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6.9 Introduction

 

Another important group of polymers is the group that is elastic or
rubberlike, known as 

 

elastomers

 

. This chapter discusses this group of
materials, including TPEs, MPRs, TPVs, synthetic rubbers, and natu-
ral rubber.

 

6.10 Thermoplastic Elastomers (TPEs)

 

Worldwide consumption of TPE for the year 2000 is estimated to be
about 2.5 billion pounds, primarily due to new polymer and processing
technologies, with an annual average growth rate of about 6% be-
tween 1996 and 2000. About 40% of this total is consumed in North
America.

 

4

 

TPE grades are often characterized by their hardness, resistance
to abrasion, cutting, scratching, local strain, and wear. A conven-
tional measure of hardness is Shore A and Shore D, shown in Fig.
6.15. Shore A is a softer, and Shore D is a harder TPE, with ranges
from as soft as Shore A 28 to as hard as Shore D 82. Durometer hard-
ness (ASTM D 2240) is an industry standard test method for rubbery

 

* The chapter author, editors, publisher, and companies referred to are not responsible
for the use or accuracy of information in this chapter, such as property data, processing
parameters, and applications.
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materials, covering two types of durometers, A and D. The 

 

durometer

 

is the hardness measuring apparatus, and the term 

 

durometer hard-
ness 

 

is often used with Shore hardness values. There are other hard-
ness test methods such as Rockwell hardness for plastics and
electrical insulating materials (ASTM D785 and ISO 2039), and Bar-
col hardness (ASTM D2583) for rigid plastics. While hardness is of-
ten a quantifying distinction between grades, it does not indicate
comparisons between physical/mechanical, chemical, and electrical
properties.

Drying times depend on moisture absorption of a given resin. TPE
producers suggest typical drying times and processing parameters.
Actual processing temperature and pressure settings are determined
by resin melt temperatures and rheological properties, mold cavity de-
sign, and equipment design such as screw configuration.

Performance property tables provided by suppliers usually refer to
compounded grades containing property enhancers (additives) such as
stabilizers, modifiers, and flame retardants. Sometimes, the suppliers’
property tables refer to a polymer rather than a formulated com-
pound.

 

6.10.1 Styrenics

 

Styrene block copolymers are the most widely used TPEs, accounting
for close to 45% of total TPE consumption worldwide at the close of the
twentieth century.

 

1 

 

They are characterized by their molecular archi-
tecture, which has a “hard” thermoplastic segment (block) and a “soft”
elastomeric segment (block) (see Fig. 6.16). Styrenic TPEs are usually
styrene butadiene styrene (SBS), styrene ethylene/butylene styrene
(SEBS), and styrene isoprene styrene (SIS). Styrenic TPEs usually
have about 30 to 40% (wt) bound styrene; certain grades have a higher
bound styrene content. The polystyrene endblocks create a network of
reversible physical cross links that allow thermoplasticity for melt

Figure 6.15 TPEs bridge the hardness ranges of rubbers and plastics. (Source:
Ref. 10, p. 5.2.)
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processing or solvation. With cooling or solvent evaporation, the poly-
styrene domains reform and harden, and the rubber network is fixed
in position.

 

2

 

Principal styrenic TPE markets are: molded shoe soles and other
footwear; extruded film/sheet and wire/cable covering; pressure-sensi-
tive adhesives (PSA) and hot-melt adhesives; and viscosity index (VI)
improver additives in lube oils, resin modifiers, and asphalt modifiers.
They are also popular as grips (bike handles), kitchen utensils, clear
medical products, and personal care products.

 

1,4 

 

Adhesives and seal-
ants are the largest single market.

 

1 

 

Styrenic TPEs are useful in adhe-
sive compositions in web coatings.

 

1

 

Styrenic block copolymer (SBC) thermoplastic elastomers were pro-
duced by Shell Chemical (K

 

RATON®

 

) and are available from Firestone
Synthetic Rubber and Latex, Division of Bridgestone/Firestone (Ste-
reon

 

®*

 

), Dexco Polymers (Vector

 

®†

 

), and EniChem Elastomers (Euro-
prene

 

®‡

 

). SBC properties and processes are described for these four
SBCs.

K

 

RATON§

 

 TPEs are usually SBS, SEBS, and SIS, as are SEP (sty-
rene ethylene/propylene) and SEB (styrene ethylene/butylene).

 

2 

 

The
polymers can be precisely controlled during polymerization to meet
property requirements for a given application.

 

2

 

Two K

 

RATON

 

 types are chemically distinguished: K

 

RATON

 

 G and (ra-
ton D, as described below. A third type, K

 

RATON

 

 Liquid

 

®

 

, poly(ethyl-

 

* Stereon is a registered trademark of Firestone Synthetic Rubber and Latex
Company, Division of Bridgestone/Firestone.

† Vector is a registered trademark of Dexco, A Dow/Exxon Partnership. 
‡ Europrene is a registered trademark of EniChem Elastomers. 
§ K

 

RATON

 

 styrenics were developed by Shell Chemical. In March 2001, the company
formally announced finalization of sale to Ripplewood Holdings. For information, contact
Kate Hill, Shell International Media Relations, telephone 44(0)2079342914.

Figure 6.16 Structures of three common styrenic
block copolymer TPEs: a and c = 50 to 80; b = 20 to
100. (Source: Ref. 10, p. 5.12.)
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ene/butylene), is described thereafter. K

 

RATON

 

 G and D have different
performance and processing properties. K

 

RATON

 

 G polymers have sat-
urated midblocks with better resistance to oxygen, ozone and ultravio-
let (UV) radiation, and higher service temperatures, depending on
load, up to 350°F (177°C) for certain grades.

 

2

 

 They can be steam steril-
ized for reusable hospital products. K

 

RATON

 

 D polymers have unsatur-
ated midblocks with service temperatures up to 150°F (66°C).

 

2 

 

SBC
upper service temperature limits depend on the type and weight per-
cent (wt%) thermoplastic and type and wt% elastomer, and the addi-
tion of heat stabilizers. A number of K

 

RATON

 

 G polymers are linear
SEBS, while several K

 

RATON

 

 D polymers are linear SIS.

 

2

 

 K

 

RATON

 

 G
polymer compounds’ melt process is similar to polypropylene; K

 

RATON

 

D polymer compounds’ process is comparable to polystyrene (PS).

 

2

 

Styrenic TPEs have strength properties equal to those of vulcanized
rubber, but they do not require vulcanization.

 

2 

 

Properties are deter-
mined by polymer type and formulation. There is wide latitude in com-
pounding to meet a wide variety of application properties.

 

2 

 

According
to application-driven formulations, K

 

RATON

 

s are compounded with a
hardness range from Shore A 28 to 95 (Shore A 95 is approximately
equal to Shore D 40), sp gr from 0.90 to 1.18, tensile strengths from
150 to 5000 lb/in

 

2 

 

(1.03 to 34.4 MPa), and flexibility down to –112°F
(80°C) (see Table 6.15).

 

2

 

K

 

RATON

 

s are resistant to acids, alkalis, and water, but long soaking in
hydrocarbon solvents and oils deteriorates the polymers.

 

2

 

Automotive applications range from window seals and gasketing to
enhanced noise/vibration attenuation.

 

1 

 

The polymers are candidates
for automotive seating, interior padded trim and insulation, hospital

 

TABLE 

 

6.15 Typical Properties of a K

 

RATON

 

 D and K

 

RATON

 

 G Polymer for Use 
as Formulation Ingredients and as Additive (U.S. FDA Compliance)

 

Property
[74°F (23°C)]

K

 

RATON

 

D D1101
(linear SBS)

K

 

RATON

 

G G1650
(linear SEBS)

Specific gravity, g/cm

 

3

 

Hardness, Shore A
Tensile strength, lb/in

 

2

 

 (MPa)
300% modulus, lb/in2 (MPa)
Elongation, %
Set @ break, %
Melt flow index, g/10 min
Brookfield viscosity, Hz  @ 77°F (25°C), 

toluene  solution
Styrene/rubber ratio

0.94
71

4600 (32)
400 (2.7)

880
10
<1

4000

31/69

0.91
75

5000 (34)
800 (5.5)

550
—
—

8000

29/71
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padding, and topper pads.

 

1

 

 SEBS is extruded/blown into 1-mil films
for disposable gloves for surgical/hospital/dental, food/pharmaceutical,
and household markets.

 

1

 

K

 

RATON

 

s are used in PSAs, hot-melt adhesives, sealants, solution-
applied coatings, flexible oil gels, modifiers in asphalt, thermoplastics,
and thermosetting resins.

 

2

 

 When K

 

RATON

 

s are used as an impact
modifier in nylon 66, notched Izod impact strength can be increased
from 0.8 ft-lb/in for unmodified nylon 66 to 19 ft-lb/in. Flexural modu-
lus may decrease from 44,000 lb/in

 

2 

 

(302 MPa) for unmodified nylon
66 to about 27,000 lb/in

 

2 

 

(186 MPa) for impact-modified nylon 66.
SBCs are injection molded, extruded, blow molded, and compression

molded.

 

2

 

K

 

RATON

 

 Liquid polymers are polymeric diols with an aliphatic, pri-
mary OH

 

–

 

 group on each terminal end of the poly(ethylene/butylene)
elastomer. They are used in formulations for adhesives, sealants, coat-
ings, inks, foams, fibers, surfactants, and polymer modifiers.

 

13

 

Two large markets for Firestone’s styrenic block copolymer SBS Ste-
reon TPEs are (1) impact modifiers (enhancers) for flame-retardant
polystyrene and polyolefin resins and (2) PSA and hot-melt adhesives.
Moldable SBS block copolymers possess high clarity and gloss, have
good flex cycle stability for “living hinge” applications, and come in
FDA-compliant grades for food containers and medical/hospital prod-
ucts.

 

1 

 

Typical mechanical properties are 4600-lb/in

 

2 

 

(31.7-MPa) tensile
strength, 6000-lb/in

 

2 

 

(41.4-MPa) flexural strength, and 200,000-lb/in

 

2

 

(1.4-GPa) flexural modulus.

 

1

 

Stereon stereospecific butadiene styrene block copolymer is used as
an impact modifier in PS, high-impact polystyrene (HIPS), polyolefin
sheet and films, such as blown film grade linear low-density polyethyl-
ene (LLDPE), to achieve downgauging and improve tear resistance
and heat sealing.

 

1

 

 Blown LLDPE film modified with 7.5% stereospe-
cific styrene block copolymers has a Dart impact strength of 185°F per
50 g, compared with 135°F per 50 g for unmodified LLDPE film. These
copolymers also improve environmental stress crack resistance
(ESCR) (especially to fats and oils for meat/poultry packaging trays),
increase melt flow rates, increase gloss, and meet U.S. FDA 21 CFR
177.1640 (PS and rubber modified PS) with at least 60% PS for food
contact packaging.

 

1 

 

When used with thermoformable foam PS, flexibil-
ity is improved without sacrificing stiffness, allowing deeper draws.

 

1

 

The stereospecific butadiene block copolymer TPEs are easily dis-
persed and improve blendability of primary polymer with scrap for re-
cycling.

Vector SBS, SIS, and SB styrenic block copolymers are produced as
diblock-free and diblock copolymers.

 

29 

 

The company’s process to make
linear SBCs yields virtually no diblock residuals. Residual styrene
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butadiene and styrene isoprene require endblocks at both ends of the
polymer to have a load-bearing segment in the elastomeric network.

 

29

 

However, diblocks are blended into the copolymer for certain applica-
tions.

 

29 

 

Vector SBCs are injection molded, extruded, and formulated
into pressure-sensitive adhesives for tapes and labels, hot-melt prod-
uct-assembly adhesives, construction adhesives, mastics, sealants,
and asphalt modifiers.

 

29 

 

The asphalts are used to make membranes
for single-ply roofing and waterproofing systems, binders for pave-
ment construction and repair, and sealants for joints and cracks.

 

29

 

Vector SBCs are used as property enhancers (additives) to improve the
toughness and impact strength at ambient and low temperatures of
engineering thermoplastics, olefinic and styrenic thermoplastics, and
thermosetting resins.

 

29

 

 The copolymers meet applicable U.S. FDA
food additive 21 CFR 177.1810 regulations and United States Phar-
macopoeia (USP) (Class VI medical devices) standards for health-care
applications.

 

29

 

The company’s patented hydrogenation techniques are developed to
improve SBC heat resistance as well as ultraviolet resistance.

 

29

 

EniChem Europrene SOL T products are styrene butadiene and sty-
rene isoprene linear and radial block copolymers.

 

1

 

 They are solution-
polymerized using anionic type catalysts

 

.

 

33

 

 

 

The molecules have poly-
styrene endblocks with central elastomeric polydiene (butadiene or
isoprene) blocks.

 

33

 

 The copolymers are 

 

(S-B)nX 

 

type where 

 

S

 

 = poly-
styrene, 

 

B = 

 

polybutadiene and polyisoprene, and 

 

X 

 

= a coupling
agent. Both configurations have polystyrene (PS) endblocks, with
bound styrene content ranging from 25 to 70% (wt).

 

1 

 

Polystyrene con-
tributes styrene hardness, tensile strength, and modulus; polybutadi-
ene and polyisoprene contribute high resilience and flexibility, even at
low temperatures.

 

1 

 

Higher molecular weight (MW) contributes a little
to mechanical properties but decreases melt flow characteristics and
processibility.

