilar cav-
ities (known as a family mold) can be achieved by
careful variation of runner diameter in order to pro-
duce equal pressure drops in each flow path. Such
balancing can only be achieved efficiently by the
use of computer flow simulations, and this method
really should now be the norm for injection mold
design.

If flow simulation software is used, runner dimen-
sions will be calculated precisely and can then option-
ally be adjusted to a standard cuttef size.

4.4.6.2 Sprues

The sprue is often the thickest part in an injection
molding shot and in extreme cases may influence the
cycle time. Since the sprue is a waste part, this should
not be allowed to happen. The reason that it some-
times does is that there is little control over the dimen-
sions of the sprue. The length is fixed by the thickness
of the fixed mold half while the diameter is largely a
function of the machine nozzle bore and the neces-
sary release taper. Sometimes the sprue can serve a
useful function as a gripping point for an automated
shot handling system, but the answer in most cases is
to eliminate the cold sprue (Fig. 4.65) by means of a
heated sprue bush (Fig. 4.66) that serves as a limited
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Figure 4.65. Typical cold sprue design.
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Figure 4.66. Example of heated sprue bushing.

hot runner device. In this case, the material in the
bush remains as a melt while the cold runner system
is injected through a vestigial sprue. Elimination of
the sprue typically saves a few grams of material
waste per cycle.

4.4.6.3 Gates

The gate is the region of the feed system between
the runner and the cavity. It is the entry point by
which the plastics melt enters the cavity and is an
important element of the mold. Its position and
dimensions have a considerable influence on the
finished molding. The position of the gate or gates
directly influences flow paths in the cavity, and so

‘has a major bearing on issues such as filling pressure,

weld line quality, and gas traps. Gate positions must
be judged individually for each molding case. An
experienced practitioner can usually assess the best
gate position for relatively simple part geometry but
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for complex parts, computer-aided flow analysis is
preferred for gate positioning. Gate positions should
be chosen with these general recommendations in
mind:

* Gate near a thick section to ensure that it can
be packed out

* Position the gate where the gate scar or witness
mark will not be cosmetically objectionable

* Position the gate where it can be easily
removed with cutting tools

* Position the gate for flow symmetry in
symmetrical parts

L ]

Gate to minimize gas traps and weld lines

Gate so that unbalanced flow does not take
place around cores

Do not place the gate at a point where high
stresses or high packing could cause problems

Position the gate so that flow impinges on a
mold surface rather than jets into a void

Position the gate to minimize shrinkage
differentials.

The gate is usually small in relation both to the
molding and the upstream feed system. There are
two principal reasons for this. The gate acts as a ther-
mal valve that seals the filled mold cavity from the
feed system. When the gate freezes, no more flow
can take place. A very heavy gate would be slow to
freeze and would possibly allow compressed melt to
flow back out of the cavity and into the feed system,
so one aim of gate design is to find a size that will
remain open during the injection packing phase
and freeze off immediately thereafter. The other rea-
son for a small gate is so that the feed system can be
easily removed from the molding, leaving little trace
of its presence.

Flow conditions in the gate are extremely severe.
The melt is accelerated to a high velocity and is sub-
jected to a high shear rate. This is the main reason for
keeping gates short. The gate length is often referred
to as the land length. If the gate length is very short,
there will be a weak section in the mold between
the runner and cavity, and there will be insufficient
clearance to use cutters for gate removal. During
the passage of the melt through the gate, frictional
heating is likely to occur and indeed is sometimes
exploited in the design of feed systems for heat-sensi-
tive materials, Here the strategy is to keep barrel
temperatures low and generate additional heat at
the last moment in the feed system.
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Many different gate types (Fig. 4.67) have evolved
to deal with a variety of molding needs. Some of these
are associated with a particular geometry. For exam-
ple, diaphragm and ring gates are usually employed
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Figure 4.67. Examples of various gate types.
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for parts with a cylindrical form. The pinpoint gate is
normally used in three-plate molding. The most com-
mon gate type is the edge gate. The edge gate is
usually square or rectangular in cross section and is
cut in just one parting face of the mold. Circular sec-
tion gates are also used but must be cut equally in
both parting faces. Semicircular section gates are
not recommended. Gate dimensions depend on pro-
duct geometry and are frequently adjusted by trial
and error during the testing of a new mold. The
only practical way to do this is to start with a small
gate and gradually enlarge it.

Simple large area parts in single-cavity molds
may be gated by running the sprue directly into the
cavity. This is known as sprue-gating or direct
sprue-gating. The gate must be removed in a subse-
quent machining operation that leaves a witness
mark. The sprue gate is perhaps the least sophisti-
cated way of dealing with this type of molding. Fan
gates are preferred for thin-walled parts of a rela-
tively large area. The flash gate, a variant of the fan
gate, is used for thin-walled parts that would be dif-
ficult to fill from individuval gates at any point. The
flash gate is very wide and shallow so that a large
flow area is combined with a short freeze time.
Ring and diaphragm gates are similar in concept to
the flash gate. They are normally used to obtain
cylindrical parts free of weld lines and core shift
caused by unbalanced flow.

The submarine gate, also known as the tunnel
gate, is cut into the one half of the mold rather
than on a parting face. This constitutes an undercut,
whichis freed on ejection by the runner and gate flex-
ing. The advantage of the submarine gate is that the
feed system is automatically separated from the mold
by the act of ejection that shears the gate off. The
winkle or cashew gate is a variant in which the gate
is machined in a curved form and is suitable only
for flexible grades. A further gate type known as
the tab gate is used to prevent jetting into an open
cavity or when some defect is expected close to the
gate. The tab is a small extension on the molding,
which is fed at right angles to its axis by an edge
gate; the tab is later removed from the finished part.

4.4.6.4 Hot Runners

Hot runner systems maintain the feed channels in
a permanently molten state and eliminate the waste
associated with a solidified cold feed system.
Another advantage is that the pressure drop through
the feed system is less than that of a comparable cold
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runner arrangement [61]. The principal disadvantage
is the need to maintain two very different temperature
regimes within the mold. This results in difficult pro-
blems of temperature control and differential expan-
sion. The cost of a hot runner mold is also much
greater than that of the cold runner equivalent.
However, the important point is not the cost of the
mold but that of the molding, and here hot runner
molds have the advantage. Unless order quantities
are low or frequent color changes are required,
there are grounds to prefer the hot runner mold,
Processors are still often deterred by control and engi-
neering fears associated with hot runners, but there
has been great progress in this area, and very sophis-
ticated and reliable designs are now available as stock
components. Most manufacturers of hot runner
components now offer completely engineered systems
that free the molder and mold builder from design
responsibility. Traditionally, cold runner molds
have been the norm and hot runners the exception
but progress has been such that the project concept
really should now start from the opposite premise.

. The heart of a hot runner system (Fig. 4.68) is the
manifold. This is a distribution block containing
flow channels maintained at melt temperature. The
channels distribute the melt from the single entry
point at the sprue to multiple outlets at nozzles that
feed individual cavities in a multicavity mold or
serve as multiple gates in a single large cavity. The
latter case is one of the most important applications
of hot runners; multiple gates allow the flow lengths
in a large part to be brought within easily manage-
able proportions. The same strategy also limits the
necessary clamp force.

Contact between the hot manifold and the
remainder of the cool mold must be kept to a mini-
mum to prevent heat flow. This is normally achieved
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Figure 4.68. Schematic of hot runner mold.
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by the use of air gaps that also allow for expansion,
but care must be taken in the design to ensure that
the mechanical strength of the mold remains ade-
quate to deal with molding and clamping forces.
The heat transfer problem is reduced with internally
heated hot runners but the disadvantage is the rela-
tive inefficiency of the annular flow channel, These
channels have higher pressure drops than unob-
structed channels and are also prone to “slow flow”
areas where material may stagnate and decompose.

A primitive variant of the hot runner is known as
an insulated runner, This employs an unheated mani-
fold with very large runners of 20-35 mm diameter,
and relies on the poor thermal conductivity of plas-
tics to ensure that a flow channel in the center of
the large runner always remains molten. The insu-
lated runner mold is not capable of precise and con-
sistent control and is now rarely seen.

The connection between the hot runner manifold
and the cavity is made by means of a hot nozzle that
may operate in conjunction with a surrounding bush-
ing. A wide variety of nozzle types allow for many
gating options (Figs 4.69 and 4.70), with or without
witness marks. Hot runner nozzles may be provided
with shut-off valves for precise control of flow.
Figure 4.71 shows the velocity profile in internally
and externally heated hot runners. In recent years,
great progress has been made in the design of hot
runner nozzles for small and closely spaced cavities.
These designs allow one nozzle to feed a number of
cavities, and also permit gating options that are
almost undetectable on the finished part.

Flow channels should be streamlined to prevent
slow or stagnant flow. Comers should be radiused by
contoured end plugs. Manifold support pads should
have minimal surface contact and should be furnished
in materials of relatively low thermal conductivity
such as stainless steel or titanium, Precise temperature
control is necessary for consistent results. The

Pin-point gating with
img-shaped marking,
vanable diameters
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Pin-point galing with-
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ing, variable dlameters

Figure 4.69. Some types of direct hot runner gates.
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temperature of the manifold block should be uniform
throughout. Each nozzle should be provided with indi-
vidual closed-loop control.

4.4.7 Injection Mold Features
4.4,7.1 Materials

Injection molds are subject to rigorous require-
ments that have a direct bearing on the materials of
construction. Mold materials must withstand high
injection pressures and clamp forces. They must be
good thermal conductors, easy to machine, and be
capable of reproducing fine detail and taking a
high polish. They must be resistant to corrosion,
abrasion, and wear, Specific materials required for
construction of molds and other parts of injection
molding machines for TPE processing is discussed
individually for each group.

4.4.7.2 Coaling

It is a fundamental requirement of the injection
mold to extract heat from the molding. With each
cycle, the mold acts as-a heat exchanger to cool the
injected material from: melt temperature to at least
ejection temperature. The efficiency with which this
is done has a direct bearing on the speed of produc-
tion. Heat is removed from the injection mold by
circulating a fluid coolant through channels cut
through the mold plates and particularly through
the cavities and cores (Fig. 4.72). The coolant is
usually water but may be an oil if the mold is to be
cooled at temperatures near or above the boiling
point of water. Such a mold appears hot in relation
to the ambient temperature, but it is still cold com-
pared to the plastic melt. If the mold is to be chilled
at low temperatures, it is usual to circulate a mixture
of water and ethylene glycol. Occasionaily the
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Figure 4.72. Cooling arrangements for cores of various
sizes.

coolant may be air, but this is an inefficient means of
heat transfer and should be regarded as a last resort.

Cooling channels represent a real difficulty in
mold design. Core and cavity inserts, ejector pins,
fasteners, and other essential mechanical features
all act as constraints on the positioning of cooling
channels, and all seem to take precedence over cool-
ing. However, uniform and efficient cooling is crucial
to the quality and economy of the molding, so chan-
nel positioning must take a high priority in mold
design.

Cooling channel design is inevitably a compro-
mise between what is thermally ideal, what is physi-
cally possible, and what is structurally sound (Fig.
4.73). The thermal ideal would be flood cooling
over the entire area of the molding, but the pressur-
ized mold cavity would be unsupported, and
mechanical details like ejectors could not be accom-
modated. Support could be provided by interrupting
the flood-cooling chamber with supporting ribs,
but the mold construction is complicated by the
need to fabricate and seal the cooling chamber. The
reasonable and practical compromise provides the
cooling channels in the form of easily machined
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Figure 4.73. Cooling channel considerations.

through-bores that may be linked either inside or
outside the mold to form a complete cooling circuit.

The correct placement of the channels is impor-
tant. If they are too widely spaced, the result is a
wide temperature fluctuation over the cavity or core
surface (Fig. 4.74). If the channels are too closely
spaced or too close to the cavity surface, the mold
becomes structurally weak.

Another important consideration in cooling
channel design is to ensure that the coolant circulates
in turbulent rather than laminar (streamline) flow.
The coefficient of heat transfer of the cooling system
is drastically reduced in laminar flow,

For a channel of circular cross-section, turbulent
flow occurs when the Reynolds number is greater
than 2,300. The coefficient of heat transfer of the
cooling system continues to increase as turbulence
increases, so the design limit of the Reynolds number
for cooling channels should be at least 5,000 and pre-
ferably 10,000. If the volume flow rate of the coolant
remains constant, then the Reynolds number can be
increased by reducing the size of the channel. This
runs counter to the natural impulse to imagine that
a larger channel must always result in better cooling.
It is harder to achieve turbulent flow with oils or
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antifreeze solutions because of their greater viscos-
ities compared with water. The significance of wall
temperature is second to the wall thickness in its
impact on cooling time [63].

Wall temperature differences could cause warp-
ing of the part. Thermoplastic molds are cooled
with water and oil if higher temperatures are required
because water tempering equipment is limited to
140°C (285'F).

4.4.7.3 Venting

When an injection mold fills, the incoming high-
velocity melt stream is resisted by, and must displace,
the air in the feed system and cavities. Molders often
rely on incidental air gaps between the parting faces
and between the assembled parts of the core and cav-
ity to provide a leakage path for air, but this is no
substitute for properly engineered venting, which
should be designed into all molds. Provided the
vent is machined to the correct depth, the injected
material will not flash through the air gap. More
than one vent may be used; if necessary up to 60%
of the peripheral dimension can be vented. The
width of individual vents should not exceed 6 mm
(0.25 in.).

Venting can also be used to prevent or minimize
gas traps. A gas trap occurs when the flow of injected
plastics melt surrounds and isolates an area in the
cavity, so trapping air, which is rapidly compressed
and heated. Burned or charred material is often asso-
ciated with gas traps. The best remedy is to redesign
flow to do away with the gas trap but, if this is not
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possible, venting will help provided the vent is posi-
tioned in the correct spot. Most gas traps cannot be
vented through the parting faces of the mold.
Instead, the vent is machined in inserted pins or
plugs. Such vents are prone to blocking unless one
of the parts is in motion. For this reason, an ejector

pin is often used for venting. An alternative method -

is to use an insert of porous steel.

4.4.7.4 Ejection

Ejection is the name given both to the process of
removing the molding from the mold and to the
means by which it is done. Ejectors inevitably leave
witness marks on the molding, and this alone may
determine the disposition of the part in the mold.
Once that basic choice has been made, there is
usually not much further freedom to position ejectors
in cosmetically acceptable positions. The choices are
much constrained by other features in the mold and
the need to put ejectors where they are most needed
to overcome the resistance of the molded part.

Ejection may be by means of pins or a stripper
plate, or a combination of both. The stripper plate
acts on the entire peripheral wall thickness of the
part and so distributes the ejection force. This is
the preferred method for thin-walled parts, but the
method is difficdlt to apply to anything other than
a circular periphery. A variant on this theme is the
stripper bar which works on part of the periphery.
Most ejection is performed by pins, usually cylindri-
cal in form. Rectangular pins may be used in con-
stricted areas; these are often referred to as blade
ejectors. Hollow ejector pins known as sleeve ejectors
are commonly used to push the molding off small
core pins. Ejection of deep-drawn or thin-walled
parts is often assisted by an air valve that breaks
the vacuum between the molding and the mold core.
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4.4.8 Materials of Construction

Products of the degradation of molten TPEs are
in general not corrosive, thus it is not necessary to
construct the parts of the machine that come in con-
tact with molten polymers from corrosion-resistant
metals, which are significantly more expensive than
lower grades of steel. However, there are cases
where it is necessary {0 use corrosion-resistant metals
(see chapters describing the individual TPEs).
Corrosion of process surfaces can result in the con-
tamination of the finished product and deterioration
of its physical properties. Details in the Table 4.16
show a list of the metals and suppliers recommended
for the construction of various parts of the injection
molding machine.

For injection molding machines used for the
processing of thermoplastics producing corrosive
decomposition products, materials like Xaloy 309
and Bernex C240 can be used for construction of
barrels and Hastelloy C-276 for the screw, adapter,
and nozzles. The corrosion rate of the mold surface
will be lower than that of the other parts of the
machine because its temperature will be lower than
the melting point of the polymer. For short produc-
tion runs, unplated molds of hardened tool steel, or
high quality or chrome and nickel plating of the injec-
tion mold cavities normally provides sufficient pro-
tection. For longer runs, more corrosion-resistant
materials of construction may be required.

4.4,9 Dimensional Stability of Parls

Close tolerances can be achieved provided that
operating variables of the process are tightly con-
trolled. Mold design is, however, the other critical
factor in obtaining high precision molded parts. As
tolerances become smaller, cost of manufacturing

Table 4.16. Some Corrosion-Resistant Metal Alloys and Their Suppliers

Metal Supplier Parts
Hastelloy C Stellite Division, Cabot corporation, Nokomo, Indiana, USA Screw, adapter, and nozzle
Hastelloy C-276 | Steliite Division, Cabot corporation, Nokomo, indiana, USA Screw, adapter, and nozzle
Duranickel International Nickel Co., Huntington, West Virginia, USA Screw, adapter, and nozzle
Monel Sales @espi-metals.com Screw, adapter, and nozzie
Xaloy 309 Xaloy, Inc., New Brunswick, New Jersey, USA Barrel and barrel ining
Brux - Brookes (Oldbury), Lid, Oldbury, Warely, Worcestershire, UK Barrel and barrel lining
Reiloy Relloy Metal GmbH, KdIn, Germany Barrel and barret lining
Bemex C240 Berna AG, Olten, Switzerland Barrel and barrel lining

Source: Reference [55].
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and complexity of the process grow. Almost every
variable in the molding process affects the part
dimensions. Shrinkage during the molding process
is a critical factor in determining the final dimensions
of the part.

Shrinkage increases with part thickness (Table
4.17) and mold temperature because in both cases
cooling rate decreases. Consequently, crystallinity
increases and internal stresses decrease. A number
of plastics exhibit direction-dependent shrinkage
(Figs 4.75 and 4.76). The least amount of shrinkage
takes place in the direction of flow due to the highest
degree of orientation in this direction. The rule-of-
thumb that is useful to the design of molds is that
the straighter the path, the lower the shrinkage.
Table 4.18 shows the effect of various parameters

Table 4.17. Shrinkage as a Function of Thickness

Shrinkage
Part Thickness {(mm)
mm/m %
3.2 35~40 3.5-4.0
8 40-45 4,045
12.7 4550 4.8-5.0
19.1 5060 5.0-6.0

Source: Reference [55].
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Figure 4.75. Example of shrinkage vs thickness in flow
and cross directions.
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Table 4.18. Effect of Various Parameters on Shrinkage

increase Shrinkage Decrease Shrinkage

Increased injection
pressure

Increased Stock

Temperature
Filler addition

Increased Mold

Temperature

increased Part Thickness
Increased polymer
orientation
Straight melt flow during
molding

Source: Reference [55].

on shrinkage of injection-molded parts. Annealing
a molded part, that is, heating and holding it above
its performance temperature, can prevent further
shrinkage during its use.
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Compression Molding (cutaway view)
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4.5 Compression Molding

Compression molding was among the first
methods to be used to form plastics (Fig. 4.77). It
involves four steps:

* Pre-formed blanks, powders, or pellets are
placed in the bottom section of a heated mold
or die

* The other half of the mold is lowered and
pressure is applied

* The material softens under heat and pressure,
flowing to_fill the mold. Excess material is
squeezed from the mold. If it is a thermoset
plastic, cross-linking occurs in the mold. In
thermoplastic molding, the part is hardened
under pressure by cooling the mold

» The mold is opened and the part is removed.

As pointed out above, for thermoplastics, the
mold is cooled before removal so the part will not
lose its shape. Thermosets may be ejected while
they are hot and after curing is complete. This pro-
cess is slow, but the material moves only a short dis-
tance to the mold and does not flow through gates or
runners like in injection molding. Only one part is
made from each mold.

In the simplest form of compression molding, a
molding powder (or pellets, which are also some-
times called molding powder) is heated and, at the
same time, compressed into a specific shape. In the
case of a thermoset material, the melting must be
rapid since a network starts to form immediately
and it is essential for the melt to fill the mold comple-
tely before solidification progresses to the point
where flow stops. Commercial molding machines
use high pressure and temperature to shorten the
cycle time for each molding. The molded article is
pushed out of the cavity by the action of ejector
pins that operate automatically when the mold is
opened. A schematic diagram of a complete
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Figure 4.77. Schematic drawing of
the stages of the compression
Molded piece  molding process.

compression molding press, the mold, and other pro-
cess components can be seen in Fig. 4.78; a typical
mold set is shown in Fig. 4.79.

In some cases, pushing the resin into the mold
before it has liquefied may cause undue stresses on
other parts. For example, meta] inserts to be molded
into a plastic electrical connector may be bent out of
position. This problem is solved by transfer molding,
in which the resin is liquefied in one chamber and then
transferred to the mold cavity. When flat plates are
used as the mold, sheets of various materials can be
molded together to form a laminated sheet. In ply-
wood, layers of wood are both adhered to one another
and impregnated by a thermoset such as urea-
formaldehyde, which forms a network on heating.

Pump

Hydraulic Pressurs
Unit

Hydraulic
I -.——_:;" Ram

Compression

. . -

Assembly
Slide Heated
Rod-— Platen
S Y Male Mold
Material
Gulde___ Charge
Hote > NN Fomale
Daylight ™ i i‘ Mold
Opening 1 - W : E]gt}:tor
Hi ST ! n
Hydrautic | l[ : ot h-_\.:'l“"- Knockout
Piston [ ! ! N, o Plate
D) ! ;'—'-"—-"r—i-‘-— Hydraullc
E """"" l—-:w Unit
Base

Figure 4.78. Schematic drawing of a compression mold-
ing press and its components.
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. Upper Mold
Heaters ___ Plate or
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Replaceable
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— Plate or
Platen
| Ejactor Pin
Ejsctor Plate

Flgure 4.79. A typical compression mold set.

4.5.1 Types of Compression Molds

Compression molds for thermoplastics are
equipped with cooling and heating cores to allow
melting and hardening the resin. Electricity or
steam and cold water are usually the heating and
cooling medium of the mold.

There are three types of compression molds: hand
molds, semiautomatic, and fully automatic. Hand
molds are limited to prototypes, small size parts, and
short runs. Semiautomatic molds are self-contained
and securely installed in a conventional mold press.
The operational sequence has to be carried out
manually. Fully automatic compression molds are
specially designed and constructed to fit a completely
automatic compression press. Manual intervention in
the operation is reduced to the loading of material
hoppers and part removal from the press.

There are five standard designs for the cavities
and the closure of compression molds as described
below.

(1) Flash type. This is the oldest design of
compression molds (Fig. 4.80) most suitable
for manufacturing hollow parts. This type of
mold may be used in the production of large
parts, although part quality may be poor
both from dimensional and aesthetics stand-
points. This mold is overfilled slightly,
forcing the excess plastic (flash) into the gap
between the male and female mold halves. An
insufficient charge of resin results in a part
that is too small.

(2) Fully positive. Also called a direct positive
mold (Fig. 4.81), this is solely used for large
deep draw parts where maximum density
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Figure 4.80. Flash mold design.

(et

L L
Figure 4.81, Direct positive mold design.

must be obtained. These molds are limited to
single cavity production requiring the weigh-
ing of each material charge to assure the
depth (or the height) and the density of the
finished part.
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(3) Landed positive. Multi-cavity molds may
take advantage of this design (Fig. 4.82).
Escapements are installed on the force to
allow development of maximum density with
cavity-to-cavity height uniformity.

(4) Semi-positive horizontal flash. This is the most
suitable design for automatic molds and is
most common in the industry (Fig. 4.83).

(5) Semi-positive vertical flash. This design
(Fig. 4.84) is helpful in cases where a visual
flash line scar may be present on the molded
parts. The cost of this design is considerable
because of the required proper fit between
force and cavity.

The positive type mold closure has a long shear-
ing surface between the male and female segments
of the mold. This surface is formed when the mold
segments are in close proximity to each other. The
gap between the male and female segments is main-
tained closely, thus no flash is formed. The amount
of material charged into the mold is carefully con-
trolled because excess material would prevent mold
closure. Insufficient charge results in a short shot,
that is, an incomplete part will form.

In semi-positive type closure, a horizontal land
causes a gap to form between the plunger and the

<

Figure 4.82. Landed positive mold design.
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W

Figure 4.83. Semipositive horizontal flash mold design.

Ll Lt

Figure 4.84. Semipositive vertical flash mold design.

cavity. This gap is significantly larger than the gap
in positive closure. Any excess material moves
along the horizontal Jand and further up the vertical
land, facilitating flash removal.
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The basic molding requirement calls for a mold
that will compress the plastic into the desired shape
and hold it under pressure and heat unti! the molding
cycle has been completed. The operation must be
done in the simplest manner and for the least cost,
which requires that the mold be designed so that
the resin and insert could be introduced easily and
the part ejected. A good source to study the proce-
dure for designing compression molds is Plastics
Mold Engineering Handbook [64].

4.5.2 The Compression Molding Press

A compression molding press is usually a rugged
piece of equipment that provides sufficient force to
compress the material. The force necessary to mold
a part must be smaller than the press capacity. The
force required depends on the nature of the plastic
and part geometry. Dependence on the nature of
the material being compressed complicates the task
of mathematical modeling of this process. There
are complex approximate expressions that relate
the force required to the geometry of the part and
material properties.

Equation 4.4 [55] represents a practical approxi-
mation between the force and the part size. In this
relationship, the required compression force (F)
equals the cavity pressure (P, ) multiplied by the pro-
jected area (4) of the mold up to a depth (part thick-
ness) of d.. An additional force is needed when the
part thickness (d,) exceeds this minimum depth.
The value of d, depends on the material and p is
the additional pressure factor; both are determined
experimentally.

F = (A)[Pa + p(dp — d.)) (4.4)

Most parts of common plastics that are less than
3 cm thick require 10-55 MPa (1,450-7,980 psi) pres-
sure for consolidation. Parts that are over 3 cm
(1.2 in.) (d.) thick must be given 1-1.33 MPa/cm
additional pressure (p).

A number of different types of presses are com-
monplace for compression molding. They include
manual, semiautomatic, automatic, automatic
rotary presses.

The conventional manual and semiautomatic
press is vertical and closes upward, downward, or
bidirectionally. The pressure medium is hydraulic
fluid or air; clamp force is applied by hydraulic
ramps or toggle clamps. The source of fluid can
be separate or integrated in the press. Table 4.19
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Table 4.19. Manual and Semiautomatic Press Sizes

Press Size Press Force (metric tons)
Small {Hand or Bench) 4,5-22.7
Production 485.5-455
Very Large Up to 2,727

Source: Reference [55).

shows the force capacity (tonnage) of different
press sizes.

Automatic presses are self-contained and the
cycles are computer controlled. Typically these
presses are vertical and they are available from 22.7
to 273 tons. Other features such as the material load-
ing mechanism and unloading trays are added to
fully automate the operation of these presses. The
tool cost is higher for antomatic molds than manual
or semiautomatic molds.

Automatic rotary presses are suitable for pro-
ducing small parts that have a shallow draw with a
smaller diameter than 7.6 cm (3 in,) [65). This process
should be considered whenever high production rates
are required, so long as the part design would allow
its use.

H

4.5.3 Compression Molding of Thermoplastics

The general procedure for compression molding

- is applicable to the molding of thermoplastics except

that cooling the mold under pressure hardens the
article. The length of the heating and cooling cycles
is determined experimentally. Thermoplastic com-
pounds cannot be pressed into a preformed charge.
In contrast, a thermosetting compound undergoes
a chemical reaction (cross-linking) during the hard-
ening of the part.

Thermoplastic elastomers generally have high
melting points, thus they need to be heated to an ele-
vated temperature during compression molding.
Heating and cooling make for long cycles and great
power consumption in conventionally heated com-
pression molds. Small moids are preferable to larger
ones. Separate platen presses are used where one is a
hot press that is electrically heated and the otherisa
cold press that is water cooled. The article is shaped
in the hot press under pressure. The mold is then
transferred, as rapidly as possible, to the cold press
to chill the article under pressure. The article is
removed after it has been cooled down to a suffi-
ciently low temperature. To ease the removal of the
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part from the mold, its surfaces can be covered with
aluminum foil that has been sprayed with a mold
release agent.

The length of cycle time depends on the mass of
the part and the properties of the polymer. The hot
press is usually preheated to decrease the overall
cycle time. Pressure is gradually increased during
the heating cycle. Thicker parts require significantly
longer cycles (many hours) to melt and fuse the
resin and eliminate bubbles and voids.

4.6 Transfer Molding

Transfer molding was originally developed for
fabricating parts from thermosetting polymers. It is
a combination of injection and compression molding
processes in which the polymer is melted in a pot,
transferred into a mold, and compressed into the
designated shape. Transfer molding differs from
compression molding in that the plastic is heated in
separate chamber but compressing is carried out in
a conventional compression press. Cooling hardens
thermoplastics as opposed to thermosetting resins
that are hardened by cross-linking reaction. The
mold design is modified to accommodate the melting
pot or the heated fnold.

4.6.1 Background

In general, transfer molding offers advantages
for manufacturing certain parts.

(1) Parts requiring side draw core pins that must
be removed prior to discharging the part
from the mold

(2) Intricate parts that require inserts

(3) Complicated parts where tolerances are very
close in three dimensions

(4) Small molded parts that assemble together

(5) Parts with low finishing cost (little flash is
produced by this process).

For example, valves and fittings can be lined by
the transfer molding process. The valve body or the
fitting, along with mandrels and flange plates, direct
and confine the flow of the molten resin and serve as
the mold. The valve and fitting are preheated to
above the melting point of the thermoplastic
material before the melt is entered into the cavity.
The source of the melt may be an extruder, an injec-
tion molding machine, or a melt pot. The moiten
resin is transferred into the cavity under pressure
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and held under compression for a length of time.
At the end of the cycle, the resin is cooled under pres-
sure before the mandrel assembly is removed. In the
last step, the lined part undergoes minor finishing
such as de-burring and trimming.

This method of molding requires the transfer of
molten polymer from a well or a pot under pressure
through runners and gates into the mold. Cavities are
located inside a closed heated mold as shown in Figs
4.85 and 4.86. The charge is often preheated before it
enters the pot. Preheating reduces pressure require-
ment for the transfer operation and shortens the
mold cycle. The three variations of this technique
include transfer in compression mold, plunger mold-
ing, and screw transfer molding.

Transfer molding is a versatile process capable of
producing parts such as pump bodies, impellers, plug
valve sleeves, and encapsulated butterfly valve discs.
Generally, transfer molding can be divided into four
areas: mold, melt, melt transfer, and cooling and dis-
assembly; each is discussed in this section.

4.6.2 Transfer-Iln Compression Molding

In this technique (Fig. 4.85), a hydraulic ram is
used and the plunger for the pot is fastened to the
upper platen of the press. This arrangement allows
pressure to be developed with the help of the hydrau-
lic ram. The minimum differential between the area
of the pot and the mold cavity should be +10% for
successful melt transfer. This prevents the opening
of the mold cavity and the formation of flash.

The productivity of this method exceeds that of
compression molding even though the pot is usually
manually operated. The pressure applied aids in fill-
ing the mold cavity rapidly, resulting in parts with
good dimensional control and uniform density.

A three-plate mold is used with the plunger or
ram positioned at the top plate (Fig. 4.87). The orien-
tation of any elongated filler such as fibers is parallel
to the flow because the molten plastic enters the mold
at a single point (gate). By the same token, shrinkage
in the flow direction and perpendicular direction is
likely to be different and hard to predict, depending
on the gate position and part design.

At the end of the cycle, when the mold is opened,
the remaining polymer solidifies into a disk shape
(cull). It is removed as a single piece along with the
sprue. The part is removed by lifting the middle sec-
tion of the mold followed by ejection pin action. In
the transfer molding method, it is desirable to keep
the sprue and the cull attached, contrary to injection
molding.
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4.6.3 Plunger Molding

In the plunger molding (aiso called auxiliary
ram transfer) process, an auxiliary ram exerts pres-
sure on the molten plastic for transfer to the mold
cavity (Fig. 4.88). The pressure forces the preheated
material through runners into the closed two-plate
mold cavity. This process is mostly conducted in
semiautomatic closed presses.

The basic steps of plunger molding are similar to
those of pot molding. After the plunger has been
withdrawn and the mold is opened, the molded
part can be removed in one piece with the runners
and the cull attached. The length of the total plunger
molding is shorter than pot molding because the
removal of the sprue, runners, and the cull do not
require a separate operation. The mold temperature,
pressure, and dwell must experimentally be deter-
mined for each part and resin type.

4.6.4 Screw Transfer Molding

In this process, the plastic is heated and melted in
a screw and then dropped into a pot of an inverted
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Figure 4.85. Schematic drawing
of a pot-type transfer mold.

plunger mold (Fig. 4.89). The molten polymer is
transferred to the mold by the same procedure as
shown in Fig. 4.86. The screw transfer method and
the sequence of the operational steps are depicted
in Figs 4.89a and b. Screw transfer molding is an
excellent process for full automation.

Screw transfer presses are capable of preparing
shots from 50 to 2,500 g. Certain requirements
must be met to control the heating of the resin ade-
quately. The compression ratio (ratio of the shallow-
est to the deepest depth of flight) of a thermoplastic
screw is much larger than that of a thermosetting
resin. The length to diameter ratio is also consider-
ably larger for thermoplastics. The mechanism of
operation of the screw is similar to that of injection
molding (see Section 4.4).

4.6.5 Types of Transfer Molds

There are three popular designs of transfer
molds: loose-plate, integral, and auxiliary molds.
The loose-type molds can be classified into manual
and semiautomatic types based on the manner of
mounting and mold operation.
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Figure 4.90 illustrates one of the simpler manual
transfer molds, which is particularly helpful when the
molded piece contains a group of fragile inserts that
traverse across the part. The mold is comprised of a
plunger, a loose plate with bored through holes in its
perimeter, and the cavity. The chamber above the
loose plate forms the pot.

Figure 4.91 illustrates a semiautomatic floating
plate (loose-plate) mold. The floating plate is a per-
manent component of the press. It has an opening at
its center that will accommodate different size pots
and plungers that are needed to fabricate different
parts. The floating plate moves either by hydraulic
or pneumatic force or by bolts/latches that are built
into the mold. An important advantage of these
molds is their low cost.

An integral mold comes equipped with its own
pot and plunger (Fig. 4.92) and can be designed
for manual or semiautomatic operation. The self-
containment feature increases the efficiency of the
mold because the design of the material transfer
pot can be optimized with respect to specific cavity.
The pot could be located above or below the mold.
The molten plastic may flow through a sprue-
runner-gate to enter the mold or the sprue can be
.placed inside the cavity, as is the case in the mold
shown in Fig. 4.92.

Auxiliary-ram molds (Fig. 4.93) are “integral” in
that the plunger action takes place using a separate

double-acting cylinder that is installed on the press

head. The cylinder/plunger system may be mounted
on the bottom press platen within the ram, or on the
tie rods or side column of the press. These methods
of mounting and the corresponding molds are
referred to as top-ram, bottom-ram, or side-ram.
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the plunger molding process.

Auxiliary-ram molds provide the highest productiv-
ity and lowest mold cost. Material losses in the
runners, sprue, and cull are minimized.

It is hard to compare the general benefits and
shortcomings of the auxiliary-ram methods because
of the strong impact of the design and the method
of operation. The top-ram design is difficult to oper-
ate (load resin and eject part) due to space limita-
tions. The bottom-ram type -i§ easier to load
because the transfer well is readily accessible when
the mold is open. The molding cycle tends to be
longer because the mold has to be completely closed
prior to actuation of the plunger. The side-ram is less
popuiar and is primarily used when the part design
requires its ejection at the parting line.

4.6.6 Transfer Molding of TPEs

Generally, these polymers have relatively high
melting points and high melt viscosity, and low criti-
cal shear rate, which renders it suitable for the slower
processing rates of transfer molding techniques.

4.6.6.1 Mold Design

To minimize pressure and heat losses, the run-
ners should be round and as short as possible.
Another preferred choice is trapezoid runners that
are easy to machine and provide the same amount
of resistance to flow as round runners. They should
blend smoothly into the gates, without abrupt
cross-sectional changes. The runner’s length should
be reduced and its diameter increased when the
thickness of the molded part increases. A runner
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Figure 4.89. Schematic drawing of the screw transfer
process: (a) sequence of the screw transfer process; (b)
sequence of the screw transfer process; A—Melting of resin
in the screw; B-—material builds up at the end of the screw
and drives the screw backward; C-after the shot is
prepared, the ram lowers to open the transfer pot; D—the
screw moves forward to press the melt into the pot; E—
transfer ram advances through a bottom-transfer molding to
fill the mold.
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Figure 4.90. Design of manuai loose-plate transfer moid.

diameter of at least 6 mm is required for a 10 mm
thick part. Thicker parts require runners that are
50-100% larger in diameter than the thickness of
the part. As in injection molding, pressure drop
and material loss are determined by the length of
the runners. In multi-cavity molds, balanced or lat-
eral runner layout can be selected (see Section 4.5
for more explanation). A balanced runner provides
an equal flow path between the sprue and all cav-
ities. This means that the resin that reaches every
cavity undergoes the same pressure drop and resi-
dence time,

All corners and edges must be generously
rounded (minimum radivs 2 mm or 0.08 in.) to
avoid stress concentration in the molded liner,
Fitting liners that contain sharp corners may fail at
these locations in chemical service after multiple tem-
perature cycling. Unrounded liners may fail because
of stress concentration that occurs by the hindrance
of resin flow during the transfer operation and subse-
quent shrinkage during the cool-down.
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Shearing of the molten plastic should be mini-
mized to keep the stress concentration low. This is
accomplished by designing the gate thickness equal
to the wall thickness of the liner at the gate.
Demolding becomes difficult when the gates are
very small. Molten polymer may degrade mechani-
cally due to abrupt changes of flow direction or
cross-sectional changes in the gate areas. Diaphragm
gates are preferred whenever possible, otherwise rec-
tangular tab or fan type gates that are well flared in
the mold cavity should be chosen.

In general, gates should be located at spots in the
part that do not experience high impact or stress.
Nongcritical areas along the weld line are acceptable
positions for the gates. The location of the gate
should be such that minimal or no finishing is
required and close to or at the thickest section of
the part to reduce sink marks. Gate location should
be at the center of a rotosymmetric part and, in all
cases, consistent with the position of the vent.

Improper venting of the mold can damage the
part. Venting the mold prevents corrosion damage
to the mold, allows complete filling of the mold,
and the production of parts with high strength
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Figure 4.92. Design of integral transfer mold.

weld lines. Adiabatic compression of the molten
resin in the mold can raise the temperature signifi-
cantly to abount 800°C (1,470°F) [66], which would
rapidly degrade any thermoplastic.
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4.6.6.2 Operatign of the Mold

The operations of mold and melt removal from
the oven and melt transfer should be conducted as
rapidly as possible to prevent premature cooling of
the melt. Thermoplastic elastomers have fairly high
viscosity and require relatively long transfer time.
To avoid premature cooling and freezing prior to
the completion of transfer, mold temperature should
be maintained at above the melting temperature of
the polymer.

After the melt transfer has taken place and the
mold has been filled, a hold-up time under pressure

is required. This time allows shrinkage to take place
while the resin is being cooled. The hold-up time
allows stress relief in areas where shearing may -
have taken place. Cooling proceeds under pressure -
until the gate has been frozen, beyond which point
no further pressure need to be applied until demold-
ing occurs. Figure 4.94 illustrates an example of a
transfer molding cycle for a typical thermoplastic.

4.6.6.3 Transfer Molding Process Variables

The important variables of transfer molding are
the polymer type, melt temperature, pot hold time,

Pressure Applled 7//1//////////f///f////////////////M : [ r T : :
Transfer w/////, ' ' ! ! ’
Hold ] | ] | | ] ] | | ] ]
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18 20 22 24 Figure 4.94. A typical transfer
molding cycle.
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transfer pressure, transfer rate, hold-up time in the
filled mold, and the mold cooling. These variables
are briefly reviewed in this section.

Viscosity of the molten polymer has a great influ-
ence on the transfer rate into the cavity. Temperature
changes can alter polymer viscosity as long as it has
sufficient thermal stability in the given temperature
range. Cleanliness of the melt can affect the quality
of the part and thermal stability of the molten resin.

The choice of temperature is significant because a
small increase can have a substantial effect on reduc-
ing melt viscosity. Temperature uniformity of the
molten resin is a common requirement regardless of
the type of resin or part design. Screw plastification
is more effective than the melt pot method due to
the static nature of the latter and poor thermal con-
ductivity of TPEs. Melt pots require significantly
longer heat up time for the polymer to reach transfer
temperature. There will always be a temperature gra-
dient between the melt near the wall and the cooler
material at the center of the pot.

After the molten polymer has been stored in the
pot and reached the required temperature, it is trans-
ferred into the mold cavity under positive pressure.
The pressure and rate of transfer are the significant
variables of the process. Maximum flow rate ( trans-
fer rate) can be increased by enlarging the gate or
increasing the temperature, which helps raise critical
shear rate. In transfer molding, pressure is used as the
independent control variable because most presses
are not equipped with speed controllers for the
hydraulic piston. The general range of transfer pres-
sures at which most thermoplastics approach critical
shear rates is 15-25 MPa (2,185-3,625 psi). Filling
the mold in the “super shear” mode results in adverse
effects on the properties of the molded part.

Pressures above 15 MPa (2,185 psi) help fill the
mold before its components such as the mandrel
and casings begin to cool down. Above 25 MPa
(3,625 psi) melt pressure, the mold part may crack
at the gate. The equipment should allow control of
transfer rate and transfer pressure. Once the filling
is nearly complete (90-95%), the transfer pressure
should be lowered to half to two thirds of its initial
value to avoid stress concentration in the gate area.
The pressure profile has to maximize hold pressure
for packing without crack formation at the gate [67].

Cooling of the filled mold is accomplished by
ambient or fluid coolant such as compressed air
and should take place slowly at a controlled rate.
Low thermal conductivity of thermoplastics does
not permit rapid cooling. The mold cooling should
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be begin at positions farthest from the gate and pro-
ceed slowly. A frozen front forms that moves
towards the gate during cooling [66]. This approach
allows addition of molten resin to the mold to com-
pensate for the volumetric shrinkage, thus eliminat-
ing sink marks and shrinkage voids. Premature
gate freezing or pressure release leads to void
formation.

4.7 Blow Molding .

Although blow molding of plastics dates from
about 1880, rapid developments in machinery and
technology only began in the late 1930s, virtually
contemporaneously with the introduction of poly-
ethylene. Blow molding is a relatively low-pressure
process, using only 1% or less of the pressure levels
employed in injection molding. This requires a low
melt viscosity, produced by high shear rates and
temperatures.

4.7.1 Blow Molding Processes

Blow molding is a process for converting thermo-
plastics into hollow objects. Like injection molding,
the process is discontinuous or batch-wise in nature,
involving a sequence of operationd that culminates in
the production of a molding. This sequence or cycle
is repeated automatically or semiantomatically to
produce a stream of molded parts.

The blow molded parts are formed in a mold that
defines the external shape only. As the name implies,
the inner shape is defined by fluid pressure, normally
compressed air. In this respect, blow molding differs
radically from many molding processes where both
inner and outer forms are determined by mold mem-
bers. The major advantage is that the inner form is
virtually free of constraints because there is no core
to extract. The main drawback is that the inner
form is only indirectly defined by the mold, so high
precision and independent internal features are
impossible. This has a bearing on wall thickness,
which can never attain the consistency and accuracy
of a full-mold process such as injection molding.

Blow molding is now a highly developed process
with many variant forms (Fig. 4.95). At its most
basic, the process involves melt processing a thermo-
plastic into a tube that is generally referred to as a
parison. While still in a heated ductile plastic state,
the parison is clamped between the halves of a cooled
mold, so that the open top and bottom ends of the
parison are trapped, compressed, and sealed by the
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Figure 4.95. Blow molding processes.

mold faces. A blowing tube is also trapped in one of
the parison ends, creating a channel through which
air pressure is introduced within the sealed parison.
Air pressure causes the parison to expand like a bal-
loon, so that it takes the form of the mold cavities.
Contact with the cooled mold chilis the thermoplas-
tic to its solid state, so the form is retained after the
mold is opened and the part removed.

The many variations of the blow molding process
are discussed later in this chapter, with an emphasis
on those most important for processing thermoplas-
tics. Two features, the extruder and parison head, are
common to many blow molding processes and will be
discussed separately.

4.7.1.1 The Extruder

Most blow molding processes begin with an

.extruded tube or parison. The extruder is of the

single-screw type and follows the general principles
described in Section 4.3.2 for an extruder for thermo-
plastics. The screw should have a length/diameter
ratio of 24:1 to 30:1 or more. Screws at the high end
of this range are preferable. The compression ratio
should be about 3.5:1. A grooved barrel inlet
improves extruder efficiency when working with ther-
moplastics. Melt temperatures depend on the type
and grade of PP and, in particular, on the melt flow
index.

'4.7.1.2 The Parison Head

The parison head, sometimes called the die head or
simply the die, is a specialized form of tubular extru-
sion die. Its function is to deliver a straight parison in

the correct diameter, length, wall thickness, and at
the correct temperature for blow molding. Prior to
being clamped in the mold, the parison is suspended
unsupported in free air. To avoid undue deforma-
tion, it is necessary to extrude the parison vertically
downwards. The blow molder extruder is almost
always arranged in a horizontal attitude, so the
first task for the parison head is to turn the melt
flow stream through a right angle. This is difficult
to achieve in a way that meets the essential require-
ment for a constant flow rate at every point in the
annular die gap. A second and related requirement
is that the parison should carry as little evidence as
possible of the weld line formed when the melt stream
from the extruder flows around the torpedo. Many
parison head designs have been evolved to deal
with these problems. The example shown is known
as the cardoid type (Fig. 4.96) [68]. Head design
has benefited from computer analysis of the internal
flow channels, which has removed much of the trial
and error and given a greater assurance of success.
A forther problem is one shared with pipe and
tube extrusion dies. This is the difficulty of ensuring
that the torpedo and mandrel remain coaxial with the
die without dividing the melt stream with mechanical
supports. The example shown in Fig. 4.96 uses no
support in the melt stream, relying instead on an
accurate seating between the torpedo and the hous-
ing. The parts need to be relatively massive for this
design to be sufficiently rigid. Smaller torpedoes
will need support in the melt stream and here the
challenge is to minimize the formation of weld lines
in the parison. Such supports include spider legs,
staggered spider legs, breaker plates, screen tubes,
and spiral mandrels. The problem is a difficult one
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and, in the worst case, the weld lines show up as local
variations in the parison wall thickness.

. The basic parison is a tube, which, in principle at
least, has a constant wall thickness at all points
around its circumference and along its length. In
practice, circumferential thickness may vary as a
result of weld lines, or if the mandrel is not truly coax-
ial with the die. Thickness along the parison length
may vary due to tensile thinning caused by the weight
of the dependent parison. However, the ideal parison
with a constant wall thickness is not necessarily the
optimum for blow molding. Even simple moided
shapes encompass considerable variations in profile.
For example, the body of a bottle is much greater
in diameter than the neck. For some containers,
there may be several significant variations along the
axis, and the effect is usually pronounced in technical
blow moldings. If such articles are blow molded from
a parison of constant wall thickness, then the finished
molding will be thinner where the parison has to
expand the most and thicker where it has expanded
the least. In most cases, the ideal is a finished product
with a constant wall thickness at all points.
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To approach this ideal, a parison is needed in which
the wall thickness varies along the length so that it
is thickest where it must expand the most. This is
achieved by parison programming or profiling.

The usual way to do this is by moving the man-
drel in an axial direction relative to the die (Fig.
4.97) [68]. If both the die and the mandrel are pro-
vided with conical outlet features, this movement
will increase or decrease the annular die gap between
the two. The mandrel movements are controlled by a
servo system acting on a pre-programmed thickness
profile. The system may include a feedback loop to
adjust parison profiling in response to screw speed
variations in the extruder.

The concept is difficult to apply to the conical melt
flow passage in variable die heads, but it can be taken
to mean those zones in which melt passage thickness is
substantially the same as the die outlet gap.

4.7.2 Extrusion Blow Molding

In extrusion blow molding, an extruder feeding a
parison head is used to produce a parison as a
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precursor or preform for the molding process. The
configuration of individual machines may vary
greatly but some essential elements can be distin-
guished (Fig. 4.98) [68]. The extruder and parison
head are arranged to extrude a parison vertically
between the two halves of a blow mold. The mold
halves are clamped to platens that are linked to a
mold closing and clamping device. A blow pinis pro-
vided to inject air under pressure into the parison.
Because blow molding is conducted at relatively
low pressures, the construction of the machine and
mold can be much lighter than is required for injec-
tion molding. Consequently, machines, and particu-
larly molds, are much cheaper than those used in
injection molding. Machine production rates can be
increased by using multiple molds or multi-cavity
molds with multiple parisons.

These general principles apply to a number of
distinct extrusion blow molding processes which
are described in the following sections of this chapter.

Single-stage extrusion blow molding produces a
blown article in a single integrated process cycle.
Blow molding immediately follows parison extrusion
and relies on the melt condition of the parison for the
deformation and flow necessary to take up the shape
of the mold. There is no reheating of the parison
before molding. The principal variants are the con-
tinuous extrusion and the intermittent extrusion pro-
cesses. Extrusion in this distinguishing sense applies
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to extrusion of the parison rather than the operation
of the extruder.

The continuous extrusion blow molding process is
the most widely used for working with thermoplas-
tics. In this process, the parison is extruded continu-
ously from the parison head, between the open mold
halves (Fig. 4.99) [69]. When the required length of
parison has been produced, the mold is closed, trap-
ping the parison, which is severed by a hot knife.
Land or pinch-off areas on the mold compress and
seal the upper and lower ends of the parison to
make an elastic air-tight object. Compressed air is
introduced through the blow pin into the interior
of the sealed parison, which expands to take up the
shape of the mold cavities. The cooled mold chills
the blown object, which can then be ejected when
the mold opens.

The blowing air can be introduced in a variety of
ways. In the simplest case, the parison is extruded
downwards so that the open end slips over a blow
pin. Alternatively, the blow pin can be introduced
from above the mold after the parison is severed,
or blow needles can be built into the mold, where
they pierce the parison as the mold closes.

Relative movement between the parison head
and mold is necessary so that parison extrusion can
proceed continuously while the mold is closed. This
is achieved in many different ways. The mold may
be lowered, moved aside laterally, or swung aside
on an accurate path. Alternatively, the extruder
may be moved while the mold remains stationary.
Often, two molds are used in a shuttle arrangement,
so that one is open for parison extrusion while the
other is performing the blowing cycle. One method
of mold movement results in very high production
rates. In such machines, generally known as wheel
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machines, a number of molds are mounted on a
rotary table. Movement of the table carries the closed
mold away and presents a new open mold to the die
head, allowing extrusion to continue.

Except for special cases such as the shuttle and
wheel machines, the extrusion rate of the parison
must be synchronized with the blow cycle for a single
mold. This may involve a relatively slow extrusion
rate, running the risk of thinning the parison as it
stretches under its own weight. For this reason, con-
tinuous extrusion blow molding is best suited to ther-
moplastics with a high melt viscosity or high melt
strength or to short or thin-wall parisons.

In intermittent extrusion blow molding, the pari-
son is extruded from the parison head discontinu-
ously. When a parison of the required length has
been produced, extrusion is interrupted until the
next parison is required for the subsequent blowing
cycle. This makes it unnecessary to have relative
movement between the die and mold. The process is
generally used to make larger blow moldings like
drums or automotive fuel tanks., These articles
require large and heavy parisons which, when
extruded normally, sag and thin down under their
own weight. Intermittent rapid extrusion reduces
this tendency, and it is achieved either by reciprocat-
ing screw or accumulator means.

Intermittent extrusion blow molding is best
suited to long or heavy parisons and to thermoplas-
tics with a low melt viscosity or low melt strength.

Reciprocating screw intermittent exirusion blow
molding machines use an extruder unit in which the
screw is capable of axial as well as rotational move-
ment. The function is virtually identical to that of
the injection unit on an injection molding machine,
except that the blow molding unit functions at a
lower melt pressure and flow rate. The parison is pre-
pared in two steps:

» Inthemelt preparation phase, the screw rotates
heating and melting the material, which is
conveyed along the screw flights to the forward
end of the screw. The extruder die block is
closed by a valve, so the accumulating melt
forces the still-rotating screw back against a
controlled resistance until sufficient melt has
accumulated to make the next parison. At this
point, screw rotation stops

¢ In the parison extrusion phase, the extruder die
block valve is opened and the screw performs
the action of a ram by moving forward in the
axial direction without rotating. This forces the
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accumulated melt at the forward end of the
screw through the parison head, where it is
extruded at a relatively high flow rate, In
practice, the flow rate is limited by the onset of
shear phenomena such as sharkskin and melt
fracture.

Intermittent accumulator extrusion blow molding
machines use a normal axially-fixed continuously
operating extruder to prepare the melt, The accumu-
lator is a heated reservoir where the melt is tempora-
rily stored in the intervals between parison extrusion.
The parison is extruded by a ram acting on the stored
melt. This means that the melt volume in the accu-
mulator fluctuates in a cyclic manner. It is sub-
stantially empty immediately after the parison is
extruded, then it gradually increases during the blow-
ing phase, reaching a maximum immediately before
extrusion. Accumulators introduce a number of pro-
blems. They increase the heat history of the melt, and
they involve valves and complex flow paths that offer
flow resistance and may also lead to difficulties
with cleaning and even degradation. Accumulators
should be designed on the FIFO principle; the first
material in must be the first out.

Blow molding accumulators take one of two
forms. The separate accumulator is a heated cham-
ber, which is an integral part of the blow molding
machine. The capacity of such a chamber can be
very large and can, if necessary, be served by several
extruders. The other type of accumulator is built into
the parison head (Fig. 4.100). This takes the form of
an annular ram that surrounds the mandrel and tor-
pedo. The construction of the parison head becomes
quite complicated and there is the potential for melt
leakage and degradation between the moving parts,
so design and engineering must meet high standards.
The shot volume available from an accumulator par-
ison head is limited by practical considerations of
head size and construction.

Two-stage extrusion blow molding treats the par-
ison as a true preform by separating the functions of
parison preparation and blow molding. Parisons are
produced by conventional tube extrusion methods.
The tube is cooled and cut into parison lengths that
are stored before being reheated and blow-molded
in the normal way. The reheating process can be
selective, leading to a degree of control over the
wall thickness in the blown article. The reheating
process also tends to relax stress in the parison,
resulting in a stronger product. However, the process
has a number of disadvantages. The polymer heat
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history is increased by the use of two heating cycles,
energy use is increased, and costs arise from the
storage and handling of parisons. The process is not
suited to high production speeds and is little used.

4.7.3 Injection Blow Molding

The injection blow molding process uses injection

' molding rather than extrusion to produce the precur-

sor; it is generally known as a preform rather than a
parison. The injection blow molding machine has
an integral injection unit and a multi-impression
mold assembly in which the mold cores are mounted
on a rotary table. The cores double as blowing pins
and index in 120" steps between injection, blowing,
and ejection stations (Fig. 4.101) {70]. Station one
is the preform injection mold where the preform is
formed over the core pin. The preform has a hemi-
spherical closed end. The other end is an open
bore, formed by the core pin. External details, such
as the thread and neck flange for a screw-top con-
tainer, are directly produced by injection molding.
While the preform is still hot and plastic, the injection
mold is opened and the preforms, still on the core
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pins, are rotated to station two, the blowing station.
Here the preforms are enclosed within the blow
mold, and the molding is produced by introducing
blowing air through the core pins. The blow mold
is then opened, and the finished articles, still on the
core pins, are rotated to an ejection station where
they are stripped off. The machine has three sets of
core pins, so that the three stages take place
simultaneously.

The injection blow molding process has a number
of advantages. The preform can be injection molded
in a profiled shape that corresponds to the require-
ments of the blow mold form. The neck form is
molded in its entirety at the injection stage, resulting
in a quality and precision that is superior to a blow-
molded neck. There is no pinch-off scrap to be
removed and recycled and no bottom seam. There
are some drawbacks too. The process is difficult to
use with high melt viscosity materials. Integral han-
dles, view stripes, and multi-wall constructions are
all impractical.

4.7.4 Stretch Blow Molding

Stretch blow molding processes are designed to
produce biaxial orientation in the blown article.
Conventional blow molding imparts a degree of cir-
cumferential orientation, caused by the expansion of
the parison into the mold cavity, but there is little or
no axial expansion and, correspondingly, no axial
orientation. Stretch blow molding provides for
axial orientation by stretching the preform axially
before or during blowing. This is normally accom-
plished by means of a stretch rod that is advanced
axially inside the preform at a controlled rate.
The disadvantages are that the process is more criti-
cal and complicated than conventional blow mold-
ing, and the capital cost of equipment is high.
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Stretch blow processes cannot produce containers
with integral handles. Stretch blow molding may be
performed by injection or extrusion means.

Injection stretch blow molding processes use hol-
low preforms produced by injection molding. The
preform is short and thick-walled relative to the fin-
ished blown article. The neck profile complete with
screw thread is entirely formed by injection molding
and is not modified by the blowing process. The
other end of the preform is closed and typically
dome shaped.

The design and precision of the preform has a crit-
ical influence on the degree of orientation and quality
of the blown article. The actual wall thickness and
any profiling will depend, of course, on the shape
and size of the blown container. Like other preform
processes, the finished blown article is free of seams,
flash, and pinch-off scrap, and is characterized by
precise neck dimensions. The injection molded pre-
form may be converted to a blow molding either by
the single-stage or the two-stage process.

In the single-stage Injection stretch blow molding
process, the preform injection molding step is inte-
grated with the stretch blow machinery. The
machines are generally arranged for rotary opera-
tion, so that the preforms pass directly from the
injection molding station to a thermal conditioning
station and thence to a stretch blow molding station
{Fig. 4.102) [71].

Stretch Blow
Molding Station

Ejection Station

Tharmal
Conditioning

Prefi Injection
reform Injectio Station

Molding Station

Figure 4.102. Single-stage injection stretch blow process.
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The thermally conditioned preform is transferred
to a blow mold and stretched and oriented axially by
an internal stretch rod, either immediately prior to,
or simultaneously with the blowing operation that
provides radial stretch and orientation.

The two-stage or reheat injection stretch blow
molding process completely separates the preform-
injection molding operation from the blow molding
operation. Indeed, the two operations may be carried
out in different locations by different manufacturers,
with a substantial time interval between them. On the
other hand, the process involves two heating opera-
tions, resulting in a greater energy use and increased
heat history in the polymer, Another disadvantage is
the need to store and handle preforms.

Before being blown, the preforms must be
reheated from room temperature, then thermally
conditioned and stretch blown in a manner similar
to the single-stage process. The two-stage or reheat
stretch blow machine is usually arranged for rotary
high speed continuous operation.

Extrusion stretch blow molding is a two-stage pro-
cess using two mold/mandrel sets—one for preblow
and the other for final blow. An extruded parison
is first pinched off and blown conventionally in a
relatively small preblow mold to produce a closed-
end preform. The preform is then transferred to the
final blow mold where an extending stretch rod
within the blowing mandrel bears on the closed pre-
form end to stretch it axially. The stretched preform
is then blown to impart circumferential stretch.
Standard blow molding machines can be converted
for extrusion stretch blow molding.

4.7.5 Dip Blow Molding

The dip blow molding process bears some resem-
blance to injection blow molding in that it is a single-
stage process performed with a preform on a core/
blow pin (Fig. 4.103) [68]. The difference is in the
way the preform is made. The process uses an accu-
mulator cylinder, which is fed by an extruder. The
cylinder has an injection ram at one end while the
other is a {ree fit over the blow pin. The blow pin is
plunged into the melt so that a neck mold on the
pin seals the end of the accumulator cylinder. The
injection ram is advanced to fill the neck mold;
then the blow pin is withdrawn at a controlled rate
so that it is coated with a melt layer extruded through
the annular gap between the pin and the accumulator
cylinder. The thickness of the coating can be varied
or profiled to an extent by varying the speed of the
blow pin and the pressure on the injection ram.
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After trimming, the preform is blow melded in the
same manner used for injection blow molding,

4.7.6 Multiblock Blow Molding

The multiblock process is used for high volume
blow molding of very small containers such as phar-
maceutical vials, A multi-cavity mold is used with an
extruded parison whose circumference approaches
twice the total width of the closely spaced cavities.
Before the mold closes, the parison is stretched and
semi-flattened laterally so that it extends across the
full width of the cavities (Fig. 4.104) [68]. The process
is usually combined with blow/fill/seal techniques.

4.7.7 Coextrusion Blow Molding Techniques

Just as in the production of film, coextrusion is
now an essential technique in the production of
high performance blow molded containers. The par-
ison is-coextruded with a number of different layers,
each of which contributes an important property to
the finished package.

Coextruded blow moldings commonly include
from two to six layers, although more can be accom-
modated if necessary. The construction usually
includes one or more barrier layers. These are poly-
mers with a particular resistance to the transmission
of water vapor or gases such as oxygen or carbon

~ dioxide. Examples are polyamides, polyvinylidene

chloride (PVDC), and ethylene vinyl alcohol
(EVOH). Their presence greatly enhances the perfor-
mance of the blow molding as a package for food-
stuffs and other critical products.
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Figure 4.104. Muttiblock biow molding process.

4.7.8 Sequential Extrusion

Sequential extrusion blow molding is a special
multi-material technique (Fig. 4.105) [68] used for
the production of technical articles. The different
materials are chosen typically to contribute com-
plementary mechanical properties and are present
in distinct sequential zones in the finished part.
Normally two materials are used but three or more
are possible. The die head is served by separate exter-
nal ram accumulators for each material. These are
operated sequentially, typically in 4-B~4 sequence,
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Figure 4.105. Principal features of an extrusion blow molding mold [1].

to produce a parison with three distinct material
zones in axial succession. The parison is subsequently
blow molded by normal techniques.

Because blow molding is performed on a cylin-
drical parison, the process is not well suited to the
production of technical articles with complex forms
that deviate substantially from the parison axis.
Such forms can be produced by conventional blow
molding, but only by using a large parison that, in
its flattened form, blankets the complex mold cavity.
The penalty for this is the formation of an excessive
amount of pinch-off scrap.

Recent developments in parison handling equip-
ment and in blow mold design now make it possible
to manipulate a relatively small parison into the
complex mold cavity. The result is a blow molding
largely free of flash and scrap and offering consider-
able process savings. There are many such techni-
ques, some of them proprietary property, and they
are collectively known as 3D blow molding
(Fig. 4.106) [72].

4.7.9 Molds for Blow Molding

Essentially, the blow mold consists of two halves,
each containing cavities which, when the mold is
closed, define the exterior shape of the blow molding.
Because the process produces a hollow article, there
are no cores to define the inner shape. The blow
molding process is carried out at relatively low pres-
sures, so blow moids can be more lightly engineered
than injection molds and are correspondingly
cheaper and quicker to manufacture. Single-cavity
molds are used when working with a single parison.
When multiple parisons are in use, a number of
single-cavity molds may be mounted on the machine
platen, or the requirement may be met by a multiple-
cavity mold. Mold details will vary considerably
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according to the geometry of the product and the
blow molding process in use,

4.7.9.1 Basic Features

The mold consists of two halves that meet on a
plane known as the parting line. The plane is chosen
so that neither cavity half presents an undercut in the
direction of mold opening. For articles of asymmetri-
cal cross-section, the parting line is placed in the
direction of the greater dimension. The two mold
halves are aligned by guide pillars and bushings to
ensure that there is no mismatch between the cavities.
The parison passes across the mold in the axis of the
cavity and is pinched and compressed between the
faces of the closing mold at the neck and base regions
of the cavity. These are known as the pinch-off zones.
The base and neck regions of the mold are typically
formed by separate inserted mold blocks. The mold
includes channels for the circulation of cooling
water.

4.7.9.2 Pinch-Off Zone

The pinch-off zone performs two functions. It
must weld the parison to make a closed vessel that
will contain blowing air, and it must leave pinched-
off waste material in a condition to be removed easily
from the blown article. To accomplish this, the
pinch-off zone has a three-stage profile, consisting
of pinch-off edge, pressing area, and flash chamber
(Fig. 4.107) [68]. The pinch-off edge is flush with
the mold parting line and forms part of the cavity
periphery. The edge should be as narrow as possible
depending on the material of construction. Steel
(corrosion resistant metals for corrosive melts)
edges can be from 0.3 to 1.5 mm (0.012 to 0.06 in.)
wide; for softer materials the dimensions should be
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Figure 4.106. Placo Process for 3D blow molding. A—The mold begins to close on pre-pinched parison; B—mold fully
closed with core forward and sidewalls hinged in; C—mold open and core reiracted.

AL

Figure 4.107. Pinch-off zones.

0.8 to 2.5 mm (0.032 to 0.10 in). The pressing area is
recessed into the mold parting face by an amount
depending on the parison thickness. Its function is
to displace melt into the weld area to ensure a strong
weld that is substantially equal in thickness to the
blown wall thickness at the same point on the parison
axis. The pressing area depth is typically determined
by trial and error and is often given a ribbed surface
to improve cooling of the waste material by increas-
ing the area available for heat transfer. The flash
chamber is recessed to a greater depth than the press-
ing area, typically to about the thickness of the par-
ison. If it is made too deep, heat transfer will suffer
and the parison scrap will cool too slowly. Its func-
tion is to limit the extent of the pressing area and
so limit the force opposing mold closing. The steps
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between the different levels should be strengthened
by angling the riser face by 30°-45° to the parting face.

4.7.9.3 Blowing and Calibrating Devices

The blow pin is the means by which blowing air is
inserted into the parison through what will become a
hole in the finished blow molding. In the case of a
bottle (Fig. 4.108) [68], the blow pin is inserted
through the neck before or after mold closing. The
blow pin body has the secondary function of calibrat-
ing the bore of the bottle neck. If the blow pin is
plunged into the neck after mold closing, it is possible
to produce a flash-free bottle mouth. After the mold
opens, the finished bottle is stripped off by retracting
the blow pin through a stripper plate. The blowing
pin contains channels for the circulation of blowing
air and cooling water.

Many blow molded articles do not have an inte-
gral aperture that can accept a blow pin. In such
cases, blowing air can be supplied through a blow
needle that punctures the parison wall after the
mold closes (Fig. 4.109) [68]. The needle can be
advanced and retracted by means of an air or
hydraulic cylinder and is located at a point close to
a pinch-off edge. The parison is gripped by the
mold at this point and so is unable to deflect away
from the advancing needle point. The blow needle
leaves a small witness hole, which can be sealed by
a secondary operation.

4.7.9.4 Venting and Surface Finish

When a parison is blown, a large volume of
air must be displaced from the mold cavity in a
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Figure 4.108. Example of calibrating blow pin.

short time, Because blowing is carried out at rela-
tively low pressure, it is essential to provide venting
to allow this air to escape without resistance. Unless
a gloss finish is required on the molding, it is com-
mon practice to sandblast the cavity to a fine matte
finish. This helps air to escape as the expanding
parison touches the cavity face but it is not
sufficient in itself. Vent slots may be cut at appro-
‘priate points into the mold parting face to a depth
of 0.05-0.15 mm (0.002-0.006 in.), and venting
can also be provided within the mold cavity by
means of inserts provided with vent slots, porous
sintered plugs, or by holes with a diameter not
greater than 0.2 mm (0.08 in.). Such holes are
machined only to a shallow depth and are relieved
by a much larger bore machined from the back of
the mold.

4.7.9.5 Cooling

Efficient moid cooling is essential for economical
blow molding. Typically, up to 80% of a blow mold-
ing cycle is devoted to cooling. Molds are constructed
as far as possible from high thermal conductivity
alloys, and water cooling channels are placed as
close as possible to the surface of cavities and
pinch-off zones. Because blow molding is a relatively
low-pressure process, the channels can be quite close
to the surface and quite closely spaced before mold
strength is compromised. The actual dimensions
will depend on the material of construction but as a
guide, channels may approach within 10 mm of the
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Figure 4.109. Example of blow needle.

cavity and center spacing should not be less than
twice the channel diameter. If the mold body is
cast, the cooling channels can be fabricated in copper
pipe to closely follow the cavity contours before
being cast in place. If the mold is machined, channels
will be produced by drilling and milling, and it is not
usually possible to follow the cavity contours so
closely. An alternative in cast molds is a large flood
chamber. However, efficient water cooling requires
turbulent flow and this may not be attained in a
flood chamber or in large coolant channels. Many
small channels are better than a few large ones.
The cooling circuits will normally be zoned so that
different areas of the mold can be independently
controlled.
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4.7.10 Examples of Blow Molded Paris

A majority of blow molded parts have a multi-
layer construction to combine the properties of
other plastics in a composite structure. The most
common technique for producing multilayer sheet/
film is coextrusion.

Coextrusion blow molding technology was
employed [73] to produce corrugated tubing, pipe,
and hose for applications that require flexibility
and close tolerances such as in automotive industry.
Composites of two or more layers formed the walls
of these articles to take advantage of different mate-
rials. Tubing made by this technique has a high
degree of flexibility, resistance to hydrolysis and
bursting, and stability with respect to linear exten-
sion. Forinstance, in gasoline filler necks, it is impor-
tant that the corrugated tubing have areas of great
stretching stability and areas with reduced stretching
stability, such as provided by this technology.

Monolayer hoses or pipes of two or more layers
of polymers, which were compatible with each
other or which required an interim tie layer, have
been fabricated in many sizes, designs, and from
many thermoplastics.

‘

4.8 Rotational Molding

Rotational molding (also called rotomolding or
rotational casting) is a process for manufacturing
seamless hollow plastic parts for a variety of applica-
tions ranging from liquid storage tanks to containers
of various shapes. Consumer products such as furni-
ture, playground equipment, and toys are made by
this technique. Rotational molding produces dolls,
doll parts, sit-in and sit-on toys, and various sizes
of heavy-wall balls.

The past decade has seen a large growth in the
applications of rotational molding and lining technol-
ogy. Along with this growth, interest has increased
in understanding the complex technical aspects of
this technique. Rotational lining is employed when
the objective is to coat the interior of a metallic
part, instead of manufacturing a plastic part.

Rotational molding (Fig. 4.110) involves the
external heating of a thin-walled hollow metal
mold containing a polymer powder. Heating occurs
while the mold is rotated multiaxially. The powder
melts and coats, or sinters, onto the interior wall of
the cavity. The mold is then cooled which allows
the part to solidify and crystallize in the case of
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thermoplastics. Finally, the part is removed and the
mold is charged to repeat the cycle.

The rule-of-thumb for selecting rotational mold-
ing technology is part quantities of less than 25,000
per year and sizes larger than 200 1 (530 gal). In the
case of TPEs, smaller parts are also produced by
this technology. It allows the production of parts
with intricate geometry without imparting significant
residual stresses or orientation to the part. These are
the advantages of this process over blow molding in
addition to its ability to fabricate larger parts.
Rotomolding requires significantly smaller capital
investment than injection and blow molding pro-
cesses, thanks to its low-pressure requirement.
Parts made by rotational molding often cost more
than those manufactured by more conventional pro-
cesses because of its relatively long cycle time,

Certain TPEs can be fabricated into hollow
objects by rotomolding. They are, however, hard to
mold due to their relatively high melting point and
melt viscosity and usually only specific grades can
be used for that, The TPEs reported to be processed
by rotomolding include copolyester elastomers
(COPE), olefinic thermoplastic elastomers (TPO),
thermoplastic urethane (TPU), styrene-butadiene-
styrene block copolymers (8-B-S), and styrene-
ethylene-butylene-styrene block  copolymers
(S-EB-S).

4.8.1 Background

The modern day concept of rotational molding
originated in the early 1900s. Today’s technology
resembles the slush molding process for fabricating
hollow articles from polyvinyl chloride (PVC) plasti-
sols in the late 1940s. Due to the absence of other
suitable plastics, applications for rotational mold-
ing technology did not expand. Then polyethylene
became available, which allowed the application of
this technique in making parts for end uses where
PVC was not economical. Large tank molding
became a reality with the advent of modified and
cross-linkable polyethylene in the 1970s,

Starting in the mid-1970s, more polymers became
available including linear low density polyethylene,
polyamides, PP, and polycarbonate. Almost 90%
of the solid polymer consumed by rotational molding
worldwide comprises of polyethylene [74). The most
suitable form of a plastic for rotational molding is
powder or liquid form. This technique permits
uniform wall thickness and higher thickness than
blow molding. Undercuts, inserts, and ribs can be
easily achieved in rotomolding. Thick corners are
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4.8.2 Basic Process Technology

Rotational molding is used to produce a broad
array of seamless hollow plastic products. Except
for permanent adhesion to the cavity wall, processing
considerations in rotolining are otherwise identical
to those in rotomolding. In this process, a premea-
sured amount of a plastic powder, granules, or liquid
is charged inside a mold cavity. The mold is closed
and heated in an oven while being rotated multi-
axially (usually two axes). Figure 4.111 depicts a
biaxial rotomolding machine. The major axis is the
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Figure 4.110. Schematic
diagram of rotationa} molding
process. (Couttesy Hanser
Publishers).

centerline of the arm of the mold. The minor axis
rotates the mold perpendicular to the major axis.
Typically, the minor axis revolves four times to
every one time of the major axis. The basic steps of
mold charging, heating, cooling, and part removal
are shown in Fig. 4.111. In an alternative design,
the molds undergo a “rock and roll” motion, rotating
360° around one axis and rocking about a perpendic-
ular axis. In a majority of cases, the mold is heated by
forced hot air. Open flame burners, as well as infra-
red, conductive, inductive, and dielectric heating
techniques, have also been reported. The wall of
the mold is usually heated to a temperature above
the melting point of the polymer.
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Figure 4.111. Biaxial rotomolding machine.

Heat transfer, from the hot air in the cavity and
from the wall of the mold to the powder, melts the
polymer which sticks to the hot cavity (Fig. 4.112).
It results in the formation of an even coating on the
interior wall of the cavity. The mold is cooled while
it is rotated to retain the uniform wall thickness.
Finally, after the polymer has solidified, the rigid
part is removed from the mold. Volatile material
formed during the heating period is removed from
a vent port. The rotation rate, temperature, heating
rate, and cooling rate are controlled throughout the
process.

General advantages and limitations of the rota-
tional molding process have been listed in Tables
4.20 and 4.21, respectively.

The rotomolding process is differentiated from
spin-casting or centrifugal casting by its relatively
low rotation speed that is usually in the range of
[-20 rpm. Rotation speeds range up to 40 rpm on
the minor axis and 12 rpm on the major axis. These
speeds are slow enough to prevent development of
significant centrifugal forces.

The essential feature of centrifugal casting is the
introduction of molten metal or plastic into a mold
that is rotated during solidification of the casting.
The centrifugal force shapes and feeds the molten
material with great detail as the force of gravity drives
the molten matter into the designed crevices and
details of the shape. Centrifugal casting improves
the homogeneity and accuracy in special circum-
stances. The process imposes limitations on the
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Figure 4.112. Schematic of adhesion of polymer meit to
the mold wall and part formation.

shape of castings, and is normally restricted to the
production of cylindrical shapes.

The rotational molding process takes place in two
stages. During the first stage the polymer melts, sin-
ters, and densifies, while in the second stage the melt
flows on the walls of the mold and fills all channels,
undercuts, and other cavities in the geometry of the
mold under shear stresses developed during the rota-
tion. The main force acting on the polymer is gravity
because, due to the low rotation speed, the centrifu-
gal forces are negligible. The absence of significant
shear requires high molding temperatures to reduce
the viscosity of the polymer and expedite its mold
filling action.

This method is ideally suited to the casting of
spherical shapes, but the outer shape may be modi-
fied with the use of special techniques. Normally,
metal molds are used and plastic is poured into the
rotating mold that may spin about a horizontal,
inclined, or vertical axis. The centrifugal force
improves both homogeneity and accuracy.

Rotational molding of plastic foams (e.g., poly-
ethylene) has become increasingly important due to
its ability to obtain thicker walls with less weight
increase, sound dampening, thermal insulation, and
high stiffness. So far, rotomolding of TPE foams
has been less commonplace than the foams of other
thermoplastics. Foaming technology is discussed in
Section 4.9.