The polystyrene and polydiene blocks are mutually insoluble, and
this shows with two 

 

T

 

g

 

 

 

peaks on a cartesian graph with tan 

 

δ

 

 (

 

y

 

 axis)
versus temperature (x axis): one Tg for the polydiene phase and a sec-
ond Tg, for the polystyrene phase. A synthetic rubber, such as SBR,
shows one Tg.33 The two phases of a styrenic TPE are chemically
bound, forming a network with the PS domains dispersed in the poly-
diene phase. This structure accounts for mechanical/elastic properties
and thermoplastic processing properties.33 At temperatures up to
about 167°F (80°C), which is below PS Tg of 203 to 212°F (95 to
100°C), the PS phase is rigid.33 Consequently, the PS domains behave
as cross-linking sites in the polydiene phase, similar to sulfur links in
vulcanized rubber.33 The rigid PS phase also acts as a reinforcement,
as noted here.33 Crystal PS, HIPS, poly-alpha-methylstyrene, ethylene
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vinyl acetate (EVA) copolymers, low-density polyethylene (LDPE), and
high-density polyethylene (HDPE) can be used as organic reinforce-
ments. CaCO3, clay, silica, and silicates act as inorganic fillers, with
little reinforcement, and they can adversely affect melt flow if used in
excessive amounts.33

The type of PS, as well as its percent content, affect properties.
Crystal PS, which is the most commonly used, and HIPS increase
hardness, stiffness, and tear resistance without reducing melt rheol-
ogy.1 High-styrene copolymers, especially Europrene SOL S types
produced by solution polymerization, significantly improve tensile
strength, hardness, and plasticity, and they enhance adhesive prop-
erties.33 High styrene content does not decrease the translucency of
the compounds.33 Poly-alpha-methylstyrene provides higher hard-
ness and modulus, but abrasion resistance decreases.33 EVA im-
proves resistance to weather, ozone, aging, and solvents, retaining
melt rheology and finished product elasticity. The highest Shore
hardness is 90 A, the highest melt flow is 16 g/10 min, and specific
gravity is 0.92–0.96.1 

Europrene compounds can be extended with plasticizers that are
basically a paraflinic oil containing specified amounts of naphthenic
and aromatic fractions.33 Europrenes are produced in both oil-ex-
tended and dry forms.1 Oils were specially developed for optimum me-
chanical, aging, processing, and color properties.33 Increasing oil
content significantly increases melt flow properties, but it reduces me-
chanical properties. Oil extenders must be incompatible with PS so as
to avoid PS swelling, which would decrease mechanical properties
even more.33

The elastomers are compounded with antioxidants to prevent ther-
mal and photo-oxidation, which can be initiated through the unsatur-
ated zones in the copolymers.33 Oxidation can take place during melt
processing and during the life of the fabricated product.33 Phenolic, or
phosphitic antioxidants, and dilauryldithiopropionate as a stabilizer
during melt processing, are recommended.33 Conventional UV stabi-
lizers are used such as benzophenone and benzotriazine.33 Depending
on the application, the elastomer is compounded with flow enhancers
such as low MW polyethylene (PE), microcrystalline waxes or zinc
stearate, pigments, and blowing agents.33

Europrene compounds, especially oil-extended grades, are used in
shoe soles and other footwear.1 Principal applications are impact mod-
ifiers in PS, HDPE, LDPE, polypropylene (PP), other thermoplastic
resins and asphalt; extruded hose, tubing, O-rings, gaskets, mats,
swimming equipment (eye masks, snorkels, fins, “rubberized” suits)
and rafts; and pressure-sensitive adhesives (PSA) and hot melts.1 SIS
types are used in PSA and hot melts; SBS types are used in footwear.1
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The copolymer is supplied in crumb form, and mixing is done by con-
ventional industry practices, with an internal mixer or low-speed
room temperature premixing and compounding with either a single-
or twin-screw extruder.33 Low-speed premixing/extrusion compound-
ing is the process of choice.

Europrenes have thermoplastic polymer melt processing properties
and characteristics of TPEs. At melt processing temperatures, they be-
have as thermoplastics, and below the PS Tg of 203 to 212°F (95 to
100°C) the copolymers act as cross-linked elastomers, as noted earlier.
Injection-molding barrel temperature settings are from 284 to 374°F
(140 to 190°C). Extrusion temperature at the head of the extruder is
maintained between 212 and 356°F (100 and 180°C).

6.10.2 Olefenics and TPO Elastomers

Thermoplastic polyolefin (TPO) elastomers are typically composed of
ethylene propylene rubber (EPR) or ethylene propylene diene “M”
(EPDM) as the elastomeric segment and polypropylene thermoplastic
segment.18 LDPE, HDPE, and LLDPE; copolymers ethylene vinyl ace-
tate (EVA), ethylene ethylacrylate (EEA), ethylene, methyl-acrylate
(EMA); and polybutene-1 can be used in TPOs.18 Hydrogenation of
polyisoprene can yield ethylene propylene copolymers, and hydrogena-
tion of 1,4- and 1,2-stereoisomers of S-B-S yields ethylene butylene co-
polymers.1

TPO elastomers are the second most widely used TPEs on a tonnage
basis, accounting for about 25% of total world consumption at the
close of the twentieth century (according to what TPOs are included as
thermoplastic elastomers).

EPR and polypropylene can be polymerized in a single reactor or in
two reactors. With two reactors, one polymerizes propylene monomer
to polypropylene, and the second copolymerizes polypropylene with
ethylene propylene rubber (EPR) or EPDM. Reactor grades are (co)po-
lymerized in a single reactor. Compounding can be done in the single
reactor.

Montell’s in-reactor Catalloy®* (“catalytic alloy”) polymerization
process alloys propylene with comonomers, such as EPR and EPDM,
yielding very soft, very hard, and rigid plastics, impact grades, or elas-
tomeric TPOs, depending on the EPR or EPDM percent content. The
term olefinic for thermoplastic olefinic elastomers is arguable because
of the generic definition of olefinic. TPVs are composed of a continuous

* Catalloy is a registered trademark of Montell North America Inc., wholly owned by
the Royal Dutch/Shell Group.
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thermoplastic polypropylene phase and a discontinuous vulcanized
rubber phase, usually EPDM, EPR, nitrile rubber, or butyl rubber.

Montell describes TPOs as flexible plastics, stating “TPOs are not
TPEs.”32a The company’s Catalloy catalytic polymerization is a cost-ef-
fective process, used with propylene monomers that are alloyed with
comonomers, including the same comonomers with different molecu-
lar architecture. Catalloy technology uses multiple gas-phase reactors
that allow the separate polymerization of a variety of monomer
streams.32 Alloyed or blended polymers are produced directly from a
series of reactors that can be operated independently from each other
to a degree.32

Typical applications are flexible products such as boots, bellows,
drive belts, conveyor belts, diaphragms, and keypads; connectors, gas-
kets, grommets, lip seals, O-rings, and plugs; bumper components,
bushings, dunnage, motor mounts, sound deadening; and casters, han-
dle grips, rollers, and step pads.9

Insite®* technology is used to produce Affinity®† polyolefin plastomers
(POPs), which contain up to 20 wt% octene co-monomer.14 Dow Chemi-
cal’s 8-carbon octene polyethylene technology produces the company’s
ULDPE Attane®‡ ethylene-octene-1 copolymer for cast and blown films.
Alternative copolymers are 6-carbon hexene and 4-carbon butene, for
heat-sealing packaging films. Octene copolymer POP has lower heat-
sealing temperatures for high-speed form-fill-seal lines and high hot-
tack strength over a wide temperature range.14 Other benefits cited by
Dow Chemical are toughness, clarity, and low taste/odor transmission.14

Insite technology is used for homogeneous single-site catalysts that
produce virtually identical molecular structure, such as branching, co-
monomer distribution, and narrow molecular weight distribution
(MWD).14 Solution polymerization yields Affinity polymers with uni-
form, consistent structures, resulting in controllable, predictable per-
formance properties.14

Improved performance properties are obtained without diminishing
processibility, because the Insite process adds long-chain branching
onto a linear short-chain, branched polymer.14 The addition of long-
chain branches improves melt strength and flow.14 Long-chain branch-
ing results in polyolefin plastomers processing at least as smooth as
LLDPE and ultra-low-density polyethylene (ULDPE) film extrusion.14

Polymer design contributes to extrusion advantages such as enhanced
shear flow, drawdown, and thermoformability.

* Insite is a registered trademark of DuPont Dow Elastomers LLC. 
† Affinity is a registered trademark of The Dow Chemical Company.
‡ Attane is a registered trademark of The Dow Chemical Company.
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For extrusion temperature and machine design, the melt tempera-
ture is 450 to 550°F (232 to 288°C), the feed zone temperature setting
is 300 to 325°F (149 to 163°C), 24/1 to 32/1 L/D; for the sizing gear
box, use 5 lb/h/hp (1.38 kg/h/kW) to estimate power required to ex-
trude POP at a given rate; for single-flight screws, line draw over the
length of the line, 10 to 15 ft/min (3 to 4.5 m/min) maximum. Process-
ing conditions and equipment design vary according to the resin selec-
tion and finished product. For example, a melt temperature of 450 to
550°F (232 to 288°C) applies to cast, nip-roll fabrication using an eth-
ylene alpha-olefin POP14a), while 350 to 450°F (177 to 232°C) is recom-
mended for extrusion/blown film for packaging, using an ethylene
aipha-olefin POP.14b

POP applications are sealants for multilayer bags and pouches to
package cake mixes, coffee, processed meats and cheese, and liquids;
overwraps; shrink films; skin packaging; heavy-duty bags and sacks;
and molded storage containers and lids.14

Engage®* polyolefin elastomers (POEs), ethylene octene copolymer
elastomers, produced by DuPont Dow Elastomers, use Insite catalytic
technology.5 Table 6.16 shows their low density and wide range of
physical/mechanical properties (using ASTM test methods).5

The copolymer retains toughness and flexibility down to 40°F
(–40°C).5 When cross-linked with peroxide or silane, or by radiation,
heat resistance and thermal aging increase to >302°F (>150°C).5

Cross-linked copolymer is extruded into covering for low- and medium-
voltage cables. POE elastomers have a saturated chain, providing in-
herent UV stability.5 Ethylene octene copolymers are used as impact
modifiers, for example, in polypropylene. Typical products are foams

* Engage is a registered trademark of DuPont Dow Elastomers LLC.

TABLE 6.16 Typical Property Profile for Engage Polyolefin Elastomers 
(Unfilled Polymer, Room Temperature Except where Indicated)

Property Values

Specific gravity, g/cm3

Flexural modulus, lb/in2 (MPa), 2% secant
100% modulus, lb/in2(MPa)
Elongation, %
Hardness, Shore A
Haze, %,  0.070 in (1.8 mm) injection-molded plaque
Low-temperature  brittleness, °F (°C)
Melt flow index, g/10 min
Melting point, °F (°C)

0.857–0.91
435–27,55 (3–190)
145–>725 (1–>5)

700+
50–95

<10–20
<–104 (<–76)

0.5–30
91–225 (33–107)
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and cushioning components, sandal and slipper bottoms, sockliners
and midsoles, swim fins, and winter and work boots; TPO bumpers, in-
terior trim and rub strips, automotive interior air ducts, mats and lin-
ers, extruded hose and tube, interior trim, NVH applications, primary
covering for wire and cable voltage insulation (low and medium volt-
age), appliance wire, semiconductive shields, nonhalogen flame-retar-
dant and low smoke emission jackets, and bedding compounds.5

Union Carbide elastomeric polyolefin flexomers combine flexibility,
toughness, and weatherability, with properties midrange between
polyethylene and EPR.

6.11 Polyurethane Thermoplastic 
Elastomers (TPUs)

TPUs are the third most widely used TPEs, accounting for about 15%
of TPE consumption worldwide.

Linear polyurethane thermoplastic elastomers can be produced by
reacting a diisocyanate [methane diisocyanate (MDI) or toluene diiso-
cyanate (TDI)] with long-chain diols such as liquid polyester or poly-
ether polyols and adding a chain extender such as 1,4-butanediol.17,18c

The diisocyanate and chain extender form the hard segment, and the
long-chain diol forms the soft segment.18c For sulfur curing, unsatura-
tion is introduced, usually with an allyl ether group.17 Peroxide curing
agents can be used for cross linking.

The two principal types of TPUs are polyether and polyester. Poly-
ethers have good low-temperature properties and resistance to fungi;
polyesters have good resistance to fuel, oil, and hydrocarbon solvents.

BASF Elastollan®* TPU elastomer property profiles show typical
properties of polyurethane thermoplastic elastomers (see Table 6.17).

Shore hardness can be as soft as 70 A and as hard as 74 D, depend-
ing on the hard/soft segment ratio. Specific gravity, modulus, compres-
sive stress, load-bearing strength, and tear strength are also hard/soft
ratio dependent.18c TPU thermoplastic elastomers are tough, tear re-
sistant, abrasion resistant, and exhibit low-temperature properties.4

Dow Plastics Pellethane®† TPU elastomers are based on both poly-
ester and polyether soft segments.3

Five series indicate typical applications:

1. Polyester polycaprolactones for injection-molded automotive pan-
els, painted (without primer) with urethane and acrylic enamels,
or water-based elastomeric coating

* Elastopllan is a registered trademark of BASF Corporation.
† Pellethane is a registered trademark of The Dow Chemical Company.
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2. Polyester polycaprolactones for seals, gaskets, and belting

3. Polyester polyadipates extruded into film, sheet, and tubing

4. Polytetramethylene glycol ethers with excellent dielectrics for ex-
truded wire and cable covering, and also for films, tubing, belting,
and caster wheels

5. Polytetramethylene glycol ethers for healthcare applications3

Polyether-polyester hybrid specialty compounds are the softest non-
plasticized TPU (Shore hardness 70 A), and they are used as impact
modifiers.

Polycaprolactones possess good low-temperature impact strength
for paintable body panels, good fuel and oil resistance, and hydrolytic
stability for seals, gaskets, and belting.3 Polycaprolactones have fast
crystallization rates and high crystallinity, and they are generally eas-
ily processed into complex parts.