4.8.3 Rotational Molding Equipment

The equipment for rotomolding is typically char-
acterized by: (1) the weight of the maximum load that



4: PROCESSING METHODS APPLICABLE TO THERMOPLASTIC ELASTOMERS 111

Table 4.20. Benefits of Rotomolding Process

Benefits

1 | A hollow part can be made in cne piece with no
weld lines or joints

Simultaneous molding of different shaped parts
The moided part is essentially stress-free

The molds are relatively inexpensive

G jwin

The lead time for the manufacture of mold is
relatively short

6 | Wall thickness can be quite uniform compared to
blow molding or twin sheet forming

7 | Wall thickness distribution can be altered without
modifying the mold

8 | Inserts are relatively easy to mold-in

Short production runs can be economically
viable

10 | ltis possible to make multilayer, including
foamed, parts

11 | Low scrap rate

12 | Low initial capital investment

Source. Reference [55).

Table 4.21. Limitations of Rotomolding Process

Limitations

1 The manufacturing cycles are long

2 | The choice of molding materials is relatively
limited

3 | Material costs are falrly high due to the need
of special additive packages; moreover the
material has to be ground to a fine powder

4 Some geometrical features, such as solid ribs,
are difficult to mold

5 | Sharp thickness variations cannot be easily
accommodated; graduat transitions work best

6 | Tight tolerances are hard to maintain

Wall thickness variation averages about +10%

8 | Molds must be designed using the proper
shrinkage rate of the resin

Source: Reterence [55].

can be supported by the arms, including the weight
of the mold and the resin charge; and (2) by the
diameter of the sphere of rotation by the mold.
Rotomolding machines are capable of producing
small objects like ping pong balls and large objects
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with a capacity of 4.5 metric tons weight and over
5.5 m (216 in.) mold swing that can fabricate large
tanks (85,000 1 or 22,500 gal).

Mold heating is usually done by hot air. The air
can be heated by any means such as natural gas,
oil, or electric sources. Some systems are heated by
open flame, which is attractive for its lower tooling
cost. Cooling is initially achieved by ambient or
forced air, usually followed by water spray to achieve
uniform cooling. An enclosed cooling chamber can
be used optionally.

4.8.3.1 Batch Systems

This is the simplest and least costly form of the
equipment but it requires the most labor. The mold
is rolied into the oven for rotation and heating.
Then it is moved out at the end of the cycle and
another mold takes its place. The completed mold
is transferred into the cooling station and, finally,
the part is removed.

4.8.3.2 Carousel Machines

The most commonplace type of rotomolder is the
carousel machine (Fig. 4.113) that has three stations
or positions, It has a loading/unloading station, heat-
ing station (usually an oven), and cooling station.
Cooling usually takes place in an enclosed compart-
ment. The mechanism, as the name indicates, resem-
bles that of a carousel. One or more spindles are
connected at one end to a turret or central hub,
and to one or more molds at the other end.

Unload
Station

Figure 4.113. Schematic diagram of a carousel rotomolder.
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A typical carousel can rotate a full circle freely.
The spindles, or arms, are motorized and their
motions are controlled independently of the central
hub or the oven temperature and dwell time.
Individual arms are simultaneously undergoing dif-
ferent phases. One arm is in the loadingfunloading
station, the second arm is rotating in the oven, and
the third arm is in the cooling station. At the end
of each cycle, the turret rotates 120° to move each
mold to the next cycle. This means that no arm is
idle at any time. Some units have more than three
arms to increase productivity. More than one arm/
mold can be in the oven with a multiple arm
machine.

4.8.3.3 Shuttle Machines

Larger products, such as big containers, are fab-
ricated in the shuttle rotomolder (Fig. 4.1{4) that
generally operates in a straight line with the oven
and the cooling stations at opposite ends. A movable
mold cartridge holds the mold and the motors that
drive its biaxial motions. The cartridge is mounted
on a rail track that allows it to be rolled in and out
of the oven. At the conclusion of the heating cycle,
the mold is transferred into the cooling chamber.
Another mold cdn. be rolled into the oven to start
the next heating cycle. By positioning the loading/
unloading station between the cooling and heating
stations on parallel tracks, transfer of molds occurs
smoothly.

4.8.3.4 Clamshell Machines

The clamshell rotomolder is the third type of
machine {Fig. 4.115). In this design, there is one
arm, and the three stations are combined. Heating
and cooling both occur in the same enclosure,
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4.8.4 Equipment and Process Design

A number of factors should be taken into account
in the design of a rotomolding process, regardless
of the type of the rotational molding equipment.
A list of the items to be considered is provided in
Table 4.22.

Additional design information about the process
can be found in a publication by the Association of
Rotational Molders (ARM) titled, “Introductory
Guide to Designing Rotationally Molded Plastic
Parts.” A number of often-overlooked considera-
tions in designing a rotomolding process are listed
in Table 4.23.

4.8.4.1 Molds

Molds for convection heating are relatively inex-
pensive; however, the cost is dependent on the type of
plastics to be fabricated, processing temperatures,
and the size, shape, and desired quality of the molded
part. Multiple cavities are designed in the mold
except for very large parts. The molds in this process
are shell-like and are made from two, three, or more
pieces for complex parts. The mold halves are
retained together at the parting line by means of
bolts or clamps. The mold is always equipped with
a vent tube to equalize the internal pressure of the
mold with the external environment. The location
of the vent tube depends on the part design, although
the fill port of the tank is often a good place to locate
the vent.

Molds undergo a great deal of thermal stress
because of cycling from room temperature to in
excess of 400°C (752°F) for TPEs. The selection of
the metal should take into account not only tempera-
ture, but also the corrosive nature of the degradation
products of certain TPEs. The most common molds
in the processing of the majority of thermoplastics,
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Table 4.22. Design Consideration for Rotomolding

Design Considerations

Heat transfer of the mold and plastic materials
Parting line locations

Part size

Molding machine size

Mold weight and material on the arm
Shot size

Vent location

Fill ports

Mold clamping mechanism

i N|OjO|A]WBIN] =

oy
<

Mold mounting mechanism

Construction material of the mold

Py
ey

-t
N

The number of parts that the mold can make

-
[+~]

Tooling construction

Ot
Closed side view Figure 4.115, Schematic
diagram of a clamshell

B rotomoider.

Table 4.23. Guidelines for Rotomolding Process and
Equipment Design

Guidelines

Place the high stress away from parting lines

2 Design for very high coefficients of thermal
expansion

3 | Avold designing flat surfaces and straight lines

Alter the deep pocket areas for better heat flow
and thicker walls

5 Design in very high tolerances, larger than ARM
recommendation,

6 Put in a drop box to contain excess powder that
may not fit in the cavity

7 Keep the component mount loads below 0.7 MPa
(102 psi)

8 | Keep inserts away from the sidewalls to allow
proper material fil}

14 | Color matching

Source: Reference {55].

for example, PE are cast aluminum. Rapid heat
transfer and low cost are their major advantages.
Cast aluminum is sometimes porous and molds
made from it can be easily damaged. This material
is not suitable for most TPEs, due to the high tem-
perature requirements of these polymeric materials.

Machined metal molds, especially aluminum, are
used for applications that require extreme precision.
Machined molds yield parts that are free of voids and
surface porosity. Their use is limited to special cases
due to the high cost of material and fabrication of
these molds.

Sheet metal can be used to produce prototype and
production molds. They are often used when a single
cavity mold is required to produce large cavities.
Sheet metal molds are frequently fabricated
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9 For parts requiring good esthetics, keep parting
lines above the normal level of eyesight

Source: Reference [55].

in-house by custom molders. The various pieces of
the mold are welded together. Their advantages
include lightweight and uniform thin walls.
Electroformed or vapor-formed nickel is suitable
for molding corrosive resins. These molds are unique
in their capability to replicate fine surface details.
Special construction material requirements related
to the corrosive nature of degradation products of
certain TPEs have been discussed in Section 4.4.8.
It is very important to consider the polymer that
is going to be molded in rotomolding. Some materi-
als are sufficiently flexible to allow some undercuts
in the mold and still be easily removed. Other
polymers shrink and still others require a light draft
angle (I’ or 2) to allow release of the part.
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The shrinkage rate of the polymer must be known in
order to design tooling that is capable of producing
parts that meet the specifications. Large flat surfaces
are the most difficult to mold rotationally. Proper
mold release techniques and internal air pressuriza-
tion during cooling can minimize deformation of
the flat surfaces. It would be best to design some
type of stiffening into the flat sections. Contoured
ribs or embossing are two examples of such designs.
It is advantageous to design a convex mold to coun-
ter the tendency of flat plastic surfaces to cave
inward. If aesthetics of the part permit, it would be
helpful to put in “kiss-offs” which require a hollow
insert on each half of the cavity (see Fig. 4.116) to
form a support from one wall to another. The net
effect is an increase in the modulus of the section con-
taining the kiss-off areas, resulting is substantial stif-
fening. The recommended depth of the corrugations
is four times the thickness of the part.

Mounting one mold on the arm is fairly straight-
forward. Multiple molds require careful design for
mounting on a singie spider. Improper mounting can
result in an abnormally high rate of wear and tear
on the mold and excessive flash formation on the part.

One of the most difficult maintenance issues in
rotational molding is the parting line deterioration
and flashing. Therg are steps to reduce this problem.
Parting lines on sharp corners, along knife-edges or
vertical lines should be avoided. Whenever possible,
multiple pieces of the mold should be designed to use
a slide or a hinge system to guide the opening and
closing of the mold pieces. This design reduces the
damage to the parting line and eases the operation
of the mold.

A variety of clamps and quick release devices are
available for holding the mold together but the best
“parting line is the pin-and-bushing type. It produces
the cleanest parting line, but quick release clamps are
appropriate when a clean parting line is not required.
Some examples of parting lines are given in
Fig. 4.117. Stepped and fabricated parting lines are
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less common than tongue and groove and pin and
bushing types.

Rotational molding creates some unusual effects
that are not encountered in other molding tech-
niques. For example, outside corners of the part
are thicker (Fig. 4.118) than the general thickness
of the part because the resin powder accumulates in
the corners of the mold. On the other hand, inside
corners are thinner because the powder tends to fall
away from the mold in these areas. The recom-
mended corner radii (Fig. 4.118) help the uniformity
of the part thickness. Altering the rotation speeds
around the major and minor axis (discussed later in
this chapter) can control wall thickness variations.

4.8.4.2 Mold Surface Preparation

The mold surface must be clean and free of che-
micals and debris for a successful rotational molding
and lining. A complete procedure includes multiple
steps described here but the exact method depends
on the type of resin, machine type, and the part.
After a cycle or a production campaign has been
completed, the inside surface of the mold must be
degreased, followed by shot (grit) blasting. After-
wards, the mold is baked in a vacuum oven or under
an inert gas such as nitrogen. This sequence removes
the leftover resin, degradation products, and moisture
from the mold.

4.8.5 Operation of Rotomolding Processes

In a typical rotomolding operation, the mold is
charged with a determined amount of polymer pow-
der, the mold pieces (halves) are assembled together,
and the mold is put in an oven and rotated biaxially.
The resin melts during the heating cycle, fuses,
adheres to the wall of the mold, and forms the part.
The mold is transferred into a cooling chamber
where it is cooled down with air and/or water. At
the conclusion of the cooling cycle, the mold is
taken out and the finished part is removed.

- e Mt e o e e e mm o owm oen owm o= ew =] Parting line
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Figure 4.116. Cross-section
showing two kiss-off areas.
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Figure 4.117. Examples of parting lines: (a) Stepped; (b)
pin and bushing; (c) fabricated; (d) tongue and groove.

Part thickness

---P K-

Recommeondad radius of
the mold 313 mm

Recommended radius of
the moid 4.5-6.5 mm

Figure 4.118. Part thickness and recommended radit in the
corners of the mold.

The particle size of the resin is very important in
the rotomolding process. Although an average parti-
cle size of 0.5 mm (0.02 in.) is an industry standard,
smaller or larger particle sizes can also be processed.

Wall thickness can be decreased or increased by
adjusting the amount of charge and the cycle time.
Reducing the heat that is supplied to certain areas
of the mold reduces the thickness of the part at
those points. Areas that should be thinner can be
shielded by insulation to reduce the build-up of
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molten resin. Conversely, extra heat is directed at
the areas where more thickness is required. The dis-
tance between adjacent walls should be at least four
times the wall thickness of the part to prevent brid-
ging of the resin [75].

Surface texture can be controlled on the outside
surface of the part because the molds are female.
Rotationally molded parts generally have a good
appearance on the outer surface without sink marks.
Matte finish and grains can be readily obtained on
the exterior part surface. A glossy finish is difficult
to obtain and significantly increases the cost of
the mold. Comparable parts with much smoother
finish (gloss) can be obtained by injection molding.

The inside surface of the part is in contact with
air. Cycle time and mold temperatures both affect
the finish of the inside surface. Insufficient heat and
cycle time leave some of the resin particles unmelted
and result in a rough finish on both surfaces of the
part. Excessive heat and cycle time causes discolora-
tion of the part.

In practice, most molds are designed with little or
no draft angle. They must be treated with a release
agent. After each molding, the mold should be
cleaned with a solvent and an abrasive,

4.8.5.1 Oven Dwell Time +

The oven dwell time is the length of time that the
mold containing the resin spends in the oven, known
as the oven residence cycle. The time elapsed in the
oven can be divided into two parts: build-up time
and fusion time. The mold heats up and reaches the
melt temperature of the resin during the build-up
time. The part is formed on the wall of the mold dur-
ing the fusion time.

4.8.5.1.1 Build-Up Time

A number of variables influence the length of the
build-up time. They are listed in Table 4.24 in de-
scending order of significance. The most significant
factor is the nature of the heat transfer medium. It
has a significant effect on the efficiency of heat trans-
fer to the plastic material, thus on the length of the
molding cycle.

Air is the dominant heat transfer medium for
rotomolding. It is also the simplest choice from a
safety and handling standpoint. Hot liquids, such
as oils, could be sprayed on the mold while it is
being rotated but hazards and operational problems
have precluded their use. Liquid heat transfer me-
dium can be used in jacketed molds, which results
in improved heat transfer. The increase in the cost
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Table 4.25. Variables Influencing the Fusion Time

Source: Reference [55].

of fabricating jacketed molds makes it difficult to
justify their inclusion in commercial operations
unless they are required. For example, PA 6 parts
are rotomolded in jacketed molds to avoid oxidation
of the polymer.

4.8.5.1.2 Fusion‘ Time

Fusion time is dependent on a number of param-
eters that are similar to those influencing the build-
up time, but not all the same variables in the same
order. They have been listed in Table 4.25 in the
order of importance. The first two variables have a
drastic influence on the fusion time. It is directly pro-
portional to the wall thickness of the part, which is
specified by its intended application. This means
that, at a given temperature, to double the wall thick-
ness of the part, the fusion time must also be doubled.
Oven temperature has a large impact on the
cycle time. Increasing the mold temperature by
100°C (180°F) can increase the fusion rate by as
much as 25%.

The fusion time is the key factor in the determina-
tion of the total dwell time in the oven. A number of
measures can be taken to reduce/minimize the length
of time. They include thermal stabilization of the
polymer to allow higher mold temperatures, reduc-
tion of the wall thickness of the mold, and improve-
ments in the heat transfer to the mold by design
improvement such as multiple zone temperature con-
trol. Another strategy is to vary the air temperature
during the cycle, which can be designed to obtain a
high guality molding. Cycle time may also be some-
what reduced.

Variable Importance Varlable Importance

Heat Transfer Medium: Convection or Most Wall Thickness of the Part Most
Conduction Oven Temperature
Oven Temperature Velocity of the Heating Medium Over
Melt Temperature of the Resin the Mold Surface
Velocity of the Heating Medium Over Surface-to-Volume Ratio of the Mold
the Mokd Surface Particle Size of the Resin
Wall Thickness of the Mold Heat Capacity of the Unit Area of the
Surface-to-Volume Ratio of the Mold Mold
Heat Transfer Coefficient of Melt Temperature of the Resin +
the Mold Material v

Heat of Fusion of the Resin Least
Oven Recovery Time Least Source: Reference [55].

Thermal degradation, manifested by discolora-
tion, bubbles, or surface roughness should be taken
into account when deciding to increase the mold tem-
perature to shorten the molding cycle. A loss in phy-
sical properties of the part accompanies these visible
changes and would occur even if there is no percepti-
ble color or appearance change.

Another consideration in raising the mold tem-
perature is the longevity of the mold itself. It has
been demonstrated [76] that,operating the mold at
extreme temperatures, even in the absence of
thermal degradation of the plastic, affect the mold
life and maintenance costs detrimentally. The bal-
ance of cycle time reduction and cost increase is
unfavorable, especially for resins that require high
temperatures.

One trick to lengthen the fusion time is to delay
cooling after the mold has been taken out of the
oven. The large thermal capacity of the mold stores
a great deal of heat that will continue heating the
resin for some time. The advantage of this approach
is to shorten the oven cycle and increase throughput.

As the particle size of the molding powder is
increased, a longer fusion time is required to obtain
a surface smoothness equivalent to that of a smaller
particle size powder. The likely cause of less efficient
heating is the reduced contact surface area between
the wall of the mold and the powder.

Melt temperature of the resin and the ratio of the
mold surface to its volume are usually fixed by the
part geometry and the requirements of the applica-
tion. They cannot be changed during the cycle to
influence the molding performance or the length of
the cycle.
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Air (heat transfer fluid) velocity is set at a value
recommended by the oven manufacturer. This
value is based on experimentation to maximize the
keat transfer (flow is fairly turbulent) to the mold.

4.8.5.2 Cooling Cycle

Molds can be cooled externally by air or water
and sometimes internally by pumping a cold fluid
into the mold to directly cool the molded part. An
effective way is to spray water on the mold to cool
it down. The rate of water spray can be controlled
so that it would be compatible with the use of oven
inertia to complete the fusion of the resin. The cool-
ing rate determines the extent of recrystallization of
the molten polymer. Slow cooling of semi-crystalline
polymers increases the crystallinity of the molded
part and reduces its tendency to warp. Rapid cooling
(quenching) of the part increases its amorphous
content, resulting in an enhancement of the impact
strength and flex fatigue of the part. Table 4.26
shows the impact of the cooling rate on a number
of physical and mechanical properties of a part. A
drawback to quenching is the thermal shock of the
mold increasing required maintenance and shorten-
ing its life.

Internal cooling with air or water is also effective
but more complicated than the external method.
Water requires a special system that vents out the
steam produced during the cooling. Water drops
can leave marks on the molten resin which are called
“pock marks” and are considered quality defects.
The most common technique is air cooling, in
which air is forced into and out of the mold. In addi-
tion to cooling, air pressure counteracts the shrink-
age effect. The part tends to separate from the
mold after it shrinks. Air holds the part against the

Table 4.26. Effect of Mold Cooling Rate on the Part
Properties

. Cooling Rate
Properties

Fast — Slow
Crystal Size Increases
Elongation Decreases
Tensile Strength Increases
Flexural Modulus Increasas
Flexural Strength Increases
Flex Fatigue Life Decreases

Source: Reference [55].
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mold, which can be an advantage to heat transfer
when the mold is being cooled both externally and
internally. The normal range of air pressure is
10-20 kPa (1.45-2.90 psi). Care must be exercised,
as internal pressurization can damage molds, which
are not designed to withstand internal pressures.

4.8.5.3 Venting

A vacuum forms during the cooling cycle of the
rotomolding process. Cooling of the trapped air can
create a fairly high vacuum causing quality problems
in the part. Distortion of the part, particularly the flat
section, is the most frequently encountered problem.
The second problem is at the parting line, which, if
not maintained carefully, can result in small bubble
formations in the part. Moisture and air are drawn
into the parting line and end up forming bubbles or
holes through the wall of the part.

The simplest cure for the vacuum formation is to
design a vent line that connects the inside space of
the cavity with the atmosphere. A simple vent line is
a tube made of inert material such as polytetrafluoro-
ethylene (PTFE) that is inserted in a hole in the mold.
Care must be taken to place the tube sufficiently deep
into the mold to prevent its obstruction by the resin.
Loose fiberglass batting should bestuffed in the line
to prevent outside moisture from entering the
mold. The batting also prevents the powdered plastic
from spilling through the vent tube. Other stuffing
materials can be used as long as they are not com-
bustible. The size and location of the vent line is also
important to the prevention of moisture back-flow.

4.8.5.4 Part Stripping

Parts arc often removed while they are still warm.
Cooling rates are uneven at different locations of the
mold, leaving residual stresses in the part. There are
also stresses that result from the weight of the part.
These forces cause the part to distort after removal.
The part is placed in a device that holds its geometry
until the part has cooled and becomes stiff. The alter-
native approach is to increase the cooling rate and/or
the length of the cooling cycle. The choice depends
on the economics of the specific molding process.

Release agents are sometimes applied to the sur-
face of the mold to facilitate demolding. These agents
could have an adverse effect on the guality of the part
surface [77]. Voids and bubbles are eliminated from
the bulk of the polymer melt under the driving
force of surface tension to minimize the available
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free surface. Bubbles are more stable at the interface
of the part and the mold because of a reduced surface
area where the mold release agents are present. The
difficulty of eliminating the bubbles could result in
the survival of some of them. Consequently, these
surface agents can impart poor surface formation
in the part.

4.8.5.5 Rotation Rate and Ratio

The axes in rotational molding have different
lengths. The speed of rotation of the mold and the
ratio of the two axes are very important variables
of the rotational molding process. Rotation ratio is
the ratio of the speed of the mold around the two
axes according to Eq. (4.5). Speed is a function of
the flow properties of the polymer and the ratio is
related to the shape of the part. Shorter cycles and
thinner part walls amplify the sensitivity of these
two variables [76].

Rotation ratio = R;/Re ~ Ry, (4.5)

where R; = is the rotation speed of the major axis
(rpm) and R, = is the rotation speed of the minor
axis (rpm).

Rotational molding does not occur due to centri-
fugal forces and, indeed, development of these forces
is detrimental torthe proper formation of the part. A
large variation in the wall thickness is an indication
of the development of centrifugal force development.
The forces that develop because of high rotation
speeds cause the molten resin to flow into the areas
where the forces are concentrated contrary to even
distribution on the wall of the cavity. Care must be

Table 4.27. Typical Rotation Ratios for Various Shapes

HAaNDBOOK OF THERMOPLASTIC ELASTOMERS

 exercised if high speeds are required in rotomolding.

Large molds may damage the machinery at high
speeds.

Melt flow and the rheological properties of the
resin are the determining factors in setting the rota-
tion speed. A high viscosity resin forms a uniform
coating on the wall of the cavity at low rotation
speeds. The slow rotation speed lengthens the mold-
ing cycle, thus requiring a lower temperature to avoid
degrading the polymer. The longer cycle allows suffi-
cient passes of the powder over the molten coating on
the cavity surface to result in complete consumption
of the polymer powder.

The rotation ratio of the two axes depends on the
shape of the molding. Symmetric parts can be
molded at a ratio of 4:1; examples include spheres,
cubes, and regularly shaped articles. Table 4.27
shows rotation ratios for a few different shapes.
Irregular objects require ratios ranging from 2:1 to
8:1. It is impractical to calculate the rotation ratio
of a new part. A starting value can be estimated
based on the shape of the part. The optimal ratio is
then determined by trial and error and evaluation
of the part made at a given value of the ratio.

4.8.6 Rotolining Process

So far, the discussion has focused on rotational
molding to produce hollow parts. Rotation lining
or rotolining (also rotocasting) allows the applica-
tion of a seamless plastic lining to the interior sur-
faces of a metal part. Rotolining is ideally suited to
lining the internal surfaces of complex-design parts
such as pumps, valves, pipes, fittings, and vessels.

Shapes Hotat‘ion Rotation Speed o:
Ratio Major Axis (rpm)
Horizontally Mounted Oblong Articles and Straight Tubes 8:1 8
Cubes, Balls, Odd Shapes, and Rectangular Boxes 4:1 8
Rectangular Shapes with More Than Two or Thin Sides When Run at a Ratio 211 8
41
4
Flat Rectangles Such As Gas Tanks 13 6
9.5
Pipe Angles and Curved Air Ducts 1.4 5
Vertically Mounted Cylinders 1:5

Notes:

28peed around the minor axis can be calculated from Eq. (4.5) by substituting for the rotation speed and ratio.

Source: Reference [55].
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Rotolining differs from rotomolding in that the
metal component forms the internal cavity and,
after the completion of the process, the lining is an
integrated component of it. On the other hand, the
products of rotomolding are free standing or are
later inserted in another structure.

Rotolining has a number of advantages over the
other methods of coating and lining. It allows a
much thicker lining than electrostatic or dispersion
coating techniques. Rotolining yields a more uni-
form thickness coating than the spray-on method.
It is automated, compared to spray and electrostatic
procedures, which are both manually applied.

Rotolining is limited to the interior surfaces while
other methods, such as sheet lining, can also coat the
exterior surface of a part. In the sheet lining process,
the sheet is bonded to glass cloth fabric, whichis then
attached to the vessel (in general, any part) wall by an
adhesive. Afterwards, the seams are welded and
sealed using strips of the same, or another compati-
ble, polymer. Sheet lining is suitable for large tanks
that are beyond the size limitation of rotolining. It
is not easy to line complex-geometry parts while in
rotolining any geometry can be coated without diffi-
culty. Sheet lining is also very operator sensitive and
requires full access to all surfaces.

An important issue is the adhesion of the liner to
the cavity wall. Shrinkage of the resin during the
cooling period pulls the liner away from the wall,
undesirable in rotolining but a positive phenomenon
for rotomolding. Different strategies have been
reported to obtain good adhesion. Both formulation
and design approaches have been implemented to
achieve this objective.

4.8.7 Melting of Polymer and Part Formation

In rotational molding, the particles of resin
soften, stick to the mold surface, then adhere to
other resin particles during which voids must be
eliminated as a continuous layer of molten polymer
is formed. It is widely accepted that sintering is the
mechanism of void elimination as opposed to melt
flow which occurs in extrusion or injection molding.
Sintering of polymer particles is defined as densifica-
tion of polymer particles by coalescence. During coa-
lescence (Fig. 4.119), adjacent polymer particles
combine under the driving force of surface tension.
The first model for viscous sintering of two particles
was developed by Frenke! [78] and improved upon
by Kuczynski [79]. More recent studies have argued
the inadequacy of Frenkel’s and Kuczynski’s models
because of the exclusion of the role of melt viscosity
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Figure 4.119. Schematic diagram of coalescence se-
quence of two adjacent polymer particles. a~—Two adjacent
particles. b—Particles form a neck. c—Coalescence has
been completed.

and viscoelasticity in sintering [80]. The validity of
Frenkel’s model has been assessed for a number of
polymers. Based on experiments with ultrahigh
molecular weight polymers, it has been suggested
that other factors, in addition to surface tension
and melt viscosity, should be included [81].

Experimental studies have demonstrated that, in
addition to viscous flow’s [82-85]’dominant role in
sintering, viscoelasticity of the polymer [85-87]
should be considered in polymer sintering and in rota-
tional molding [88] Bellehumeur and Vlachopoulos
[89] have derived one such model where Frenkel’s
approach has been modified [90] to include viscoelas-
tic effects. The proposed model predicts that the sin-
tering rate decreases as the relaxation time of a
polymer increases, and it becomes independent of
relaxation time when particle size or viscosity become
very large.

Fundamental research in rotomolding has been
aimed at estimating and reducing the length of the
molding cycle, optimizing the mechanical properties
of the part, and assessing the moldability of different
polymers. Heat transfer in rotational molding has
been studied to develop models for process and
part property optimization. Rao and Throne [91]
were first to model the rotomolding heat transfer.
A number of other researchers have attempted to
improve this model. Crawford and Nugent [92]
have developed a numerical simulation of the pro-
cess. Gogos et al. [93] proposed a solution for the
heat transfer that used a lumped parameter for the
heating cycle. This model is fairly simple and its
predictions agree with the experimental data.
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Table 4.28. Rotational Molding Troubleshooting Guideline for Most Thermoplastics

Part Problem

Possible Causes

insufficient draft angle

Roughness on the mold surface

Poor Part Release from the Mold

Resin decomposition

insufficient application of release agent

Undercuts are trapped

Rough Part Resin degradation

Surface Presence of foreign patticles on the mold surface
Vacuum develaped inside the part due to poor venting

Warping

Part has pulled away from the mold surface because of cooling quickly

Incorrect mold rotation because of equipment problem or wrong rotation ratio

Nonuniform Wall Thickness

Variation in the thickness of the mold wall resulting in uneven heat transfer, thus
melting and fusion rate of resin

Variation in the heat transfer to the mold

Cooling too slowly leads to excessive crystaliinity

Paor Mechanical Properties

Resin fusion Is incomplete

Poor filler dispersion in the polymer

Short heating cycle

Incomplete Resin Sintering

{.ow mold temperature

Slow heat transfer due to excessive wall thickness of the mold

Poor resin powder flow

Slow rotation rate

Bridging of the Resin in the Mold

Radii of the undercuts, ribs, and other recesses are too small

Air trapped in the recesses, consider venting in these locations

Source: Reference [55].

A commercial numerical simulation of the rotomold-
ing heat transfer [94] is available but it is restricted to
simple geometries and does not allow the prediction
of part porosity.

Heat transfer takes place through the outside sur-
face of the mold in rotomolding during both heating
and cooling cycles. Researchers have analyzed the
effects of internal heating and cooling [95] to improve
the heat transfer and shorten the molding cycle. The
model predicted significant shortening of the cycle,
which was corroborated by experimental data.
Introduction of internal cooling increased the unifor-
mity of the part structure and reduced warping.

4.8.8 Troubleshooting

Rotomolding is affected by a number of variables
that are difficult to control and hard to scale when
the size and design of the part change. It is important

to follow a set of troubleshooting guidelines to take
corrective action when the part is defective,
Table 4.28 provides a list of typical problems and
suggested corrective actions.

4.8.9 Conclusion

Rotational molding is a complex process and
involves numerous related variables and details
that must be set correctly to produce quality parts
repeatedly. The details concern the design of the
part, the choice of the plastic, the design and fabrica-
tion of the mold and, finally, the actual rotational
molding process. The end use requirements usually
provide guidance for specifying the construction
material and the design and dimensions of the part.
On the other hand, any design must be practical
and economical. The cost of mold construction and
the operating process are strongly influenced by the
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design of the part. Thermoplastic elastomers pose
additional restraints on the process and part design
due to their high melting temperature and viscosity.

A reader who would like to engage in rotomold-
ing must consult other references that have addressed
thé subject in a thorough and in-depth manner.
Complete coverage of this technology can easily
occupy a separate volume that is beyond the scope
of this book. This task has been most ably accom-
plished by a number of authors and experts. Some
particularly helpful rescurces can be found in refer-
ences [74, 96-99].

4.9 Foaming of Thermoplastics

4.9.1 Introduction

Polymeric foams or cellular or expanded polymers
have played an important role in everyday life.
Because of their special characteristics, they became
attractive for many industrial and household
applications.

The most important attributes of polymeric
foams are light weight and good thermal insulation
property. Other advantages are relatively high
strength per unit weight and lower dielectric constant
when compared to solid polymers. General attributes
and drawbacks of polymeric foams are in Table 4.29.

The first commercial foam was rubber sponge, a
polymeric material with open cells (see below) intro-
duced in 1910 [100] but the oldest foam is wood that
is 2 natural occurring foam of cellulose.

4.9.2 Background

Foam cells are bubbles that have been frozen in
size and shape after solidification of molten poly-
mer. Such a material can contain two types of

Table 4.29. Advantages and Disadvantages of Polymeric
Foams in Comparison to Solid Polymers

Advantages Disadvantages
Light weight Variable density
Good thermal insulation Loss of certain
property mechanical properties
High strength per unit
weight
Base of molding
Impact strength
Lower dielectric constant

Source: Reference [55].
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cells; closed cells and open cells. In the closed cell
foam each cell is an independent closed entity. The
cells resemble small glass bubbles that have been dis-
persed in the polymer. The walls of a closed cell have
10 holes in them. The cell will contain gas in them if
the polymer is impermeable to the gas used for the
formation of the cellular structure. The cells in the
open cell foam are interconnected, thus unable to
hold gas. Liquids and gases can move through the
open cell structures, like through common sponges.

Polymeric foams are also classified according to
their mechanical properties. If the walls of the cell
are stiff under stress and relatively inflexible, the
foam is called rigid. If, on the other hand, the cells
collapse under stress, the foam is calied flexible.
Both open cell and closed cell structures can form
rigid and flexible foams.

Densities of polymeric foams range from about
1.6 to 960 kg/m® (0.1 to 60 Ib/ft?). Their mechanical
properties are usually proportional to their densities.
Low density polymeric foams (~30 kg/m®) are used in
applications such as furniture or automotive seating;
high density foams are required for structural, load-
bearing applications. Mechanical properties of con-
ventional polymeric foams are lower than in solid
parts due to a lower material content; however
microcellular foams with a pore .or cell size 1 to
10 um provide good mechanical properties in addi-
tion to weight reduction.

Polyethylene, PP, and polystyrene are most com-
mon thermoplastic foams, although other base
polymers, such as cthylene vinyl acetate (EVA),
melt-processable fluoropolymers, and TPEs can be
converted into cellular materials.

4,9.3 Foaming Technology

Many resins can be foamed by a variety of pro-
cesses. Each method of foam manufacturing involves
the following steps

e cell initiation
¢ cell growth
¢ cell stabilization,

There are three general methods of producing
foams from thermoplastics: mechanical, chemical,
and physical.

Initiation or nucleation is the formation of cells in
the thermoplastic, which are small discontinuities in
the melt continuum. The expansion condition of the
foam allows the growth of the nuclei. The governing
drive force for the growth of each cell is the difference
between the pressure inside and the pressure outside
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that cell as shown by Eq. 4.6 [101]. The surface ten-
sion of the melt (y) and the cell radius (#) are the
two factors determining the pressure difference (A P):

P=2y/r (4.6)

The surface tension of the melt is a function of
many factors including the type of the polymer, tem-
perature, pressure, and the additives present. The
pressure outside the cell is the pressure that the melt
is under, and the pressure inside the cell is the pres-
sure that is exerted by the blowing/foaming agent.
A gas or a solid can be used to initiate foaming.

Cell growth is a very complex process because the
properties of the melt change during the cell growth
phase. Several quantitative models have been estab-
lished that completely describe the cell growth
[102]. The viscosity change affects the cell growth
rate and polymer flow. The pressure drop in the
blowing agent is inversely proportional to the radius
(see Eq. 4.6) in contrast to volume. It is important to
note that the pressure is higher in small cells than in
larger cells, leading to intercell gas diffusion or to
breaking of the cell walls.

Thermodynamically speaking, generation and
growth of cells in a polymeric melt is destabilizing.
A fluid tends to minimize its free energy by reducing
its surface area. ¥he cell formation significantly
increases the surface area of the polymer melt. The
unstable foam at the end of growth phase requires
stabilization to retain the cells in the foamed state.
These stabilization methods have traditionally been
used to classify the foaming technique as either phy-
sical or chemical. Also, a limited use of mechanical
foaming is made in the industrial practice.

4.9.3.1 Mechanical Foaming

This technique is similar to whipping cream dur-
ing which air is mixed in with the bulk of the melt.
Mixing simply entrains air into the molten plastic
where air becomes the foaming gas. An example of
an application of this method is foaming of vinyl
plastisols for producing thick vinyl flooring.
Otherwise, the application of mechanical foaming
for thermoplastics is limited [103).

4.9.3.2 Chemical Foaming

In this method, chemistry controls the foam for-
mation process [104]. This may be the rate of forma-
tion of polymer, that is, the conversion of viscous
fluid to a cross-linked (three-dimensional structure)
or expanding a partially cross-linked polymeric
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melt {e.g., polyolefin foams) or expanding a thermo-
plastic melt with subsequent cooling. Chemistry aiso
controls the rate of activation of the blowing agent,
which is either by a drop in solubility in the monomer
solution as the reaction proceeds, or by thermal
decomposition. Blowing agents are used to decrease
the density of the polymer, typically by 40-60%
with loading levels of 0.5-20.5% by weight on the
amount of polymer. The characteristics of the blow-
ing agent determine the amount of gas generated, the
rate of gas generation, the foaming pressure, and the
net-amount of gas retained in the cells, Chemical
blowing agents can be classified as organic and inor-
ganic and their decomposition may be endothermic
or exothermic. They often require activators, such
as alcohols, glycols, antioxidants, and metal salts,
which [ower their decomposition temperature.

Inorganic blowing agents include sodium bicar-
bonate, sodium borohydrate, polycarbonic acid,
and citric acid. These evolve primarily carbon diox-
ide upon thermal decomposition. Sodium bicarbo-
nate is the most widely used blowing agent from
this group. It decomposes over a broad range of
temperatures, namely from 100°C to 140°C (212°F
to 240°F) and yields 267 ml/g of gas. Polycarbonic
acid decomposes at about 160°C (287°F) and yields
about 100 ml/g of gas.

Organic blowing agents evolve gas over a specific
narrow temperature range. They produce a gas mix-
ture composed mainly of nitrogen. Examples of
organic blowing agents are in Table 4.30.

Chemical blowing agents are available as dry
powders, liquid dispersions, and pellet concentrates.

4.9.3.3 Physical Foaming

In the physical foaming technique, a blowing
(foaming) agent added to the thermoplastic volatilizes
and/or expands during the melting. This agent can be
either a liquid or a gas. A nucleating agent may have to
be used to promote the cell nucleation and/or control
the cell size and the number of cells formed. The
chemical structure and composition of the polymer
define the conditions of the foaming process. The
key variables are temperature, type of foaming
agent, and the cooling rate of the expanded structure
in order to stabilize it dimensionally. The nature of the
foaming agent and its concentration in the polymer
determine the rate of gas evolution, gas pressure,
gas retention in the cells, and heat absorption/release
due to the degradation/activation of the blowing
agent [104]. Physical blowing agents are compressed
gases or volatile lignids. Compressed gasses, usually
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Table 4.30. Examples of Organic Chemical Blowing Agents (CBAs)

°°"h:amn‘:;°ia' Chemical Name °e°°mp°5i.tg’ '(‘.;;empe'at"'e Gas Yield (mV/g)
0BSH 4,4"-oxybis(benzene sulfonyl hydrazide) 157-160 (315-320) 125
L_/lBFA Azodicarbonamide 204-213 (400-415) . 220
TSSC p-toluenesulfonyl semicarbazide 228236 (442-456) 140
s-phenyltetrazole | 5-phenyl-1H-tetrazole 240250 (460-480) 190
THT Trinydrazinotriazine 250275 (480-527) 225

nitrogen, are injected under high pressure into the
polymer melt; as the pressure is relieved, the gas
becomes less soluble in the polymer melt and expands
to form the cells. Nitrogen is inert, nonflammable,
and can be used at any processing temperature. It pro-
duces coarser foams than nitrogen produced from
organic chemical blowing agents. The use of nucleat-
ing agents can be added for a finer cell structure.
Other gases besides nitrogen used as physical blowing
agents (PBAs) include hydrogen, helium, air, mixture
of helium and air, and CO,.