Polyester polyadipates have improved oil and chemical resistance
but slightly lower hydrolytic stability than polycaprolactones, which
are used for seals, gaskets, and beltings.

Polytetramethylene glycol ether resins for wire/cable covering have
excellent resistance to hydrolysis and microorganisms, compared with
polyester polyurethanes. Healthcare grade polyether TPUs are resis-
tant to fungi, have low levels of extractable ingredients, offer excellent
hydrolysis resistance, and can be sterilized for reuse by gamma irradi-
ation, ethylene oxide, and dry heat—but not with pressurized steam
(autoclave).3 Polyether TPUs are an option for sneakers and athletic
footwear components such as outer soles.

Bayer Bayflex®* elastomeric polyurethane reaction injection mold-
ing (RIM) is a two-component diphenylmethane diisocyanate- (MDI)-

TABLE 6.17 Mechanical Property Profile of Elastollan

Property Value

Specific gravity, g/cm3

Hardness, Shore 
Tensile strength, lb/in2 (MPa)
Tensile strength, lb/in2 (MPa):

100% elongation
300% elongation

Elongation @ break, %
Tensile set @ break, %
Tear strength, Die C pli
Abrasion-resistance, mg loss (Tabor)

1.11–1.21
70 A–74 D

4600–5800 (31.7–40.0)

770–1450 (5.3–10.0)
1300–1750 (9.0–12.0)

550–700
45–50

515–770
25

* Bayflex is a registered trademark of Bayer Corporation.
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based liquid system produced in unreinforced, glass-reinforced, and
mineral-/microsphere-reinforced grades.15 They possess a wide stiff-
ness range, relatively high impact strength, and quality molded prod-
uct surface, and they can be in-mold coated. Room temperature
properties are:

� Specific gravity, 0.95 to 1.18
� Ultimate tensile strength, 2300 to 4200 lb/in2 (16 to 29 MPa)
� Flexural modulus, 5000 to 210,000 lb/in2 (34 to 1443 MPa)
� Tear strength, Die C, 230 to 700 lb/in (40 to 123 kN/m)15 

Related Bayer U.S. patents are TPU-Urea Elastomers, U.S. Patent
5,739,250 assigned to Bayer AG, April 14, 1998; and RIM Elastomers
Based on Prepolymers of Cyoloaliphatic Diisocyanates, U.S. Patent
5,738,253 assigned to Bayer Corp., April 14, 1998.

Representative applications are tractor body panels and doors, auto-
motive fascia, body panels, window encapsulation, heavy-duty truck
bumpers, and recreation vehicle (RV) panels.

Bayer’s Texin®* polyester and polyether TPU and TPU/polycarbon-
ate (PC) elastomers were pioneer TPEs in the early development of
passenger car fronts and rear bumpers. PC imparts Izod impact
strength toughness required for automotive exterior body panels. Ex-
trusion applications include film/sheet, hose, tubing, profiles, and
wire/cable covering. Hardness ranges from Shore A 70 to Shore D 75.
Texin can be painted without a primer.

Morton International’s Morthane®† TPU elastomers are classified
into four groups: polyesters, polyethers, polycaprolactones, and poly-
blends. Polyester polyurethanes have good tear and abrasion resis-
tance, toughness, and low-temperature flexibility, and Shore hardness
ranges from 75 A to 65 D. They are extruded into clear film and tub-
ing and fuel line hose. Certain grades are blended with acrylonitrile
buta-diene styrene (ABS), styrene acrylonitrile (SAN), nylon, PC,
polyvinyl chloride (PVC), and other thermoplastic resins. Polyethers
possess hydrolytic stability, resilience, toughness, good low-tempera-
ture flexibility, easy processibility and fast cycles. They also have ten-
sile strength up to 7500 lb/in2 (52 MPa) and melt flow ranges from
about 5 to 60 g/10 min. Hardnesses are in the Shore A range up to 90.
Certain grades can be used in medical applications. Aliphatic polyes-
ter and polyether grades provide UV resistance for pipes, tubing,
films, and liners. They can be formulated for high clarity.

* Texin is a registered trademark of Bayer Corporation.
† Morthane is a registered trademark of Morton International Inc.
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The polyblends are polyester TPUs blended with ABS, SAN, PC,
nylon, PVC, and other thermoplastics for injection molding and ex-
trusion. A 10 to 20% loading into PVC compositions can increase me-
chanical properties 30 to 40%.1 Although the elastomeric TPUs are
inherently flexible, plasticizers may be recommended, for example, in
films.

TPU elastomers are processed on rubber equipment, injection
molded, extruded, compression molded, transfer molded, and calen-
dered. To be fabricated into products, such as athletic shoe outer soles,
the elastomer and ingredients are mixed in conventional rubber
equipment (two-roll mills, internal mixers) and compounded.17 Subse-
quently, the compound is processed; for example, injection molded.17

Typical melt processing practices are described with Pellethane
TPU (see Table 6.18). The moisture content is brought to <0.02% be-
fore molding or extruding.3 Desiccant, dehumidifying hopper dryers
that can produce a –40°F (40°C) dew point at the air inlet are sug-
gested. A dew point of –20°F (–29°C) or lower is suggested for TPU
elastomers.3 The suggested air-inlet temperature range is 180 to
230°F (82 to 110°C)3: 180 to 200°F (82 to 93°C) for the softer Shore A
elastomers, and 210 to 230°F (99 to 110°C) for harder Shore D elas-
tomers.

Drying time to achieve a given moisture content for resin used di-
rectly from sealed bags is shown in Fig. 6.17: about 4 h to achieve
<0.02% moisture content @ 210°F (99°C) air-inlet temperature and
–20°F (–29°C) dew point.3 When TPU elastomers are exposed to air
just prior to processing, the pellets are maintained at 150 to 200°F (65
to 93°C), a warmer temperature than the ambient air.3 A polymer tem-
perature that is warmer than the ambient air reduces the ambient
moisture absorption.3

TABLE 6.18 Typical Injection-Molding Settings* for Pellethane TPU

*Typical temperature and pressure settings are based on Ref. 3. Settings are based
on studies using a reciprocating screw, general-purpose crew, clamp capacity of
175 tons, and rated shot capacity of 10oz (280 g). Molded specimen thicknesses
ranged from 0.065 to 0.125 in (1.7 to 3.2 mm).

Temperature, °F (°C) Shore A 80 Shore D 55

Melt temperature max
Cylinder zone

Rear (feed)
Middle (transition)
Front (metering)

Nozzle
Mold temperature

415 (213)

350–370 (177–188)
360–380 (183–193)
370–390 (188–199)
390–410 (199–210)

80–140

435 (224)

360–380 (183–193)
370–390 (188–198)
390–410 (204–210)
400–410 (204–210)

(27–60)
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Melt temperature is determined by Tm of resin and processing and
equipment specifications, including machine capacity, rated shot size,
screw configuration (LID, flight number, and design), part design,
mold design (gate type and runner geometry), and cycle time.3 Shear
energy created by the reciprocating screw contributes heat to the melt,
causing the actual melt temperature to be 10 to 20°F (6 to 10°C)
higher than the barrel temperature settings.3 Temperature settings
should take shear energy into account. To ensure maximum product
quality, the processor should discuss processing parameters, specific
machinery, equipment, and tool and product data with the resin sup-
plier. For example, if it is suspected that an improper screw design
will be used, melt temperature gradient may be reversed. Instead of
increasing temperature from rear to front, it may be reduced from rear
to front.3

A higher mold temperature favors a uniform melt cooling rate,
minimizing residual stresses, and improves the surface finish, mold
release, and product quality. The mold cooling rate affects finished
product quality. Polyether type TPU can set up better and release
better.

High pressures and temperatures fill a high surface-to-volume ratio
mold cavity more easily, but TPU melts can flash fairly easily at high
pressures (Table 6.19). Pressure can be carefully controlled to achieve
a quality product by using higher pressure during quick-fill, followed
by lower pressure.3 The initial higher pressure may reduce mold
shrinkage by compressing the elastomeric TPU.3

Figure 6.17 Typical drying curve for Pelle-
thane elastomers. (From Ref. 3, p. 6.)
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The back pressure ranges from 0 to 100 lb/in2 (0 to 0.69 MPa). TPU
elastomers usually require very little or no back pressure.3 When ad-
ditives are introduced by the processor prior to molding, back pressure
will enhance mixing, and when the plastication rate of the machine is
insufficient for shot size or cycle time, a back pressure up to 200 lb/in2

(1.4 MPa) can be used.3

Product quality is not as sensitive to screw speed as it is to process
temperatures and pressures. The rotating speed of the screw, along
with flight design, affects mixing (when additives have been intro-
duced) and shear energy. Higher speeds generate more shear energy
(heat). A speed above 90 rpm can generate excessive shear energy, cre-
ating voids and bubbles in the melt, which remain in the molded part.3

Cycle times are related to TPU hardness, part design, tempera-
tures, and wall thickness. Higher temperature melt and a hot mold re-
quire longer cycles, when the cooling gradient is not too steep. The
cycle time for thin-wall parts, <0.125 in (<3.2 mm), is typically about
20 s.3 The wall thickness for most parts is less than 0.125 in (3.2 mm),
and a wall thickness as small as 0.062 in (1.6 mm) is not uncommon.
When the wall thickness is 0.250 in (6.4 mm), the cycle time can in-
crease to about 90 s.3

Mold shrinkage is related to TPU hardness and wall thickness, part
and mold designs, and processing parameters (temperatures and pres-
sures). For a wall thickness of 0.062 in (1.6 mm) for durometer hard-
ness Shore A 70, the mold shrinkage is 0.35%. Using the same wall
thickness for durometer hardness Shore A 90, the mold shrinkage is
0.83%.3

Purging when advisable is accomplished with conventional purging
materials, polyethylene, or polystyrene. Good machine maintenance
includes removing and cleaning the screw and barrel mechanically
with a salt bath or with a high-temperature fluidizedsand bath.3

TABLE 6.19 Typical Temperature Pressure Settings* for Pellethane TPU

Pressure, lb/in2 † (MPa)

Injection pressure
First stage
Second stage

Back pressure
Cushion, in/mm
Screw speed, rpm
Cycle time, s (injection, relatively slow to avoid flash, etc.)

8000–15,000 (55.0–103)
5000–10,000 (34.5–69.60)

0–100 (0–0.69)
0.25 (6.4)

50–75
3–10

*Typical temperature and pressure settings are based on Ref. 3. Settings are based on studies using
a reciprocating screw, general-purpose screw, clamp capcity of 175 tons, and rated shot capacity of
10 oz (280 g). Molded speciment thickness ranged from 0.065 to 0.125 in (1.7– to 3.2–mm).
†U.S. units refer to line pressures; metric units are based on the pressure on the (average) cross-
sectional area of the screw.
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Reciprocating screw injection machines are usually used to injection
mold TPU, and these are the preferred machines, but ram types can
be successfully used. Ram machines are slightly oversized to avoid (1)
incomplete melting and (2) steep temperature gradients during resin
melting and freezing. Oversizing applies especially to TPU durome-
ters harder than Shore D 55.3

Molded and extruded TPU have a wide range of applications, in-
cluding:

Automotive: body panels (tractors) and RVs, doors, bumpers (heavy-
duty trucks), fascia, and window encapsulations

Belting

Caster wheels

Covering for wire and cable

Film/sheet

Footwear and outer soles

Seals and gaskets

Tubing

6.11.1 Copolyesters

Thermoplastic copolyester elastomers are segmented block copolymers
with a polyester hard crystalline segment and a flexible soft amor-
phous segment with a very low Tg.35 Typically, the hard segments are
composed of short-chain ester blocks such as tetramethylene tereph-
thalate, and the soft segments are composed of aliphatic polyether or
aliphatic polyester glycols, their derivatives, or polyetherester glycols.
The copolymers are also called thermoplastic etheresterelastomers
(TEEEs).35 The terms COPE and TEEE are used interchangeably (see
Fig. 6.18).

TEEEs are typically produced by condensation polymerization of an
aromatic dicarboxylic acid or ester with a low MW aliphatic diol and a
polyakylene ether glycol.35 Reaction of the first two components leads

Figure 6.18 Structure of a commercial COPE TPE: a = 16 to 40,
x = 10 to 50, and b = 16 to 40. (Source: Ref. 10, p. 5.14.)
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to the hard segment, and the soft segment is the product of the diacid
or diester with a long-chain glycol.35 This can be described as a melt
transesterification of an aromatic dicarboxylic acid, or preferably its
dimethyl ester, with a low MW poly(alklylene glycol ether) plus a
short-chain diol.35

An example is melt phase polycondensation of a mixture of dimethyl
terephthaate (DMT) + poly(tetramethylene oxide) glycol + an excess of
tetramethylene glycol. A wide range of properties can be built into the
TEEE by using different mixtures of isomeric phthalate esters, differ-
ent polymeric glycols, and varying MW and MWD.36 Antioxidants,
such as hindered phenols or secondary aromatic amines, are added
during polymerization, and the process is carried out under nitrogen,
because the polyethers are subject to oxidative and thermal degrada-
tion.35

Hytrel®* TEEElastomer block copolymers’ property profile is given
in Table 6.20.

The mechanical properties are between rigid thermoplastics and
thermosetting hard rubber.35 Mechanical properties and processing
parameters for Hytrel, and for a number of other materials in this
chapter, can be found on the producers’ Internet home pages.

* Hytrel is a registered trademark of DuPont for its brand of thermoplastic polyester
elastomer.

TABLE 6.20 Typical Hytrel Property Profile1—ASTM Test Methods

Property Value

Specific gravity, g/cm3

Tensile strength @ break, lb/in2 (MPa)
Tensile elongation @ break, %
Hardness Shore D
Flexural modulus, lb/in 2 (MPa)

–40°F (–40°C)
73°F (22.8°C)
212°F (100°C)

Izod impact strength, ft-lb/in (J/m), notched
–40°F (–40°C)
–73°F (22.8°C)

Tabor abrasion, mg/1000 rev
CS–17 wheel
H–18 wheel

Tear resistance, lb/in, initial Die C
Vicat softening temperature, °F (°C)
Melt point, °F (°C)

1.01–1.43
1,400–7,000 (10–48)

200–700
30–82

9,000–440,000 (62–3,030)
4,700–175,000 (32–1,203)

1,010–37,000 (7.0–255)

No break–0.4 (No break–20)
No break–0.8 (No break–40)

0–85
20–310

210–1,440
169–414 (7601–212)
302–433 (150–223)
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Copolymer properties are largely determined by the soft/hard seg-
ment ratio; as with any commercial resin, properties are determined
with compound formulations.

TEEEs combine flexural fatigue strength, low-temperature flexibil-
ity, good apparent modulus (creep resistance), DTUL and heat resis-
tance, resistance to hydrolysis, and good chemical resistance to
nonpolar solvents at elevated temperatures. A tensile stress/percent
elongation curve reveals an initial narrow linear region.19 COPEs are
attacked by polar solvents at elevated temperatures. The copolymers
can be completely soluble in meta-cresol, which can be used for dilute
solution polymer analysis.19

TEEEs are processed by conventional thermoplastic melt-process-
ing methods, injection molding, and extrusion, requiring no vulcaniza-
tion.35 They have sharp melting transitions and rapid crystallization
(except for softer grades with higher amount of amorphous segment),
and apparently melt viscosity decreases slightly with shear rate (at
low shear rates).35 The melt behaves like a Newtonian fluid.35 In a
true Newtonian fluid, the coefficient of viscosity is independent of the
rate of deformation. In a non-Newtonian fluid, the apparent viscosity
is dependent on shear rate and temperature.

TPE melts are typically highly non-Newtonian fluids, and their ap-
parent viscosity is a function of shear rate.10 TPE’s apparent viscosity
is much less sensitive to temperature than it is to shear rate.10 The ap-
parent viscosity of TPEs as a function of apparent shear rate and as a
function of temperature are shown in Figs. 6.19 and 6.20.

TEEEs can be processed successfully by low-shear methods such as
laminating, rotational molding, and casting.35 Standard TEEElas-

Figure 6.19 Viscosity as a function of shear rate for
hard and soft TPEs. (Source: Ref. 10, p. 5.31.)
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tomers are usually modified with viscosity enhancers for improved
melt viscosity for blow molding.35

Riteflex®* copolyester elastomers have high fatigue resistance,
chemical resistance, good low-temperature [–40°F (–40°C)] impact
strength, and service temperatures up to 250°F (121°C). Riteflex
grades are classified according to hardness and thermal stability. The
typical hardness range is Shore D 35 to 77. They are injection molded,
extruded, and blow molded. The copolyester can be used as a modifier
in other polymer formulations. Applications for Riteflex copolyester
and other compounds that use it as a modifier include bellows, hy-
draulic tubing, seals, wire coating, and jacketing; molded air dams,
automotive exterior panel components (fender extensions, spoilers),
fascia and fascia coverings, radiator panels; extruded hose, belting,
and cable covering; and spark plug and ignition boots.

Arnitel®† TPEs are based on polyether ester or polyester ester, in-
cluding specialty compounds as well as standard grades.34 Specialty
grades are classified as (1) flame-retardant UL 94 V/0 @ 0.031 in (0.79
mm), (2) high modulus glass-reinforced, (3) internally lubricated with

* Riteflex is a registered trademark of Ticona.
† Arnitel is a registered trademark of DSM.

Figure 6.20 TPE (with different hardnesses) viscosity
as a function of temperature. (Source: Ref. 10, p. 5.31.)
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polytetrafluoro ethylene (PTFE) or silicone for improved wear resis-
tance, and (4) conductive, compounded with carbon black, carbon fi-
bers, nickel-coated fibers, stainless-steel fibers, for ESD applications.

Standard grades have a hardness range of about Shore D 38 to 74
for injection molding, extrusion, and powder rotational molding.1 Ar-
nitels have high impact strength, even at subzero temperatures, near-
constant stiffness over a wide temperature range, and good abra-
sion.34 They have excellent chemical resistance to mineral acids, or-
ganic solvents, oils, and hydraulic fluids.34 They can be compounded
with property enhancers (additives) for resistance to oxygen, light,
and hydrolysis.34 Glass fiber-reinforced grades, like other thermoplas-
tic composites, have improved DTUL, modulus, and coefficient of lin-
ear thermal expansion (CLTE).34

Typical products are automotive exterior trim, fascia components,
spoilers, window track tapes, boots, bellows, underhood wire covering,
connectors, hose, and belts; appliance seals, power tool components,
ski boots, and camping equipment.1

Like other thermoplastics, processing temperatures and pressures
and machinery/tool designs are adjusted to the compound and appli-
cation.

The following conditions apply to Arnitel COPE compounds, for opti-
mum product quality: melt temperature range, 428 to 500°F (220 to
260°C); cylinder (barrel) temperature setting range, 392 to 482°F (200
to 250°C); mold temperature range for thin-wall products, 122°F
(50°C) and for thick-wall products, 68°F (20°C).

Injection pressure is a function of flow length, wall thickness, and
melt rheology, and it is calculated to achieve uniform mold filling. The
Arnitel injection pressure range is <5000 to >20,000 lb/in2 (<34 to
>137 MPa). Thermoplastic elastomers may not require back pressure,
and when back pressure is applied, it is much lower than for thermo-
plastics that are not elastomeric. Back pressure for Arnitel is about 44
to 87 lb/in2 (0.3 to 0.6 MPa). Back pressure is used to ensure a homoge-
neous melt with no bubbles.

The screw configuration is as follows: thread depth ratio, approxi-
mately 1:2, and L/D ratio, 17/1 to 23/1 (standard three-zone screws:
feed, transition or middle, and metering or feed zones).34 Screws are
equipped with a nonreturn valve to prevent backflow.34 Decompres-
sion-controlled injection-molding machines have an open nozzle.34 A
short nozzle with a wide bore (3-mm minimum) is recommended to
minimize pressure loss and heat due to friction.34 Residence time
should be as short as possible, and this is accomplished with barrel
temperatures at the lower limits of recommended settings.34

Tool design generally follows conventional requirements for gates
and runners. DSM recommends trapezoidal gates or, for wall thick-
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ness more than 3 to 5 mm, full sprue gates.34 Vents approximately 1.5
× 0.02 mm are located in the mold at the end of the flow patterns, ei-
ther in the mold faces or through existing channels around the ejector
pins and cores.34 Ejector pins and plates for thermoplastic elastomers
must take into account the molded product’s flexibility. Knock-out
pins/plates for flexible products should have a large enough face to dis-
tribute evenly the minimum possible load. Prior to ejection, the part is
cooled, carefully following the resin supplier’s recommendation. The
cooling system configuration in the mold base, and the cooling rate,
are critical to optimum cycle time and product quality. The product is
cooled as fast as possible without causing warpage. Cycle times vary
from about 6 s for a wall thickness of 0.8 to 1.5 mm to 40 s for a wall
thickness of about 5 to 6 mm. Drying temperatures and times range
from 3 to 10 h at 194 to 248°F (90 to 120°C).

In general, COPEs can require drying for 4 h @ 225°F (107°C) in a
dehumidifying oven to bring the pellet moisture content to 0.02%
max.1 The melt processing range is typically about 428 to 448°F (220
to 231°C); however, melt processing temperatures can be as high as
450 to 500°F (232 to 260°C). A typical injection-molding grade has a
Tm of 385°F (196°C).1 The mold temperature is usually between 75
and 125°F (24 and 52°C).

Injection-molding screws have a gradual transition (center) zone to
avoid excess shearing of the melt and high metering (front) zone flight
depths [0.10 to 0.12 in (2.5 to 3.0 mm)], a compression ratio of 3.0:1 to
3.5:1, and an L/D of 18/1 min (24/1 for extrusion).18a Barrier screws
can provide more efficient melting and uniform melt temperatures for
molding very large parts and for high-speed extrusions.18a When
Hytrel is injection molded, molding pressures range from 6000 to
14,000 lb/in2 (41.2 to 96.2 MPa). When pressures are too high, over-
packing and sticking to the mold cavity wall can occur.18a Certain
mold designs are recommended: large knock-out pins and stripper
plates, and generous draft angles for parts with cores.18a

6.12 Polyamides

Polyamide TPEs are usually either polyester-amides, polyetherester-
amide block copolymers, or polyether block amides (PEBA) (see
Fig. 6.21). PEBA block copolymer molecular architecture is similar to
typical block copolymers.10 The polyamide is the hard (thermoplastic)
segment, whereas the polyester, polyetherester, and polyether seg-
ments are the soft (elastomeric) segment.10

Polyamide TPEs can be produced by reacting a polyamide with a
polyol such as polyoxyethylene glycol or polyoxypropylene glycol, a
polyesterification reaction.1 Relatively high aromaticity is achieved by
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esterification of a glycol to form an acid-terminated soft segment,
which is reacted with a diisocyanate to produce a polyesteramide. The
polyamide segment is formed by adding diacid and diisocyanate.1 The
chain extender can be a dicarboxylic acid.1 Polyamide TPEs can be
composed of lauryl lactam and ethylene-propylene rubber (EPR).

Polyamide thermoplastic elastomers are characterized by their high
service temperature under load, good heat aging, and solvent resis-
tance.1 They retain serviceable properties >120 h @ 302°F (150°C)
without adding heat stabilizers.1 Addition of a heat stabilizer in-
creases service temperature. Polyesteramides retain tensile strength,
elongation, and modulus to 347°F (175°C).1 Oxidative instability of the
ether linkage develops at 347°F (175°C). The advantages of polyether
block amide copolymers are their elastic memory, which allows re-
peated strain (deformation) without significant loss of properties,
lower hysteresis, good cold-weather properties, hydrocarbon solvent
resistance, UV stabilization without discoloration, and lot-to-lot con-
sistency.1

The copolymers are used for waterproof/breathable outerwear; air-
conditioning hose; underhood wire covering; automotive bellows; flexi-
ble keypads; decorative watch faces; rotationally molded basketballs,
soccer balls, and volleyballs; and athletic footwear soles.1 They are in-
sert-molded over metal cores for nonslip handle covers (for video cam-
eras) and coinjected with polycarbonate core for radio/TV control
knobs.1

Pebax®* polyether block amide copolymers consist of regular linear
chains of rigid polyamide blocks and flexible polyether blocks. They

* Pebax is a registered trademark of Elf Atochem.

Figure 6.21 Structure of three PEBA TPEs. (Source: Ref. 10, p. 5.17.)
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are injection molded, extruded, blow molded, thermoformed, and rota-
tional molded.

The property profile is as follows: specific gravity about 1.0; Shore
hardness range about 73 A to 72 D; water absorption, 1.2%; flexural
modulus range, 2600 to 69,000 lb/in2 (18.0 to 474 MPa); high torsional
modulus from –40° to 0°C; Izod impact strength (notched), no break
from –40to 68°F (–40 to 20°C); abrasion resistance; long wear life;
elastic memory, allowing repeated strain under severe conditions
without permanent deformation; lower hysteresis values than many
thermoplastics and thermosets with equivalent hardness; flexibility
temperature range, –40to 178°F (–40 to 81°C), and flexibility tempera-
ture range is achieved without plasticizer (it is accomplished by engi-
neering the polymer configuration); lower temperature increase with
dynamic applications; chemical resistance similar to polyurethane
(PUR); good adhesion to metals; small variation in electrical proper-
ties over service temperature range and frequency (Hz) range; print-
ability and colorability; tactile properties, such as good “hand,” feel;
and nonallergenic.1

The Tm for polyetheresteramides is about 248 to 401°F (120 to
205°C) and about 464°F (240°C) for aromatic polyesteramides.18b

Typical Pebax applications are one-piece, thin-wall soft keyboard
pads; rotationally molded, high-resiliency, elastic memory soccer balls,
basketballs, and volleyballs; flexible, tough mouthpieces for respira-
tory devices, scuba equipment, frames for goggles, and ski and swim-
ming breakers; and decorative watch faces. Pebax offers good nonslip
adhesion to metal and can be used for coverings over metal housings
for hand-held devices such as remote controls, electric shavers, cam-
era handle covers; coinjected over polycarbonate for control knobs; and
employed as films for waterproof, breathable outerwear.1

Polyamide/ethylene-propylene, with higher crystallinity than other
elastomeric polyamides, has improved fatigue resistance and im-
proved oil and weather resistance.1 Tm and service temperature usu-
ally increase with higher polyamide crystallinity.1

Polyamide/acrylate graft copolymers have a Shore D hardness range
from 50 to 65, and continuous service temperature range from –40 to
329°F (–40 to 165°C). The markets are underhood hose and tubing,
seals and gaskets, and connectors and optic fiber sheathing, snap-fit
fasteners.1 Nylon 12/nitrile rubber blends were commercialized by
Denki Kagaku Kogyo as part of the company’s overall nitrile blend de-
velopment.1

6.13 Melt Processable Rubber (MPR)

MPRs are amorphous polymers, with no sharp melt point,1 which can
be processed in both resin melt and rubber processing machines, injec-
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tion molded, extruded, blow molded, calendered, and compression
molded.*1 Flow properties are more similar to rubber than to thermo-
plastics.1 The polymer does not melt by externally applied heat alone
but becomes a high-viscosity, intractable semifluid. It must be sub-
jected to shear to achieve flowable melt viscosities, and shear force ap-
plied by the plasticating screw is necessary. Without applied shear,
melt viscosity and melt strength increase too rapidly in the mold.
Even with shear and a hot mold, as soon as the mold is filled and the
plasticating screw stops or retracts, melt viscosity and melt strength
increase rapidly.