Liquid PBAs are volatile and change from liquids
to gaseous state when heated to polymer processing
temperatures. Some of them are aliphatic hydrocar-
bons that can present safety hazard due to their
flammability. Others, short chain chlorinated and
fluorinated hydrocarbons (CFCs) have been phased
out from most formulations due to their role in

Table 4.31. Examples of Physical Blowing Agents (PBAs)

reduction of stratospheric ozone and replaced by
hydrogen containing CFCs (HCFCs).

Examples of PBAs are in Table 4.31 and the
ozone depletion potential (ODP) for selected PBAs
is in Table 4.32.

4.9.4 Foam Manufacturing Processes

A variety of processes are used o produce
foamed parts. The process used has to accommodate
the three key stages of initiation, growth, and sta-
bilization {(see Section 4.9.3). These processes are
classified by the manner of achieving pressure differ-
ences between outside and inside the foam cell. If the
external pressure is lowered, the process is called
decompression foaming. The proeess in which the
internal cell pressure grows is called expandable
foaming. Other methods of creating a cellular

Name Chemical Formula Boiling Point {"C) Flammable
n-Pentane CsHiz 36.1 Yes
Methyl chloride . CH5Cl -24.2 Yes
CFC-11 CFCla 23.8 No
CFC-12 CF.Cly -29.8 No
CFC-113 CFCI,CFCl 47.6 No
CFC-114 CF,CICF.CI 36 No
HCFC-22 CHFCI —40.8 No
HCFC-142b CF2CICH; -9.2 Yes
HCFC-152a CHFCHg -24.7 Yes
HCFC-123 CHCI,CF3 27.1 No
HCFC-123a CHFCICF.C! - 282 No
HFC-124 CHFCICF, —-12 No
HFC-134a CHzFCF5 -26.5 No
HFC-143a CHz:FCF5 -46.7 Yes
Carbon dioxide CO, -78.5 No
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Table 4.32. Ozone Depletion Potential® of Selected PBAs

Blowing Agent | poine () | - potenial |
CFC-11 23.8 1.0
CFC-12 -26.8 0.9
HCFC-142b -9.6 0.066
HCFC-22 -40.8 0.05
HFC-134a ~26.4 0
HFC-152a ~24.7 0
Carbon dioxide -78.5 0

Notes:

20zone depletion potential (ODP) is defined as a number
that refers to the amount of ozone depletion caused by
substance, 1t is the ratio of the impact on 0zone compared
to the impact of a similar mass of CFC-11.

Source: Environmental Protection Agency (www.epa.gov).

structure are sintering the resin particles in the pre-
sence of a gas or a solid (e.g., glass hollow beads)
in the molten polymer. Decompression and expand-
able foaming can be stabilized by both chemical and
physical methods.

Common melt-processing methods, such as
extrusion, injection molding, compression molding,
blow molding [105-107] and rotomolding [108] are
used to produce foamed articles.

Foam extrusion is a widely used process, consist-
ing of the following steps:

Polymer, Blowing
Solid additives agent

L
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1. Extrusion
2. Mixing

3. Cooling
4. Expansion
5. Aging.

The process is illustrated by a block diagram
(Fig. 4.120).

Commercially these process steps can be exec-
uted on single-screw extruders having a long screw,
twin-screw extruders, and on tandem-extruder
lines. Such lines consist of a primary extruder that
melts the polymer and mixes the melt with solid
additives and liquid blowing agent. The second,
cooling extruder cools the mixture to the optimum
temperature (Fig. 4.121) and can also be design to
act both as a mixer for the blowing agent and as
cooler (Fig. 4.122) [109]. A foam extrusion line is
shown in Fig. 4.123.

Other foam extrusion processes include accumu-
lating extrusion and flash extrusion and are
described in reference [109].

4,10 Thermoforming

4,10.1 Process Basics

Thermoforming is a process for converting ther-
moplastics into shell forms, using sheet material as

. ‘s . . . Figure 4.120. Flow diagram of
Extrusion |~ Mixing |l Cooling = Expansion Aging foam extrusion process
(Courtesy Hanser Publishers).
Polymer, Blowing
Solid additives agent

\/ |

Primary extruder

j___

Figure 4.121. Schematic

Cooling extruder

diagram of a tandem
extruder for foam (Courtesy
Hanser Publishers).
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a preform. At its most basic, thermoforming is per-
formed by clamping a heated thermoplastic sheet
over a mold cavity and drawing a vacuum in the cav-
ity. This causes atmospheric air pressure to press and
plastically deform the sheet into the mold cavity,
where it is cooled to retain the formed shape. This
is known as vacuum forming, a term that is less com-
prehensive than thermoforming, although the two
are often erroneously treated as interchangeable
and synonymous. In practice, the key factors in ther-
moforming all have two to three optional forms {(see
Table 4.33), For example, the forming force can be
supplied by vacuum, by positive air pressure, or by
power press. These options can be assembled in

Figure 4.123, Foam_extrusion line (Courtesy Battenfeld
Gloucester Engineering Company).
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Die Foam

Figure 4,122, Tandem with the
second extruder as mixer and
cooler (Courtesy Hanser Publishers).

many different permutations to create a very wide
variety of thermoforming processes. In this chapter,
the principal processes (Table 4.34) and the main
factors are discussed.

4.10.2 Process Factors

The principal factors in thermoforming are the
forming force, mold type, method of prestretching
the sheet, the material input form, and the process

Table 4.33. Principal Options Available in the
Thermoforming Process

Process Factor Options
Vacuum
Forming Force | Positive air pressure
Power press
Female
Mold Type Male

Matched maleffemale

Vacuum
Positive air pressure (billow)
Mechanical plug

Extruder (in-line, hot forming)

Sheet Prestretch

Material Input Reel {reheat, cold forming)
Cut sheet (reheat, cold forming)
Solid phase

Process Phase Melt phase

One side of sheet

Heating Mode Both sides of sheet (sandwich)
Radiation: rod, ceramic, quartz, or
Infrared heaters

Heating Means

Convection: hot roller, contact
panel, or hot oil bath

Source: Maler, C., and Calafut, T., Polypropylene, William
Andrew Publishing, 1998, p. 223.
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Table 4.34. Principal Thermoforming Process

HaNDBOOK oF THERMOPLASTIC ELASTOMERS

Process Forming Force Mold Type Sheet Prestretch
Basic Vacuum Vacuum Female None
Basic Pressure Positive air pressure Female None
Drape Vacuum Male None
Snap Back Vacuum Male Vacuum
Billow Vacuum Male Posltive air pressure
Plug Assist Vacuum Female Mechanical plug
Billow Plug Assist Vacuum Female Positive air pressure and mechanical piug
Air Slip Vacuum Male Positive air pressure
Air Slip Plug Assist Vacuum Male Positive air pressure and mechanical plug
Matched Mold Power press Matched maleffemale None
Twin Sheet Positive air pressure Matched male/female None

Source: Maler, C., and Catafut, T., Polypropyfene, William Andrew Publishing, 1898, p. 224.

phase condition. These factors have a critical influ-
ence on the appearance, quality, and performance
of the thermoformed part.

4,10.2.1 Forming Force

Thermoforming is essentially a low pressure pro-
cess, in which the forming force is generated by
vacuum, or positive air pressure, or by a combination
of both. However in a matched mold (or matched
die) thermoforming the force is supplied by a
power press and may be much greater.

In vacuum forming (Fig. 4.124), the heated sheet
forms part of the clased cell together with the mold.
When the air in this cell is evacuated, the atmo-
spheric pressure forces the sheet into contact with
the mold. The force so generated clearly cannot
exceed atmospheric pressure and in practice is
rather less because of the difficulty of creating per-
fect vacuum in the mold/sheet cell. A vacuum of
85-90% of theoretical maximum is more likely

ap» <]

| LL
A °&( B

Figure 4.124. Vacuum forming: A—Preheated sheet prior
to forming; B—Formed sheet into female mold;
a—Preheated, clamped sheet; b—Female mold with
vacuum holes; c—Vacuum,

and this will generate a forming force no greater
than 90 kPa (13 psi).

Pressure forming (Fig. 4.125) overcomes the
force limitations of vacuum forming by applying
air under pressure on the nonmoid side of the sheet
instead of vacuum on the mold side. Typical air pres-
sures used in this method are in the range 550-710
kPa (80-100 psi) and this pressure may be sufficient
for many applications.

The pressure in matched mold (die) forming (Fig.
4.126) is supplied by a power press, as mentioned
earlier, and the force used in this method is usually
in the range from 1.5 to 4 MPa (218 to 580 psi).

Examples of typical production thermoforming
equipment are in Figs 4.127 and 4.128.

L/ \
AN\

AB

Figure 4.125, Pressure forming: A—Preheated sheet
prior to forming; B—Formed sheet into female mold;
a—Pressure box; b—Preheated, clamped sheet; c—
Female mold with vacuum/vent holes; d—Applied air
pressure; e—Venting of vacuum,
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Figure 4.126. Matched mold (die) forming: A— Preheated
sheet for forming; B—Sheet formed by simultaneous
motion of two mold halves; a—Male mold half; b—
Preheated, clamped sheet; c—Female mold half; d—
Applied force.

4.10.2.2 Moid Type

Thermoforming is a shell process in an open
mold that defines only one surface of the product.
Definition of the second surface is indirect and
imprecise. Thermoforming molds are classified as
male and female and matched.

The female mold consists of a recessed cavity or
cavities formed in a mold block. This is the most

common mold form because it is easy to clamp
the heated sheet across the unobstructed mold face.

The male mold consists of a form or punch pro--
jecting from a mold block. The punch interferes
with the plane of the sheet preform so sheet clamping
must take place outside the mold.

The third mold type used in thermoforming is the
matched mold. This is a closed mold consisting of
two halves, each defining one surface of the finished
article. The matched mold is similar in concept to a
compression mold but the cavity geometries remain
limited to shapes attainable by the sheet preform.

4.10.2.3 Sheet Prestretch

It is often advantageous to prestretch the heated
sheet immediately prior to forming it in the mold.
There are two principal reasons for that. First, par-
ticularly when simple vacuum forming is combined
with solid phase forming the available force might
be insufficient to stretch and form the sheet effi-
ciently. A second reason is that some shapes, for
example, cup or box forms of relatively high aspect
ratio, give rise to excessive variations in wall thick-
ness when formed without prestretch.

Selective prestretching, necessary for more com-
plex shapes is achieved by means of specially shaped

Figure 4.127. Direct extrusion thermoforming line {Courtesy Brown Machine).
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Figure 4.128. Cut sheet equipment for heavy gauge industrial products (Courtesy Brown Machine).

plugs, which are mechanically advanced into the
heated sheet to produce local stretching in a way cal-
culated to counteract the thinning tendency imposed
by the mold geometry. This method is generally
referred to as plug assist.

4.10.2.4 Material input

The raw material for thermoforming is a thermo-
plasticmaterial in sheet form. The sheet ismainly pro-
duced by extrusion and can either pass directly into
extruder to the thermoformer or can pass through
an intermediate storage. After being stored, the
material must be completely reheated before forming.

4.10.2.5 Process Phase

If a semi-crystalline material is thermoformed, it
can be processed either below or above its crystal-
line melting point. When forming is done below
the crystalline melting point, it is known as solid
phase forming; melt phase forming is done at tem-
peratures above the crystalline melting point.

The two techniques result in products with
rather different characteristics (see Table 4.35).
Melt phase forming requires less force and so gen-
erates lower residual stress in the finished part.
Another advantage of this technique is that the
part has a reduced tendency to distort or to revert
to the original sheet form. Modern solid phase

Table 4.35. Comparison of Product Characteristics
between Solid Phase and Melt Phase Forming

Property Sz!::lid Phase | Melt Phase
orming Forming
Disvibuon More oven
Residual Stress Lower
Optical Properties Clearer
Mechanical Properties | Stronger
Heat Resistance Greater

Source: Maler, C., and Calatut, T., Polypropylene, William
Andrew Publishing, 1998, p. 228,

thermoforming can produce high quality products,
particularly when carried out with multilayer coex-
truded film and sheet [110].

4.10.2.6 Heating

The heating process is of critical importance in
thermoforming, both economically and technicaily.
Heating accounts for some 80% of the total energy
demand for thermoforming, Heating of the sheet
can be performed by radiation, convection, or con-
duction. When radiation or conduction is used,
there is the option to apply heat to either one or
both surfaces. In the case of convection, both sides
of the sheet will be heated. Given the difficulty of
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heating the sheet core uniformly, it is preferable to
heat both surfaces of the sheet. The upper limit of
sheet thickness for effective single-sided heating is
about 1 mm (0.040 in.) [111].

Infrared radiant heating is now the most widely
used means of sheet heating for reel-fed or in-fine
thermoforming machines. The heaters are normally
arranged in a heating tunnel in a series of indepen-
dently controlled zones that gradually increase the
sheet temperature first to stress relaxation tempera-
ture (typically about 120°C or 248°F), then to the
forming temperature.

The arrangement for cut-sheet machines is differ-
ent. It is usual to preheat the sheets by convection in
static ovens, followed by final heating of both sur-
faces in a radiant sandwich heater operating near
the mold. Other methods, used less frequently, are
heated rolls, or heated flat contact plates, or immer-
sion baths filled with heat transfer liquid.

4.11 Calendering

Calendering is a process originally developed for
shaping rubber compounds into sheets and films and
for applying rubber compounds onto different types
of fabric. The equipment, called calender, is a heavy
duty machine equipped with three or more chrome-
plated steel rolls, which revolve in opposite direc-
tions. The rolls for conventional rubber processing
are heated by steam or circulated water, and have
gears that allow them to operate at variable speeds.
Qver the years, calenders have developed into a
useful machinery for some thermoplastic materials,

most notably PVC to produce films and sheets.
Calenders for thermoplastics have typically four
rolls that are heated with circulating oil, or other
heating liquids, or electrically since higher processing
temperatures are required than for conventional rub-
ber compounds. During operation, the melt is mostly
fed between the rolls by means of an extruder or
directly from a continuous mixer. Several TPEs,
namely TPV {112], melt-processable rubber (MPR)
[113], TPU [114], and TPO [115, 116} are reported
as being processed by calendering.

The advantages of a calender over an extruder are:

» Higher output than extruder

s Easier access and possibility for rapid material
changes

* Possibility to produce embossed films and

sheets

¢ Possibility to produce laminates.

Drawbacks are the high initial cost, the large
size of the calender and additional equipment, and
high operating cost (mainly energy consumption}.

Different roll arrangements of four-roll calen-
ders are in Fig. 4.129.

4.12 Secondary Manufacturing
Processes
4.12.1 Film and Sheet Orientation

Polymer sheets and films made by the usual tech-
niques, such as extrusion, casting, and calendering

FEED

© O]

Figure 4.129. Different roli arrangement in four-rofl calenders: (a) | {Four in line); (b} L; (b} Inverted L; (¢} Z.
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can be oriented by drawing. Certain amount of
orientation occurs already during the processing;
particularly in extrusion and calendering since the
processed melt is stretched in the direction of flow
and in blown film process, the stretching is along
the circumference of the bubble. In these cases, the
amount of orientation is relatively small because of
competing molecular processes. While melt drawing
tends to straighten out the polymer molecules and
align them in the direction of the force applied,
there is always a countering force within the mole-
cule to return it to its natural coiled state. How
fast this relaxation occurs depends on the viscosity
of the melt, but it is generally fast enough so that
very little permanent molecular alignment can be
achieved by drawing a polymer melt.

Orientation of amorphous polymers or polymers
with low degree of crystallinity, the process is rela-
tively simple. Such material is heated up above its
glass transition temperature to bring it into the vis-
coelastic region. Then it is cooled to the proper tem-
perature and stretched at the appropriate rate, If
desired, it is then annealed at carefully controlled
conditions to reduce thermal shrinkage. The anneal-
ing process is omitted if thermal shrinkage is desired
(see below).

A crystalline polymer has to be first heated up
above its crystalline melting temperature (T,) to

EXTRUDER DIE
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destroy crystallinity and then quenched rapidly to
a temperature below its crystalline melting tempera-
ture to minimize crystallinity and preserve the amor-
phous condition. In the next step, it is reheated and
oriented by stretching at a temperature somewhat
above T, but below Ty. Then it is annealed Gf
desired) or quenched rapidly to freeze in the shrink
energy. For this step, it is constrained from shrink-
age during the heating [117).

When a film is drawn in only one direction, the
molecular chains and/or crystallites align themselves
in that direction. The film then exhibits great strength
and stiffness in that direction but the strength in the
other direction is low. Although there are some appli-
cations where orientation in one direction is suffi-
cient, in most cases orientation in two perpendicular
directions, biaxial orientation, is required.

4.12.1.1 Machine Direction Orientation

Machine direction orientation (MDO) is accom-
plished by drawing the film or sheet between rolls
rotating at different speeds, with the second set of
rolls running faster than the first set (see
Fig. 4.130). The first set of rolls stabilizes the
sheet surface temperature and allows time for
inner sheet temperature balance. The nip controls
simultaneous rolling and stretching at optimum

MD WIND-UP
CASTING  RIENTATION
ROLLS (3 to 16x)
{Polishing)
(Nate: Distance d is small to diminish "necking” and improve web
control)
CASTING
AND
POLISHING PULL
ROLLS ROLLS
¥
gg%s MD WIND-UP
EXTRUDER
Q=g Figure 4.130. Schematic
now oo or 4= Noame speeof diagram of machine direction
ROD ' WITH TENSION orientation (Courtesy Taylor &
CONTROL Francis).
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Clamp

orientation temperature, The final two rolls are
used for heat setting and/or cooling the uniaxially
stretched polymeric sheet. The stretching of the
web Is typically 3-16 times of the original length.
Very often MDQ is the first step in biaxial orienta-
tion, and is followed by rransverse direction orienta-
tion (TDO).

4.12.1.2 Transverse Direction Orientation

Transverse direction orientation is stretched on a
tenter frame; a machine consisting of two continuous
chains like two racetracks mounted side by side
[118]. Clamps (see Fig. 4.131) are mounted on top
of each link and these grip each edge of the film.
The film, then, is carried along as the chain is driven
forward. The two chains move gradually apart, and
as they do, they draw the film in the transverse direc-
tion between them. The chain rides on well-lubri-
cated sliding surfaces or ball bearings at speeds up
to 1,000 feet/min [118}. At the end of the stretching
section, the clamps release the film and the chain
turns around a wheel and is returned to the begin-
ning of the stretching section where it reverses direc-
tion again. The clamps that ride on the chain must be
able to grip the film securely as the film enters the
stretching section, hold it against the stretching
force applied to the film, and then release the film
as it leaves the stretching section.

The tenter frame is enclosed in an oven that is
usually heated with hot air. The temperature for
TDO is generally. higher than that for MDO,
since during the MDO some crystallization has
been induced that increases the resistance to
stretching. Typically, the oven is often separated
into two zones, each of them being heated to differ-
ent temperature (Fig. 4.132). The usual stretch ratio
in a tenter frame is 3:1 to 8:1.

131 of 408

Figure 4.131. Tenter clips
{schematic diagram).
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Figure 4.132. Schematic diagram of a tenter frame
{Courtesy Taylor & Francis).
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4.12.1.3 Biaxial Orientation

Biaxial orientation is a process whereby a plastic
film or sheet is stretched in such a way that the
polymeric chains are oriented parallel to the plane
of the film. Biaxially oriented films exhibit excep-
tional clarity, very high tensile properties, improved
flexibility and toughness, improved barrier proper-
ties, and can be relatively easily made shrinkable.

The widely used two-step biaxial orientation pro-
cess is the combination of the MDO and TDO as
mentioned in Section 4.12.1.1. The system consists
of an extruder, MDO equipment {two or more
sets of rolls running at different speeds) and of a
tenter frame for the MDO. An example (biaxial
orientation of polystyrene) is shown in Fig.
4.133). One-step biaxial orientation eliminates the
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Figure 4.133. Schematic diagram
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MDQO stretching part and uses a tenter frame with
accelerating clips. The process is mechanically
rather complicated and it is difficult to adjust the
balance between the two stretch directions, so it is
used less frequently {1191,

Bubble process, also called blown process or tubu-
lar process uses a tubular die to extrude a relatively
thick-walled tube in a vertical direction, either
upward or downward. Downward extrusion (Fig.
4.134) allows the,tube to be quenched rapidly in a
water bath after which it is collapsed as a layflat
for passage over nip and idler rollers. The film passes
through a reheating tunnel where it is raised to a tem-
perature above the softening point but below the
melting point. The heated tube is then inflated by
internal air pressure that forms a bubble in which
the film is stretched in all directions. Some
machine-direction stretch may take place in the
ovens upstream of the bubble; the haul-off rate can
be adjusted if necessary to secure an orientation bal-
ance. An air ring similar fo that used in other blown
film processes provides bubble cooling. Subsequent
calibration and bubble collapsing operations are
also similar. The stretch ratio in the bubble process
can vary from 3:1 up to 12:1 [120].

At this point, the film retains shape memory. If it
is reheated, it will shrink and revert to dimensions
approaching its pre-stretch shape. If a shrink film is
required, the layflat is edge-trimmed, separated,
and reeled as two webs at this stage. Non-shrink
film is produced by subjecting the layflat to a further
heat treatment in which it is annealed or heat set
under tension in an oven. The annealing temperature
is set slightly higher than the stretching temperature.

In general, films oriented by the bubble process
have more balanced properties in the machine and

of two-step biaxial orientation of
polystyrene.

transverse directions than tentered films as shown
on the example of oriented PP films (Table 4.36).

4.12.1.4 Heat Shrinkable Films and Tubing

This class of oriented films exhibits high shrink-
age (25% or more) at relatively low temperatures
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Figure 4.134. Bubble process for biaxially oriented fiim.
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Table 4.36. Properties of Oriented Polypraopylene

Bubble Tenter
Property Process | Process

Thickness (mil) 0.60 0.75
Tensile strength (psi)

MD 26,000 17,000

TD 26,000 42,000
Elongation (%)

MD 40-50 120

™ 40-55 50
Shrinkage (%), 1 hr at 124°C

MD 8 3.5

™D 15 3.5

Source: Reference [117].

(less than 100°C, or 212°F in most cases). Generally,
polymeric systems with reduced crystallinity are
employed. Since it is rather difficult to produce a
film with balanced shrinking properties by the
two-step flat orientation (MDO plus TDO), the
tubular process is the one most often used in shrink-
able films and tubing [121].

For good shrinking properties, some polymer
systems must be modified either by copolymeriza-
tion or cross-linking (frequently by electron beam
irradiation). The properties of shrinkable films
depend largely on the polymer system used.
Tensile strength, for example, ranges from 9,500
psi (62 MPa) for low density polyethylene (LDPE)
to 26,000 psi (179 MPa) for PP. Also, the tempera-
ture range over which significant shrinkage occurs
varies from 65°C to 120°C (150°F to 248°F) for
polyethylene to 120°C to 165°C (248°F to 329°F)
for PP [122, 133].

4.12.2 Welding

Welding is a method of joining parts without
sacrificing the load-bearing capacity of the part.
There is a variety of welding techniques for thermo-
plastic polymers that allow formation of strong
joints, even approaching the strength of the parent
material itself. All welding methods are not applic-
able to all thermoplastics, including TPEs. In gen-
eral, applicability of a specific welding method is
related to the rheology of the polymer. High melt
viscosity makes welding difficult and reduces the
number of applicable methods. Some of the most
common methods include heated tool (hot plate),
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hot gas, ultrasonic, vibration, spin, and infrared
welding techniques.

4.12.2.1 Heated Tool Welding

In heated tool (hot plate) welding, a heated
platen is used to melt the joining surfaces of two
thermoplastic surfaces. After the interfaces of the
plastic parts have melted, the heated platen is
removed, and the plastic parts are held together
under low pressure to form a permanent and her-
metic seal (see Fig. 4.135). A hot plate is used for
flat joining surfaces; for curved or irregular joining
surfaces, complex tools that allow the hot surfaces
to match the contours of the joint interface are
required. The platens can be coated by a PTFE coat-
ing, tape, or film to inhibit melt sticking [124-126].

4.12.2.2 Hot Gas Welding

In hot gas (hot air) welding [125-129] a heated
gas is used to heat thermoplastic parts and a filler
rod. The rod and the parts then soften and fuse,
forming a high-strength bond upon cooling. Hot
gas welding is commonly used for fabrication and
repair of thermoplastic components and for lap
welding of thin sheets or membranes. The bond
strengths achieved by this method can be as high
as 90% of the bulk material. Gases that can be
used are air, nitrogen, carbon dioxide, and oxygen,
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Figure 4.135. The hot tool welding process.
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with air being the most common. The gas is heated
to the melting temperature of the thermoplastic and
is applied to the part and the thermoplastic rod
through a nozzle or a tip (see Fig. 4.136). The filler
rod is almost always composed of the same material
as the part and is positioned at the joint. Hot gas
welding methods may be manua! or automatic,
the manual method being used mostly for short
seams. Gas temperatures usually range from 200°
C to 600°C (390°F to 1110°F) depending on the melt-
ing temperature of the plastic material, Joint sur-
faces must be cleaned to assure a good bond. The
cleaning can be done by mild soap, detergent, or
a solvent (e.g., methyl ethyl ketone). A good bond
has a fine bead on both sides (see Fig. 4.137).

4.12.2.3 Ultrasonic Welding

Ultrasonic welding [130-132], the most widely
used welding method for thermoplastics, uses ultra-
sonic energy at high frequencies (2040 kHz) to
produce low amplitude (1-25 pm) mechanical vibra-
tions. The vibrations generate heat at the joint

Figure 4.136. Manual hot gas welding.
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interface of the parts being welded, resulting in meit-
ing the thermoplastic materials and weld formation
after cooling. Ultrasonic welding is the fastest
known welding technique with weld times of less
than one second. Ultrasonic welding is used for
both soft and rigid thermoplastics and for thermo-
plastic composites.

Components necessary for ultrasonic welding
are a generator or power supply, a converter or
transducer, booster, and a horn or sonotrode (see
Fig. 4.138). The generator converts low voltage elec-
tricity at 50-60 Hz and 120240 V to high-frequency
(2040 kHz) and high voltage (13 kV) electrical
energy. The electric current enters the converter,
which contains piezoelectric ceramic crystals that
expand and contract when excited by electrical
energy. The electrical energy is converted into
mechanical energy, and the converter expands and
contracts at the frequency of the crystals [130-132].
The booster increases or decreases the amplitude
of the mechanical vibrations of the converter,
depending on the amplitude desired for welding,
and conveys the vibratory energy to the horn or
sonotrode. The horn, made of titanium, steel, or alu-
minum, can further increase the amplitude of the
mechanical vibrations. It contacts one of the parts
during welding and transmits vibratory energy to
the part. For optimal energy transmission, the end
of the horn that contacts the part is designed to
mate with the part of the geometry. Fixtures hold
the parts in place and apply pressure during welding,
Ultrasonic welding begins after parts have been
loaded and a particular force (trigger force) or dis-
tance has been reached by the horn [130-132].

Ultrasonic vibrations, applied to the part under
pressure generate sinusoidal standing waves
throughout the parts being welded at frequencies
usually 2040 kHz (see above). In a viscoelastic
material, such as a thermoplastic, this energy
produced under sinusoidal strain is dissipated
through intermolecular friction, resulting in heat
buildup.

Semi-crystalline polymers are characterized by
regions of ordered molecular structure. A high
amount of heat is required to disrupt this ordered
arrangement. The melting point is sharp and the
re-solidification occurs rapidly as soon as the tem-
perature drops slightly. The melt that flows out of
the heated region solidifies rapidly. When in the
solid state, semi-crystalline molecules are spring-
like and absorb a large part of the ultrasonic vibra-
tions instead of transmitting them to joint interface,
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Figure 4.137. Weld quality analysis by its appearance.

so larger amplitude is necessary to generate suffi-
cient heat for welding [132, 133).

4.12.2.4 Spin Welding

Spin welding [134-136] is a frictional process, in
which thermoplastic parts with rotationally symme-
trical joining surfaces are rubbed together under
pressure using unidirectional circular motion. The
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Figure 4.138. Components of an ultrasonic welder.
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heat generated thereby melts the thermoplastic in
the joining zone, forming a weld upon cooling. It is
a fast, reliable process that requires only minimal,
basic equipment but that can be completely auto-
mated. After the rotational speed stabilizes, pressure
is applied axially, perpendicular to the joining sur-
faces (see Fig. 4.139). When melting begins, heat is
generated through internal frictiog within the mol-
ten material. As the melt thickness increases under
pressure, part of the molten material is squeezed
out of the bond area into a flash bead around the
interface.

The main process parameters for spin welding
are the speed of rotation, weld or axial pressure,
and weld time. Parameters used depend on the mate-
rial and the diameter of the joint. In commercial
machines, rotational speeds can range from 200 to
14,000 rpm. Weld times may range from a tenth of
a second to 20 s; typical values are about 2.0 s,

T
NN

Fixed Rotating

Figure 4.139. Spin welding. One part is fixed, while the
other is Rotated using rotational motion w. Pressure is
applied axially, along the x-direction. The tubes joined here
have inside radius ry and outside radius r,.
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with an actual spin time of 0.5 s and a cooling time,
when pressure is applied but spinning is stopped, of
0.2 to 0.5 s. Axial pressures range from about 1.0 to
7.0 MPa. The pressure must be high enough to force
any contaminants or bubbles out of the joint, and
the combination of speed and pressure must be con-
trolled but high enough to cause melting at the inter-
face as opposed to grinding.

4.12.2.5 Infrared Welding

In infrared welding, the joint surfaces of thermo-
plastic parts are heated to the melting temperature
using infrared radiation, at wavelengths 1-15 pm.,
‘When melting begins, the parts are brought together
under pressure, forming a weld upon cooling.
Infrared welding is a non-contact welding method;
the part surfaces are not in direct contact with the
heat source but are at distances of up to about
20 mm (0.8 in.). Practically all known thermoplastics
can be infrared welded, and the high temperatures
that can be obtained at short heating times make
this method especially suitable for temperature resis-
tant materials. Infrared welding is similar to hot tool
welding,

Rigid clamping devices hold parts and heaters in
place, preventing‘distortion and misalignment dur-
ing the welding process, and pneumatic actuators
can be used to move heaters and parts as necessary
during the welding. Hot tool welding equipment is
commonly adapted for the use of infrared welding.

4.12.2.6 High Frequency Welding

High frequency welding, or radio-frequency
(RF) welding, or dielectric welding, uses high fre-
quency {(13-100 MHz) electromagnetic energy to
generate heat in polar materials, resulting in melting
and weld formation after cooling. A high intensity
radio signal is used to impart increased molecular
motion in two similar or dissimilar polymers. This
causes the materials to rise in temperature, increased
polymer chain mobility, and melting. Ultimately,
the polymer chains of the two materials penetrate
their interface and become entangled, forming a
weld. Radio frequency welding is frequently used
in packaging and sealing applications and is particu-
larly suitable for medical device industry because it
uses no solvents or adhesives, which are possible
sources of contamination [137].

The RF welding press has two platens—a mova-
ble one, and a fixed one, also called a bed. During the
process, the press lowers the moveable platen and
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closes the electric circuit. The parts to be welded
are placed in a set of metal die or electrodes, which
are usually activated by a compressed air cylinder
to apply a preset amount of pressure at the joint
area. Radio frequency energy flows and the materi-
als melt. The joint cools under pressure and after an
appropriate time the press opens and releases the
welded assembly.

Energy used in the RF welding process, typically
27 MHz is applied to the electrodes, and the result-
ing alternating current induces a rapidly reversing
(several million times per second) electric field
around the parts. Polar molecules tend to orient in
the field direction, so that the positive (or negative)
end of the dipole aligns to the negative (or positive)
charges in the electric field, a process called dipole
polarization. As the dipoles try to align with the
rapidly reversing, high frequency electric field,
their orientation becomes out-of-phase. The imper-
fect alignment causes internal molecular friction
and results in the generation of heat. The electrical
delay between changes in electric field direction
and changes in dipole polarization are represented
in Fig. 4.140. An oscillating electric field, E generates
an oscillating current /, within the dielectric mate-
rial. At high frequencies, the two curves are out-of-
phase by the phase angle 8; the loss angle is defined
as 90-0, or 6. The amount of energy absorbed per
cycle from the electric field is represented by the
power factor and the dissipation factor; the power
factor is defined as cos 6, and the dissipation factor
or loss tangent is tan §, a ratio of the current dissi-
pated into heat to the current transmitted.

Radio-frequency equipment consists of three
major components: a RF generator, a press, and a
die or electrode. Generators commonly provide
power ranging from 1 to 25 kW. Power requirements
are determined by the welding area of the efectrode
and the thickness of the materials to be welded.

Amplitude Vor A

Figure 4.140. Electrical representation of dipole polari-
zation resulting in heat generation due to imperfect
afignment.



4: PROCESSING METHODS APPLICABLE TO THERMOPLASTIC ELASTOMERS 137

4.12.2.7 Vibration Welding

Vibration welding uses heat generated by friction
at the interface of materials to produce melting in the
interfacial area. The molten materials flow together
under pressure and bond, forming weld upon cool-
ing. Vibration welding can be accomplished in a
short time (8-10 s cycle time) and is applicable to a
variety of thermoplastic parts with planar or slightly
curved surfaces. There are two types of vibration
welding: linear, in which friction is generated by a
linear back-and-forth motion and orbitgl, in which
the upper part to be joined is vibrated using circular
motion in all directions. Linear welding is most com-
monly vsed, but orbital vibration welding makes the
welding of irregularly shaped plastic parts possible.

In linear vibration welding, the surfaces to be
joined are rubbed together in an oscillating, linear
motion under pressure applied at 90° angle to the
vibration. Process parameters are the amplitude
and frequency of this motion (weld amplitude and
weld frequency), weld pressure, and weld time, all
of which affect the strength of the resulting weld
(Fig. 4.141).

Most industrial welding machines operate at
weld frequencies of 120-240 Hz, although machines
with higher frequencies are also available. The
amplitude of the vibration produced by exciting
a tuned spring-mass system, is usually less than
3 mm. Weld times range from 1 to 10 s (typically 1
to 3 s), with solidification times, after vibratory
motion has ceased, usually of 0.5-1.0 s. Typical
cycle times range from 6 to 15 s, resulting in 4-10
cycles/min [138, 139].

a Weld Amplitude
n Weld Frequency

z= asin 2znt P, Weld Pressure

™~

Weld Interface

y

Figure 4.141. Linear vibration welding.
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Weld pressure varies widely (0.5-20 MPa),
although usually pressures at the lower end of this
range are used. Welding time and pressure depend
on the material being welded. Higher pressures
decrease the welding time; however, higher strength
of the welded parts is usually achieved at lower
pressures due to greater melt layer thickness.

Most equipment used in vibration welding
produces linear vibratory motion. Equipment is clas-
sified as low frequency (120-135 Hz) or high fre-
quency (180-260 Hz) and can be variable frequency
or fixed frequency. Most vibration welding systems
are electrically driven and consist of three major com-
ponents: a vibrator assembly suspended on springs, a
power supply, and a hydraulic lifting table. A sche-
matic of vibration welding machine is in Fig. 4.142
[139]. Tooling used in vibration welding equipment
is simple, consisting of aluminum plates machined
to the contour of the parts at the joint. For complex
part geometries, slides and actuators can be incorpo-
rated using polyurethane poured nests.

4.12.2.8 Induction Welding

Induction welding uses induction heating from
high RF alternating current to magnetically excite
ferromagnetic particles embedded in a bonding
agent (with a thermoplastic or adhesive matrix)
placed at the joint interface of the two parts being
welded. The heat released is used to melt and fuse
thermoplastics, to heat hot-melt adhesives, or to pro-
viderapid adhesivecuresfor thermosets. Itisareliable
and rapid technique, ranging from fractions of a sec-
ond for small parts to 30-60 s for parts with long
(400 cm, or 160 in.) bond lines, and results in struc-
tural, hermetic, or high-pressure welds [140-142].

Inducting welding is a type of electromagnetic
(EMA) welding, along with RF welding and micro-
wave welding, which uses electromagnetic energy to
heat materials. The three methods differ in the fre-
quencies used for heating: 0.1 kHz to 10 MHz for
induction welding, 13-100 MHz for RF welding
and 2-10 GHz for microwave welding. Induction
welding is frequently referred to as electromagnetic
welding [137].

Heat in induction welding is generated from
interaction of the magnetic field with the ferromag-
netic material (stainless steel, iron) and from current
induced in the metal. The high frequency alternating
current moves through a copper coil, generating a
rapidly reversing magnetic field. Ferromagnetic
materials align with the magnetic field; alignment
changes as magnetic field direction changes.
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Atoms do not return to the initial alignment existing
before the magnetic field changed direction but to
slightly different alignment; some of the previous
alignment is retained. This phenomena, referred to
as hysteresis, results in heat losses within the
metal, which are jransferred to the plastic matrix
through conduction. Alternating current also
induces voltage within metallic ferromagnetic mate-
rials, resulting in internal currents, called eddy cur-
rents. Eddy currents dissipate as heat, which is also
transferred to the thermoplastic matrix. With higher
eddy currents, more current is required in the coil to
maintain particular field strength [143).

High frequencies are achieved using an induc-
tion generator, which converts a 50-60 Hz supply
to frequencies usually 1.8-10 MHz with power

- 1~5 kW, depending on the application. The mag-
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netic field is formed by passing high frequency cur-
rent through work or induction coils, water-cooled
copper coils of different sizes and shapes.

In the induction welding of thermoplastic, the
bonding agent, ferromagnetic particles embedded
in a thermoplastic matrix, is placed in the joint
before the welding (see Fig. 4.143). Slight pressure
(0.1-0.3 MPa) is applied to the parts to be welded,
and high frequency current is passed through the
coil. Welding can be accomplished in 1-2 s for
parts 6.4 mm (0.25 in.) or thicker.