Melt rheology is illustrated with Aclryn®.† The combination of applied
heat and shear-generated heat brings the melt to 320 to 330°F (160 to
166°C). The melt temperature should not be higher than 360°F (182°C).
New grades have been introduced with improved melt processing.

Proponents of MPR view its rheology as a processing cost benefit by
allowing faster demolding and lower processing temperature settings,
significantly reducing cycle time.1 High melt strength can minimize or
virtually eliminate distortion and sticking, and cleanup is easier.1

MPR is usually composed of halogenated (chlorinated) polyolefins,
with reactive intermediate-stage ethylene interpolymers that promote
H+ bonding.

Alcryn is an example of single-phase MPR with overall midrange
performance properties, supplementing the higher-price COPE ther-
moplastic elastomers. Polymers in single-phase blends are miscible,
but polymers in multiple-phase blends are immiscible, requiring a
compatibilizer for blending. Alcryns are partially cross-linked haloge-
nated polyolefin MPR blends.1 The specific gravity ranges from 1.08 to
1.35.1 MPRs are compounded with various property enhancers (addi-
tives), especially stabilizers, plasticizers, and flame retardants.1

The applications are automotive window seals and fuel filler gaskets,
industrial door and window seals and weatherstripping, wire/cable cov-
ering, and hand-held power tool housing/handles. Nonslip soft-touch
hand-held tool handles provide weather and chemical resistance and
vibration absorption.16 Translucent grade is extruded into films for face
masks and tube/hosing and injection-molded into flexible keypads for
computers and telephones.1 Certain grades are paintable without a
primer. Typical durometer hardnesses are Shore A 60, 76, and 80.

The halogen content of MPRs requires corrosion-resistant equip-
ment and tool cavity steels along with adequate venting. Viscosity and

* MPR is a trademark of Advanced Polymer Alloys, Division of Ferro Corporation.
† Alcryn is a registered trademark of Advanced Polymer Alloys Division of Ferro

Corporation.
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melt strength buildup are taken into account with product design,
equipment, and tooling design: wall thickness gradients and radii,
screw configuration (flights, L/D, length), gate type and size, and run-
ner dimensions.1 The processing temperature and pressure setting are
calculated according to rheology.1

To convert solid pellet feed into uniform melt, moderate screws with
some shallow flights are recommended. Melt flow is kept uniform in
the mold with small gates (which maximize shear), large vents, and
large sprues for smooth mold filling.1 Runners should be balanced and
radiused for smooth, uniform melt flow.1 Recommendations, such as
balanced, radiused runners, are conventional practice for any mold de-
sign, but they are more critical for certain melts such as MPRs. Molds
have large knock-out pins or plates to facilitate stripping the rubbery
parts during demolding. Molds may be chilled to 75°F (24°C). Mold
temperatures depend on grades and applications; hot molds are used
for smooth surfaces and to minimize orientation.1

Similar objectives of the injection-molding process apply to extru-
sion and blow molding, namely, creating and maintaining uniform, ho-
mogeneous, and properly fluxed melt. Shallow-screw flights increase
shear and mixing. Screws that are 4.5 in (11.4 cm) in diameter with
L/D 20/1 to 30/1 are recommended for extrusion. Longer barrels and
screws produce more uniform melt flux, but L/D ratios can be as low
as 15/1. The temperature gradient is reversed. Instead of the tempera-
ture setting being increased from the rear (feed) zone to the front (me-
tering) zone, a higher temperature is set in the rear zone, and a lower
temperature is set at the front zone and at the adapter (head).1 Ex-
truder dies are tapered, with short land lengths, and die dimensions
are close to the finished part dimension.1 Alcryns have low to mini-
mum die swell.

The polymer’s melt rheology is an advantage in blow molding dur-
ing parison formation, because the parison is not under shear, and it
begins to solidify at about 330°F (166°C). High melt viscosity allows
blow ratios up to 3:1 and significantly reduces demolding time.

MPRs are thermoformed and calendered with similar consider-
ations described for molding and extrusion. Film and sheet can be cal-
endered with thicknesses from 0.005 to 0.035 in (0.13 to 0.89 mm).

6.14 Thermoplastic Vulcanizate (TPV)

TPVs are composed of a vulcanized rubber component, such as EPDM,
nitrile rubber, and butyl rubber, in a thermoplastic olefinic matrix.
TPVs have a continuous thermoplastic phase and a discontinuous vul-
canized rubber phase. TPVs are dynamically vulcanized during a
melt-mixing process in which vulcanization of the rubber polymer
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takes place under conditions of high temperatures and high shear.
Static vulcanization of thermoset rubber involves heating a com-
pounded rubber stock under zero shear (no mixing), with subsequent
cross-linking of the polymer chains.

Advanced Elastomer Systems’ Santoprene®* thermoplastic vulcani-
zate is composed of polypropylene and finely dispersed, highly vulca-
nized EPDM rubber. Geolast®† TPV is composed of polypropylene and
nitrile rubber, and the company’s Trefsin®‡ is a dynamically vulca-
nized composition of polypropylene plus butyl rubber.

EPDM particle size is a significant parameter for Santoprene’s me-
chanical properties, with smaller particles providing higher strength
and elongation.1 Higher cross-link density increases tensile strength
and reduces tension set (plastic deformation under tension).1 Santo-
prene grades can be characterized by EPDM particle size and cross-
link density.1

These copolymers are rated as midrange with overall performance
generally between the Tower cost styrenics and the higher-cost TPUs
and copolyesters.1 The properties of Santoprene, according to its de-
veloper (Monsanto), are generally equivalent to the properties of gen-
eral purpose EPDM, and oil resistance is comparable to that of
neoprene.1 Geolast has higher fuel/oil resistance and better hot oil ag-
ing than Santoprene (see Tables 6.21, 6.22, and 6.23).

* Santoprene is a registered trademark of Advanced Elastomer Systems LP.
† Geolast is a registered trademark of Advanced Elastomer Inc. Systems LP.
‡ Trefsin is a registered trademark of Advanced Elastomer Systems LP.

TABLE 6.21 Santoprene Mechanical Property Profile—ASTM Test 
Methods—Durometer Hardness Range, Shore 55A to 50 D

Shore hardness

Property 55A 80A 50D

Specific gravity, g/cm3

Tensile strength, lb/in2 (MPa)
Ultimate elongation, %
Compression set, %, 168 h
Tension set, %
Tear strength, pli

 77°F (25°C)
 212°F (100°C)

Flex fatigue megacycles to failure
Brittle point, °F (°C)

0.97
640 (4.4)

330
23
6

108 (42)
42 (5.6)

>3.4
<–76 (<–60)

0.97
600 (11)

450
29
20

194 (90)
75 (24)

—
–81 (–63)

0.94
4000 (27.5)

600
41
61

594 (312)
364 (184)

—
–29 (–34)
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Tensile stress-strain curves for Santoprene at several temperatures
for Shore 55 A and 50 D hardnesses are shown in Fig. 6.22.8

Generally, tensile stress decreases with temperature increase, while
elongation at break increases with temperature. Tensile stress at a
given strain increases with hardness from the softer Shore A grades to
the harder Shore D grades. For a given hardness, the tensile stress-
strain curve becomes progressively more rubber-like with increasing
temperature. For a given temperature, the curve is progressively more
rubberlike with decreasing hardness. Figure 6.23 shows dynamic me-
chanical properties for Shore 55 A and 50 D hardness grades over a
wide range of temperatures.8

TPVs composed of polypropylene and EPDM have a service temper-
ature range from –75 to 275°F (–60 to 135°C) for more than 30 days

TABLE 6.22 Santoprene Mechanical Property Profile—Hot Oil Aging*/
Hot Air Aging—Durometer Hardness Range Shore 55 A to 55 D (from 
Ref. 1)

Shore hardness

Property 55A 80A 50D

Tensile strength, ultimate
   lb/in2 (MPa)

Percent retention
Ultimate elongation, %
Percent retention
100% modulus, lb/in2 (MPa)
Percent retention

470 (3.2)
77

320
101

250 (1.7)
87

980 (6.8)
73

270
54

610 (4.2)
84

2620 (18.10)
70

450
69

1500 (10.3)
91

*Hot oil aging (IRM 903), 70 h @ 257°F (125°C).

TABLE 6.23 Santoprene Mechanical Property Profile—Hot Oil Aging/
Hot Air Aging*—Durometer Hardness Range Shore 55 A to 55 D (from 
Ref. 1)

Shore hardness

Property 55A 80A 50D

Tensile strength, ultimate
   lb/in2 (MPa)

Percent retention
Ultimate elongation, %
Percent retention
100% modulus, lb/in2 (MPa)
Percent retention

680 (4.7)
104
370
101

277 (1.9)
105

1530 (10.6)
109
400
93

710 (4.9)
111

3800 (26.2)
97

560
90

1830 (12.6)
117

*Hot air aging, 168 h @ 257°F (125°C).
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Figure 6.22 Tensile stress-strain curves for Santoprene at several tem-
peratures for different hardness grades. (a) 55 Shore A grades (ASTM
D 412), (b) 50 Shore D grades (ASTM D 412). (Source: Ref. 8, pp. 3–4.)

(a)

(b)
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and 302°F (150°C) for short times (up to 1 week). Reference 8 reports
further properties, including tensile and compression set, fatigue re-
sistance, and resilience and tear strength. Polypropylene/nitrile rub-
ber high/low service temperature limits are 257°F (125°C)/–40°F
(–40°C).

Santoprene automotive applications include air ducts, body seals,
boots (covers), bumper components, cable/wire covering, weatherstrip-
ping, underhood and other automotive hose/tubing, and gaskets. Ap-
pliance uses include diaphragms, handles, motor mounts, vibration
dampers, seals, gaskets, wheels, and rollers. Santoprene rubber is
used in building/construction for expansion joints, sewer pipe seals,
valves for irrigation, weatherstripping, and welding line connectors.
Prominent electrical uses are in cable jackets, motor shaft mounts,

Figure 6.23 Dynamic mechanical properties for different hardness
grades over a range of temperatures. (a) 55 Shore A grades, (b) 50
Shore D grades. (Source: Ref. 8, pp. 12–13.)

(a)

(b)
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switch boots, and terminal plugs. Business machines, power tools, and
plumbing/hardware provide TPVs with numerous applications. In
healthcare applications, it is used in disposable bed covers, drainage
bags, pharmaceutical packaging, wound dressings (U.S. Pharmaco-
poeia Class VI rating for biocompatibility). Special-purpose Santo-
prene grades meet flame retardance, outdoor weathering, and heat
aging requirements.

Santoprene applications of note are a nylon-bondable grade for the
General Motors GMT 800 truck air-induction system; driveshaft boot
in Ford-F Series trucks, giving easier assembly, lighter weight, and
higher temperature resistance than the material it replaced; and San-
toprene cover and intermediate layers of tubing assembly for hydrau-
lic oil hose. Nylon-bondable Santoprene TPV is coextruded with an
impact modified (or pure) nylon 6 inner layer.

Polypropylene/EPDM TPVs are hygroscopic, requiring drying at
least 3 h at 160°F (71°C) and avoiding exposure to humidity.1 They are
not susceptible to hydrolysis.1 Moisture in the resin can create voids,
disturbing processing and finished product performance properties.
Moisture precautions are similar to those for polyethylene or polypro-
pylene.1

Typical of melts with a relatively low melt flow index (0.5 to 30 g/
10 min for Santoprene), gates should be small, and runners and
sprues should be short; long plasticating screws are used with an L/D
ratio typically 24/1 or higher.1 The high viscosity at low shear rates
(see Fig. 6.24) provides good melt integrity and retention of design di-
mensions during cooling.1

Similar injection-molding equipment design considerations apply to
extrusion equipment such as long plasticating screws with 24/1 or
higher L/D ratios and approximately 3:1 compression ratios.1

Equipment/tool design, construction, and processing of TPVs differ
from that of other thermoplastics. EPDM/polypropylene is thermally
stable up to 500°F (260°C), and it should not be processed above this
temperature.1 It has a flash ignition temperature above 650°F (343°C).

TPV’s high shear sensitivity allows easy mold removal; thus, sprays
and dry powder mold release agents are not recommended.

Geolast TPVs are composed of polypropylene and nitrile rubber. Ta-
ble 6.24 profiles the mechanical properties for these TPVs with Shore
hardness range of 70 A to 45 D.

Geolast (polypropylene plus nitrile rubber) has a higher resistance
than Santoprene (polypropylene plus EPDM) to oils (such as IRM
903) and fuels, plus good hot-oil/hot-air aging.1 Geolast applications
include molded fuel filler gasket (Cadillac Seville), carburetor com-
ponents, hydraulic lines, and engine parts such as mounts and tank
liners.
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TABLE 6.24 Geolast Mechanical Property Profile—ASTM Test Methods—Room 
Temperature—Durometer Hardness Range, Shore 70 A to 45 D

Shore hardness

Property 70 A 87 A 45 D

Specific gravity, g/cm3

Tensile strength, lb/in2 (MPa)
Ultimate elongation, %
Compression set @ 22 h, %

212°F (100°C)
257°F (125°C)

Tension set (%)
Tear strength, pli

73°F (23°C)
212°/F (100°C)

Brittle point, °F (°C)

1.00
900 (6.2)

265

28
37
10

175 (79)
52 (11)

–40 (–40)

0.98
1750 (12)

380

39
48
24

350 (177)
150 (66)

–33 (–28)

0.97
2150 (15)

350

52
78
40

440 (227)
220 (104)
–31 (–36)

Figure 6.24 Apparent viscosity vs. apparent shear rate @ 400°F (04°C). (Source: Ref. 7,
pp. 36.)
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Three property distinctions among Trefsin grades are (1) heat aging;
(2) high energy attenuation for vibration damping applications such
as automotive mounts, energy absorbing fascia and bumper parts, and
sound deadening; and (3) moisture and 02 barrier. Other applications
are soft bellows; basketballs, soccer balls, and footballs; calendered
textile coatings; and packaging seals. Since Trefsin is hygroscopic, it
requires drying before processing. Melt has low viscosity at high shear
rates, providing fast mold filling. High viscosity at low shear during
cooling provides a short cooling time. Overall, cycle times are reduced.