Induction welding is less dependent than other
welding methods on the properties of the materials

being welded. It can be used to weld almost all ther-

moplastics, crystalline and amorphous.

Figure 4.142. Schematic diagram
of a vibration welding machine.
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Figure 4.143. The induction welding process.

Parts To Be Joine

The equipment for induction welding consists of
the induction generator, work or induction coils,
and fixtures or nests. Placement nests hold work
coils in place; one nest is generally fixed and the
other movable. They are made of electrically non-
conductive materials in order not to reduce the
intensity of the magnetic field. Typical induction
welder is shown in Fig. 4.144.

4.12.2.9 Microwave Welding

Microwave welding uses high frequency electro-
magnetic radiation to heat a susceptor material
located at the joint interface; the generated heat
melts thermoplastic materials, producing a weld
upon cooling. The frequencies used for this method
are 2-10 MHz, as pointed out earlier (see Section
4.12.2.8).

%3&"—2{&‘1:& EI
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yduction Generaior
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Figure 4.144. A typical induction weider.

The susceptor materials contain polar groups in
their molecular structure or are electrically conduc-
tive. In an applied electric field, polar groups align
in the field direction. In a microwave, the magnitude
and direction of the field changes rapidly; polar
molecules develop strong oscillations as they con-
tinually align with the field, generating heat through
friction [144].

Equipment for microwave welding can be as
simple as a conventional microwave oven. A more
sophisticated, single mode microwave system is
shown in Fig. 4.145. The microwave power source
has a magnetron generating 3,000 W power at a fre-
quency of 2,450 MHz. The welding is performed in
the double-slotted applicator connected to the
tuner. A dummy load connected to the applicator
converts transmitted energy into heat; water is used
for cooling. This system produces a traveling wave
pattern used in adiabatic heating. Connection to a

Dummy Load

. :
Dummy Load

2.5 GHz 3000W - .
®
Power gm‘:g Ap?IIcaMr H

Generator

Water Path

Coolin, Sink
Water

Figure 4.145. A single mode microwave system.
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pressure device consisting of a solenoid valve, air
cylinder, and relay provides pressure regulation dur-
ing welding [137, 144, 145).

4.12.2.10 Other Welding Methods

Resistant welding, also called resistance implant
welding is a method, in which current is applied to
a conductive heating element or implant placed at
the joint interface of the parts being welded. The
implant is heated through Joule heating, and the
surrounding plastic melts and flows together, form-
ing a weld. Heating elements can be carbon fiber
prepregs, woven carbon fabric, or stainless steel
foil or mesh. Stainless steel heating elements can
be used alone in welding thermoplastics. The heat-
ing element comprises the innermost portion of the
weld stack (see Fig. 4.146) and is sandwiched
between the parts to be joined, referred to as adher-
ends. Insulators on the outermost ends of the weld
stack complete the assembly. The weld stack can be
autoclaved for consolidation [146-151}.

- Extrusion welding is a reliable technique devel-
oped from hot gas welding, in which thermoplastic
filler identical to the welded material is extruded
into a groove in the preheated weld area. The filler

.material fills the groove and forpns a weld after

Heating .,

Assembly

Flgure 4.146. The resistance welding process.
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cooling. Extrusion welding is usually performed
manually, but it can be automated.

The extrusion welding for a V-type seam is in
Fig. 4.147. Cleaned, ground, and scraped parts are
positioned in a specific geometry, and the welding
area is preheated by hot air from a nozzle that
moves along the joint line just before the welding
shoe. Both the hot air nozzle and the welding shoe
are attached to the welding head, which moves
along the joint line at a particular welding speed.
Molten extruded thermoplastic material is applied
under pressure by the welding shoe, filling the joint
area [152, 153]. The process for a lap seam (Fig.
4.148) used for joining waterproofing membranes
is similar, except that the joining pressure is applied
to the flat membranes during welding [154).

Preheating of the joint surfaces, in order to form
a surface melt layer, is essential for obtaining a
good quality weld and is the most important deter-
minant of the mechanical properties of the weld.
Parameters that influence the preheating process
include hot air temperature, welding velocity, geo-
metry of the air nozzle, and the thickness of the
parts being welded. Greater melt thickness pro-
duces a weld of greater strength.

Laser welding is a relatively new process, in
which a high inténsity laser beam is used to increase

Nozzle

Welding Shoe ;;
4

Welding Direction

Figure 4.147. Extrusion welding, a V-type seam.
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Figure 4.148. Extrusion welding lap seam.

the temperature at the joint interface of thermoplas-
tic materials to or above the melting temperature.
The molten plastics cool down and solidify, form-
ing a weld.

Carbon dioxide and Nd-YAG (neodymium ions
in a medium of yttrium aluminum garnet) lasers
are predominantly used in industrial applications.
Carbon dioxide lasers emit radiation at wavelength
of 9.2-10.8 um at range in power from 30 W to
40 kW. The laser beam is transmitted through the
air, reflected from mirrors, and focuses using ZnSe
lenses. In the Nd-YAG laser, flash lamps excite
Nd** ions in a solid crystal rod, resulting in radia-
tion with the strongest emission at a wavelength of
1.06 pm. The short-wavelength beam is transmitted
through fiber optic beam delivery system, and power
ranges from 30 W to 2 kW. Lasers can generate
radiation continuously (continuous wave), or it
can be emitted in short bursts of microsecond or
millisecond duration (pulsed). Carbon dioxide lasers
generally operate in a pulsed mode, while either
pulsed or continuous wave modes can be used with
Nd-YAG lasers [155, 156].

In laser welding, parts being joined are clamped
onto a moving table. Pressure can be applied
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throughout the process or may only be applied after
heating is terminated. In the presence of a shielding
gas, the high-intensity laser beam travels at a high
speed across the weld interface of the parts being
joined. The beam causes heating that is localized
near the joint interface that can rapidly result in
melting, degradation, and vaporization of the poly-
mer in the weld interface. Degraded material in the
joint interface, which has a negative effect on joint
strength, is pushed out of the weld due to external
pressure, forming flash on top and bottom surfaces,
and is vaporized due to the high-intensity beam.
Molten material flows together at the joint interface
and forms a weld after cooling is complete [157, 158).

Radiation reaching the joint surface can be
reflected, transmitted, or absorbed. Reflected radia-
tion hits the part surface and bounces off, while
transmitted radiation travels through the part unaf-
fected. Reflection from all plastics is low (5-10%).
Laser radiation can be absorbed at the surface of
the material or can penetrate to various depths de-
pending on the wavelength of the incident beam and
the amount and type of pigment, filler, or reinforcing
additives in the plastic material. Absorption resultsin
heat generation within the plastic. The laser
welding process is depicted in Fig. 4.149. A detailed
description of laser welding is in references [155-158].

4.12.3 Adhesive Bonding

The majority of thermoplastics can be bonded
by adhesives. Some of them can be joined without
any surface treatment; others require surface treat-
ment to achieve a sufficient adhesion.

4.12,3.1 Principles of Adhesive Bonding

An adhesive is a substance capable of holding
materials together by surface attachment. There
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Figure 4.149. The laser welding process.
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are many types of adhesives available; they may
be classified in several ways, for example by the
mode of application, chemical composition, suit-
ability for certain substrates, and cost.

Essentially, an adhesive must be applied to the
substrate (or adherend) in a fluid form to wet the sur-
face completely and leave no voids, even if the sur-
face is rough. To meet these requirements, it has to
have a low viscosity at the time of application. In
order to create a strong bond, the adhesive layer
has to exhibit a high cohesive strength, that is, it
has to set. This usually happens by the removal of
the solvent or water, by solidification, crystaliliza-
tion, polymerization, and/or cross-linking.

Wetting of a surface and spreading of a liquid
depends primarily on the nature of the surface of
the substrate and on the surface tension of the liquid.
The wettability of a solid surface depends on its sur-
face energy, expressed by its critical surface tension.
The critical surface tension indicates the maximum
surface tension permissible in a liquid (i.e., adhesive)
for a particular substrate. To assure spreading and
wetting, the liquid adhesive should have a surface
tension no higher than the critical surface of tension
of the substrate (i.e., solid adherend). When the sub-
strate is organic and not too polar, solubility param-
eter (6) is a quantity useful in the selection of a
suitable adhesive to it. The solubility parameter is
defined [159] as:

§ = (AE/V)/? @7

where AE is the energy of vaporization and ¥ is the
molar volume. The term AE/V is referred to as cohe-
sive energy density. The values of solubility para-
meter and critical surface tension are related [160].
Examples for selected polymers are in Table 4.37.

The degree of wetting and spreading is quantita-
tively expressed in terms of the contact angle [161].
Contact angle (0) is the angle (in the liquid) between
the air-liquid and liquid-solid interface (see Fig.
4.150), resulting as a mechanical equilibrium of a
drop resting on a plane solid surface under the action
of three surface tensions—yy v at the interface of the
liquid and vapor phases, s, at the interface of the
solid and the liquid, and ygyv at the interface of
solid and vapor — hence,

Ysy—ysL=7yLv-cos 0 (48)

From this relation, the critical surface tension, y.
is derived for an individual substrate by measuring
contact angles of a homologous series of liquids
with known surface tension values on it, and plotting



142 of 408

142

HaNDBOOK OF THERMOPLASTIC ELASTOMERS

Table 4.37. Solubility Parameters and Critical Surface Tensions for Selected Polymers

Polymer Solubility Parameter Critical Surface Tension,
5 hildebrands 7. (dynes/cm)
Polytetrafiuoroethylene 6.2 18.5
Silicone, polydimethyl 7.6 24
Buty! rubber 77 27
Polyethylene 7.9 31
Natural rubber 7.9-83 -
Polyisoprene, cis 7.9-8.3 3
Styrene-butadiene rubber 8.1-8.5 -
Polyisobutylene 8.0 -
Polybutadiene, cis 8.1-8.6 . xR
Polystyrene 9.1 32.8
Poly(methyi methacrylate) 9.3 39
Poly(viny! chioride) 9.5-9.7 39
Poly(ethylene terephtalate) 10.7 43
Poly(vinylidene chloride) 12.2 40
Potyamide 6,6 136 43
Polyacrylonitrile 15.4 44
Source: From reference [177).
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Figure 4.150. Contact angle of a sessile drop.

the results as shown in Fig. 4.151 (often referred to
as the Zisman plot). Extrapolating to a zero contact
angle (i.e., cos § = 0) and extending the intercept to
the surface tension axis gives the critical surface ten-
sion of the solid surface [162].

If the contact angle is near zero degrees, the
liquid spreads and wets the substrate completely.
Larger values of the contact angle indicate a poorer
wetting. An extreme case is when 0 is 180 then
there is absolutely no wetting of the substrate.
Detailed discussion of wetting and spreading of
liquids on solids are in refeérences [161, 162).

4.12.3.2 Methods of Surface Treatment

The surfaces to be bonded, regardless of the
bonding method or the type of adhesive, have to

0.6 r‘

0.4
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°zozssou4o4ssouoonro1s
Surface Tension, mN/m

Figure 4.151. Determination of the critical surface
tension.

be clean. Often it is sufficient to wash them with
solvents to remove contaminants such as oils, some-
times grinding the surface cleans it and the rough-
ness improves the bonding by virtue of providing
a greater surface area.

However, if the surface of the polymer to be
bonded by adhesive has a too low surface energy,
it has to be treated in order to increase the surface
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energy, which improves the wetting by the adhesive.
The methods used for that most frequently are:

+ Flame treatment
e Corona treatment
e Plasma treatment.

Flame treatment is a commercial process to ren-
der polyolefins and polyethylene terephtalate recep-
tive to adhesives, coatings and printing inks. The
polymer article (e.g., film) is passed over an oxidiz-
ing flame formed by an oxygen-rich (relative to
stoichiometry) mixture of hydrocarbon gas. The
gas flame contains excited fragments and species
such as atomic oxygen (Q), NO, OH, and others
that can abstract hydrogen from the surface of
the polymer, which is then replaced by oxygenated
functional groups {mostly ~C=0 and —OH).

Corona discharge treatment takes place at atmo-
spheric pressure in contrast to low temperature
(coid) plasma (see below) that requires vacuum.
Corona is a stream of charged particles such as elec-
trons and ions that is accelerated by an electric
field. 1t is generated when a space gap filled with air
or other gas is subjected to a sufficiently high voltage
to set up a chain reaction of high-velocity particle col-
lisions with neutral molecules resulting in the genera-
tion of more ions. The treated surface has higher
surface energy and can be therefore readily wetted.
One of the widely used configurations (Fig. 4.152)
uses corona discharge produced by high-frequency
high-voltage alternating current {163]. The main
parameters for the control of this treatment process
include the voltage, width of the air gap, film/web
speed, and the width of the electrodes. Most machines
allow treatment on one side of the web (see Fig. 4.153)
and require two passes for two-sided treatment,

Plasma (glow discharge) is produced by exciting
a gas with electrical energy (Fig. 4.154). It is a collec-
tion of charged particles containing positive and
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corona treatment system.
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Figure 4.153. A typical single side corona treatment
machine.

negative ions [164]. Other types of fragments, such
as free radicals, atoms and molecules, may also be
present. Plasma is electrically conductive and is influ-
enced by magnetic field. It is intensely reactive, which
is the reason why it can modify surfaces of plastics
[165, 166]. It can be used to treat parts to make
their surfaces harder, rougher, more wettable, less
wettable, and easier to adhere to. Plasma treatment
can be carried out on a variety of plastic parts and
even on powder additives like pigments and fillers.
The plasma used for treating surfaces of materi-
als is called cold plasma, which means its tempera-
ture is about room temperature. Cold plasma is
created by introducing the desired gas into a
vacuum chamber (Fig. 4.155), followed by radio fre-
quency (13.56 MHz) or microwave (2,450 MHz)
excitation of the gas [166]. As pointed out earlier,
the energy dissociates the gas into electrons, ions,
free radicals, and metastable products. Practically
any gas may be used for plasma treatment but oxy-
gen is the most common. The electrons and free
radicals created in the plasma collide with the
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Figure 4.155. Schematic diagram of the surface modification of plastics in a gas plasma reactor.

polymer surface and rupture covalent bonds thus
creating free radicals on the surface of the polymer.

Other methods of surface treatment include:
Etching and oxidation using chromic acid and
other strong oxidizing compounds, thermal treat-
ment, which is done by a blast of hot air (~500°C
or 932°F) [167, 168] and surface grafting that is per-
formed by irradiating the substrate by electron
beam in the presence of acrylic acid [169]. Laser
treatment is done by XeCl, ArF, and KrF lasers
and introduces oxygenated functional groups to
the surface and removes surface contaminants [170].

Primers are reactive compounds that are applied
to the substrate surface before the application of
the adhesive. They form a chemical bridge between

the substrate and adhesive through multifunctional
groups that react preferentially with either adhesive
or substrate [171].

Methods of surface treatment of materials for
adhesive bonding are covered thoroughly in refer-
ences [172, 173].

4.12.3.2.1 Evaluation of the Level of the Surface
Treatment

There are several ways to test the level of any of
the above treatments. One common method involves
using solutions made from two chemical compounds
that produce liquids (“dyne liquids”) with surface
tensions in the range 30-70 dynes/cm. The test con-
sists of placing droplets of the various dyne liquids
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on the treated surface and observing the spreading of
the drops in two seconds. Successive liquids with
different surface tensions allow narrowing of the
surface tension range of the web. This method is sub-
jective but it provides a rapid means of assessment of
the treatment level. There are also pens operating in
a similar fashion as the dyne liquids. A more quanti-

" tative approach is the measurement of contact angle,
which decreases with the increase of the treatment
level [174].

4.12.3.3 Types of Polymeric Adhesives

As pointed out earlier, polymer-based adhesives
can be classified in several different ways. They may
be liquids of different viscosity, represented by
solvent-based adhesives, aqueous dispersions or
emulsions, and latexes monomers, or oligomers. In
all cases the main component is an organic com-
pound, such as a polymer (dispersions, emulsions,
and latexes) or a monomer or oligomer that forms
the adhesive film. Polymers used in adhesives are
mainly thermoplastics or elastomers that often are
combined with tackifying resins. Monomers and oli-
gomers have to polymerize in order to form a strong
enough film. In some cases all these adhesive sub-
stances may be cross-linked in order to further
increase the cohesive strength, heat resistance, and
chemical resistance of the bond.

Contact adhesives are mainly solvent-based or
water-based adhesives most frequently containing
elastomers combined with tackifiers and exhibit an
aggressive tack. Once the components coated with
contact adhesives are joined, the bond is strong
and permanent.

Hot-melt adhesives are 100% nonvolatile mate-
rials, that is, containing no solvents, or water, or
other volatile carriers. They are solid at room tem-
perature, but fluid at elevated temperatures. Hot
melt adhesives are applied in the molten state
with special equipment, often as beads or stripes.
After application, bonding and cooling, hot-melt
adhesives return to the solid state and develop
their ultimate strength.

Heat activated assembly adhesives are solution-
based adhesives that are applied to the surfaces of
two substrates and dried. Then, prior to assembly,
the coated surfaces are heated to a sufficiently high
temperature, and then pressed together,

Two-part adhesives consist of two components,
kept packaged separately, which are mixed just
prior to use. After these two components are
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mixed they start to react. As the reaction proceeds,
the adhesive layer becomes stronger. The reaction
is most widely a polymerization (polyaddition, poly-
condensation, etc.). The reaction may be completed
in short times (minutes), but it may takes hours or
days, depending on the system.

Moisture-cure adhesives are based on compounds
that cure by the expostre to moisture. They are kept
in impermeable packaging until they are applied
onto the substrate. The reaction takes usually days
to be completed since it depends on diffusion of
moisture through the applied layer.

Anaerobic adhesives are single-component liquids
that can be stored at ordinary temperatures in the
presence of oxygen and then polymerize rapidly to
solids on being confined between two surfaces that
exclude air.

As for the chemical nature, there are many poly-
mers used in adhesives. A detailed list is beyond the
scope of this work, so only the most widely used
polymers, monomers, and oligomers will be listed.

Elastomers are widely used in solvent-based,
water-based (latexes), contact, pressure-sensitive
and hot-melt adhesives. Elastomer-based adhesives
may contain a wide variety of component materials,
such as resins, tackifiers, fillers, plasticizers, antiox-
idants, curing agents, etc. Solvenf-based adhesives
are prepared by simply dissolving the rubber com-
pound in a suitable volatile solvent. Elastomer-
based hot melts are generally mixtures of the base
elastomer and a tackifying resin and other ingredi-
ents that affect its melting and melt viscosity. No
volatile ingredients are present in hot melts, as
pointed out earlier, Latex-based elastomeric adhe-
sives contain a variety of other materials, such as
protective colloids, emulsifiers, surfactants, thick-
eners, and emulsion stabilizers.

The following elastomers are typically used in
most commercial adhesives: Natural rubber, poly-
isoprene, styrene-butadiene rubber, polybutadiene
rubber, acrylonitrile rubber, polychloroprene, acry-
late rubber, polyurethane rubber, polysulfide rub-
ber, silicone rubber, carboxylic elastomers, and
copolymers of ethylene and vinyl acetate.

Thermoplastic elastomers such as S-B-S, styrene-
isoprene-styrene block copolymer (S-I-S), and TPU
are most widely used in hot-melt, pressure-sensitive,
contact and heat activated adhesives alone or in
blends with other elastomers and resins.

Epoxy resins are mostly employed in two-part
adhesive systems with different curing time and
with different bond characteristics.
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Polyurethane- and isocyanate-based adhesives.
Certain types of polyurethane adhesives are two-
part systems, consisting of a polyol (often an oligo-
meric polyol) and of a polyisocyanate, which are
kept separately and mixed only prior to use. The
bond strength develops rather rapidly. Other poly-
urethane adhesive systems include TPUs used in
hot-melts, polyurethane aqueous dispersions, pow-
ders, and films. Isocyanates alone are used as pri-
mers [175] or as cross-linking agents in certain
elastomeric adhesives prepared with thoroughly
dried inert solvents {175).

Silicones. Silicones can be used in two-part sys-
tems and also as single-package moisture curing
adhesives and sealants.

Cyanoacrylates. Cyanoacrylate adhesives form
a strong adhesive bond rapidly, typically in less
than a minute. This is the result of an anionic poly-
merization initiated by weakly basic species, such as
water or alcohol, at ambient temperatures [176].

Other polymers used for adhesives are; Ethylene-
vinyl acetate copolymers, polyvinyl acetal,
polyamides, polyimides, polybenzimidazoles, poly-
benzotriazoles, and others used for specialized
applications.

The reader can find more on the subject in
reference [177]. ¢

4,12.3,4 Application of Adhesives

Most of the adhesives are applied in liquid form.
The commonly used methods of application are:

* Brushing

s Spraying

¢ Dipping

» Curtain coating

* Application by roll

» Application of a bead or siripe of a hot melt.

4.12.3.5 Formation of an Adhesive Bond

When an adhesive is applied as a solution in a
volatile solvent or as an aqueous dispersion or emul-
sion, the solvent or water has to be evaporated. In
most cases this happens over a relatively short time
at ambient temperature. Sometimes the drying
time can be reduced by applying hot air to the sur-
face of the parts to be joined or by using infrared
heaters.

The assembly of the joint has to take place while
the adhesive layer has a sufficient tack. So each type
of adhesive has a specific open time. Open time or
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bonding range is the maximum time two surfaces
coated with an adhesive may be allowed to dry
(or cool down if applied in molten state) before
bonding and still have satisfactory adhesion. It
depends on the specific application and can vary
from less than one minute to more than 24 hr.

The adhesive joint can be formed by pressing
the two adherends together. If the adhesive has a
high tack (e.g., a contact adhesive), no additional
pressure is required. Similarly, for the bond formed
by hot melts a brief application of pressure is
needed until the melt solidifies. In other cases pres-
sure has to be applied for a certain period of time
by piacing the joint between platens of a press or
into a specialized fixture that holds the joined
parts together until the bond is sufficiently strong.
The same applies to adhesive bonds that become
stronger due to a chemical reaction. Occasionally
heating of such joints is used to reduce the time
for a sufficiently strong bond or to achieve consid-
erably higher bond strength.

4.12.3.6 Measurement of the Bond Strength

There are many tests of measuring the strength
of the bond between an adhesive and a substrate,
They are used for five main purposes [178]:

(1) To check the quality of an adhesive to see if
it falls within well-defined limits;

(2) To determine the effectiveness of the surface
treatment;

(3) To gather data for the prediction of the
performance of the adhesive joint;

(4) To select an adhesive from a group for a
specific application;

" (5) To evaluate the effect of aging on the

performance of the joint.

The most common test configurations are:

* Tensile
» Shear
* Peel.

Shear tests are most commonly used tests for a
quick assessment of adhesion between two rigid
substrates. The simplest test configuration is the
lap shear test using two principal forms of test
pieces, the single lap joint (Fig. 4.156) [179}, and
the double lap joint (Fig. 4.157) [180]. The advan-
tage of the lap joint is that it can be easily manufac-
tured and quickly tested. After the test piece is
ready for the test, it is pulled apart in the axis of



4: PROCESSING METHODS APPLICABLE TO THERMOPLASTIC ELASTOMERS 147

— |
[ I
Figure 4.156. Singie lap joint.
| —— '

{ } —

Figure 4.157. Double lap joint.

the bond and the failure load is then calculated. The
test results are of restricted value in the design of
adhesively bonded components, because of its com-
plex stress distribution [181]. However, in spite of
that, this test provides a rapid assessment of the
shear stress of the adhesive and may serve as a
good method of screening adhesives for a specific
application.

The test piece for the adhesive tensile test can
take several forms; one simple configuration con-
sists of two cylinders (Fig. 4.158) that are bonded
together at their ends. The joint is loaded to failure
at right angles to the plane of the adhesive and the
failure stress is determined by dividing the failure
load by the loaded area [182]. The tensile test pieces
are widely used for testing the strength of bonds of
riubber and plastics to metals.

Peel tests are generally used for elastomeric
adhesives. A typical version is the T-peel test, in
which two strips of substrate bonded together face
to face are peeled and the force required to pull
them apart is recorded. The peeling can be done
at a 90" angle, typically for two flexible substrates
(Fig. 4.159) [183] or at a 180" angle for peeling of
a flexible substrate from a rigid substrate (Fig.
4.160) [184].

Other adhesive tests, such as wedge test, cleav-
age strength test, impact strength test, and fatigue
strength test [177] are designed for specific applica-
tions and service conditions.

t

il

Adhesive —>

!
]

Y

Figure 4.158. Adhesion tensile test piece.
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Figure 4.159. 80" peel test.

4.12.4 Mechanical Fastening

Mechanical fastening is a simple and versatile
joining method. Mechanical fasteners are made
from plastics, metals, or a combination of the two
materials and can be periodically removed and
replaced or reused when servicing of the part is neces-
sary. Screws, nuts, and inserts can be made from plas-
tics or metals; rivets are generally made from metals,
Plastic fasteners are lightweight, corrosion resistant,

y

Figure 4.160. 180" peel test.
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and impact resistant. They do not freeze on threads of
screws and require no lubrication. Metal fasteners
provide high strength and are not affected by expo-
sure to extreme temperatures [185].

Screws, nuts, washers, pins, rivets, and snap-type
fasteners are examples of non-integral attachments,
in which the attachment feature is a separate part.
Use of separate fasteners requires plastic materials
that can withstand the strain of fastener insertion
and the resulting high stress near the fasteners.
Snap-fits are examples of integral attachments,
attachment features that are molded directly into
the part. Strong plastics that can withstand assembly
strain, service load, and possible repeated use are
required for non-integral attachments. Separate fas-
teners add to product cost due to increased assembly
time and use of additional material, and can be diffi-
cult to handle and insert; as a result, use of integral
attachment features is increasing [186-188].

Wider and more detailed discussion of the sub-

_ject of joining plastics is in references [189-191}.

4.12.5 Decorating

Plastics decorating involves the modification of a
plastics surface, using a coating or impression, by
the application of heat, pressure, or combination
of both.

4.12.5.1 Appliqués

Appliqués are surface coverings applied using
heat and pressure for a specific period of time; they
maybe applied as decals, during molding, or by hot
stamping, hot transfer, or water transfer [191].

4.12.5.2 Painting

Parts may be painted to provide color for color
matching, a high gloss or matte finish, a wood
grain, luminescent or metal flake appearance, a tex-
tured appearance, or coverage of surface imperfec-
tions. Paints and coatings can also provide
enhanced performance properties such as improved
chemical, abrasion or weathering resistance, and elec-
trical conductivity. Painting requires clean surfaces,
and the paint should be compatible with the sub-
strate. Parts should have uniform walls, and molding
should be stress free [191].

4.12.5.3 In-Mold Decorating

Parts can be decorated during molding by the
placement of a predecorated carrier into the mold;
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the molten plastic then fuses with the film during
processing. They must have good thermal stability
due to the high temperatures encountered during
the molding process. There should not be sharp
edges, and complex surfaces may result in problems
caused by air entrapment or stretching of the film,

4.12.56.4 Metallization

Plastic surfaces are metallized to givg the mate-
rial surface a metallic appearance and maie its prop-
ertics more similar to that of metal. Conductive
paints composed of pigments and conductive parti-
cles (nickel, copper, silver, graphite) can be applied
to the part with air atomizing or airless spray
equipment.

Vacuum metallization (or Physical Vapor
Deposition—PVD) is a process in which the metal
used for the application to the surface of the plastic
(very often aluminum, although other metals are
also used) is heated in a vacuum chamber and to
its vaporization point, which is lower than the meit-

ing point of the plastic material. The metal vapor

then condenses on the cooler plastic surface. The
parts to be metallized are held in an appropriate fix-
ture that can rotate to expose all surfaces to be
metallized. Several power sources are used for
metal evaporation, such as resistance heating, induc-
tion evaporation, electron beam guns, or vacuum
arc. Resistance heated tungsten filaments are most
often used. Aluminum chips or staples are placed
on the filaments or into a thermally heated boat or
crucible.

Frequently the thin metal layer is coated by a
transparent topcoat to improve its abrasion resis-
tance and to protect it against environmental infiu-
ences,-such as humidity.

Flame and arc spraying are easy, low-cost metal-
lization processes, where a hand-held or automated
pisto] is used to spray liquid metal onto a part.
The metal layer produced is thick compared to
other metallization techniques and the deposition
rate is high. However, the coatings prepared by the
these two methods are quite porous, coating adhe-
sion is lower and the surface roughness is relatively
high. In flame spraying, a metal powder or wire is
heated and propelled onto the plastic surface by a
stream of hot gases. Arc spraying is comparable to
flame spraying, but in arc spraying a direct current
(DC) electric arc is used. The arc is struck between
two continuous consumable wire electrodes that
form the spray material.
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Sputtering is a process in which metal atoms are
dislodged with inert gas plasma instead of heating
the metal. In cathode sputtering, the metal is
attached to the cathode, with the plastic acting as
the cathode. An clectron beam dislodges positively
charged metal ions, which then condense on the
plastic surface. Sputter coating has a better adhe-
sion and is more resistant to abrasion than vapor
deposition coatings, due to a higher kinctic energy
of the deposited metal atoms. Also, sputter coatings
can be easily applied over large surface areas with a
uniform layer thickness.

Spuiter coating can be done batch-wise or in line
with the injection molding process. Examples are
compact disks produced in-line with an injection
molding machine with sputter coating cycles of less
than 2 s.

Plating processes of plastic materials can be

divided into electroless plating process without a gal-

vanic electric current and electroplating, where elec-
tric current is used in a galvanic process. Plating in
general yields better adhesion than vacuum metalii-
zation, but the process is less environmental friendly,
less safe, and also expensive.

In electroless plating a metalliccoating is deposited
onto electrically nonconductive plastics. Nickel and
copper are most frequently deposited this way. The
surface of the part to be plated is first etched with a
strong oxidizing solution. After etching, the part is
immersed into a solution, and a metallic coating is
formed in a chemical reaction between the reducing
agent present in the solution and the metal ions.

Electrolytic plating is the deposition of a metal on
a conductor using an electric current. A plastic surface
must be first made conductive in order to be electroly-
tically plated. The process essentially comprises of
three steps: activation or treatment of the surface of
the plastic, sensitization, and coating. Stannous
chloride is frequently used as sensitizer. Electric cur-
rent is then used to deposit metals onto the prepared
substrate from metal salt solutions. The anode is
usuafly made from the same metal, and dissolves dur-
ing the plating process, replenishing the plating bath.

Metallizing makes surface flaws more apparent
and the physical characteristics of the resin may

change. Clean surfaces are required; no mold release -

agents should be present, and precleaning processes
should be checked for compatibility. Design consid-
erations include [192]:

¢ Uniform wall sections

» Radiused sharp edges (0.5 mm or 0.020 m.
minimum)
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*» Avoidance of deep vertical walls

» Gradual wall transitions

* Minimal amount of projections

* Avoidance of flat areas

* Hole depth of a diameter ratio less than S to 1

» Recesses less than 51 mm (2 in.) with greater
than 5" draft

* Minimum wall thickness about 2 mm (0.080
in.)

« Maximum walls ranging to 4.8 mm (0.190
in.).

4.12.5.5 Printing

In printing, a mark or impression is made on a
plastic surface. Printing processes include pad trans-
fer, screen printing, laser printing, dyeing, and fill
and wipe.

Pad transfer is used to print on flat and irregular
surfaces. A metal plate with an etched pattern is cov-
ered with ink, and soft silicone rubber pad is pressed
onto it. The pad picks up the ink pattern (in reverse)
and is pressed against the part. The pad can wrap
180" around a small part (360° with specialized equip-
ment). and coverage is excellent. Parts for pad trans-
fer decorating should be designed with smooth and
even transitions, and sharp edges should be avoided.
The surface finish affects sharp line intersections,
and thickness can be inconsistent in large print
areas. The size of the printing area should be mini-
mized [192].

In screen printing, a pattern is produced by selec-
tively sealing holes in a fine mesh screen. The mesh is
then placed on the part, and a squeegee is used to
force ink through the open holes onto the part sur-
face. Parts should be designed with smooth and
even transitions, with all coverage areas in one
plane, and points and projections should be avoided.

In diffusion process (wet or dry), dry solids are
transferred below the surface of a plastic (to a
depth of 0.025-0.100 mm or 0.001-0.004 in.)
using heat or heat and pressure. Inks used in this
process undergo sublimation—they change from a
solid to a gas and back without passing through
the liquid phase. In wet diffusion, pad transfer
methods are used to transfer the inks from a solvent
suspension, which evaporates after exposure to
heat, to the plastic substrate. Dry diffusion is simi-
lar 1o hot stamping; designs are reverse printed on a
carrier, then applied to the surface by heat and
pressure over a period of time. Wet diffusion is
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more economical; however dry diffusion can trans-
fer multiple colors in one operation [192]. Since dye
inks are translucent, diffusion is appropriate only to
parts that have planar or slightly curved surfaces,
and the surface finish affects sharp line intersec-
tions. Wall sections should be thick enough to be
stable during the heating process of dry diffusion.

Laser printing uses a CO, or YAG laser to pro-
duce marks on the surface. The laser beam
vaporizes the plastic surface, changing the color.
It is useful for placing permanent lettering (e.g.,
codes) on parts too small for conventional printing.
Pulse power, rate, and marking speed control the
depth of etching; the amount of contrast produced
is important in determining the quality of the finish.
Design considerations include gradual wall transi-
tions, and a minimization of sink marks,

In fill and wipe processes, the part is etched, and
the ink is used to fill the recesses. Excess ink is then
wiped away. For sharp detail, the surrounding
surface should be very smooth, and edges should
be sharp. Adjacent surfaces should be polished.

Thick, rather than thin borders should be used, .
and inside corners should be radiused. Recesses .

should be 0.38-0.76 mm (0.015-0.030 in.) deep;
small character openings may not be filled in [192].

4,12.5.6 Other Decorating Processes

Textures and letrering can frequently be molded
into the surface of the part, in order to hide surface
imperfections and provide decoration at no addi-
tional cost. Additional draft is required to eject a
part with textured sides. Surfaces with molded-in
texture do not usually maintain optical clarity [192].

Another special process is flocking, in which the
surface is coated with an adhesive and exposed to an
electrostatic charge. Short textile fibers are then
blown onto the surface and stand on end due to the
charge. As in other processes, flocking requires clean
surfaces, with a minimal amount of sink marks,
wall transitions, and projections. Sharp corners

“should be broken to a minimum of 0.5 mm

(0.020 in.) [193].

4.12.6 Cross-Linking

Typically, thermopiastic materials are not sub-
jected to cross-linking. However, in some cases
cross-linking is used to improve mechanical proper-
ties, to influence the flow of the material [194], to
increase heat resistance, to reduce swelling in oils
and solvents, and to chminate dissolution of the
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polymer in oils and solvents. An example is the use
in wire and cable insulation where cross-linking
improves resistance to abrasion and cut-through as
well as the heat resistance. Another application is in
the production of foams, where partial cross-linking
increases the melt strength of the polymer required
for the proper behavior during the foam expansion.
Cross-linking is also used for the manufacture of
heat-shrinkable films and sheets. Although chemical
methods of cross-linking of many thermoplastics are
possible, irradiation by electron beam is the most
widely used method in the industrial practice where
relatively thin layers are handled in a continuous pro-
cess and in large volumes. Two distinct advantages of
cross-linking by electron beam are that the depth of
penetration of the beam can be controlled by the
accelerating voltage and the degree of cross-linking
by the radiation dose [195]. In some cases, an addi-
tion of a radiation promoter (prorad) is required to
improve the process efficiency. Many thermoplastics
can be cross-linked by electron beam, but there are
some, which are either degraded by electron beam

. or resistant to the effects of irradiation [194].

4.13 General Processing Technology
of TPEs

The ability of TPEs to exhibit good flow proper-
ties upon heating and then solidifying upon cooling
allows the manufacturers to use highly productive
thermoplastic melt-processing equipment, such as
injection molding, extrusion, and blow molding
described in previous sections for the production of
elastomeric articles. This represents a substantial
savings when compared with multi-step fabrication
of rubber articles from thermoset elastomers.
Vulcanization (cross-linking) of thermoset elasto-
mers alone requires long times (minutes to hours)
and consumes a great deal of energy as opposed to
short cycles (minutes or less) used in melt-processing
techniques.

4.13.1 Compounding of TPEs

Traditional processing involves the use of a
large number of ingredients, such as fillers, plastici-
Zers, resins, curing agents, accelerators, activators
etc., requires intensive mixing that consumes great
mounts of energy, and is labor intensive. In general,
TPEs may be used without additives, but in many
cases they are blended with other polymers; they
may be mixed with fillers, oils, and resins to achieve




4: PrROCESSING METHODS APPLICABLE TO THERMOPLASTIC ELASTOMERS 151

required processing characteristics and/or proper-
ties. In such cases the final compound may contain
less than 50% of the original polymer [196]. Not
only is the volume of the added ingredients, but
also their distribution, important. In block copoly-
mers, the added materials can accumulate in the
soft phase or in the hard phase, in both phases or
may form an entirely separate phase.

If the additive accumulates in the hard phase, it
increases its relative volume and the material
becomes harder. If the additive is a polymeric mate-
rial, its glass transition temperature must be higher
than that of the hard phase; otherwise it reduces the
high temperature performance of the block
copolymer.

If the additive accumulates in the elastomeric
phase, it increases its relative volume and makes
the material softer. It may change the glass transi-
tion temperature of the elastomeric phase, which
may in turn affect some end use properties such
as low temperature flexibility and tack.

If the additive forms a separate phase, it
depends on its molecular weight. Low molecular
weight additives, such as oils and resins are often
compatible with both phases. Polymeric additives
with sufficiently high molecular weight usually
form a separate third phase, which is co-continuous
with the block copolymer and affects the properties
of the finished product.

If the additive goes into both phases, it will
reduce the degree of phase separation and conse-
quently weaken the product. For that reason such
a situation should be avoided.

The choice of mixing equipment is determined by
the overall volume of the compounds to be mixed
and their assortment. In such cases, where a small
number of very large volume compounds is mixed,
large equipment, such as an internal mixer is suitable
since it is capable of mixing large-size batches in
short times. However, equipment of this type repre-
sents a large capital investment.