Advanced Elastomer Systems L.P. (AES) is the beneficiary of Mon-
santo Polymers’ TPE technology and business, which included Mon-
santo’s earlier acquisition of BP Performance Polymers’ partially
vulcanized EPDM/polypropylene (TPR), and Bayer’s partially vulca-
nized EPDM/polyolefin TPEs in Europe.

6.15 Synthetic Rubbers (SRs)

A second major group of elastomers is that group known as synthetic
rubbers. Elastomers in this group, discussed in detail in this section,
are

Acrylonitrile butadiene copolymers (NBR)

Butadiene rubber (BR)

Butyl rubber (IIR)

Chiorosulfonated polyethylene (CSM)

Epichiorohydrin (ECH, ECO)

Ethylene propylene diene monomer (EPDM)

Ethylene propylene monomer (EPM)

Fluoroelastomers (FKM)

Polyacrylate (ACM)

Polybutadiene (PB)

Polychloroprene (CR)

Polyisoprene (IR)

Polysulfide rubber (PSR)

Silicone rubber (SiR)

Styrene butadiene rubber (SBR)

Worldwide consumption of synthetic rubber can be expected to be
about 11 million metric tons in 2000 and about 12 million metric tons
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in 2003, based on earlier reporting (1999) by the International Insti-
tute of Synthetic Rubber Producers.26 About 24% is consumed in
North America.1 Estimates depend on which synthetic rubbers are in-
cluded and reporting sources from world regions.

New synthetic rubber polymerization technologies replacing older
plants and increasing world consumption are two reasons new produc-
tion facilities are being built around the world. Goodyear Tire & Rub-
ber’s 110,000-metric tons/y butadiene-based solution polymers went
onstream in 2000 in Beaumont Texas.25 Goodyear’s 18,200-metric
tons/y polyisoprene unit went onstream in 1999 in Beaumont.25 Sumi-
tomo Sumika AL built a 15,000-metric tons/y SBR plant in Chiba, Ja-
pan, adding to the company’s 40,000-metric tons/y SBR capacity at
Ehime.25 Haldia Petrochemical Ltd. of India is constructing a 50,000-
metric tons/y SBR unit and a 50,000-metric tons/y PB unit using
BASF technology.25

Bayer Corporation added a 75,000-metric tons/y SBR and PB capac-
ity at Orange, Texas, in 1999, converting a lithium PB unit to produce
solution SBR and neodymium PB.25 Bayer AG increased SBR and PB-
capacity from 85,000 to 120,000 metric tons/y at Port Jerome, France,
in 1999.25 Bayer AG will complete a worldwide butadiene rubber ca-
pacity increase from 345,000 metric tons/y in 1998 to more than
600,000 metric tons/y by 2001.25 Bayer AG increased EPDM capacity
at Orange, Texas, using slurry polymerization and at Marl, Germany,
using solvent polymerization in 1999.25 Bayer Inc. added 20,000–met-
ric tons/y butyl rubber capacity at Sarnia, Ontario, to the company’s
70,000-metric tons/y butyl rubber capacity and 50,000-metric tons/y
halo-butyl capacity at Sarnia. Bayer’s 90,000-metric tons/y halo- or
regular butyl capacity was scheduled to be restarted in 2000.25

Mitsui Chemicals goes onstream with a 40,000-metric tons/y metal-
locene EPDM in Singapore in 2001.25 The joint venture Nitrilo SA be-
tween Uniroyal Chemical subsidiary of Crompton and Girsa
subsidiary of Desc SA (Mexico) went onstream with a 28,000-metric
tons/y NBR at Altamira, Mexico, in 1999.25 Uniroyal NBR technology
and Girsa process technology were joined.25 Chevron Chemical went
onstream in 1999 with a 60,000-metric tons/y capacity polyisobutylene
(PIB) at Belle Chase, Louisiana, licensing technology from BASF.25

BASF is adding a 20,000–metric tons/y medium MW PIB at its Lufwig-
shafen complex, which will double the unit’s capacity to 40,000 metric
tons/y. This addition will be completed in 2001. BASF has 70,000–met-
ric tons/y low MW PIB capacity. The company is using its own selective
polymerization technology, which allows MW to be controlled.25

BST Elastomers, a joint venture of Bangkok Synthetics, Japan Syn-
thetic Rubber (JSR), Nippon Zeon, Mitsui, and Itochu, went onstream
in 1998–1999 with 40,000–metric tons/y PB capacity and 60,000–met-
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ric tons/y SBR at Map Ta Phut, Rayong, Thailand.25 Nippon Zeon com-
pleted adding 25,000–metric tons/y SBR capacity to its existing
30,000-metric tons/y at Yamaguchi, Japan, in 1999, and the company
licensed its solution polymerization technology to Buna Sow Leuna
Olefinverbund (BSLO).25 BSLO will start 60,000-metric tons/y SBR
capacity at Schkopau, Germany, in 2000.25

Sinopec, China’s state-owned petrochemical and polymer company, is
increasing synthetic rubber capacity across the board, including butyls,
SBRs, nitrile, and chloroprene. Sinopec is starting polyisoprene and
EPR production, although the company did not produce polyisoprene or
EPR prior to 1999.25 Total synthetic rubber capacity will be 1.15 mil-
lion metric tons/y by 2000. China’s synthetic rubber consumption is
forecast by the company to be almost 7 million metric tons/y in 2000.25

Dow chemical purchased Shell’s E-SBR and BR. Dow is the fastest
growing SR producer with the broadest portfolio of SBR and BR.

Synthetic rubber is milled and cured prior to processing such as in-
jection molding. Processing machinery is designed specifically for syn-
thetic rubber.

Engel (Guelph, Ontario) ELAST®* technology includes injection-
molding machines designed specifically for molding cross-linked rub-
bers.31 Typical process temperature settings, depending on the poly-
mer and finished product, are 380 to 425°F (193 to 218°C). Pressures,
which also depend on polymer and product, are typically 20,000 to
30,000 lb/in2 (137 to 206 MPa). A vertical machine’s typical clamping
force is 100 to 600 U.S. tons, while a horizontal machine’s typical
clamping force is 60 to 400 U.S. tons. They have short flow paths, al-
lowing injection of rubber very close to the cross-linking tempera-
ture.31 The screw L/D can be as small as 10/1.31 ELAST technology
includes tiebarless machines for small and medium capacities and
proprietary state-of-the-art computer controls.31

6.15.1 Acrylonitrile Butadiene Copolymers

Nitrile butadiene rubbers (NBRs) are poly(acrylonitrile-co-1,3-butadi-
ene) copolymers of butadiene and acrylonitrile.23 Resistance to swell-
ing caused by oils, greases, solvents, and fuels is related to percent
bound acrylonitrile (ACN) content, which usually ranges from 20 to
46%.6 Higher ACN provides higher resistance to swelling but dimin-
ishes compression set and low temperature flexibility.6 ACN properties
are related to percent acrylo and percent nitrile content. Nitrile in-
creases compression set, flex properties, and processing properties.1

* ELAST is a registered trademark of Engel Canada.
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The rubber has good barrier properties due to the polar nitrile
groups.23 Continuous-use temperature for vulcanized NBR is up to
248°F (120°C) in air and up to 302°F (150°C) immersed in oil.23

NBR curing, compounding, and processing are similar to those for
other synthetic rubbers.6

Fine-powder NBR grades are ingredients in PVC/nitrile TPEs and
in other polar thermoplastics to improve melt processibility; reduce
plasticizer blooming (migration of plasticizer to the surface of a fin-
ished product); and improve oil resistance, compression set, flex prop-
erties, feel, and finish of the plastic product.1 Chemigum®* fine powder
is blended with PVC/ABS and other polar thermoplastics.1 The pow-
ders are typically less than 1 mm in diameter (0.5 nominal diameter
particle size), containing 9% partitioning agent. Partitioning agents
may be SiO2, CaCO3, or PVC. Their structures may be linear, linear/
cross linked, and branched/cross linked (see Table 6.25).

Nitrile rubber applications are belting, sheeting, cable jacketing,
hose for fuel lines and air conditioners, sponge, gaskets, arctic/avia-
tion O-rings and seals, precision dynamic abrasion seals, and shoe
soles. Nitrile rubbers are coextruded as the inner tube with chlori-
nated polyethylene outer tube for automotive applications.10d Nitrile
provides resistance to hydrocarbon fluids, and chlorinated polyethyl-

* Chemigum is a registered trademark of Goodyear Tire and Rubber Company.

TABLE 6.25 Typical Chemigum/PVC Formulations and Properties for 
General-Purpose and Oil/Fuel-Resistant Hose (from Ref. 1)

General–purpose Oil/fuel resistant

Ingredient, parts by weight

PVC
Chemigum
DOP plasticizer
CaCO3
Epoxidized soya oil
Stabilizer, lubricant

 100
   25
   78
  —
     3
     2

100
100
  40
  20
    5
    3

Properties

Specific gravity, g/cm3

Tensile strength, lb/in2 (MPa)
Elongation @ break, %
Hardness Shore A

1.17
2566 (17.6)

390
57

1.20
1929 (13.3)

340
73

06bMargolis  Page 70  Wednesday, May 23, 2001  10:13 AM



Elastomeric Materials and Processes 6.71

ene provides ozone resistance.10d Other automotive applications are
engine gaskets, fluid- and vapor-resistant tubing, fuel filler neck inner
hose, fuel system vent inner hose, oil, and grease seals. Nitrile powder
grades are used in window seals, appliance gasketing, footwear, cable
covering, hose, friction material composites such as brake linings, and
food contact applications.1,6

Blends based on nitrile rubbers are used in underground wire/cable
covering; automotive weatherstripping, spoiler extensions, foam-inte-
gral skin core-cover armrests, and window frames; footwear; and flexi-
ble, lay-flat, reinforced, rigid, and spiral hose for oils, water, food, and
compressed air.

6.15.2 Butadiene Rubber (BR) and 
Polybutadiene (PB)

Budene®* solution polybutadiene (solution polymerized) is cis-1,4-
poly(butadiene) produced with stereospecific catalysts which yield a
controlled MWD, which is essentially a linear polymer.6 Butadiene
rubber, polybutadiene, is solution-polymerized to stereospecific poly-
mer configurations10a by the additional polymerization of butadiene
monomer. The following cis- and trans-1,4-polybutadiene isomers can
be produced: cis-1,4-polybutadiene with good dynamic properties, low
hysteresis, and good abrasion resistance; trans isomers are tougher,
harder, and show more thermoplasticity.10,23 Grades are oil and nonoil
extended and vary according to their cis-content.6

The applications are primarily tire tread and carcass stock, con-
veyor belt coverings, V-belts, hose covers, tubing, golf balls, shoe soles
and heels, sponges, and mechanical goods.6 They are blended with
SBR for tire treads to improve abrasion and wear resistance.10a The
tread is the part of the tire that contacts the road, requiring low roll-
ing resistance, abrasion and wear resistance, and good traction and
durability.22

Replacement passenger car shipments in the United States are ex-
pected to increase from 185.5 million units in 1998 to 199 million units
in 2004, according to the Rubber Manufacturers Association. Syn-
thetic rubber choices for tires and tire treads are related to tire design.
Composition and design for passenger cars, sport utility vehicles
(SUV), pickup trucks, tractor trailers, and snow tires are continually
under development, as illustrated by the following sampling of U.S.
Patents.16 Tire Having Silica Reinforced Rubber Tread Containing
Carbon Fibers to Goodyear Tire & Rubber, U.S. Patent 5,718,781, Feb-

* Budene is a registered trademark of Goodyear Tire and Rubber Company.
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ruary 17, 1998; Silica Reinforced Rubber Composition to Goodyear
Tire & Rubber, U.S. Patent 5,719,208, February 17, 1998; and Silica
Reinforced Rubber Composition and Tire With Tread to Goodyear Tire
& Rubber, U.S. Patent 5,719,207, February 17, 1998.

Other patents include “Ternary Blend of Polyisoprene, Epoxidized
Natural Rubber and Chlorosulfonated Polyethylene” to Goodyear Tire
& Rubber, U.S. Patent 5,736,593, April 7, 1998, and “Truck Tire With
Cap/Base Construction Tread” to Goodyear Tire & Rubber, U.S. Patent
5,718,782, February 17, 1998; “Tread Of Heavy Duty Pneumatic Ra-
dial Tire” to Bridgestone Corporation, U.S. Patent 5,720,831, Febru-
ary 24, 1998; “Pneumatic Tire With Asymmetric Tread Profile” to
Dunlop Tire, U.S. Patent 5,735,979, April 7, 1998; and “Tire Having
Specified Crown Reinforcement” to Michelin, U.S. Patent 5,738,740,
April 14, 1998. Silica improves a passenger car’s tread rolling resis-
tance and traction when used with carbon black.28 High dispersible
silica (HDS) in high vinyl solution polymerized SER compounds show
improved processing and passenger car tread abrasion resistance.28

Precipitated silica with carbon black has been used in truck tire tread
compounds which are commonly made with natural rubber (NR).28

Modeling is the method of choice for analyzing passenger car cord-
reinforced rubber composite behavior. Large-scale three-dimensional
finite element analysis (FEA) improves understanding of tire perfor-
mance, including tire and tread behavior when “the rubber meets the
road.”

BR is extruded and calendered. Processing properties and perfor-
mance properties are related to polymer configuration: cis- or trans-
stereoisomerism, MW and MWD, degree of crystallization (DC), de-
gree of branching, and Mooney viscosity.23 Broad MWD and branched
BR tend to mill and process more easily than narrow MWD and more
linear polymer.23 Lower Mooney viscosity enhances processing.23 BR
is blended with other synthetic rubbers such as SBR to combine BR
properties with millability and extrudability.

6.15.3 Butyl Rubber

Butyl rubber (IIR) is an isobutylene-based rubber, which includes co-
polymers of isobutylene and isoprene, halogenated butyl rubbers, and
isobutylene/p-methylstyrene/bromo-p-methylstyrene terpolymers.22 IIR
can be slurry polymerized from isobutylene copolymerized with small
amounts of isoprene in methyl chloride diluent at –130 to –148°F (–90
to –100°C). Halogenated butyl is produced by dissolving butyl rubber
in a hydrocarbon solvent and introducing elemental halogen in gas or
liquid state.23 Cross-linked terpolymers are formed with isobutylene +
isoprene + divinylbenzene.
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Most butyl rubber is used in the tire industry. Isobutylene-based
rubbers are used in underhood hose for the polymer’s low permeability
and temperature resistance, and high damping, resilient butyl rub-
bers are used for NVH (noise, vibration, harshness) applications such
as automotive mounts for engine and vehicle/road NVH attenuation.22

Butyl rubber is ideal for automotive body mounts that connect the
chassis to the body, damping road vibration.10d Road vibration gener-
ates low vibration frequencies. Butyl rubber can absorb and dissipate
large amounts of energy due to its high mechanical hysteresis over a
useful temperature range.10d

Low-MW “liquid” butyls are used for sealants, caulking compounds,
potting compounds, and coatings.23 Depolymerized virgin butyl rubber
is high viscosity and is used for reservoir liners, roofing coatings, and
aquarium sealants.10b It has property values similar to conventional
butyl rubber: extremely low VTR (vapor transmission rate); resistance
to degradation in hot, humid environments; excellent electrical prop-
erties; and resistance to chemicals, oxidation, and soil bacteria.10b To
make high-viscosity depolymerized butyl rubber pourable, solvents or
oil is added.10b

Chlorobutyl provides flex resistance in the blend chlorobutyl rubber/
EPDM rubber/NR for white sidewall tires and white sidewall cover-
strips.22 An important application of chlorobutyl rubber in automotive
hose is extruded air conditioning hose to provide barrier properties to
reduce moisture gain and minimize refrigerant loss.22 The polymer is
used in compounds for fuel line and brake line hoses.22 Brominated
isobutylene-p-methylstyrene (BIMS) was shown to have better aging
properties than halobutyl rubber for underhood hose and comparable
aging properties to peroxide-cured EPDM, depending on compound
formulations.22 Bromobutyls demonstrate good resistance to brake flu-
ids for hydraulic brake lines and to methanol and methanol/gasoline
blends.22

6.15.4 Chlorosulfonated Polyethylene (CSM)

Chlorosulfonated polyethylene is a saturated chlorohydrocarbon rub-
ber produced from Cl2, SO2, and a number of polyethylenes, and con-
tains about 20 to 40% chlorine and 1 to 2% sulfur as sulfonyl chlo-
ride.23 Sulfonyl chloride groups are the curing or cross-linking sites.23

CSM properties are largely based on initial polyethylene (PE) and per-
cent chlorine. A free-radical-based PE with 28% chlorine and 1.24% S
has a dynamic shear modulus range from 1000 to 300,000 lb/in2

(7 MPa to 2.1 GPa).23 Stiffness differs for free-radical-based PE and
linear PE, with chlorine content: at about 30%, Cl2 free-radical-based
PE stiffness decreases to minimum value, and at about 35%, C12 con-
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tent linear PE stiffness decreases to minimum value.23 When the C12
content is increased more than 30 and 35%, respectively, the stiffness
(modulus) increases.23

Hypalon®* CSMs are specified by their Cl2, S contents, and Mooney
viscosity.23 CSM has an excellent combination of heat and oil resis-
tance and oxygen and ozone resistance. CSM, like other polymers, is
compounded to meet specific application requirements. Hypalon is
used for underhood wiring and fuel hose resistance.

6.15.5 Epichlorohydrin (ECH, ECO)

ECH and ECO polyethers are homo- and copolymers, respectively:
chloromethyloxirane homopolymer and chloromethyloxirane copolymer
with oxirane.23 Chloromethyl side chains provide sites for cross-linking
(curing and vulcanizing). These chlorohydrins are chemically 1-chloro-
2,3-epoxypropane. They have excellent resistance to swelling when ex-
posed to oils and fuels; good resistance to acids, alkalis, water, and
ozone; and good aging properties.10a Aging can be ascribed to environ-
ments such as weathering (UV radiation, oxygen, ozone, heat, and
stress).10a High chlorine content provides inherent flame retardance,10a

and, like other halogenated polymers, flame-retardant enhancers (ad-
ditives) may be added to increase UL 94 flammability rating.

ECH and ECO can be blended with other polymers to increase high-
and low-temperature properties and oil resistance.23 Modified poly-
ethers have potential use for new, improved synthetic rubbers. ECH
and ECO derivatives, formed by nucleophilic substitution on the chlo-
romethyl side chains, may provide better processing.

6.15.6 Ethylene Propylene Copolymer (EPDM)

EPM [poly(ethylene-co-propylene)] and EPDM [poly(ethylene-copropy-
lene-co-5-ethylidene-2-norbornene)]23

 can be metallocene catalyst po-
lymerized. Metallocene catalyst technologies include (1) Insite, a
constrained geometry group of catalysts used to produce Affinity poly-
olefin plastomers (POP), Elite®† PE, Nordel®‡ EPDM, and Engage
polyolefin elastomers (POP) and (2) Exxpol®§ ionic metallocene cata-
lyst compositions used to produce Exact¶ plastomer octene copoly-
mers.24 Insite technology produces EPDM-based Nordel IP with
property consistency and predictability16 (see Sec. 6.10.2).

* Hypalon is a registered trademark of DuPont Dow Elastomers LLC.
† Elite is a registered trademark of Dow Chemical Company.
‡ Nordel is a registered trademark of DuPont Dow Elastomers LLC.
§ Exxpol is a registered trademark of Exxon Mobil Corporation.
¶ Exact is a registered trademark of Exxon Mobil Corporation.
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Mitsui Chemical reportedly has developed “FI” catalyst technology,
called a phenoxycyimine complex, with 10 times the ethylene polymer-
ization activity of metallocene catalysts, according to Japan Chemical
Weekly (summer, 1999).25

EPM and EPDM can be produced by solution polymerization, while
suspension and slurry polymerization are viable options. EPDM can
be gas-phase 1,-4 hexadiene polymerized using Ziegler-Natta cata-
lysts. Union Carbide produces ethylene propylene rubber (EPR) using
modified Unipol® low-pressure gas-phase technology.

The letter “M” designates that the ethylene propylene has a satu-
rated polymer chain of the polymethylene type, according to the
ASTM.12 EPM (copolymer of ethylene and propylene) rubber and
EPDM (terpolymer of ethylene, propylene, and a nonconjugated diene)
with residual side chain unsaturation, are subclassified under the
ASTM “M” designation.12

The diene ethylidiene norbornene in Vistalon®* EPDM allows sulfur
vulcanization (see Table 6.26).12 1,4-Hexadiene and dicyclopentadiene
(DCPD) are also used as curing agents.18 The completely saturated
polymer “backbone” precludes the need for antioxidants that can bleed
to the surface (bloom) of the finished product and cause staining.12

Saturation provides inherent ozone and weather resistance, good ther-
mal properties, and a low compression set.12 Saturation also allows a
relatively high-volume addition of low-cost fillers and oils in com-
pounds while retaining a high level of mechanical properties.12 The
ethylene/propylene monomer ratio also affects the properties.

EPM and EPDM compounds, in general, have excellent chemical re-
sistance to water, ozone, radiation, weather, brake fluid (nonpetro-
leum based), and glycol.12

EPM is preferred for dynamic applications, because its age resis-
tance retains initial product design over time and environmental ex-
posure.12 EPDM is preferred for its high resilience.12 EPM is resistant
to acids, bases (alkalis), and hot detergent solution. EPM and EPDM
are resistant to salt solutions, oxygenated solvents, and synthetic hy-
draulic fluids.12 Properties are determined by the composition of the
base compound. A typical formulation includes Vistalon EP(D)M, car-
bon black, process oil, zinc oxide, stearic acid, and sulfur. 12

EPDM formulations are increasingly popular for medium-voltage,
up to 221°F (105°C) continuous-use temperature wire and cable cover-
ing.20 Thinner walls, yet lower (power) losses and better production
rates, are sought by cable manufacturers.20 Low-MW (Mooney viscos-

* Vistalon is a registered trademark of Exxon Chemical Company, Division of Exxon
Corporation.

06bMargolis  Page 75  Wednesday, May 23, 2001  10:13 AM



6.76 Chapter 6, Part 2

ity, ML), high-ethylene-content copolymers and terpolymers are used
In medium-voltage cable formulations.20 With ethylidiene norbornene
or hexadiene, EPDMs are good vulcanizates, providing improved wet
electrical properties.20 When the diene vinyl norbornene is incorpo-
rated on the EPDM backbone by a gel-free process, a significantly im-
proved EPDM terpolymer is obtained for wire/cable applications.20

Other applications are automotive body seals, mounts, weatherstrip-
ping, roofing, hose, tubing, ducts, and tires. Molded EPDM rubber is
used for bumpers and fillers to dampen vibrations around the vehicle,
such as deck-lid over-slam bumpers, for its ozone and heat resis-
tance.10d EPDM can be bonded to steels, aluminum, and brass, with
modified poly(acrylic acid) and polyvinylamine water-soluble coupling
agents.27

EPDM is a favorable selection for passenger car washer-fluid tubes
and automotive body seals, and it is used for automotive vacuum tub-
ing.10d EPDM has good water-alcohol resistance for delivering fluid
from the reservoir to the spray nozzle and good oxygen and UV resis-
tance.10d Random polymerization yields a liquid with a viscosity of
100,000 centipoise (cP) @ 203°F (95°C), room temperature-cured with
para-quinone dioxime systems or two-component peroxide systems, or
cured at an elevated temperature with sulfur.10b They can be used as
automotive and construction sealants, waterproof roofing membranes,
and for encapsulating electrical components.10b

TABLE 6.26 Typical Properties of EPM/EPDM Compounds12 
Based on Vistalon

Property Value

Hardness Shore A

Tensile strength, lb/in2 (MPa)

Compression set (%), 70 h @ 302°F (150°C)

Elongation, %

Tear strength, lb/in (kN/m)

Continuous service temperature, °F (°C)

Intermediate service temperature, °F (°C)

Resilience (Yerzley), %

Loss tangent (15 Hz), % (dynamic)

Elastic spring rate, lb/in (kN/m) (15 Hz)

Dielectric constant, %

Dielectric strength, kV/mm

Power factor, %

Volume resistivity, Ω–cm

35–90

580–3200 (4–22)

15–35

150–180

86–286 (15–50)

302 (150) max

347 (175) max

75

0.14

3143 (550)

2.8

26

0.25

1 × 1016
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6.15.7 Fluoroelastomers (FKM)

Fluoroelastomers can be polymerized with copolymers and terpoly-
mers of tetrafluoroethylene, hexafluoroethylene, and vinylidene fluo-
ride. The fluorine content largely determines chemical resistance and
Tg, which increases with increasing fluorine content. Low-tempera-
ture flexibility decreases with increasing fluorine content.1 The fluo-
rine content is typically 57 wt%.11

TFE/propylene copolymers can be represented by Aflas®* TFE, pro-
duced by Asahi Glass. They are copolymers of tetrafluoroethylene
(TFE) + propylene, and terpolymers of TFE + propylene + vinylidene
fluoride. Fluoroelastomer dipolymer and terpolymer gums are amine-
or bisphenol-cured and peroxide-cured for covulcanizable blends with
other peroxide curable elastomers. They can contain cure accelerators
for faster cures, and they are divided into three categories: (1) gums
with incorporated cures, (2) gums without incorporated cures, and (3)
specialty master batches used with other fluoroelastomers.

Aflas products are marketed in five categories according to their
MW and viscosities.11 The five categories possess similar thermal,
chemical, and electrical resistance properties but different mechanical
properties.11 The lowest viscosity is used for chemical process industry
tank and valve linings, gaskets for heat exchangers and pipe/flanges,
flue duct expansion joints, flexible and spool joints, and viscosity im-
prover additives in other Aflas grades.11

The second-lowest viscosity grade is high-speed extruded into wire/
cable coverings, sheet, and calendered stock.11 Wire and cable cover-
ing are a principal application, especially in Japan. The third grade,
general-purpose, is molded, extruded, and calendered into pipe con-
nector gaskets, seals, and diaphragms in pumps and valves.11 The
fourth grade, with higher MW, is compression molded into O-rings and
other seal applications.