Other choices are single-screw extruders, twin-
screw extruders, reciprocated single~screw extruders
(e.g., Buss Kneader) and the selection depends mainly
on the type and volumes of materials being mixed.

Twin-screw extruders used for TPE compound-
ing have typically L{D ratios from 36:1 to 41:1,
depending on the number of process tasks involved
in the process [197]. Operating conditions are
greatly dependent on the type of TPE being pro-
cessed. For styrenic block copolymer (SBC), TPU,
and COPE, the main compounding concern is to
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maintain the material integrity and obtain proper
blending of components. Thermoplastic poly-
urethane in particular is sensitive to both moisture
and shear. Thermoplastic polyurethane compound-
ing process design is critical since “overwork”
can lead to a catastrophic molecular weight reduc-
tion {197].

Thermoplastic vulcanizates are generally robust
materials that can be processed under a wide range
of temperatures and mixing speeds, however the
challenge here is to obtain homogeneity in a system
containing a cured rubber phase that does not
accept color or other additive as well as the thermo-
plastic phase, Additional challenge in compounding
of TPVs is keeping the balance between the cross-
linking process and the mixing process. Mixing PP
and the elastomer (most commonly ethylene
propylene diene monomer (EPDM)) is not easy
because the polymer viscosities are very different
and becavnse the viscosity changes during the
cross-linking, The degree of cross-linking deter-
mines most of the mechanical properties and flow
behavior during subsequent processing operations.
The most common mixing procedure has two
steps: EPDM and PP are premixed in an internal
mixer and the dynamic vulcanization takes place
in an extruder. However, a single-step of preparing
a TPV in an extruder has been patented [198]. The
single-step has the advantage of eliminating batch-
to-batch variation, but the longer extruder needed
for this process can limit the throughput [197].

Direct extrusion, in which the raw materials are
compounded and then made directly into a sheet or
profile, eliminates the pelletizing step and has been
used in some cases, mainly for TPOs. The equip-
ment used is a standard compounding extruder
that has to be lengthened by approximately 8 L/D
and the screw has to be modified [197].

4.13.2 Injection Molding

The injection molding process is adapted to
TPEs rather readily. The various classes of TPEs
will generally mold well. Historically the TPUs
were the exception due to their high viscosity, but
in recent years TPU pgrades that injection mold
well have been commercialized. In order to process
TPEs the key process variables, including melt tem-
perature, melt viscosity, and shrink rate have to be
set to accommodate the particular properties of any
given class of TPE.

The TPVs represent a special case since the struc-
ture does not consist of a single polymer type.
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Thermoplastic vulcanizates have a cross-linked rub-
ber phase dispersed in a thermoplastic phase. This
morphological structure makes them very shear
dependent such that the viscosity is quite low at the
high shear rates used during injection molding
(1,000-100,000 s~'). Then at very low shear (and
when static) the viscosity is quite high giving the
TPV melt a relatively high stiffness. The grades of
TPVs commercially available also vary widely in
their suitability for injection molding. Some are
highly tailored to injection molding and work ex-
tremely well. These molding grade TPVs work better
in thin and difficult to mold parts [199]. Typical
injection molding parameters for commercial TPEs
are in Table 4.38 and typical temperature settings
in Table 4.39.

4,13.2.1 Overmolding

There are many reasons to use “soft-touch”
materials over rigid parts for industrial and consu-
mer goods. Rigid components, such as plastics and
metals, provide the required strength, stiffness, and
structural integrity and the soft materials applied
over them provide improved esthetics, better tactile
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properties, enhance grip of products while absorb-
ing vibrations transmitted to the hand. Products
are more durable and comfortable to use. Typical
overmolding applications are in automotive inter-
iors, house wares, personal care items, appliances,
hand tools, calculator and computer keys, sporting
goods, and lawn care products.

Traditional joining techniques, such as snap-fit
designs, mechanical fasteners, adhesion and weld-
ing techniques (ultrasonic and heat) are still being
used. These usually involve labor-intensive second-
ary assembly steps, which increase costs and limit
control over product integrity.

Processing techniques such as co-injection, two-
shot molding, and insert molding have been used
with increasing frequency since they offer signifi-
cant cost and performance advantages.

Co-injection molding provides the greatest adhe-
sion between the rigid substrate and the soft TPE
compound, but it is difficult to control and expen-
sive. In this method the substrate and the TPE are
injected simuitaneously and the TPE migrates into
the proper position [200].

Two-shot molding uses a complex mold with sev-
eral gates and activated slides. The rigid substrate is

Table 4.38. Typicdl Injection Molding Parameters for Commercial TPEs

TPE Class Typical Melt Typical Injection Typical Shrinkage
Temperature ('C) Pressure (MPa) Rate (%)
SBC 190-200 1.0-5.5 0.3-0.5
TPO Blend 175-205 1.0-10.0 0.8-1.8
EPDM TPV 190-230 1.0-10.0 0.5-4.7
NBR TPV 190230 1.0-10.0 1.0-2.2
MPR 199-255 1.0-5.5 1.1-1.9
TPU 175-205 1.0-7.0 0.5-2.5
COPE 180-260 2,0-10.0 0.5-1.6
Table 4,39, Typical Injection Molding Temperature Setting for Commercial TPEs
TPE $BS TPO TPV MPR TPU COPE
Zone Temperature | Temperature | Temperature | Temperature | Temperature | Temperature
(C) (C) {C) ('C) (C) (C)
Feed/Rear Barrel 120150 185-200 170-190 171177 160-182 200-215
Center Barre! 170-182 190-210 170-180 171177 177--199 205235
Front Barrel 185-195 200-220 170-190 171177 188~210 210-235
Nozzle 190-200 200-220 170-210 171177 190-210 215-240
Melt 180200 207-216 185-205 171177 185210 220-245
Moid 22-32 10-50 10-80 21-49 38-60 20-50
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injected first, then the mold is indexed to another
barrel, and the TPE compound is injected onto
the rigid substrate.

Insert molding is a method, in which the TPE
compound is injected and overmolded onto the
rigid part that has been molded in a separate pro-
cess. The TPE provides the formation of a joint
through melt flow or through chemical bond.

Specific processing conditions for all applicable
techniques described in this chapter are discussed in
more detail in chapters covering individual TPEs.

4.14 Process Simulation

At the heart of every decision is an understanding
of the relationship between the decision variables to
the expected outcomes. Since such knowledge is so
significant in product design and manufacturing pro-
cess development, phenomenological simulation and
numerical analysis is a continuous activity. The act of
developing these simulations provides significant
insight into the process physics, and the results are
very useful for integrated product and process design.

The development of aerospace, automobile, and
high-technology industries requires the development
of advanced plastic processing technologies in order
to manufacture parts with light weight, high
strength, high precision, high efficiency and at low
cost, with a short period and a friendly environ-
ment, and with intellectualization and digitization.
There are key problems to be solved urgently in
the research and development of advanced plastic
processing technologies, and FEM numerical simu-
lation in combination with physical modeling and
theoretical analysis has been playing a more and
more important role in this field.

There are several major resources for process
simulation. Moldflow [201] is a software that simu-
lates the injection-molding process, trying out any
shape of mold that the designer can imagine. It dis-
plays color-coded pictures of the way molten plastic
will flow into the mold and how the plastic will shrink
or warp when it cools. This information can be used
to design a mold, to add extra cooling channels into
the mold if needed and to beef up plastic sections
that might warp. The toolmaker uses the computer-
generated design to make the mould.

Compuplast [202] specializes in offering the com-
puter simulation tools for the analysis and design of
almost any extrusion related process including sheet
and film extrusion, cast film process, blown film
extrusion, pipe and profile extrusion, wire and
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cable coating, and extrusion blow molding.
Separate software packages are available for injec-
tion molding and thermoforming.

4.15 Product Development and Testing

Development of new products and processes as
well as their improvement are important factors in
growing any business based on manufacturing pro-
ducts, There are essentially two ways to develop
ideas for new products and processes [203]:

+ R&D can make technological forecasts of new
developments in basic and applied research
leading to new products and processes

+ At the same time marketing and sales employ
the tools of market research to identify
unfulfilled needs in the marketplace or op-
portunities to compete with other products
and/or applications.

The financial success of any new product is
assured when there is demand for it in the market-
place and when it can be manufactured in a cost-
effective manner, When a product is properly
designed it has the following key features:

+ Unique performance properties that demand
a premium in the marketplace or at least
provide a competitive alternative to existing
materials and products

¢ Can be manufactured to a specified consis-
tency and in a cost-effective manner

» Does not require alteration during and after
production, which can increase the chance of
inconsistency '

» Performs to the expectations and claims of the
manufacturer under the environmental con-
ditions for which it was intended to be used.

It is fair to say that product design has a direct
bearing on product quality. Poorly designed product
that is made from inferior or improper material, and/
or by improper process will not perform to the cus-
tomer expectations and will ultimately fail in the
marketplace.

There are many factors that contribute to the
success and failures of product development pro-
grams, such as:

* R&D philosophy of the company
* Management support

» Technical aspects of synthesis and product
testing,
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Specific attributes that are typically used to
evaluate a product based on polymers are:

¢ Physical and mechanical properties
* Processing (rheological properties)
* Chemical nature and aging

» Methods of ‘quality control (probability and
statistics).

Thus, it is extremely important to understand
not only the principal methods of testing but also
the regression and statistical approaches in planning
the experiments and in evaluation of the test results.

In some organizations the development process is
performed in a sequence, where specialists contribute
to each phase of product development effort, passing
it from one function to the next. Each functional
group makes its major contribution to the product
only once, and there is little dialogue between them.

In a completely different, parallel approach
everyone responsible for any aspect of the develop-
ment is brought in to formulate the development
strategy. All participants continue to interact
throughout the process. Typically, members of the
technology department, marketing, production,
and quality assurance work together. The parallel
approach brings, together a broad range of talent
for trying things out, learning from each attempt,
and then trying again. Through recycling and inter-
active approach, it enables more reliable products
to be developed in a shorter time [203].

A typical product development project starts with
the selection of the material to be used. It may be a
polymer, blends of polymers, or a compound con-
taining a variety of components. The initial series
of candidate materials is evaluated as to their rheol-
ogy, physical and mechanical properties, and some-
times for aging on the laboratory scale. If the
project is rather involved, consisting of a large num-
ber of experiments, a systematic approach, such as
design of experiments (DOE) {204] should be used.
In the first step (screening stage) the independent
and dependent variables within the relevant range
areidentified. In the next phase (limited response sur-
face) the number of independent variables is reduced
and major variables are defined. The next phase
(response surface defined) will allow some interpola-
tion and leads to the next phase that allows scale-up
prediction [203]. This method is suited to both mate-
rial and process development and optimization,

Once the best candidate material is found, it is
evaluated on pilot equipment that in most cases is
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similar to that used in production. In this stage
the experimental procedure involves process opti-
mization resulting in optimum process parameters.
The next stage is a scale-up from pilot to produc-
tion equipment, usually for a short run. This may
inctude mixing and processing into the final prod-
uct. Often some adjustments are needed to achieve
a smooth run. The first products are then fre-
quently subjected to field testing. The type and
duration of the field tests depend on the type of
products and expected service conditions. The tran-
sition to full scale production occurs after a thor-
ough analysis of the short run and the results of
field tests. The initial production run requires a
close monitoring and statistical analysis [204] to
assure a uniform quality of products.
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5 Styrenic Block Copolymers

5.1 Introduction

Styrenic block copolymers (SBCs) are based on
simple molecules of the type 4-B—4, where 4 is
polystyrene and B is an elastomeric segment. The
most common structure of SBCs is that where the
elastomeric segment is a polydiene, such as polybu-
tadiene or polyisoprene. Using the nomenclature
proposed in reference [1], they are poly(styrene-b-
butadiene-b-styrene) or poly(styrene-b-isoprene-b-
styrene). The more convenient and more widely
used nomenclatures for these SBCs are S-B-S and
S-1-S, S being styrene, B butadiene, and I isoprene.
Materials with this structure form two separated
phase systems, which are very different from the
corresponding random copolymers. These two
phases retain many of the properties of the respec-
tive homopolymers and the copolymer exhibits two
glass transition temperatures (Tp) unlike random
copolymers, which exhibit a single intermediate T,
{2, 3-7] (see Fig. 5.1). The consequence of which
is that in SBCs at room temperature, the polysty-
rene is rigid and strong and the elastomeric phase
is elastic and can be easily extended.

The structure representing a styrenic thermo-
plastic elastomer (TPE) is shown schematically in
Fig. 5.2. The polystyrene phase, which is present as
a minor part of the total volume consists of separate
spherical regions {(domains). These domains are at-
tached to the ends of elastomeric chains and form
in this way multifunctional junction points similar

to cross-links in a conventionally vulcanized elasto-
mer (vulcanizate). The difference is that these
cross-links are of a physical nature that is in contrast
to the chemical nature of cross-links in the volcani-
zate and therefore considerably less stable. Af ambi-
ent temaperatures, this block copolymer-behaves in
many ways like vulcanized rubber. When it is heated,
the polystyrene domains soften, the network be-
comes weaker, and eventually the material is capable
of flowing, and when it is cooled again, its original
elastomeric properties are regained as the polysty-
rene domains become rigid. S~B-S and S-I-8 block
copolymers can also be dissolved in such solvents,
in which both respective homopolymers are soluble.
After the solvents are evaporated the original
properties are regained. Block copolymers, such as
S~1-8-I-..- and (§-B), (where x represents a multi-
functional junction point), can form similar continu-
ous networks, provided the polystyrene blocks are
the minor component. However, structures such as
I-S-I, B-8-B, S-1, S-B are not capable of forming
continuous networks because only pne end of each
polydiene chain is terminated by a polystyrene
block and the resulting materials are weak with no
resemblance to conventional vulcanized rubber [4].
Other block copolymers with alternating hard
and soft segments, such as polycarbonate-polyether,
poly(dimethy! siloxane)-poly(silphenylene siloxane),
polycarbonate-polyether[8], and segmented polyure-
thanes [9, 10] form materials with useful properties.
A list of known TPEs based on styrenic copolymers

Viscous
Damping

Figure 5.1. Glass transition
temperatures of S-B-S and

~120 -80 -40 4] 40
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Figure 5.2. Schematic of a styrene—butadiene—styrene
block copolymer.

is given in Table 5.1. It should be noted that commer-
cially, the triblock and branched styrenic copolymers
with polybutadiene (S-B-S), polyisoprene (S-1-S),
ethylene/butylene (S-EB-S), ethylene/propylene
(S-EP-S), polyisqbutylene (S-IB-S), and ethylene/
ethylene/propylene (S-EEP-8) center blocks have
been commercially successful. The S-IB-S block
copolymers are produced by carbocationic polymeri-
zation (see Section 5.3).

5.2 Polystyrene-Polydiene Block
Copolymers

5.2.1 Synthesis of Polystyrene-Polydiene
Block Copolymers

Block copolymers of the S-B-S and S-1-S type
are made by anionic polymerization [11-14],
which is applicable only to three common mono-
mers — styrene (including substituted styrenes),
butadiene, and isoprene. The solvents usually used
are inert hydrocarbons, such as cyclohexane or tol-
vene. Oxygen, water, or any other impurity must
be completely eliminated to prevent undesirable re-
action of the highly reactive propagating species.
These measures assure a precise control of the mole-
cular weight of the copolymer. This is in contrast
to other block or graft copolymers, which have
typically broad segmental or molecular weight distri-
butions and broad distribution of a number of
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segments [15]. Organolithiums are preferred and
also most frequently used initiators, although others
can be used [12]. There are essentially three synthetic
methods for the preparation of this type of SBCs:

(1) Sequential, in which the polymerization
starts at one end of the molecule and
continues to the other end.

(2) Coupling, in which polymerization starts at
each end of the molecule and then the
reactive chains are joined together by a
coupling or linking agent.

(3) Mudltifunctional initiation, in which the poly-
merization starts at the center of the molecule
and continues to the ends, using initiators,
which have more than one active group.

The preferred inijtiator for the sequential and cou-
pling polymerization methods is sec-butyllithium
because it initiates the polymerization very readily
{13]. The initiation rate is high in comparison to
the rate of subsequent polymerization. The initiator
reacts with one molecule of styrene, thus:

RLi* + CH;=CH —— RCH,CH™ LI
| |

o O

This is referred to as the initiation reaction.
In the next stage, the above species reacts with
the styrene in the propagation reaction:

RCHZ('JH“LI* +nCH2=(l:H _ R(CHQ([IH),,CHZCH"Li*

|
The new product is referred to as polystyrol lithium
(the effects of the terminal sec-butyl radical are
ignored) denoted as S~ Li*. If a diene (in this

case butadiene) is added, the S~ Li™ can initiate
further polymerization.

S~Lit+ nCH;=CHCH=CH; —
S{CH,CH=CHCH,),_,CH,CH=CHCH, Li*
In the above example, the polymerization is

shown to take place exclusively through the end,
that is, 1,4 carbon atoms. In inert hydrocarbon

(nonpolar) solvents at least 90% of the resulting

polymer is in this arrangement. The remaining co-
polymer is polymerized through the 1,2 carbon
atoms (with butadiene) or through 3,4 carbon
atoms (with isoprene). For the above reaction, the

PONTRN

B
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Table 5.1. Thermoplastic Elastomers Based on Styrenic Copolymers

Hard segment, H Soft (elastomeric) segment, £ Structure
Polystyrene Palybutadiene and polyisoprene 7.8
Polystyrene Poly(ethylene/butylene) and poly(ethylene/propylene) T
Polystyrene and substituted polystyrenes | Polyisobutylene T.B
Poly(c-methyistyrene) Polybutadiene and polyiscprene T
Poly(a-methylstyrene) Poly(propylene sulfide} T
Polystyrene Polydimethyisiloxane M
“Poly(a-methylistyrene) Polydimethyisiloxane M

Notes: T = Triblock, H-E-H, B = branched, (H-E),X, M = multiblock, H-E-H-E~-H~--

Source: Reference [15].

product can be denoted as S-B~Li™. This species is
also an iitiator, so if more styrene monomer is
added, it will polymerize onto the “living” end of
the polymer chain:

S-B-Li* + nCHz=(‘:H — S—-B—((l:Hz CH),,_,(IZHZCH"LP
When this reaction is completed, the product (S-B~
S~Li*) can be made inactive by the addition of a

protonating species such as an alcohol and this
will also terminate the reaction, thus:

$-B-S~Li* + R-OH —» S-B-SH + ROLi

If coupling is the method of choice, the first three
reactions above remain unchanged, but instead of
the S-B-S™Li™* initiating further polymerization
of styrene, it is reacted with a coupling agent:

28-B-S7Li* + X-R—X —>
S-B-R-B-S + 2LiX

The example above shows the reaction of a di-
functional coupling agent, but coupling agents of
higher functionality (e.g., SiCly) will produce
branched or star-shaped molecules (S-B),x. If
divinylbenzene is added at the end of the reaction,
the products are highly branched, that is, the
value of # is very large [16, 17}.

In multifunctional initiation, a multifunctional
initiator Li* "R~Li* is first reacted with the
diene (here butadiene is used):

nCH;=CH~CH=CH; + Li*"R"Li*—>
Li*"B—R-"Li*

The subsequent steps are similar to the correspond-
ing steps in the sequential polymerization described
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earlier. When the reaction to produce Li* “B-R-
B™Li™ is completed, the styrene monomer is added
and the result is the formation of a growing polymer
with “living” chain ends, Li* ~“S-B-R-B-S"Li*. The
reaction is terminated by the addition of a protonat-
ing species (e.g., an alcohol) to give the block copoly-
mer S-B-R-B-S.

Muttifunctional initiation is used less frequently
than the other method discussed earlier since the
“living” ends tend to associate if the reaction is car-
ried out in hydrocarbon solvents resulting in the
formation of gel in the early stage. The use of
other solvents, for example, ethers, changes the
microstructure of the polydiene [18].

S-B-S and S-I-S block copolymers are precur-
sors of SBCs with saturated elastomer center seg-
ments [19]. If S-B-S copolymers are used, they
are polymerized in the presence of a structure modi-
fier to give elastomer segments, which are a mixture
of 1,4 and 1,2 isomers and these are subsequently
hydrogenated to yield ethylene-butylene (EB) co-
polymers. Polyisoprene elastomer segments can be
hydrogenated in a similar fashion into ethylene~
propylene (EP) copolymers. The resuitant block
copolymers, S-EB~S and S-EP-S, are due to their
saturation resistant to heat and oxidative
degradation,

Styrene is the preferred monomer for almost all
anionically polymerized block copolymers of this
type, although substituted styremes can also be
used (see Section 5.2.4.1.4). Essentially, these co-
polymers have polystyrene end blocks.

5.2.2 Morphology of Polystyrene—Polydiene
Block Copolymers

The structure of SBCs shown in Fig. 5.2 was
postulated from their mechanical and rheological
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behavior; there were no direct observations to sup-
port it [20]. At the same time, another postulate
was made regarding the changes in phase arrange-
ment with the relative proportions of the two seg-
mental types [2]. The domains forming these
copolymers are too small to be observed in visible
light and this is why these copolymers are optically
transparent. Only the development of staining tech-
niques with osmium tetroxide allowed the morphol-
ogies to be established by electron microscopy [21].
A more detailed picture was proposed [22] that is il-
lustrated by Fig. 5.3. As the proportion-of styrene is
increased, the morphology of the polystyrene
changes from spheres to cylinders, both dispersed
in the continuous elastomer phase. When the vol-
ume fractions of both components are about
equal, the two form alternating lamellae. As the
styrene content increases, a continuous polystyrene
phase forms in which either cylinders or spheres of
the elastomer are dispersed [20]. At lower styrene
content, about 30%, a regular hexagonal array of
polystyrene domains dispersed in the elastomer
matrix can be obtained, especially if the sample is
slowly cast from a solvent [23] (see Fig. 5.4).

The morphologies of films cast from solvent so-
lutions depend on the nature of the solvent used.
Good solvents for the polystyrene segments, such
as toluene, favor the formation of a continuous
polystyrene phase. When the solvent is evaporated,
the film is relatively stiff and inelastic. On the other
hand, good solvents for the elastomer segments,
such as cyclohexane, favor the formation of a con-
tinuous elastomer phase with a dispersed polysty-
rene phase, yielding softer and elastic films [24, 25].

In general, these styrenic-diene block copoly-
mers, particularly those with a continuous polysty-
rene phase, exhibit stress softening upon being
stretched below their ultimate elongation and sub-
sequently let retract and then restretched. It be-
comes softer during the second stretching than
during the first one. This behavior akin to so-called

gw  oOf an A~B-A block copolymer as
a function of composition.

Mullins effect in conventional vulcanized rubber re-
inforced by fillers (mainly carbon black) [26-28] ap-
pears to be the result of rupture of the continuous
polystyrene phase during stretching to give discrete
domains [28].

5.2.3 Critical Molecular Weight for Domain
Formation

The condition for complete miscibility of two
substances is that the Gibbs free energy of mixing
(AG,,) be favorable, that is, negative. On the
other hand, if AG,, is positive, phase separation
will occur. In the case of block copolymers, a posi-
tive value of the free energy of mixing means that

Figure 5.4. Electron micrograph of an (S—1).X copolymer.
The polylsoprene phase is stained biack.



5: STYRENIC BLock CoOPOLYMERS

separate domains will be formed. The free energy of
mixing can be expressed as follows:

where AH,, is the enthalpy of mixing, AS,, is the
entropy of mixing, and T is the absolute tempera-
ture. For the styrene-diene block copolymers, the
enthalpy of mixing is positive because there are
no strongly interacting groups and it increases as
the two polymers forming the segmenis become
less alike. T and AS,, will always be positive and
consequently the product (—TAS,,) will always be
negative. This term will approach zero, however,
as the molecular weights of the segments become
large and/or as T decreases. Thus, the domain for-
mation will be favored by the following conditions:

» High degree of structural difference between
the segments

* High molecular weights of the segments
* Low temperature.

Based on this approach, the values of critical
molecular weights and temperatures for domain
formations have been developed and can be pre-
dicted quite well [29]. Findings reported from
studies [30-32] are:

* An S-B-S block copolymer with end seg-
ments having molecular weights of 7,000
changes to a one-phase system at about 150°C.

» Similar block copolymers with end segment
molecular weights of 10,000 and greater appear
to be separated at temperatures up to 200°C.

» The critical molecular weight for domain
formation in S-B-S block copolymers ap-
pears to be about 7,000.

5.2.4 Properties of Polystyrene—Polydiene
Block Copolymers

52.4.1 Structure—Property Relationships

5.2.4.1.1 Effects of Molecular Weight

The melt viscosities of SBCs are considerably
higher than those of homopolymers of similar mo-
lecular weight. The reason is the persistence of the
two-phase domain structure in the melt and the
extra energy required to disrupt it during flow.

The total molecular weight has little or no effect
on the modulus of the material at ambient tempera-
tures, if the styrene content is held constant. This
phenomenon is attributed to the fact that the mod-
ulus of the elastomer phase is inversely proportional
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to the molecular weight between entanglements
(M) in the elastomer chains [2] and the fact that
this quantity is not affected by the total molecular
weight (see Section 5.2.4.1.3).

5.2.4.1.2 Effect of Polystyrene Content

SBCs become harder and stiffer as the propor-
tion of the hard styrene segments is increased.
The stress—strain behavior of otherwise similar
block copolymers with a wide range of polystyrene
contents shows a family of stress-strain curves
[2, 33, 34]. As the styrene content increases, the pro-
ducts change from soft, weak, rubbery materials to
strong elastomers, then to leathery materials, and
finally to hard, glassy thermoplastics {35].

5.2.4.1.3 Effect of the Elastomer Type

The nature of the elastomer segment affects
many of the properties of these block copolymers.
Both polybutadiene and polyisoprene have one
double bond in the original monomer unit, which
are prone to a chemical attack and limit the thermal
and oxidative resistance of the S-I-S and S-B-S
block copolymers. In contrast, poly(ethylene-
butylene) is saturated and S-EB-S copolymers are
much more stable than the former. The modulus
of these block copolymers shoflld be inversely
proportional to the molecular weight between the
entanglements (M.). Some values of M, for various
polymers [36] are given below:

Polymer Mo
Polyisoprene {natural rubber) 6,100
Polybutadiene 1,900
Poly({ethylene-propylene) 1,660

The M. for poly(ethylene-butylene) can be assumed
to be similar to that for poly(ethylene-propylens);
thus, the S~I-S copolymers are softer than S-B-S
and the S-EB-S copolymers are the hardest.

Since the elastomer segments of the above co-
polymers are nonpolar, they can be used for formu-
lations containing hydrocarbon oils as plasticizers.
Another consequence of that is that neither of
them will resist too much to swelling in hydro-
carbon oils and solvents.

5.2.4.1.4 Effect of the Hard Segment Type

The nature of the hard segment type determines
the upper service temperature. If the styrene in
SBCs is replaced by o-methyl styrene, the resuit is
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an increase in both the upper service temperature
and the tensile strength [33, 34]. However, the poly-
merization of a-methy! styrene is relatively difficult,
so block copolymers using it have not been com-
mercialized {37].

5.2.4.2 Tensile Properties

Styrenic TPEs behave like thermoset (vulca-
nized) rubber at least at ambient temperature,
which makes them useful for practical use. A
study published already in 1966 [19] compared
stress—strain behavior of an S-B-S to that of vulca-
nized natural rubber and vulcanized SBR. The ten-
sile strength was found to be well in excess of 4,000
psi (28 MPa) and elongation at break over 800%
(Fig. 5.5). These values (particularly tensile
strength) measured on most block copolymers of
this type are in this range and are much higher
than those measured on vulcanized compounds
based on SBR or polybutadiene, unless they con-
tain reinforcing carbon black. For materials with
constant polystyrene content, the tensile moduli
and tensile strength values of both S--B-S [38] and

8000
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Figure 5.5. Stress—strain curves for different elastomers.
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S-I-S {39] do not depend on the moelecular weight
of the polymer, as long as the polystyrene molecular
weight is high enough to form strong and phase-se-
parated domains under the condition of the test.
The theoretical aspects of this behavior as well as fail-
ure mechanisms for this type of copolymers and of
their swelling behavior are in reference [40]. The
exceptionally high elastic modulus is explained by
trapped entanglements in the elastomer center seg-
ments acting as cross-links. Thus, the molecular
weight between entanglements M. is considered to
be a critical parameter [40] useful for calculating
both the elastic modulus [2] and the degree of swel-
ling in solvents (see Section 5.2.4.5).

5.2.4.3 Viscous and Viscoelastic Properties

Under low shear conditions, the melt viscosities
of 8-B-S and S-I-S block copolymers are much
higher than those of either polybutadienes [41],
polyisoprene [42], or random copolymers of styrene
and butadiene [43] of equivalent molecular weights.
The comparison of viscosities of an §-B-S and
a polybutadiene each with molecular weight of
75,000 is in Fig. 5.6. S-B-S and S-I-S block

1010
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109 —

107 }—

Viscosity,
puise

106 p—

105 —

Polybutadiene
1048

103 S T B R
40 80 120 160
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Figure 5.6. Viscosities of polymers at constant shear
stress.
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copolymers also exhibit non-Newtonian flow beha-
vior in that their viscosities increase as the shear de-
creases and apparently approach infinite values at
zero shear. This behavior has been found under
both steady-state {37, 44] and dynamic conditions
[45, 46] (see Fig. 5.7). This is attributed to the per-
sistence of the two-phase structure in the melt, simi-
lar to that shown in Fig. 5.2. In such a structure,
flow can only occur if the polystyrene segments at
the ends of the elastomer chains are pulled out of
their domains. Above a critical molecular weight
(see Section 5.2.3), the polystyrene segments are
phase separated at all temperatures of practical im-
portance and so even if the polystyrene is above its
T, and therefore fluid, it requires an extra amount
of energy to bring it into the elastomer phase.
This energy is manifested as an increased viscosity.
The viscosity increases with the degree of incompat-
ibility between the end and center segments. This is
particularly pronounced in S-EB-S block copoly-
mers, which have very high and highly non-
Newtonian viscosities because of their extreme
segmental incompatibility [47].

Because these block copolymers exhibit two
glass transition temperatures as mentioned pre-
viously, their dynamic mechanical behavior cannot
be described as that of most polymers using the
Williams Landel Flory (WLF) equation [48]. To
do that this approach has to be modified. There
are several modifications, such as calculating the
shift factors at low temperatures using separate re-
ference temperatures for polybutadiene and poly-
styrene [49]. At other temperatures they are
calculated using a “sliding” T} intermediate between
the two [50]. In another method, an extra factor is
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added at higher temperatures to reflect the viscoelas-
tic response of the polystyrene domains [51]. .

Viscoelastic behavior of block copolymers can
be widely modified by using various resins to soften
the polymer and to dilute the elastomer phase [52].
This has been of importance in their utilization in
pressure sensitive adhesives [49].

5.2.4.4 Solution Properties

Dilute solutions of SBCs in relatively good
solvents exhibit quite normal behavior. Because
of the existence of the elastomer and polystyrene
segments, the usual theoretical analysis is more
complicated, since there are difficulties applying
theories  of molecular behavior that apply to
theta solvents. The reason is that no solvent can
simultaneously provide theta conditions for both
the polystyrene and the elastomer segments [53].
A good approximation is possible by using intrin-
sic viscosity of dilute solutions, measured in a
range of solvents. The maximum value of intrinsic
viscosity was found when the solubility parameter
of the solvent was about 8.6 (caljcc)'/? [54] (see
Fig. 5.8). In more concentrated solutions, phase
separation begins and .ordered structures can be
observed. Several studies were carried out to es-
tablish domain sizes, interdomain distances, and
morphologies [55-59]. The conclusions point out
that domain sizes depend on the polystyrene mo-
lecular weights and on the thermal histories of
the solutions [60]. Trends observed in solution
viscosity with changes in molecular structure
(linear vs branched) and in molecular weight are
in Fig. 5.9.

Figure 5.7. Dynamic viscosity of
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Figure 5.8. Effect of solvent solubility parameter on the
intrinsic viscoslty of an S~B~S block copolymer.

5.2.4.5 Swelling

Swelling in liquids is frequently used to estimate
the molecular weight between effective cross-links
in conventionally vulcanized elastomers. This mole-
cular weight, M., is calculated from the Flory—
Rehner Equation [61] (Eq. 5.2):

Mo=p,V1(93 ~ $2/2)/In(1 — $9) + ¢y + 1,62
{5.2)

where M, is the molecular weight between effective
cross-links, p, is the density of the elastomer in the
unswollen state, ¥, is the molar volume of the
swelling agent, ¢, is the volume fraction of the elas-
tomer in the swollen state, and 7y, is the Flory—
Huggins solvent interaction parameter. -

This equation can be applied to SBCs also if the
swelling liquid is chosen so that it is very compati-
ble with the rubber phase but does not affect the
polystyrene domains [62]. This was applied to a
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Figure 5.9. Molecular weight and structure effects.

series of S-I-S copolymers that were swollen in
isooctane and the value of M. was found to be
about 10,000 [63]. If the M, is identified with the
M, (molecular weight between entanglements), the
value for polyisoprene, found in this study, is con-
sistent with that obtained by other methods [64].

5.2.5 Formulating Styrenic TPEs

Unlike most thermoplastics, styrenic TPEs are
seldom used as pure materials. Like conventional
thermosetting (vulcanizable) elastomers they can
be formulated to meet the required processing be-
havior, and required mechanical and physical prop-
erties. They can be blended with other polymers,
including conventional elastomers, and com-
pounded with fillers, plasticizers (e.g., oils), proces-
sing aids, resins, colorants, and other compounding
ingredients.

Formulations based on S-B~S and S-EB-S can
be prepared in a large range of hardness values,
from as soft as 5 Shore A to as hard as 55 Shore
D. Large amounts of compounding ingredients
can be added and in some cases the contents of the
TPF is as little as 25% by weight [65]. This is an eco-
nomic advantage because most of the compounding
ingredients added in large volumes, such as fillers
and oils, are very inexpensive. A list of typical com-
pounding ingredients and their effects on the prop-
erties of the final compounds is in Table 5.2.

5.2.5.1 Formulating S-B-S Block Copolymers

Polystyrene is a valuable irigredient for S-B-S
block copolymers since it improves processing and
makes the materials stiffer.
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able 5.2. Compounding Styrenic Thermoplastic Elastomers

Component
Property -
Qils Polystyrehe Polyethylene Polypropylene EVA Fillers
Hardness Decreases Increases increases Increases Increases Increases
. slightly slightly
Processability [ Improves Improves Variable Variable Variable Variable
Dzone No change | Increases Increases Increases Increases [ No change
Resistance slightly
Decreases Decreases Decreases Decreases Decreases | Decreases
Other Decreases - : Often gives improves — Often
: UV resistance satin finish high-temperature improves
properties surface
appearance
Oils (or plasticizers) also improve processing but than naphtenic oils. Here again highly
ake the products softer. Naphtenic oils are pre- aromatic oils should be avoided for the
rred but oils with high contents of aromatics should same reason as above.
¢ avoided since they soften (plasticize) the styrene (2) When the compounds are processed under
omains. Oils may provide benefits in resistance high shear and then rapidly cooled (e.g., in
: crac?k growth fiuring ﬂexi.ng. Materlals other . injection molding or extrusion), the PP and
an oils (e.g., Testns, processing aids) may act as . the S-EB-S/oil mixture form two continuous
lasticizers, especially at elevated temperatures, phases. The PP phase has a relatively high
Crystallz‘m_e hydrocarbon polymers (polyethylene crystalline melting point (approx. 165°C or
r cthylene-vinyl acetate copolymers) improve sol- 330°F) and is insoluble. Thus, this continuous
ent and ozone resistance. . . polypropylene phase increases the solvent
Inert fillers, such as clay, whiting, precipitated resistance and the upper service temperature
Icium carbonate, and talc can be added in large - significantly.

umes without adversely affecting the properties
f the base polymer and reduce cost markedly.
einforcing fillers like highly reinforcing carbon
lack, silica fillers, or hard clays are seldom used
ause they produce stiff “boardy” materials

6]. However, they offer certain benefit? such as The central block, if consisting of diene elasto-
crease in tear strength, abrasion resistance, and mers, can be degraded by oxidation even during
mproved flex life [67]. normal finishing operations and storage. For that

reason these block copolymers require addition of
an antidegradant. In most cases additional anti-
.2.5.2 Formuiating S-EB-S Block Copolymers degradant may not be required when compounded.
' However, depending on their use, these polymers
and their compounds may need to be protected
against oxidative degradation and in some cases
against UV degradation. As effective antioxidants
hindered phenols combined with thiodipropionate
synergists are used. Combinations of benzotriazoles
with hindered amines are very good UV stabilizers
(1) It improves processability, particularly [66]). Titanium dioxide and ®arbon black also pro-

Blends with silicone oils are used in some medi-
cal applications [68]. Inert fillers are used in a simi-
lar way in S-EB-S§ types as with $-B-S block
copolymers.

Formulations based on these copolymers are
prepared in a.similar fashion as those made from
~B-S types. The important difference is that for
1ese, polypropylene is the preferred polymeric addi-
ve. It improves the properties of the formulations
1 two different ways [66]:

when used in combination with processing vide good protection against UV radiation in mate-
oils. Paraffinic oils are preferred here rials that do not have to be clear. The polymer with
because they are more compatible with the saturated central block is inherently more stable
poly(ethylene-butylene) center segments and may not usually need any added protection.




170 of 408

170

When under stress, unsaturated block copolymers
are susceptible to attack by ozone. The protection
against ozone attack can be attained by the addition
of small amounts of EPDM or ethylene-vinyl acetate
copolymer. Chemical antiozonants include nickel di-
butyl dithiocarbamate and dibuty! thiourea. Certain
microcrystalline waxes also offer some ozone protec-
tion alone or in combination with a chemical
antiozonant.

5.2.6 Compounding
5.2.6.1 Melt Mixing

Compounding of formulations from SBCs is done
in standard mixing equipment. It is simple, the only
condition that has to be met being that the equipment
be heated to a temperature of at least 40°C (72°F)
above the glass transition temperature of the poly-
styrene segment (this being 95°C or 203°F) or 20°C
(36'F) above the melting point of the polymeric addi-
tive being added, whichever is greater. The glass
transition and crystalline melting temperatures of
the respective segments are shown in Table 5.3. A
mastication on a cold roll mil}, typical for certain
conventional elastomers (e.g., natural rubber) is not
required for styrénic TPEs, in fact, the resulting
breakdown of the polymer (essentially reduction of
molecular weight) is detrimental to the properties of
the final product [66].

Unfilled and slightly filled compounds are
mixed in a single-screw extruder fitted with a mix-
ing screw. To get sufficient dispersion the screw
should have the L/D ratio of 24:1. A twin-screw
extruder is also suitable to prepare such com-
pounds. Highly filled compounds are best mixed
in an internal mixer (e.g., Banbury mixer), the out-
put of which is fed into an extruder. In a typical
mixing cycle, resins and fillers are added early,
oils and other softeners are added somewhat later.
If high amounts of oils are required, they are
added in several increments to prevent slipping on
the mixing rotors. Typical dump temperatures are
in the range 280-320°F (128-160°C); the use of poly-
propylene may increase it to 350°F (177°C) or more.
The mixing cycles vary in length with the type of
formulation being mixed and are typically in the
range 3-6 min.

The extruder used in the final stage of the com-
pounding process is usually fitted with a pelletizer,
which can be either strand cutting or an underwater
face cuiting system.
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Table 5.3. Glass transition and crystalline melting
temperatures®

Block Copolymer | Soft Rubbery | Hard Phase
Type Phase T, ('C) | Tgor T, {"C)
S-B-8 ~90 95 (7))
5-1-8 -60 95 (Tg)
S-EB-S -80 95 (Tq)
165 (T)®
‘Notes:
®Measured by DSC.

%In compounds containing polypropylene.

Source: Handbook of Thermoplastic Elastomers, 2nd
edition (Walker B.M., and Rader, C.P., Eds.), Van
Nostrand Reinhold, New York, 1988, p.28.

5.2.6.2 Dry Biending

Dry blends may be prepared by mechanically
mixing ground or powdered elastomer with other
ingredients at a temperature less than that required
to flux [69]. In most formulations, added oil tends
to bind an even coating of filler and other ingredi-
ents to the polymer particles, resulting in a homoge-
neous, free-flowing mixture. This mixture can be
fed directly into the fabricating equipment capable
of handling powder forms. Intensive mixers (e.g.,
Henschel type) or ribbon blenders are suitable for
dry blending.

5.2.6.3 Solution Mixing

This method is useful for the preparation of
solvent-based adhesives, sealants, and coatings. The
polymers are soluble in a wide range of common, in-
expensive solvents, dissolve relatively quickly, and
display a fast solvent release. Since two phases are
present, the solvents have to be selected so that
both the hard polystyrene phase and the elastomeric
segment are considered. Both have to be truly in so-
lution. The dissolution of polystyrene domain tem-
porarily destroys the network, which reforms after
the solvent is subsequently released and the strength
of the polymer or compound is restored. However,
the morphology of the polymer deposited from
different solvents may be different [70].

Good solvents for elastomeric block copolymers
of styrene with diene center blocks (polybutadiene,
polyisoprene) include cyclohexane, toluene, methyl
ethyl ketone, diethyl ether, and styrene. Mixtures
of solvents, for example, naphta-toluene, hexane-
toluene, and hexane-toluene-ketone are often
found practical {71}.
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Another useful processing method is based on
the fact that block copolymers can absorb large
amounts of mineral oil and still exhibit some useful
properties, Ground polymer is mixed with oil and a
fluid mixture is obtained that may be used in com-
pression molding, injection molding, casting, and
rotationa! molding. After heating, the mixture
fuses into a solid, usual soft product [71].

5.2.7 Processing of Compounds from SB8Cs

As pointed out earlier, SBCs are seldom used in
the pure form to fabricate the finished products. In
most cases, they are used compounded, as described
in previous sections. In general, processing, in the
majority of cases, shaping of the compounded
materials is done by standard techniques used for
processing of melts, such as extrusion, injection
molding, blowmolding, rotational molding, etc.
Other techniques involve processing in the liquid
form, that is, in solvent solutions, dispersions, etc.
In general, there are specific grades of the polymers
that are suitable for the given process, for example,
extrusion grades, grades for injection molding, so-
lution processing, etc. As a rule of thumb, com-
pounds based on S-B-S copolymers are processed
under conditions suitable for polystyrene, whereas
those based on S-EB-S are processed under the
conditions suitable for polypropylene [72].

5.2.7.1 Extrusion

Typical techniques used for melt-processable
thermoplastics, such as extrusion of tubing, ex-
truded, and cast film, blown film profiles, are ap-
plicable to SBCs and compounds prepared from
them. Since these materials exhibit low die swell,
relatively simple extrusion dies are used for the
extrusion of rather complex shapes [73].

5.2.7.1.1 Extrusion of S-B--S Block Capolymers

Extruders for the processing of the S-B-S copoly-
mers and their compounds should have the L{D
ratio atleast 20:1 with an optimum being 24:1. The re-
commended screw design features include low com-
pression ratios and rather deep-flighted metering
section. Both single stage and two-stage screws are
suitable for these materials. Vented and particularly
vacuum vented two-stage screws are effective in pre-
venting the formation of bubbles in the extrudate.
Screws with a mixing section {e.g., a Maddox head)
or mixing pins often improve the dispersion of color
concentrates and melt uniformity [74].
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Extrusion melt temperatures should range from
300°F to 390°F (148 to 198°C) and should not exceed
400°F (205°C). The feed zone temperature should
not be higher than 175°F (80°C). Increasing the
zone temperatures along the extruder barrel from
about 300°F (148°C) at the zone next to the feed
zone, to about 390°F (198°C), at the die body pro-
duces best outputs.

Because of the unsaturation of the midblock of
the S-B~S polymers, they tend to degrade if ex-
trnded at high temperatures™ and/or high shears.
To prevent contamination on start-up by foreign
materials or possible thermal degradation after
prolonged shutdown, it is important to purge the
extruder. Polystyrene is recommended for the
purging {74].

Production rates for $-B-S-based compounds
for a given extruder size depend almost linearly
on the screw speeds. Typical output from a 3.5 in.
(90 mm) extruder is 200 Ib/br (90 kg/hr) at
30 rpm and about 500 Ib/hr (220 kg/hr) at 70 rpm.

5.2.7.1.2 Extrusion of S-EB~-S Block Copolymers

The advantage of S-EB-S block copolymers
over many engineering plastics and other TPEs is
their excellent thermal $tability, resistance to shear
degradation, and fast setting melts [73]). Many of
the practices used in the extrusion of S-B-S poly-
mers and compounds apply also to S~EB-S poly-
mers and compounds with some differences:

» Screws with L/D at least 24:1 are preferred

» Screws with compression ratios 2.5:1 to 3.5:1
and long, rather shallow metering zones

* Balanced screws (with equal number of flights
in the feed, transition, and metering zones), of
the design typically used for the extrusion of
polyolefins.

Similar to S-B~S-based materials, both single stage
and two-stage screws can be used for the extrusion
of the S~EB-S compounds.

Extrusion conditions:

* Melt temperatures during extrusion: 375-
450°F (190-230°C). Because of the resistance
of the central block to elevated tempera-
tures, temperatures up to S00°F (260°C) are
permissible

* The feed zone temperature should not be
higher than 175°F (80°C)

*» Increasing the zone temperatures along the
extruder barrel from about 375°F (190°C) at
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the zone next to the feed zone, to about 455°F
(235°C) may be tried initially and can be
modified if necessary, depending on the
polymer grade and extruder screw design.

5.2.7.1.3 Other Extrusion Techniques

Blown film extrusion is best done with polyolefin
type of screws, described in Section 5.2.6.1.2. Melt
temperatures should be in the range 325-375F
(160-190°C) for the S-B-S-based compounds and
400-475°F (205-245°C) for the S-EB-S compounds.
Die gaps of 0.025-0.030 in. (0.635-0.762 mm) can
be used with blowup ratio up to 2:1. Film 2 mil
(0.05 mm) thick can be produced under these
conditions [74].

In addition to the above, styrenic TPEs can be
used for the following processes:

» Film casting
¢ Meit spinning
¢ Coextrusion
* Calendering.

Each of the above processes requires specific
equipment and process conditions, depending on
the requirements.

L]

5.2.7.2 Injection Molding

SBCs are usually processed on conventional reci-
procating screw injection molding machines since
these machines provide required low operating tem-
peratures and more uniform melt characteristics,
desirable for these materials {74].

The screws used in the injection molding ma-
chines are general purpose screws with compression
ratios 2:1 to 3:1; 60° tip angles and some mechanism
to prevent backflow. These screws are typically used
to process PVC and polyolefins. Twostage vented
screws are useful to remove any surface moisture
that might be present in the compounds [74].

Conventional nozzles, nozzles with reverse tapers
or nozzles employing some means of positive shut-
off are equally acceptable for the injection molding
of the compounds based on S—B-S and S-EB-S.

Standard sprues with draft angles at least 3° are
typical for this type of compounds. The low thermal
shrinkage of the S-B-S-based compounds requires
runners to be smooth [74].

Hot runner systems or hot-weld cold runner sys-
tems should be larger than the cold runner system
to keep mold back pressure constant. Minimum
temperature of the runner core through the
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unloading cycles should be approximately 350°F
(177°C) for S-B-S compounds and 375°F (190°C)
for the S~EB-S compounds.

Compounds from styrenic TPEs will mold well
with conventional gate types. In general, the gate
should be large enough to fill the mold without
causing degradation by excessive heat generation.
Thickness of the gate should be about 15-25% of
the part thickness at the gate location.

Molds for S-B-S and S-EB-S compounds
should be designed without abrupt changes in
flow pattern, thus, corners and transition zones
should have radius rather than being sharp. A
good venting is necessary because these types of
compounds are molded at fast injection rates. The
typical vent size is ¥4 in. % 0.0003 in. (6.35 mm x
0.00762 mm), although some might be larger. For
ejection of the molded parts, stripper plates are
most reliable. Another method is using air or air-
assisted ejection. Ejector pins should be large
enough to prevent damage to the molded part.
Mold cooling is most commonly provided by circu-
lating cooled water [74]. Mold temperature is typi-
cally 50-105°F (10-40°C) for S-B-§, and 95-150°F
(35-65°C) [72, 74].

Shrinkage is specific to each grade and the com-
position of the compound. It ranges from about
0.0005 to 0.020in./in. (0.5-2%). Shrinkage is usually
greater in the direction of the flow in the mold.
Compounds with higher contents of fiflers exhibit
lower shrinkage.

Typical operating conditions are [72, 74}:

Cylinder temperatures: For S-B-S the feed zone
temperature should be 150-200°F (65-95°C),
and 390°F (200°C) at the nozzle. For the
S-EB-S compounds the temperature at the noz-
zle is 440°F (225°C) for average size parts, but
can be as high as SO0°F (260°C) for large parts.
Injection rate: moderate to fast (depending on
grade and part size).

Injection pressure: typically 500-1,000 psi (3.4-
6.89 MPa).

Screw speed: typically 25-75 rpm.

Back pressure: normally 50-100 psi (0.34-0.68
MPa)

Hold time: typically 2.5 s.

Clamp pressure: typically 1.0-2.5 tons/in.?
(0.25-0.75 tonsjem?).

Clamp time (cooling time): 7-60 s, depending on
grade and part thickness.



5: STYRENIC BLock COPOLYMERS

5.2.7.3 Blow Molding

Blow molding techniques of compounds from
styrenic TPEs are similar to those established for
polyethylene [75]. Although they have been success-
fully molded on various machines, those producing
an intermittent fast drop parison are particularly
well suited for use with these materials because
this feature minimizes the parison sag.

Deep flighted low compression ratio screws are
well suited because they allow a broader tempera-
ture range to be used without overheating and ulti-
mately degrading the polymer.

Molds used for blow molding S-B-S and S~
EB-S are of conventional design with typical land
width and normal pinch-off configuration.

Typical operating conditions are [74];

Melt temperatures: 300-390°F (150-200°C) for
S-B-S and 375-475°F (190-245°C) for S-EB-S.

Blow ratio: 2.2-2.5:1 typical, but can be as high
as 2.9:1.

Blowing pressures: 35-120 psi (0.24-0.83 MPa)
depending on size and wall thickness of the
molded part.

5.2.7.4 Thermoforming

Thermoforming of sheets extruded from S-B-S
and S-EB-S is easily done by conventional meth-
ods using molds requiring relatively shallow draw-
down with simple vacuum or drape-forming
procedures. Deeper draws require the use of plug
assist and/or billow forming.

Optimum heating times vary greatly, depending
upon oven temperature, efficiency of the heating
source, and thickness of the extruded sheet [74],
and are typically 30-100 s. Oven temperatures also
depend on sheet thickness, polymer grade amount
of draw-down required, and may be in the range
400°F (205°C) to 500°F (260°C).

Thermoformed finished parts from styrenic
TPEs have sharp and well-defined details and ex-
hibit good impact resistance, flexibility, and
elasticity.

5.2.7.5 Compression Molding

In compression molding, the styrenic TPE com-
pound has to be placed in a hot mold and allowed
to soften before applying pressure to initiate the
flow into the cavity [76]. After the part is formed, in
most cases, it is necessary to cool the mold to a tem-
perature below the softening point before opening it
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to prevent a distortion of the part. Using 2 mold re-
lease agent or molding between sheets of foil helps
in the easy removal of the article from the mold.

Because compression molding has a low pro-
ductivity, it is used mainly for preparing test sam-
ples, prototypes, or unusual parts.

5.2.7.6 Bonding and Sealing

Because of the thermoplastic nature of the styre-
nic TPEs, articles made from them can be bonded
and sealed by standard methods used for bonding
and sealing of plastics. Such procedures include
thermoplastic welding, sealing by heat, solvent,
ultrasonic treatment, microwave, and adhesive
bonding. For microwave procedures, additives
that respond to microwave energy, such as carbon
black, have to be added in sufficient amounts.
Some of these methods can also be employed to
produce laminates with plastics or metallic materi-
als [77]. The styrenic TPEs remain elastomeric at
the point of sealing or welding [75].

5.3 SBCs Synthesized by
Carbocationic. Polymerization

*

A fairly recent development in the synthesis of
SBCs is the living carbocationic polymerization
{78, 79), producing well-defined poly(styrene-b-iso-
butylene-b-styrene) (S-IB-S).

The differences from the anionically synthesized
SBCs are [79]:

(1) The polymerization system (i.e., cationic
mechanism) that is somewhat more complex
than the anionic system discussed in the
previous section.

(2) Only polyisobutylene can comprise the
center (elastomeric) block.

(3) Not only polystyrene, but also substituted
styrenes or other polyaromatics can be used
as the rigid blocks.

5.3.1 The Polymerization Process

The initiators used in this polymerization meth-
od have two or more functionalities and the general
formula (F—R), x, where F—R represents a hydro-
carbon moiety with a functional group F, and
x represents an a-functional junction point. The
functional group F can be chlorine, hydroxyl, or
methoxy group. Thus, the simplest case, where a
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Table 5.4, Comparison of properties of S~IB-S (TS Polymer®, Kuraray) and S-EB-S (Kraton® G)

Property S-1B-S S-EB-S

Tensile strength (MPa) 6-17 28
Modulus at 300% elongation (MPa}) 1-11 47
Elongation at break (%) 250-1100 500
Tear strength, die C (kN/m) 10-78 38
Compression set (70 h, R.T.) (%) 25-45 25
Melt flow at 190°C, 10 kg (¢/10 min) 0.5-88 No flow
Hardness, Shore A2 23-87 76
Ozone resistance Excellent Excellent
Gehman low temperature stiffening ("C)

T5 -45 —-40

T10 -50 —-48
Air permeability - 10° (m?/Pa s) 11.4 171

Source: Reference [82].

linear triblock is produced, is F—R—F. As in anio-
nic polymerization, the block copolymer is formed
sequentially in two stages:

Stage 1: F~R~F+ 2n(IB) — *(IB),~R—(IB),*

The product *(IB), " is a difunctional living poly-
mer. It can initiate further polymerization. With the
addition of styrene monomer, a styrene block copoly-
mer S-IB-§ is formed (see Stage 2 below):

Stage 2: (IB),* +2m(S) —> *S,,(IB), S,

The process is carried out at temperatures —80°C
(—112°F) in a moderately polar solvent. TiCl; or
BCl; are used as coinitiators [80].

5.3.2 Properties of S-IB~S Block Copolymers

As pointed out earlier, currently, only poisobuty-
lene can form the elastomeric block. Because of its
relatively inflexible chain and very high molecular
weight between entanglements, the S-IB-S copoly-
mers are softer than comparable block copolymers
made from polyisoprene, polybutadiene, or poly
(ethylene-butylene). Additional characteristics of
isobutylene are its very low resilience {81}, which is
reflected in the S-IB-S block copolymers and its
their very high mechanical damping leading to an
ability of the S-IB-S block copolymers to absorb
vibrations. Other interesting features of the S-IB-S
block copolymers are:

* High thermal stability due to the full saturation
of the IB block and the absence of tertiary

carbon atom. This saturation eliminates the
necessity of hydrogenation, used in the synth-
esis of saturated midblocks in S~B-S and S-1-S

¢ Low glass transition temperature (—70°C) of
the IB block [82] contributes to good low-
temperature properties of these materials

+ Low gas permeability, again reflecting the low
gas permeability of the IB block.

A comparison of commercial S-IB-S and S-
EB-S block copolymers is in Table 5.4. )

Stress—strain curves of SBCs with different elas-
tomeric midblocks are in Fig. 5.10.

Tenslle Strass, MPa

__~"sBs
Py dmbem— ) v ] ] ! s
0 200 400 600 800 1000
Elongation, %

Figure 5.10. Stress—strain curves of styrenic block-
copolymers with different elastomeric midblocks.
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Figure 5.11. Comparison of stress—strain curves of linear
and three-star 5-IB-S copolymers 40%wt polystyrene;
M, (PIB) = 60,000 (linear) and 90,000 (three-arm star).

In contrast to aniomically prepared SBCs the
styrenic block can be made up from «-methyl styrene,
para-methyl styrene, para-tertiary-butyl styrene,
para-chloro styrene, and other monomers (see Table
5.5). The high T, values of these substituted styrenes
and others mean a higher upper service temperatures
thantheanalogS-IB-Sand S-EB-Sblock copolymers.

Cationic polymerization using multifunctional
initiators opens the possibilities to synthesize a
variety of SBCs, such as multiarm star block copoly-
mers and arborescent block copolymers comprising
a dendritic {tree-like) PIB core carrying multiple
polystyrene outer blocks [82]. The multiarm star-
block copolymers are alternatives to linear block
copolymers because their superior combination of
physical and processing properties, including high
moduli combined with lower viscosities at similar
molecular weights [83]. A comparison of stress—
strain curves of a linear and a three-arm star
S5—IB-S copolymer is in Fig. 5.11.

S-1B-S triblock copolymers hold promise for a
large number of commercial applications including

.
.
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Table 5.5. Giass Transition Temperatures of Some Glassy Homaopolymer Segments Used in TPEs Synthesized by Cationic
Polymerization
Glassy Segment T, (C) . : Comment
Polystyrene 100 Most widely used, great deal of experimental data
?;le(a-methyl styrene) 173 Low cost, high Ty but difficult to polymerize
Poly{p-methyl styrene} 108 -
}—Pioly(p-tert-butyl styrene) 142 L.ow cost monomer
Poly(p-chloro styrene) 129 Flame resistant
indene ‘ 170-220 Low cost monomer, high T,
25 hot melt adhesives, medical and biomedical applica-
tions [84-86], and vibration damping [87].
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6 Thermoplastic Elastomers Prepared

by Dynamic Vulcanization

6.1 introduction

Blends of elastomer with thermoplastics have
become useful materials over the last two to three
decades [1-3]. They have many properties of elasto-
mers yet they can be processed as thermoplastics,
that is, by usual melt processing methods [4] and
do not need to be vulcanized (cross-linked) during
fabrication into the final product. This difference
in fabrication represents a substantial economic
advantage over the vulcanized, thermoset rubber.
Ideally, in such blends the finely divided elasto-
mer particles are dispersed in a relatively small
amount of a thermoplastic matrix. These elasto-
meric particles have to be cross-linked to promote
elasticity of the material [5]. This favorable mor-
phology has to be unchanged during the fabrication
of the material into parts and during their use.
Because of these requirements for an ideal case,
the usual methods of preparing elastomer-plastic
blends by standard melt mixing, solution blending,
or latex mixing are not sufficient [6].

A well-established and widely used method to

vulcanized elastomer particles in melt-processable
matrix is called dynamic vulcanization. The elasto-
mer is vulcanized during its melt-mixing with a sui-
table moiten thermoplastic [7-10] The fact that
these compositions are mostly prepared from stan-
dard, well-established elastomers and thermoplas-
tics using well-established equipment is significant.
Thus, initial investment costs for new materials,
including high-volume polymerization units and
processes, and other barriers such as environmental
toncerns can be avoided.

The thermoplastic elastomers prepared by
dynamic vulcanization, frequently referred to as
thermoplastic vulcanizates (TPVs) have properties
equal to or in some cases better than those prepared
by block copolymerization. One of them is, for exam-
Ple, the first commercially successful Santoprene®
Prepared by dynamic vulcanization of a blend of
¢thylene propylene diene monomer (EPDM) and
polypropylene (PP) [9, 10]. The commercial products
of this type were growing at a rate of about 60
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prepare thermoplastic compositions comprising

products a year during the last half of the 1980s [11].
The commercialization of the technology was greatly
aided by the discovery of preferred compositions
based on Lewis acid-catalyzed methylol-phenolic
vulcanization systems for the new thermoplastic
elastomers [2).

The elastomer particles of the TPV material
have to be small enough and fully vulcanized in
order to attain optimum properties, which in com-
parison to block copolymers are, for example [5):

* Lower permanent set

* Improved mechanical properties (tensile
strength, elongation at break)

* Better fatigue resistance

* Lower swelling in fluids, such as hot oils
* Higher melt strength

» Improved utility at elevated temperatures

¢ Greater stability of phase morphology in the
melt

e Greater melt strength

* More reliable processing characteristics in
melt processing.

These enhanced properties are explained to be the
result of many vulcanized elastomer particles physi-
cally interacting with one another forming a “net-
work™ during the fabrication of a finished part.
Since this network consists of touching and loosely
bound particles it is reversible and the material
becomes melt processable again when subjected to
sheer in reworking the melt or to grinding [13].
Comparison of different types of EPDM/PP blends
is given in Table 6.1.

Although thermoplastic vulcanizate compositions
can be made from a relatively large numbers of elas-
tomers and thermoplastics, only limited number of
their combinations is technotogically useful. Early
investigations concluded that when surface energies
of the two major components are matched, when
the molecular weight between the entanglements of
the elastomer is low and when the plastic is at least
15% crystalline a useful thermoplastic clastomer
would be obtained [13]. Another important finding
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Table 6.1. Comparison of Unvulcanized and Highly Vulcanized EPDM/PP Blends

HANDBOOK OF THERMOPLASTIC ELASTOMERS

Blend A® Blend B®
Property - -
Unvulcanized Vulcanized Unvulcanized Vuicanized
Extractable Rubber (%) 33 1.4 — —
Cross-Link Density (mol.cm3) 0 1.6 x 1074 - —
Hardness, Duro A — — 81 84
Tensile Strength, psi (MPa) 717 3526 583 1905
Elongation at Break (%) 190 530 412 725
Modulus at 100% Elongation, psi (MPa) 701 1160 412 725
Compression Set (%) _ —_ 78 31
Tension Set (%) — — 52 14
Swelling in ASTM No. 3 oil (%) — — 162 52

Notes:

“Biend A (parts by weight): EPDM rubber, 80; polypropylene, 40.
®Blend B (parts by weight): EPDM rubber, 91.2; polypropylene, 54.4; extender oil, 36.4, carbon black, 36.4.

Source: Reference {1}, p. 86.

was that very strong elastomeric compositions of
EPDM and PP were obtained by dynamic vulcaniza-
tion provided that peroxide curatives were avoided
[9, 10]. If enough plastic phase is present in the molten
state, then the compositions can be processed as ther-
moplastics. Plasticizers and extender oils can be used
to expand the volume of the glastomer (“soft”) phase.
In the molten state, a suitable plasticizer can expand
the volume of the plastic (“hard”) phase. If the hard
phase material is crystalline material, such as PP,
then, upon cooling, the crystallization of the hard
phase material can force the plasticizer out of the
hard phase to the soft phase. In this case the plastici-
zer can be a processing aid at melt temperature, but a
softener in the finished part.

In such cases, where the two components are
not compatible, they can be compatibilized by the
addition of a small amount of a compatibilizing
agent (typically about 1%) before the dynamic vul-
canization. The compatibilizing agent is a block
copolymer, which contains segments similar to the
two components to be made compatible. It acts as
a macromolecular surfactant promoting the forma-
tion of small droplets of the elastomer. These
become very small particles of vulcanized elastomer
dispersed in the plastic matrix [14].

6.2 The Dynamic Vulcanization Process

The process of dynamic vulcanization used to
produce TPVs has been used and patented since the

early 1960s[7, 8, 15]. However, it has been developed
and made practical by a group of scientists at
Monsanto [16-28]. The well-established and com-
mercially widely exploited “static” vulcanization
used from the mid-1800s [29], involves heating a
fully compounded rubber formulation, including a
curing agent (usually sulfur, organic peroxide, or
other) to temperatures from typically 140°C to
200°C (284°F to 392°F) for relatively long time (min-
utes| to hours). This process produces a thermoset,
elastic, tough, and durable material as a result of che-
mical cross-linking of the base elastomer (natural
rubber (NR), SBR, Nitrile rubber (NBR), butyl
rubber, EPDM). The dynamic vulcanization, on the
other hand, involves in the first step the melt mixing
of the elastomer and the plastic in an internal mixer
(most commonly in a Banbury mixer) or in a twin-
screw mixer. After sufficient mixing, in the second
step, vulcanizing (curing, cross-linking) agents are
added. During the continuation of the mixing pro- .
cess, the elastomeric component vuicanizes. The
more rapid the rate of vulcanization is, the more
rapid the mixing must be to ensure good processing
properties of the composition. The progress of the
vulcanization process can be followed by monitoring
the mixing torque or the mixing energy requirement
during the mixing. Once the curves for mixing
torque or energy requirement reach maximum, mix-
ing can be continued to improve the processability
of the material. After discharge from the mixer the
blend is further homogenized and usually chopped
or pelletized.
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Polyolefins, in particular PP and polyethylene
are by far the most commonly used thermoplastics;
however, others such as polyamides (PAs) [21, 23,
26], copolymers of styrene and’ acrylonitrile (SAN)
{24], acrylonitrile-butadiene-styrene (ABS) [24], acry-
lates [24], polyesters [25], polycarbonates [24}, and
polystyrene [23, 24] can be used to prepare TPVs,
The elastomer used may be a diene rubber, such as
NR, styrene-butadiene rubber, polybutadiene, butyl
rubber [17], EPDM [18], butadiene-acrylonitrile rub-
ber [27], or chlorinated polyethylene [26].

During the mastication stage, the mixing must be
continuous otherwise a thermoset material will result
[30]. The temperature reached during the mixing must
be sufficiently high to melt the thermoplastic resin and
to have an effect on the cross-linking reaction in the
next stage. A good dispersion is achieved if the viscos-
ities of the rubber and molten resin are comparable.

The properties of a given composition were
found to correlate with certain parameters of the
elastomeric and thermoplastic components [24].
These are the differences between the wetting surface
tensions (Ay), of the rubber and plastic components,
the fraction of crystallinity (I, ) of the plastic and
the critical entanglement spacing (N,) of the rubber
macromolecules. Both tensile strength and elonga-
tion at break have been found to increase with
decreasing Ay and N, and with increasing W,

The vulcanization of the rubber phase of a TPV
results in numerous improvements of properties.
Thermoplastic vulcanizates are considerably less
soluble in ordinary solvents for rubber; they only
swell in them. A clear evidence of TPV is a level of
rubber extractibles of 3% or less with cyclohexane
at room temperature, Additional definitive evidence
is a rubber cross-link density greater than approxi-

-mately 7 x 10~° moles/cm?®, as measured by equili-
brium solvent swelling [9].

The hardness values of the composite material can
vary in a wide range from 50 Shore A to 60 Shore D.
The softer materials are obtained by the addition of
plasticizers, the harder ones by the incorporation of
large amounts of the thermoplastic resin.

6.3 Properties of Blends Prepared by
Dynamic Vulcanization

6.3.1 TPVs Based on Polyolefins
6.3.1.1 TPVs from EPDM-Polyolefin Blends

Technologically, the most widely used composi-
tions are based on dynamically vulcanized EPDM
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blended with a polyolefin resin. Below is an exam-
ple for such a composition [31]:

EPDM 100 parts by weight {pbw)
Polyolefin resin X
Zinc oxide 5
Stearic acid 1
Sulfur Y
. TMTD Y2
MBTS Yi4

where X is the amount of a polyolefin (polyethylene
or PP), typically 66.7 parts by weight (pbw) and Y is
a variable amount of sulfur, typically in the range
0.5-2.0 pbw.

The dynamic vulcanizate based on the blend of
EPDM and PP displays a disperse morphology.
This morphology is known to be independent of

/ the elastomer-thermoplastic ratio or the molecular

weights of the constituent polymers [32]. The parti-
cles of vulcanized EPDM are distributed uniformly
throughout the PP matrix (see Fig. 6.1). Cross-link
density is an important factor in improving
mechanical properties. Its effect on tensile strength
and tension set (plastic deformation under tensile
stress) is illustrated by Fig. 6.2. The size of vulca-
nized EPDM particles has an important effect on
tensile strength and elongation at break. As the
average particle diameter decreases, both these
properties increase (see Fig. 6.3). This behavior is
paralleled by a number of other properties [33].

6.3.1.2 TPVs from Diene Rubbers and Paolyolefins

Thermoplastic elastomers based on blends of
polyolefins with diene rubbers, such as, butadiene

——Rubber

Plastic.

Figure 8.1. Morphology of thermoplastic vulcanizate.
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Figure 6.3. Effect of vuicanized rubber particle size on
mechanical properties (x denotes failure).

rubber (BR), NR, NBR, SBR, etc., have fairly good
initial tensile properties, and their thermal stability
is somewhat better than that of standard thermoset
rubber materials (16, 34, 35]. Compositions based
on partially vulcanized NR [36] and on fully vulca-
nized NR with PP [37] exhibit, unlike thermoset NR,
very good resistance to cracking induced by ozone
(Table 6.2). They also have a fairly good retention
of tensile properties in hot air at 100°C (212°F) for up
to one month (Table 6.3). The brittle point tempera-
ture increases as the proportion of NR decreases.

6.3.1.3 TPVs from Butyl and Halobutyl Rubber
and PP Resins

Buty! and halobuty! rubbers exhibit very low
gas and moisture permeability. This is why they
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have been used for many years in tire innertubes,
tire innerliners, medical applications, and sporting
goods. Thermoplastic vulcanizates prepared from
butyl and halobutyl rubbers combined with PP
exhibit air and water vapor permeability values
that are much lower than those for EPDM/PP
TPVs and almost as low for conventional thermoset
butyl rubber materials (see Table 6.4). Triblends of
the type rubber-rubber-PP with one of the elasto-
mers dynamically vulcanized offer some advantages
over two-component systems [38].

6.3.1.4 TPVs from Butadiene-Acrylonitrile Rubber
and Polyamides

Thermoplastic elastomers based on blends of
butadiene-acrylonitrile rubber (NBR) and PAs can
be prepared by melt blending of the components
in an internal mixer. The temperatures used for
the mixing depend on the melting temperature
range of the PA used.

The commercial nitrile-butadiene elastomers are
available in two types, namely self-curing, that is,
curing (cross-linking) at elevated mixing tempera-
tures in the absence of curatives) and those resistant
to self-curing. The difference is based on the beha-
vior of the NBR elastomers during mixing at
225°C (43T°F). At that temperature, the self-curing
types generally crumble typically after 1-8 min,
whereas the other types can be mixed for 20 min
or longer without crumbling.

The preparation of PA/NBR blends is compli-
cated by the response of the NBRs during mixing
and is rather difficult when blending self-curing
NBRs with PAs having high melting points. The
effect of adding curative is minimized since the
properties of the composition are improved by
the cross-linking of the elastomer, which occurs
just from mixing. The addition of curatives has a

7 greater effect with the NBR that does not self-

cure but the best properties are obtained from the
self-curing nitrile elastomer.

The addition of dimethylol-phenolic compound
improves the properties of PA/NBR blends sub-
stantially [39]. High strength blends are obtained
even when the gel content of the NBR is as low
as 50%. The addition of m-phenylenebismaleimide,
another curative, induces a considerable gel forma-
tion in the elastomer phase. The improved product
properties are associated with the gelation of the
elastomeric phase [39]. The effect of curatives is
shown in Table 6.5.
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Table 6.2. Mechanical Properties of Ditferent NR/PP-based TPVs

Property ASTM ‘ Composition

Hardness, Durometer D2240 60A 70A 90A 50D
Tensile Strength (MPa) D412 5.0 7.6 11.4 20.8
Modulus at 100% Elongation {MPa) D412 2.1 37 6.5 10.5
Elongation at Break (%) D412 300 380 400 620
Tension Set (%) D412 10 16 35 50
Tear Strength (kN/m) D624 22 29 65 98
Compression set (22 h) D395 )

23°C (%) Method B 24 26 32 45

100°C (%) 30 32 38 63
Brittle Point ("C) D746 -50 -50 —45 -35
Ozone Resistance at 40°C (100 ppm of Og)® D746 10 10 10 10
Specific Gravity D297 1.04 1.04 1.02 0.99

Note:

20zone rating of 10 indicates no cracks after specified time.

Source. Reference [5), p. 165.

The number of possible products from the dyna-
mically cured combination of NBR and PAs is very
large because of the multitude of grades of both
components available. The nitrile elastomers can
have different acrylonitrile content, different viscos-

different melting points and different polarities.
Moreover, there are varied effects of curing systems
on the final properties of the compositions. The
properties of the base compositions can further be
altered by the incorporation of fillers and/or

ity, can be self-curing or not. The PAs may have plasticizers.
Table 6.3. Hot Air Aging of NR/PP-based TPVs
TPV Hard- Aging Time (Days at 100°C)
ness Property
Durometer ) 1 7 15 30
Tensile strength, % retention 99 91 80 40
60A Modutus at 100% elongation, % retention 104 65 80 68
Elongation at break, % retention a8 110 126 85
Tensile strength, % retention 100 87 76 43
70A Modulus at 100% elongation, % retention 100 €0 86 80
Elongation at break, % retention 98 110 113 56
Tensile strength, % retention 103 a1 86 66
S0A Modulus at 100% elongation, % retention 107 103 104 99
Elongation at break, % retention 92 93 93 60
Tensile strength, % retention 101 95 80 66
50D Modulus at 100% elongation, % retention 108 108 102 103
Elongation at break, % retention 93 93 91 70

Source: Reference [5], p. 165.
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Table 6.4. Comparison of Air Permeability of Butyl/PP,
EPDM/PP TPVs with the Permeability of Thermoset
Butyl Rubber

Composition Relative Air Permeability
Butyl/PP TPV 1.45
EPDM/PP TPV 4.44
Thermoset buty!
(inmerliner) 1.00

Note: Method—ASTM D1434 at 35°C, sample thickness:
0.76 mm.
Source: Reference [5), p. 166.

Studies with different NBR grades revealed that
there is no simple relationship between the strength
of the composition and the characteristics of the
elastomeric component. However, the self-curing
grades of NBR give -the highest values of tensile
strength. Another observation was that the effect

of curative addition is much more pronounced in

NBR grades that are not self-curing [40].

The content of acrylonitrile has a similar effect
on oil resistance as in the standard vulcanizates of
NWBR, namely the resistance increases with the

increasing content of acrylonitrile. There was no
difference found between the self-curing and the
self-curing-resistant NBR grades.

The NBR/PA ratio has a major effect on
mechanical properties. An increase in the proportion
of the elastomer leads to the reduction of stiffness
and strength and the reduction of permanent set.
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On the other hand, the extensibility is increased
somewhat. If the proportion of the NBR is more
than 50% compositions with tension set values
lower than 50% are obtained. However, high pro-
portions of the elastomer can produce compositions
with poor processing characteristics [41].

The addition of plasticizers is chosen for the
improvement of processing and for the softening of
the compositions. The most common effect besides
softening of the material is a decrease of tensile
strength. Ultimate elongation can be either increased
or decreased, depending on the type of plasticizer
used. This is due to different effects of a given plasti-
cizer on the crystallinity of the PA phase. In some
cases the reduction of viscosity of the PA phase
may promote the formation of more perfect crystals
after crystallization from the melt; in others the plas-
ticizer only softens the PA component [42, 43).

The effect of fillers depends on the type and
amount added. In general, the filler accumulates in
the elastomer phase and causes both its stiffening
and an increase of jts volume. These effects are op-

. posite and largely cancel each other. Small amounts

of clay reduce extensibility and Young’s modulus
but have little effect on hardness, stiffness, and
strength [44]. The processing of a composition is
adversely affected since the addition of a filler
reduces its thermoplasticity. This can be rectified
by the addition of a suitable plasticizer. Plasticizers

.improve thermoplasticity and increase extensibility.

Because of large choice of both PAs and NBR
grades, there is a large variety of TPVs with a

Table 6.5. Properties of Cured NBR/PA Blends with Different Types of Curatives®

Curative Type S:f::;& :f)g:z"sutfa?:\ afl;:gaa;ig?) Tens(i?n set | Durometer D 7 True Stress at
(MPa) (MP3) A o} Hardness Break {MPa)
None (contral) 31 25 290 72 17 12.3
Accelerated Sulfur” 8.3 7.4 160 15 35 21.7
Qgiﬁgﬁm de® 8.5 3.7 310 51 28 34.9
Peroxide® 7.9 6.1 220 31 32 25.3
Notes:

2Blends consist of 40 parts of PA 6/6-6/6-10 terpolymer (melting point 160°C) and 60 parts of Chemigum N365 (non-self-
curing NBR with 32% acrylonitrile).

®The system contains 5 phr of ZnO, 0.5 phr of stearic acid, 2 phr of tetramethylthiuram disuffide, 1 phr of morpholinothio-
benzothiazole, and 0.2 phr of sulfur (phr=pants per hundred parts of rubber).

CActivated bismaleimide is 3 phr of m-phenylenebismaleimide and 0.75 phr of 2,2-hishenzothiazolyl disulfide.

“The curing system consists of 0.5 phr of 2,5-dimethyl-2,5-bis(tert-butylperoxy)hexane (90% active), Lupersol® L-101.
Source: Reference [5], p. 169.
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N

relatively high strength, excellent resistance to hot
oil with a wide range of hardness values.

6.3.1.5 TPVs Based on Polyacrylate Rubber and
Polyamides

Dynamically vulcanized elastomeric composi-
tions based on polyacrylate rubber (ACM) and
PA represent a class of TPVs withstanding a long-
term exposure to air and oil at high temperatures
(up to 150°C or 302°F) [45—48]. The ratio of ACM
to PA determines the properties of the resulting
product, such as hardness, tensile modulus, and
elongation at break, strength, melting range, and
other. Thus a multitude of grades of these TPVs
consisting of different ratios of ACM and PA is
possible. Currently, two grades with different hard-
nesses are commercialized [49].

6.4 Processing and Fabrication of TPVs

Thermoplastic vulcanizates as all other thermo-
plastic elastomers essentially use processing and
fabrication techniques common to thermoplastics.

In general, the processing of a thermoplastic
material is a function of its melt rheology, of the
processing temperature and of the shear rate. An
additional factor, particularly in extrusion, is the
strength of the molten material under the strain
applied to it during processing, that is, its resistance
to the melt fracture. Melt fracture can cause poor
surface of the extrudate and often completely defec-
tive, useless parts.

6.4.1 Rheology

Rheology (flow properties) of a polymeric
material is critical for its processing behavior.
Thermoplastic vulcanizates exhibit a highly non-
Newtonian rheology, that is, their melt viscosity
varies greatly with shear rate, much more so than
most polymeric systems [50]. At high shear rates the
viscosity-shear rate profiles of the TPV materials are
similar to those of a thermoplastic resin. However,
at low shear rates, the viscosity of the TPV material
is very high and in blends containing high propor-
tions of elastomer, the viscosity of the material can
approach infinity when the shear rate approaches
zero, presumably due to the cured elastomer particle-
particle interference [51]. The comparison of the
melt rheology of an elastomer-plastic composition
with the melt rheology of plastic is in Fig. 6.4.
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Figure 6.4. Relationship between viscosity and the
shear rate for a plastic and its blend with an elastomeric
material.

Under the conditions of melt extrusion, the mol-
ten material undergoes a rapid flow in the die. Then,
as the material exits the die, the rate of deformation
drops to zero and, since the viscosity is approaching
infinity, there is no noticeable die swell taking place.

The effect of temperature on the viscosity in
contrast to the effect of shear rate is rather modest.
The temperature dependence of the viscosity of an
EPDM/PP TPV with high levels of elastomer is
shown in Fig. 6.5. For compositions based on other
types of thermoplastics, the viscosity may show
more temperature sensitivity [S1]. Both Figs 6.4
and 6.5 indicate that, when processing these types
of elastomer-plastics blends by extrusion or injection
molding, shear rates should be kept high enough
to facilitate an adequate flow.

The high melt viscosity of such blends may be of
advantage when they are processed [51]. It can pro-
vide high melt integrity also called “green strength,”
which is necessary for parts produced by extrusion
or blow molding to retain their shapes. The low die
swell resulting from a high viscosity is also benefi-
cial in calendering of sheets and films.

6.4.2 Extrusion

Extrusion is widely used to fabricate a large
variety of products from TPVs. Simple extrusion
is used for tubing, sheets, and complex profiles.
Coextrusion is also used for products made from
different hardnesses, different properties, colors, etc,
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Figure 6.5. Effect of temperature on the viscosity-shear
rate for a typical TPV (EPDM-PP).

Wire and cable jacketing, hose jacketing, and other
similar assembli¢s are produced by the cross-head
extrusion. i

Extruders commonly used for thermoplastics,
typically with L/D ratio of 24:1 or greater to assure
sufficient homogeneity are suitable for the extrusion
of TPVs of the EPDM/PP type. The most widely
used feed screw design is polyethylene type metering
screw with a square pitch (57.3° helix angle). The
recommended feed screw compression ratio should
be between 2.0:1 and 4.0:1 with 2.5:1 up to 3.0:1
being the optimum [52]. Other screw designs, such
as flighted barrier, Maddox mixing, pin mixing can
be used but without screw cooling [53).

During start-up the temperature should be
maintained at 205°C (401°F). The melt temperature
in the extruder should be between 190°C and 230°C
(374°F and 446°F), although temperatures up to
250°C (482°F) can be approached without degrad-
ing the material [53].

The die-swell, important for the dimensional
control of the extrudate increases with the shear
rate, with the hardness of the composition and
with the decreasing extrusion temperature.

Other important aspects of the extrusion of the
TPVs are the drying of the material, typically for
2-3 hr at 65 ton 75°C (149-167F) in a desiccant
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dryer and a thorough purge with either polyethyl-
ene or PP after the extrusion of the TPV material
is finished.

6.4.3 Injection Molding

Fast injection rates (under high pressures) in
injection molding give very low viscosities of the
material as a result of the high sensitivity of its vis-
cosity to shear rate. Consequently, the low viscosity
facilitates a rapid and complete mold filling. As the
mold is filled, the melt viscosity increases greatly
due to the shear rate being reduced to zero. The
increased viscosity, which may approach infinity,
enables a more rapid removal of the part from the
mold. The overall effect is a shorter injection mold-
ing cycle [51). The low to moderate dependence of
viscosity on temperature of such compositions pro-
vides a broad temperature window for processing.
Examples of injection molding and extrusion condi-
tions of an EPDM/PP TPV composition are in
Tables 6.6 and 6.7, respectively.

Injection moliding of the dynamically cured
TPVs has been successfully done in reciprocating
screw injection molding machines. The cycle times
are considerably shorter than those used for ther-
moset rubber materials, and the scrap accumulated
in the sprues and runners can be recycled instead of
being discarded. The use of hot runners represent
additional improvement since it can eliminate
scrap and the need for its recycling [54). The injec-
tion molding cycle should take advantage of the
unusual rheological properties of the TPV materials
as pointed out above., A high injection pressure
should be used to fill the mold cavity as rapidly
as possible taking advantage of the high shear sen-
sitivity of the material and low viscosity at the shear .
rates commonly used in injection molding, being
typically higher than 500 s~'. The high viscosity
at low shear rates allows rapid and easy ejection
of the partially cooled part with a solidified skin
and molten interior without permanent distortion.
The mold shrinkage is minimized by adequate
packing in the mold and by high melt temperature.
Typical shrinkage of injection-molded parts is
1.5-2.5%. Mold release agents are not needed or
recommended [53] The equipment should be
cleaned before and after the run either by purging
with PP or PE or by mechanical cleaning.

6.4.4 Compression Molding

Compression molding of TPVs is used mainly
for the preparation of standard laboratory test
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Table 6.6. Conditions for Injection Molding of
EPDM/PP-Based TPVs,

Table 6.7. Conditions for the Extrusion of
EPDM/PP-Based TPV

Rear-Zone Barrel

Temperature, "C (‘F) 180220 (356-428)

Rear-Zone Barrel

Temperature, "C ('F) 175-210 (347-410)

Center-Zone Barrel

Temperature, "C ('F) 205-220 {401-428)

Center-Zone Barrel

Temperature, ‘C ('F) 175210 (347-410)

Nozzie Temperature, ‘C {'F) 205-220 (401-228)

Front-Zone Temperature, "C(°F) 190-220 (374-428)

Melt Temperature, “C ('F) 20-65 (68-149)

Adapter Temperature, "C ('F) 200-225 (392-437)

Injection Pressure, MPa (psi) § 35-140 (5,100-203,560)

Die Temperature, 'C ('F) 205-225 (401-437)

Hold Pressure, MPa (psi) 30110 (4,200-15,400)

Meit Temperature, "C ('F) 205235 (401-455)

Back Pressure, MPa (psi) 0.7-3.5 (100-500)

Screw Speed (rpm) 10-150

Screw Speed (rpm) 26~75
Injection Speed Moderate to fast
Injection Time (s) 5-25
Hold Time (s) 15-75

20-100

Total Cycle Time (s)

Source: Reference [5), p. 188.

specimens from pellets or preformed slabs, with the
latter being preferred. The material is first preheated
at 190-215C (374-419°F) for 40 min to melt comple-
tely. The melt is then molded in a compression mold
at 165-190°C (329-374°F) and 200-400 psi pressure.
Demolding can be done at temperatures below
120°C (248°F). As in injection molding, no mold
release agent is needed. In general, compression
molding is not used for production of molded
parts because it is not economically competitive to
the speed and efficiency of injection molding.

6.4.5 Blow Molding

Hollow articles from TPVs can be readily made
by blow molding. It is a more efficient method than
injection molding where a solid core has to be used
and subsequently removed. In blow molding just
compressed air has the function of the core. Both
extrusion and injection blow molding are used for
the manufacture of hollow parts from TPVs. The
preferred method of extrusion blow molding is con-
tinuous extrusion, intermittent parison drop,
although other methods are practical and possible.
The extrusion system should have a multizoned sin-
gle screw with the L/D ratio of 24:1 [55].

6.4.6 Thermoforming

Thermoforming, another method used typically
for thermoplastics and not applicable to thermoset
rubber materials is easily applied to TPVs. It lends
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Source: Reference [5], p. 188.

itself to the processing of harder grades of TPVs
{hardness Shore A 73 and above [56]) by converting
a sheet of rubber by simultaneous application of
heat and pressure (either positive or vacuum) into
a desired shape. Because of the high melt strength
of the TPVs they exhibit uniform and predictable
sag during heating similar to ABS.

The sheet temperature, which is the principal
variable in thermoforming depends on the hardness
of the material and varies from 174°C (345°F) for
hardness Durometer 73A to 210°C (410°F) for
Durometer 50D. Depth of draw rafios 3:1 is typical
for TPVs and the draw rate should be slower than
that commonly used for ABS [56).

6.4.7 Calendering

Calendering is suitable for the manufacture of
sheets from TPVs in the range of ganges from
0.010 to 0.05 in. (0.25 to 1.25 mm). The material
has to be melted with required melt temperature
being 190°C (378°F) in an internal mixer (Banbury)
or a mixing extruder and delivered to the calender.
The setting of calender roll temperatures depends
on the hardness of the TPV material and examples
of calendering conditions for different TPV materi-
als are in Table 6.8.

6.4.8 Extrusion Foaming

Extruded foamed articles (sheets, tubing, and
profiles) from TPVs are produced in two specific:
gravity ranges, namely high density (specific gravity
0.7-0.9) and low density (specific gravity 0.2-0.7).
These foamed articles have a thin solid skin and
uniformly foamed interior.

The high-density extrusion is done by using a
chemical blowing agent (e.g., azodicarbon-amide)
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Table 6.8. Conditions for Calendering EPDM/PP-Based TPV on a Four-Roll Calender

Hardness, Shore
Temperature Setting — 50D

Melt, °C 183 x5 193 + 5 193 5
F 380 = 10 380 + 10 380 + 10

Drop Mill, 'C 182 x5 182+ 5 182 x5
‘F 360 + 10 360 + 10 360 = 10

Calender Roll 1, °C 1795 179 £ 6 715
‘F 355 + 10 355 + 10 340 + 10

Calender Roll 2, °C 182 %5 182 % § 1715
F 360 + 10 360 = 10 345 = 10

Calender Roll 3, 'C 185 £ 5 185 £ 5 177 £ 5
F 365 + 10 365 + 10 350 £ 10

Calender Roll 4, °C 188 £ 5 188 £ 5 179 £ &
‘F 370 = 10 370 £ 10 355 £ 10

Note: Mixed 2 min in Banbury mixer.
Source: Reference [1], p. 125.

in amounts typically being 0.50-0.75% by weight.
The blowing agent is mixed into the material just
prior to extrusion. A single screw extruder (with
a screw L/D of 24:1 or greater and compression
ratio 3:1) is recornmended. Examples of tempera-
ture settings are in Table 6.9.

The low-density extrusion foaming uses either
two tandem extruders each with the L/D ratio of
24:1 or a single screw extruder with a minimum
L/D of 32:1. A physical blowing agent, an environ-
mentally safe liquid such as a hydrochlorofluoro-
carbon (HCFC), hydrofluorocarbon (HFC) of
pentane is metered directly into the injection port
of the primary extruder.

6.4.9 Bonding of TPVs

Bonding of TPVs to itself or other materials is
required in many manufacturing operations.
Bonding to itself is easily accomplished by a simple
heat welding. Heat welding without any adhesive
can be accomplished if the other substrate is com-
patible with the EPDM-based TPV, such as PP,
polyethylene, or ethylene vinyl acetate. In such a
simple welding, both materials have to be heated
to 165°C (329°F), the melting point of TPV. The sur-
faces to be bonded can be heated by a contact with
hot metal surface (230-300°C or 446~572°F), hot air
(210-260°C or 410-500°F), by ultrasonic welding, or
by linear vibration heating. Heat welding will gen-
erate bonds with typically 50-80% of the strength
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Table 6.9. Temperature Settings for the Extrusion of
High-Density Foam from EPDM/PP TPV (Specific Gravity
of Foam: 0.7-0.9)

Feed Throat No Heating
Feed Zone, *C 1825
F 360 = 10
Transition Zone, °C 177 £ 5
'F 350 %= 10
Metering Zone, ‘C 166 + 5
'F 330 = 10
Front Zone, °C 154 £ 5
'F 310 % 10
Golead/Gate, "C 182 %5
F 360 = 10
Die, 'C 177+ 5
'F 350 + 10
Melt, °C 182+ 5
F 360 = 10

Source: Reference [1}, p. 127.

of the two materials. This method gives best results
in bonding a TPV to itself or another TPV.
Bonding to dissimilar materials, such as metals,
textile, other thermoplastics, or elastomers requires
often the use of a specific adhesive system compatible

[



h materials to be bonded. The most widely
methods are coextrusion, cross-head extrusion,
rt injection moIding Some surfaces require
phcatxon of a primer to attain a sufficiently
,bond. In cases where solid TPV is bonded
ther solid, such as metal, thermoplastic, or vul-
d rubber a suitable adhesive has to be found.

ammon practice is such that the adhesive is
d to both surfaces that are then joined under
“at either ambient or elevated temperature.

ace of TPV products can be hot stamped or
on by inks or by applying a variety of
d paints by spraying or brushing.

e above sections regarding processing and
provide only a general guidance and it
¢ noted that processing conditions have to
sted according to the compositions being
ssed, equipment, and/or mold designs used.
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7 Polyolefin-Based Thermoplastic Elastomers

7.1 Introduction

Polyolefin thermoplastic elastomers are defined
as materials combining polyolefin semi-crystalline
thermoplastic and amorphous elastomeric compo-
nents. They exhibit rubber-like characteristics and
can be processed as melts by common thermoplas-
tic processing equipment. There are several distinct
types of polyolefin-based thermoplastic elastomers
(TPEs), which include [1}:

¢ Blends (mechanical mixtures), referred to as
TPOs

* Dynamically vuicanized blends of ethylene-
propylene random copolymer (EPM) or
ethylene propylene diene monomer (EPDM)
with an olefin (TPVs)

¢ Random block copolymers, for example,
ethylene a-olefin copolymers

¢ Block copolymers, for example, hydrogenated
polybutadiene-isoprene-butadiene block co-
polymer

» Stereoblock polymers, for example, stereo-
block polypropylene

» Graft copolymers, for example, polyisobutyl-
ene-g-polystyrene.

Most of the polyolefin TPEs depend on crystal-
lization of polymer chains to produce the elastomeric
characteristics. In the random block copolymers that
are similar in structure to thermoplastic poly-
urethanes (TPUs), ethylene sequences long enough
to crystallize at the operating temperature form
the physical cross-links for the amorphous elastic
chain segments. In stereoblock copolymers changes
in intrachain tacticity provide crystalline and amor-
phous sequences. Graft copolymers contain polyole-
fin chains that form glassy or crystalline phase that
are grafted onto a polyolefin rubbery backbone and
provide physical cross-links for the system. In most
block and graft copolymers the elasticity is accom-
plishked by having rubbery chains connected by
reversible, physical cross-links. The elastic network
is formed by the combination of physical cross-
links and trapped entanglements among the rub-
bery chains and is very similar to that of chemically
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cross-linked rubber and the retractive force is entro-
pic in nature [2].

The difference between the mechanical blends
(TPOs) and dynamically vulcanized blends (TPVs)
is that the former are co-continuous phase systems
(both elastomeric and crystalline polyolefin phase)
and in the latter the elastomeric phase is cross-linked
and discontinuous. The polyolefin phase in a TPV
is continuous and surrounds the cross-linked elasto-
meric phase. The dynamically vulcanized blends are
subject of a separate chapter (Chapter 6).

7.2 Thermoplastic Polyolefin Blends

Polyolefin blends TPEs (TPOs) are based pri-
marily on ethylene-propylene random copolymer
(EPM) and isotactic polypropylene (iPP) and repre-
sent an important family of engineering materials
{3]. The simple blends are prepared by mixing the
hard polymer and the elastomer together on high-
shear compounding equipment, such as internal
mixer (e.g., Banbury) or continuous mixer (e.g.,
single- or twin-screw extruders). The condition for
an elastomeric material is a three-dimensional, co-
continuous structure with the continuous hard
phase providing the strength and the continuous
soft phase providing the flexibility. Because neither
phase is cross-linked, both can flow, thus being a
true thermoplastic elastomer. A two-dimensional
representation of a hard polymer/elastomer blend
is in Fig. 7.1. The viscosities of the two polymers
must be matched at the temperature and shear
rates of the mixing. The shear rate should be in the
range }00-1,000 s~' with the lower end of this

41— Elagtomer

—Hard polymer

Figure 7.1. Morphology of Hard Polymer/Elastomer
blends (Courtesy Hanser Publishers) [3}.
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range being typical for the rubber mixing equipment
and the upper end being typical for plastics proces-
sing equipment, such as twin-screw extruders [4].
The optimum viscosity maich also depends on the
proportion of the two components (A and B) and
the proportion of these components in the mixture
(see Fig. 7.2). The other important factor is the com-
patibility of the two components, which is often
expressed by the difference between their solubility
parameters [5]. If the volumes of the two compo-
nents are about equal, then for ideal mixing, their
viscosities should also be about equal. If the volumes
are not equal, then the component with the larger
volume should also have the higher viscosity {5].

In the simplest blends of EPM and iPP, an inten-
sive mixing results in two continuous phases. By
adjusting the viscosity ratios, both phases can be
kept continuous over a considerable range of volume
fraction in this blend (e.g., 80/20 to 20/80) [6].

Thermoplastic elastomer blends based on poly-
propylene are very significant commercially because
polypropylene is low in cost and has a low density.

Its crystalline structure and relatively high crystal-
line melting point (T, = 145-165°C, depending on

grade) give it resistance to oil, solvents, and
elevated temperatures. Elastomers of EPDM and
EPM types are a logical choice for the elastomeric
phase because of their thermal stability, low cost,
flexibility at low temperatures, and structural

E I I 1 ] 1
DISPERSE A
INB
8 CO-CONTINUOUS -
s STRUCTURE

Log viscosity Ratio A/ B

DISPERSE B
INA

: " It
0.00 0.20 0.40 o.80 ¢.80 i1.00

Volume Fraction of B 4

Figure 7.2. Relationsiip between the ratio of the visco-
sities of two components (A and B) and their proportion in
the mixture.
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similarity to polypropylene. This similarity alsg
means a good compatibility in blending [5]. Since
EPM is even less expensive to produce than
EPDM, it eventually became the material used
almost exclusively for the blends. The extra diene
co-monomer used in EPDM is %everal times more
expensive than either ethylene or propylene and is
required only if the elastomer is to be vulcanized.
On the other hand, the double bonds provide
wider choice in raw material selection and affect
the green strength of the elastomer by changing
the number of branch points in the rubber mole-
cule [6). Isotactic polypropylene (homopolymers
or copolymer with a small amount of ethylene) is
the preferred polymer for the hard domain.

Advances in Ziegler-Natta and metallocene
catalysis allowed the copolymerization of an elasto-
meric soft component in a shell or skin of crystal-
line polypropylene. Such products are referred to
as reactor thermoplastic polyolefins (RTPQ) [7].

7.2.1 Compounding of TPOs

In addition to rubber and polyolefin, a large vari-
ety of other ingredients are used in compounding of
a TPO formulation. These may include fillers, rein-
forcing agents, plasticizers, lubricants, processing
aids, flow modifiers, antioxidants, heat stabilizers,
UV absorbers, colorants, flame retardants, etc.

In general, most of the additives are contained in
the rubber phase at room temperature. A study has
found that even in a TPO formulation that contained
20% by weight carbon black, virtually none of the
black was in the polypropylene phase [8]. At proces-
sing temperatures, some additives may move into the
polyolefin phase. Smaller molecules that are soluble
in a polyolefin are free to move to that phase once
the polyolefin has melted. For example hydrocarbon
oils partition between the phases greatly lowering the
viscosity of the melt. Upon solidification the oil
returns to the rubber phase and gives the desired
resuit of softening and extending the rubber [9].

Other additives are used for specific properties.
For example, carbon blacks are added to achieve
electrical semiconductivity with a typical amount
of 30% in the formulation. Mineral fillers are
added to increase damping and reduce cost. Most
of the compounding ingredients are used in a simi-
lar fashion as in thermoset (EPDM) formulations
or in thermoplastic polyolefins with comparable
effects. In some cases the additives tend to migrate
easier to the surface as they would in the individual
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(EPDM or polyolefin) formulation. This can be
prevented by careful compounding.

Commercial TPO compounds are delivered as
fully compounded materials and additional com-
pounding is in general not successful and may be,
in fact, dangerous to personnel or equipment.
Therefore, it is advisable to consult the supplier
about any compound modification [10].

7.3 Morphology

The morphology of a TPO compound is com-

plex. The distribution, size, and shape of both the
rubber and polyolefin phases are determinants of
the properties of the compound. The polyolefin
phase is almost always continuous. The rubber
phase may be either continuous or discrete, depend-
ing on the amount of rubber relative to the amount
of the polyolefin (most frequently polypropylene)
the type of rubber, the mixing procedure, and
other ingredients. In most formulations, the rubber
phase will be continuous if that phase is between
45% and 48% of the total volume. In this range
both polypropylene and rubber phases are continu-
ous. At either extreme of this range, the viscosity of
the rubber relative to that of the polypropylene is
the main factor in deciding whether the rubber or
the polypropylene phase is continuous (see previous
sections). Other factors are the physical form of the
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7.4 Properties of TPOs

7.4.1 Mechanical Properties of TPOs

Products made of TPOs cover a wide range of
properties that essentially bridge the gap between
soft rubber and engineering plastics. They can be
formulated to combine sirength and toughness
with properties and feel from'soft traditional rubber
to stiff products with high impact strength. These
products ‘are available in the hardness range from
60 Shore A to 70 Shore D. '

Their flexural modulus can range from 1,000
to 250,000 psi (6.9 to 1,725 MPa). The specific com-
bination of properties such as hardness, flexural
modulus, tensile strength, tear resistance, impact
strength, and so on will vary with a specific grade
of TPO. .

7.4.1.1 Siress—Strain Properties

The stress—strain properties of a highly elastic
amorphous EPDM [11] and various polyolefin
resins are shown in Table 7.1. Blends containing
high amounts of EPDM (70 or more) are quite rub-
bery with elongation at break values 150% or more
and elongation set at break 30% or less. In con-
trast, when pure high molecular weight polyolefin
resins are extended, they undergo a yield at low

"~ elongation followed by a typical drawing mechan-

varied additives, their compatibility with either-

- ism, and there is little recovery after drawing [12].

phase, etc. [10]. ' When a semi-crystalline EPDM is used in similar
Table 7.1. Properties of EPDM-Polyolefin Blends
Blend?
EPDM.P Parts 80 70 60 80 60 80 60
Polypropylene,® Parts 20 30 40 — — — —
Low-Density Polyethylene,® Parts - —_ - 20 40 —_ —
High-Density Polyethylene,® Parts — —_ - e — 20 40
Physical Properties
Tensile Strength, MPa 8.3 10.5 13.9 58 8.0 8.5 10.2
Elongation at Break, % 220 150 80 290 190 210 130
Elongation Set at Break, % 28 30 30 35 30 25 33

Notes:

*Banbury mixer, approx. 7 min mixing time, maximum temperature about 200°C (392°F).
bAmorpheus, high molecular weight ethylene-pripylene-dicyclopentadiene {~5wt%) terpolymer.

“Density 0.903, MFI 4.0 at 230°C.
d . 2
Density 0.919, MF] 2.0 at 190°C.
“Density 0.956, MFI 0.3 at 190°C.
Source: Reference [12].
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Table 7.2. Properties of Semi-Crystalline EPDM-Polyolefin Blends

Blend?®
EPDM, Parts 80 80 80 80
EPDM Crystallinity, wt% 12.9 2.7 12.9 27
LDPE,® Parts 20 20 —_ —_
HDPE,® Parts — — 20 20
Physical Propetties
Tensile Strength, MPa 15 5.4 14.5 7.6
Elongation at Break, % 730 940 720 880
Notes;
AMill mixed at 150°C (302°F).
SDensity 095.
*Density 0.92.
Source: Reference [13].
brief period of time. An example would be when
10 a painted part goes through a baking oven. On
- EPR/PP Blonds the other hand, long-term exposure, that is,
8 weeks, months, or years of continuous use will be
evaluated differently.
F 6 The melting point of the hard domain polymer(s)
= 80720 of a TPO is of importance f({r short-term exposures.
2 In most cases the melting point of PP is a limiting
g 4 factor. Polypropylene homopolymers melt at about
. 160°C (320°F) and most TPOs made from it will
2 retain useful properties up to 140°C (284°F).
For long-term exposures the aging resistance of
the material is of equal importance as the melting
0 bttt temperature of the hard domain. The oxidative sta-

1] 100 200 300 400 500
Elongation, %

Figure 7.3. Stress-strain properties of blends of ethylene-
propylene random copolymer and isotactic polypropylene.
Return from 200% elongation is shown.

blends the results show a considerable improvement
in properties, especially in elongation at break.
It appears that in addition to the crystallinity in the
unstrained state, the increase in crystallinity during
extension has an appreciable effect on the stress—
strain properties of the blend (see Table 7.2) [13].
The stress—strain curves for two unfilled blends of
amorphous ethylene-propylene random copolymer
and isotactic polypropylene are shown in Fig. 7.3.

7.4.2 Service Temperatures

The upper limit of use temperature is deter-
mined by several factors. A part from TPO may
be exposed to the elevated temperature for only a

bility can be assured by the addition of antioxidants
and antidegradants. The most effectively stabilized
TPO products will withstand operating tempera-
tures up to 125°C (257°F) [14].

As to the performance at low temperatures,
softer grades often have a low-temperature brittle
point less than —80°C (—112°F). Figure 7.4 illus-
trates the change in stiffness of a TPO with 80
Shore A hardness as the temperature is reduced.

7.4.3 Weathering

Most TPOs are made from polymers that do not
contain unsaturation in their backbone. Therefore
they are not susceptible to ozone attack and retain
their original physical properties when exposed to
sunlight and weather [15]. However, they should
not be assumed to be light-fast during an outdoor
exposure. Polymers. themselves do not change, but
certain compounding ingredients may cause discol-
oration [16). Therefore, special stabilizers have to
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150
SBR
100 -
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_Figure 7.4. Low temperature Gehman stiffness
(Courtesy Springer).

be added to prevent discoloration during outdoor
exposure.

7.4.4 Chemical Resistance

The resistance of olefinic TPEs to solvents and
fluids varies with the grades. All TPO products are
unaffected by water or aqueous solutions of chemi-
‘cals'and resist acids and bases. Hydrocarbon solvents
tend to swell and soften TPO products. This effect

is much more pronounced for softer grades. The .

chemical resistance of general, purpose TPO is
shown in Table 7.3.

7.4.5 Adhesion

The chemically inert, low energy surface of TPOs
makes bonding them to other materials difficult.
Only limited number of adhesives is available for
the low energy untreated polyolefin surface and it
is always necessary to ensure that the bond has
an adequate strength and durability for the
intended application. In many cases mechanical
interlock or interference fits are the most reliable
methods. Some hot melt and anaerobic adhesives
give good results [17].

7.4.6 Electrical Properties

By their chemical nature, most TPO compounds
are good electrical insulating materials. They have
good dielectric strength and do not absorb mois-
ture. Typical electrical properties for a filled grade
of TPO are in Table 7.4.
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Table 7.3. Typical Chemical Resistance Properties of
TPO
Chemical Resistance

Acetone Good
ASTM Oil No. 1 Falir

ASTM OQIll No. 3 Fair

ASTM Fuel B Poor
Bromine, Anhydrous Fair

Butyl acetate Good
Butyl alcohol Good
Butter Fair

Sodium hypochlorite, Aquecus Good
Chromic acid _ ~ Good
Detergents Good
Ethyl acetate Fair

Ethyl alcohal , Goeod
Ethylene glycol Good
Formaidehyde Good
Formic acid Good
Furtural Good
n-Hexane Poor
Hydrochloric acid Good
Hydrogen peroxide, Aqueous Goed
Isooctane Poor
JP Jet Fuel Poor
Methyl alcohol Good
Methyl methacrylate Fair

Skydrot® 5008 Fair

Sodium carbonate Good
Sodium hydroxide . Good
Sulfuric acid, Diluted Good
Tetrahydrofuran Poor
Toluene Poor
Water _ ‘ Good

Source: Handbook of Thermoplastic Elastomers, 2nd
Edition (Walker, B.M., and Rader, C.P., Eds), Van
Nostrand Reinhold Co., New York, 1988, p.57.

7.5 Processing of TPOs
These blends may be processed on the standard

equipment for thermoplastics. Products from TPO
can be made by injection molding, extrusion, vacuum
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Table 7.4. Typical Electrical Properties of TPO
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Property Test Procedure Test Result -

Dielectric Strength (V/mil) ASTM D 149 500
Volume Resistivity (23°C and 50% RH) (ohm-cm) ASTM D 257 1.6x10"
Arc Resistance s ASTM D 485 114
Dielectric Constant at ASTM D 180

60 Hz 2.4

1 kHz 2.39

1 MHz 2.37 .

Note: Tested on a molded plaque 0.080 in. (2.0 mm thick).

Source: Handbook of Thermoplastic Elastomers, 2nd Edition {Walker, B.M., and Rader, C.P., Eds.), Van Nostrand Reinhold

Co., New York, 1988, p.58.

forming, injection blow molding, and extrusion blow
molding. Because of the versatility of the compound-
ing the materials can be prepared to the specific
equipment, process, and process conditions.

In general, TPOs do not require any special
handling and since they are not hygroscopic, they
do not have to be dried prior to processing. If for
some reason the TPO compound has to be dried
(e.g., supplier’s recommendation or the use of hygro-
scopic fillers), usually drying for 1-2 hr at 80-95°C
(176-203°F) should be sufficient.

7.5.1 Injection Molding
7.5.1.1 Equipment and Process Conditions

These mechanical mixtures can be processed on
either reciprocating screw or plunger injection mold-
ing machines, although the reciprocating screw
machine is preferred since it produces a more uni-
form melt, which translates directly into the part
quality. Recommended screw compression ratio is
2.5:1 to 3.5:1 {18]. Since standard TPO materials
are not corrosive the screw may be made from
standard hard durable steel. Only if halogen-
based flame retardants are used, corrosion resistant
alloys may be considered for the equipment. The pro-
cess conditions for injection molding are in Table 7.5.
Purging of the equipment is done by polypropylene.

7.5.1.2 Mold Design

The draft angles and taper for the molds used
for TPOs should be generous, particularly for softer
grades [19]. Draft angles should be at least 3° to
facilitate the part ejection. Knock-out pins and
pusher plates should be large enough to prevent

marking of softer parts. Thick ribs should be
avoided since they may cause sink marks in the
surface opposite the rib. In general, gates should
be made larger than those for other thermoplastic
materials and should be designed to avoid high-
shear areas that may cause overheating of the com-
pound. Their diameter should be chosen according
to the wall thickness of the part [19].

7.5.2 Extrusion

Extrusion is used for the production of profiles,
tubing, sheets, hose, for coating of wires, and
jacketing of cables.

7.56.2.1 Equipment and Process Conditions

The length of the barrel of an extruder used for
TPO should be at least 20 times longer than its inside
diameter with the optimum ratio being 24:1 to 30:1
[19]. The recommended screw compression ratio is
2.7-3.5:1 but not higher than 3.5:1 and its configura-
tion %, %, %. A single stage screw is sufficient for the
extrusion of TPO compounds [20]. Typical process
conditions are in Table 7.6. As in injection molding
polypropylene is used for purging the equipment.

Tooling and dies for the TPO extrusion should
be designed as streamlined as possible. The die
shouid be designed with a minimum land of 0.125
in (3 mm) and smooth transition and heated with
a separate control, Wire coating or jacketing dies
can be either the tubing or pressure type design
with lead-in angles 22-35". Standard flexible-lip,
coat-hanger-type extrusion dies are suitable for
the extrusion of TPO sheets. Die lips should have
at least 1 in. (25 mm) band length and should be
set for a 30-50% draw-down with thinner sheets
requiring less draw-down {21].
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Table 7.5. General Injection Molding Parameters for TPO
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Machine Parameter

Typlcal Value

Clamp Pressure

3-5 tons (41.3-68.9 MPa) per square inch projected
part area

Nozzle Length

As short as possible

Barrel Temperature Profile (Nominal)
Nozzle
Front
Center
Rear

420°F (215°C)
420°F (215°C)
410°F (210°C)
400°F (204°C)

Mold Temperature Range
Cavity
Core

85-125"F (29-52°C)
75°F (24°C)

Hot Runner, Manifold, and Tips Temperature

420°F (215°C)

Injection Pressures
High
Low

500-1,500 psi (34—103 bar)
350-1,000 psi (2470 bar)

Back Pressure Range

50--300 psi (3.8-20.0 bar)

Cushion

0.25-0.50 in. (6.35—-12.7 mm)

Melt Decompression

Minimize to eliminate nozzle drool

Injection Speed

Medium to fast, typical range-0.4-3.2 in./s (1080 mm/s)

Screw Speed

Medium, typical range 50—-100 rpm

Sources: 1. Injection Molding, Processing and Troubleshooting, Solvay Engineered Polymers, Auburn Hills, Mi, 2,

Reference [18].

© Table 7.6. General Extrusion Parameters for TPO

Temperature Range,

Parameter F(C)

Barrel Temperature

Rear Zone 350-370 (177-188)
Center Zone 370-390 (188-199)
Front Zone 390410 (199-210)

Clamp Temperature 380—400 (193-204)

Adapter Temperature 380400 (193-204)
Screen Changer

Temperature 390-410 (198-210)
Die Temperature 380410 (193-210)
Melt Temperature 370-400 (188-204)

Source: TPO Profile Exfrusion Guide, Solvay Engineered
Polymers, Auburn Hills, Mi.
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7.5.3 Other Processing Methods

Calendering can be used to fabricate sheet and
film with gauges ranging from 5 to 50 mil (0.127-
1.27 mm). A four-roll calender is best suitable for
this process. Typical roll temperatures are:

e Top rolls: 350°F (177°C)
* Center roll: 300°F (149°C)
* Bottom roll: 275°F (135'C)

A minimum stock temperature of 350°F (177°C)
is needed to provide a uniform melt and a smooth
sheet. The calendered sheet can be embossed using
conventional methods [22].

Thermoforming has become an important manu-
facturing method for large automotive parts with the
development of TPO grades with higher melt strength
{23, 24] and know how. Recommended conditions
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Table 7.7. Recommended Conditions for

Thermoforming TPO
Parameter Condition
Sheet Temperature 320-360°F (160-182°'C)
Tool Temperature 170-190°F (77-88°C)
?:;;fm:‘ 140-170°F (60-77°C)
Minimum Vacuum 25 in Hg (635 mmHg)
Drying Temperature 120-180°F (49-82°C)*

Note: ®Normally drying is not necessary; however, drying
at the above conditions for 1—4 hr may lead to a better
surface and optimum sheet performance.

Source; Troubleshooter’s Guide to Thermoforming TPO
Materials, Solvay Engineering Polymers, Auburn Hills, Ml.

for thermoforming are in Table 7.7. Negative thermo-
Jforming, that is, drawing a heated sheet into a cavity, is
used to produce TPO skins for automotive instrument
panels. The result is improved appearance [25].

Blow molding is used for interior and underhood
air ducting. A high melt strength TPO grade is
required for this manufacturing method [26).

Stush cast molding, a method used mainly for
plasticized PVC, has been adapted for powdered
TPO material replacing PVC in interior automotive
parts. Powder TPO prepared by cryogenic pulveriza-
tion, remains ductile longer than PVC (twice as fong)
remains ductile at lower temperatures compared
to PVC and does not contribute to fogging.
Compared to TPU that is also used in this applica-
tion, it is considerably less expensive {27, 28].

Foamed TPOs can be prepared rather easily
because of their favorable viscosity characteristics.
Several methods can be used, depending on applica-
tion., Foaming is done either by using chemical
blowing agent [29-31], by physical blowing agent,
for example, CO, or by supercritical gas [32]. The
parts can be manufactured by injection molding,
compression molding, or extrusion. Typical foamed

"“TPO has a density 700 kg/m>.

7.6 Painting of TPOs

The largest volume of parts made from TPOs
is used in automotive applications. Therefore they
have to be made paintable with automotive finish
to match or accent the painted finish of the other
body panels. As pointed out in Section 7.4.5, TPOs
being polyolefin-based have surfaces that do not
react readily with most paints. To achieve an

HanDBOOK OF THERMOPLASTIC ELASTOMERS

adequate adhesion of paint, the TPO surface has to
be modified to obtain a reactive surface by creating
polar groups on it. This can be accomplished by
the following surface pretreatments [33, 34

» Corona discharge
¢ Plasma treatment
» Flame treatment

* Chemical treatment (chromic acid or potas-
sium permanganate)

* Application of adhesion promoter primer.

Chlorinated polyolefins (CPOs) dissolved in aro-
matic solvents have been in use for a long time as
adhesion promoters [34]. Recently, other promoter
primers have been used, such as nonchlorinated
adhesion promoter primer systems and waterborne
adhesion promoter primer systems [34].
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