The fifth grade, with the highest MW, is compression molded into oil
field applications requiring resistance to high-pressure gas blister-
ing.11 It is used for down-hole packers and seals in oil exploration and
production. Oilfield equipment seals are exposed to short-term tem-
peratures from 302 to 482°F (150 to 250°C) and pressures above
10,000 lb/in2 (68.7 MPa) in the presence of aggressive hydrocarbons
H2S, CH4, C02, amine-containing corrosion inhibitors, and steam and
water.11

Synthetic rubbers, EPM/EPDM, nitrile, polychloroprene (neoprene),
epichlorohydrin, and polyacrylate have good oil resistance, heat stabil-
ity, and chemical resistance. Fluoropolymers are used in oil and gas

* Aflas is a registered trademark of Asahi Glass Company.
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wells 20,000 ft (6096 m) deep. These depths can have pressures of
20,000 lb/in2 (137.5 MPa), which cause “extrusion” failures of down-
hole seals by forcing the rubber part out of its retaining gland. TFE/
propylene jackets protect down-hole assemblies, which consist of
stainless steel tubes that deliver corrosion-resistant fluid into the
well.

Aircraft jet engine O-rings require fluoropolymer grades for engine
cover gaskets that are resistant to jet fuel, turbine lube oils, and hy-
draulic fluids.

Dyneon®* BREs (base-resistant elastomers) are used in applications
exposed to automotive fluids such as ATF, gear lubricants, engine oils
shaft seals, O-rings, and gaskets.

DuPont Dow Elastomers fuel-resistant Viton®† fluoroelastomers are
an important source for the applications described previously. The
company’s Kalrez®‡ perfluoroelastomers with reduced contamination
are widely used with semiconductors and other contamination-sensi-
tive applications. Contamination caused by high alcohol content in
gasoline can cause fuel pump malfunction. The choice of polymer can
determine whether an engine functions properly.

The three principal Viton categories are (1) Viton A dipolymers com-
posed of vinylidene fluoride (VF2) and hexafluoropropylene (HFP) to
produce a polymer with 66% (wt%) fluorine content, (2) Viton B ter-
polymers of VF2 + HFP + tetrafluoroethylene (TFE) to produce a poly-
mer with 68% fluorine, and (3) Viton F terpolymers composed of VF2 +
HFP + TFE to produce a polymer with 70% fluorine.36 The three cate-
gories are based on their resistance to fluids and chemicals.36 Fluid re-
sistance generally increases but low-temperature flexibility decreases
with higher fluorine content.36 Specialty Viton grades are made with
additional or different principal monomers in order to achieve spe-
cialty performance properties.36 An example of a specialty property is
low-temperature flexibility.

Compounding further yields properties to meet a given applica-
tion.36 Curing systems are an important variable affecting properties. 
DuPont Dow Elastomers developed curing systems during the 1990s,
and the company should be consulted for the appropriate system for a
given Viton grade.

FKMs are coextruded with lower-cost (co)polymers such as ethylene
acrylic copolymer.10d They can be modified by blending and vulcaniz-
ing with other synthetic rubbers such as silicones, EPR and EPDM,

* Dyneon and Dyneon BRE are registered trademarks of Dyneon LLC.
† Viton is a registered trademark of DuPont Dow Elastomers LLC.
‡ Kalrez is a registered trademark of DuPont Dow Elastomers LLC.
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epichlorohydrin, and nitriles. Fluoroelastomers are blended with mod-
ified NBR to obtain an intermediate performance/cost balance. These
blends are useful for underhood applications in environments outside
the engine temperature zone such as timing chain tensioner seals.

Fluoroelastomers are blended with fluorosilicones and other high-
temperature polymers to meet engine compartment environments and
cost/performance balance. Fine-particle silica increases hardness, red
iron oxide improves heat resistance, and zinc oxide improves thermal
conductivity. Hardness ranges from about Shore 35 A to 70 A. Fluoro-
silicones are resistant to nonpolar and nominally polar solvents, diesel
and jet fuel, and gasoline, but not to solvents such as ketones and es-
ters.

Typical applications are exhaust gas recirculating and seals for en-
gine valve stems and cylinders, crankshaft, speedometers, and O-
rings for fuel injector systems.

FKMs are compounded in either water-cooled internal mixers or
two-roll mills. A two-pass mixing is recommended for internally mixed
compounds with the peroxide curing agent added in the second pass.11

Compounds press-cured 10 min @ 350°F (177°C) can be formulated to
possess more than 2100-lb/in2 (14.4-MPa) tensile strength, 380% elon-
gation, 525% @ 100% modulus, and higher values when postcured 16 h
@ 392°F (200°C).11 Processing temperatures are >392°F (200°C).30

6.15.8 Polyacrylate Acrylic Rubber (ACM)

Acrylic rubber can be emulsion- and suspension-polymerized from
acrylic esters such as ethyl, butyl, and/or methoxyethyl acetate to pro-
duce polymers of ethyl acetate and copolymers of ethyl, butyl, and
methoxyl acetate. Polyacrylate rubber, such as Acron®* from Cancarb
Ltd., Alberta, Canada, possesses heat resistance and oil resistance be-
tween nitrile and silicone rubbers23 Acrylic rubbers retain properties
in the presence of hot oils and other automotive fluids, and they resist
softening or cracking when exposed to air up to 392°F (200°C). The co-
polymers retain flexibility down to –40°F (–40°C). Automotive seals
and gaskets constitute a major market.23 These properties and inher-
ent ozone resistance are largely due to the polymer’s saturated “back-
bone” (see Table 6.27). Polyacrylates are vulcanized with sulfur or
metal carboxylate, with a reactive chlorine-containing monomer to
create a cross-linking site.23

Copolymers of ethylene and methyl acrylate, and ethylene acrylics,
have a fully saturated “backbone,” providing heat-aging resistance

* Acron is a registered trademark of Cancarb Ltd.
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and inherent ozone resistance.23 They are compounded in a Banbury
mixer and fabricated by injection molding, compression molding, resin
transfer molding, extrusion, and calendering.

6.15.9 Polychloroprene (Neoprene) (CR)

Polychloroprene is produced by free-radical emulsion polymerization
of primarily trans-2-chloro-2-butenylene moieties.23 Chloroprene rub-
ber possesses moderate oil resistance, very good weather and oil resis-
tance, and good resistance to oxidative chemicals.10a Performance
properties depend on compound formulation, with the polymer provid-
ing fundamental properties. This is typical of any polymer and its
compounds. Chloride imparts inherent self-extinguishing flame retar-
dance.

Crystallization contributes to high tensile strength, elongation, and
wear resistance in its pure gum state before CR is extended or hard-
ened.10a

6.15.10 Polyisoprene (IR)

Polymerization of isoprene can yield high-purity cis-1,4-polyisoprene
and trans-1,4-polyisoprene. Isoprene is 2-methyl-1,3-butadiene, 2-me-
thyldivinyl, or 2-methylerythrene.23 Isoprene is polymerized by 1,4 or
vinyl addition, the former producing cis-1,4 or trans-1,4 isomer.23

Synthetic polyisoprene, isoprene rubber (IR), was introduced in the
1950s as odorless rubber with virtually the same properties as natu-
ral rubber. Isoprene rubber product and processing properties are
better than natural rubber in a number of characteristics. MW and
MWD can be controlled for consistent performance and processing
properties.

Polyisoprene rubber products are illustrated by Natsyn®,* which is
used to make tires and tire tread (cis isomer). Tires are the major ci-

TABLE 6.27 Property Profile of Polyacrylic Rubbers23

Property at room temperature* Value

Tensile strength, lb/in2 (MPa)
100% modulus
Compression set, % [70 h @ 302°F (150°C)]
Hardness Shore A

2212 (15.2)
1500 (10.3)

28
80

*Unless indicated otherwise.

* Natsyn is registered trademark of Goodyear Tire and Rubber Company.
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spolyisoprene product. Trans-polyisoprene can be used to make golf ball
covers, hot-melt adhesives, and automotive and industrial products.

Depolymerized polyisoprene liquid is used as a reactive plasticizer
for adhesive tapes, hot melts, brake linings, grinding wheels, and wire
and cable sealants.10b

6.15.11 Polysulfide Rubber (PSR)

PSR is highly resistant to hydrocarbon solvents, aliphatic fluids, and
aliphatic-aromatic blends.10a It is also resistant to conventional alco-
hols, ketones, and esters used in coatings and inks and to certain chlo-
rinated solvents.10d With these attributes, PSR is extruded into hose
to carry solvents and printing rolls, and, due to its good weather resis-
tance, it is useful in exterior caulking compounds.10a Its limitations,
compared with nitrile, are relatively poor tensile strength, rebound,
abrasion resistance, high creep under strain, and odor.10a

Liquid PSR is oxidized to rubbers with service temperatures from
–67 to 302°F (–55 to 150°C), excellent resistance to most solvents, and
good resistance to water and ozone.10b It has very low selective perme-
ability rates to a number of highly volatile solvents and gases and
odors. Compounds formulated with liquid PSR can be used as a flexi-
bilizer in epoxy resins, and epoxy-terminated polysulfides have better
underwater lap shear strength than toughened epoxies.10b Other PSR
applications are aircraft fuel tank sealant, seals for flexible electrical
connections, printing rollers, protective coatings on metals, binders in
gaskets, caulking compound ingredient, adhesives, and to provide wa-
ter and solvent resistance to leather.

6.15.12 Silicone Rubber (SiR)

Silicone rubber polymers have the more stable Si atom compared with
carbon. Silicone’s property signature is its combined (1) high-tempera-
ture resistance [>500°F (260°C)], (2) good flexibility at <–100°F
(–73°C), (3) good electrical properties, (4) good compression set, and
(5) tear resistance and stability over a wide temperature range.10a

When exposed to decomposition level temperature, the polymer forms
SiO2, which can continue to serve as an electrical insulator.10a Silicone
rubber is used for high-purity coatings for semiconductor junctions,
high-temperature wire, and cable coverings.1

RTV (room temperature vulcanizing) silicones cure in about 24 h.10b

They can be graded according to their room-temperature viscosities,
which range from as low as 1500 cP (general-purpose soft) up to
700,000 cP (high-temperature paste). Most, however, are between
12,000 and 40,000 cP.10b RTV silicone has a low modulus over a wide
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temperature range from –85 to 392°F (–65 to 200°C), making them
suitable for encapsulating electrical components during thermal cy-
cling and shock.10b Low modulus minimizes stress on the encapsu-
lated electrical components.10b

High-consistency rubber (HCR) from Dow Corning is injection-
molded into high-voltage insulators, surge arrestors, weather sheds,
and railway insulators. The key properties are wet electrical perfor-
mance and high tracking resistance.

Liquid silicone rubbers (LSRs) are two-part grades that can be coin-
jection-molded with thermoplastics to make door locks and flaps for
vents.10b LSRs can be biocompatible and have low compression set,
low durometer hardness, and excellent adhesion.10b One-part silicones
are cured by ambient moisture. They are used for adhesives and seal-
ants with plastic, metal, glass, ceramic, and silicone rubber sub-
strates.10b A solventless, clear silicone/PC has been developed that
requires no mixing and can be applied without a primer.1

6.15.13 Styrene Butadiene Rubber (SBR)

SBR is emulsion- and solution-polymerized from styrene and butadi-
ene, plus small volumes of emulsifiers, catalysts and initiators, end-
capping agents, and other chemicals. It can be sulfur-cured SBR types
are illustrated with Plioflex®* emulsion SBR (emulsion polymerized)
and Solflex®† solution SBR.6 Emulsion SBR is produced by hot poly-
merization for adhesives and by cold polymerization for tires and
other molded automotive and industrial products.6 Solution SBR is
used for tires.

SBR is a low-cost rubber with slightly better heat aging and wear
resistance than NR for tires.10a SBR grades are largely established by
the bound styrene/butadiene ratio, polymerization conditions such as
reaction temperature, and auxiliary chemicals added during polymer-
ization.

SBR/PVC blends that employ nitrile rubber (NBR) as a compatibi-
lizer show improved mechanical properties at lower cost than NBI/
PVC.21 This was the conclusion of studies using a divinylbenzene
cross-linked, hot-polymerized emulsion polymer with 30% bound sty-
rene and a cold-polymerized emulsion polymer with 23% bound sty-
rene; PVC with inherent viscosity from 0.86 to 1.4; NBR with Mooney
viscosity from 30 to 86; acrylonitrile content of 23.5, 32.6, and 39.7%;
and ZnO, stabilizers, sulfur, and accelerators.21

* Plioflex is a registered trademark of Goodyear Tire and Rubber Company. 
† Solflex is a registered trademark of Goodyear Tire and Rubber Company.
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6.16 Natural Rubber (NR)

Natural rubber, the original elastomer, still plays an important role
among elastomers. Worldwide consumption of NR in 2000 is expected
to be about 7 million metric tons/y, based on earlier reporting by the
International Rubber Study Group. Chemically, natural rubber is
cis1,4-polyisoprene and occurs in Hevea rubber trees. NR tapped
from other rubber trees (gutta-percha and balata) is the trans isomer
of polyisoprene.23 NR’s principal uses are automotive tires, tire tread,
and mechanical goods. Automotive applications are always com-
pounded with carbon black to impart UV resistance and to increase
mechanical properties.10d Latex concentrate is used for dipped goods,
adhesives, and latex thread.23 Latex concentrate is produced by cen-
trifuge-concentrating field latex tapped from rubber trees. The dry
rubber content is subsequently increased from 30 to 40 to 60% mini-
mum.23

Vulcanization is the most important NR chemical reaction.23 Most
applications require cross-linking via vulcanization to increase resil-
iency and strength. Exceptions are crepe rubber shoe soles and rubber
cements.23 There are a number of methods for sulfur vulcanization,
with certain methods producing polysulfidic cross-linking and other
methods producing more monosulfidic cross-links.10d

NR is imported from areas such as Southeast Asia to the world’s
most industrial regions, North America, Europe, and Japan, since it is
not indigenous to these regions. The huge rubber trees require about
80 to 100 in/y (200 to 250 cm/y) rainfall, and they flourish at an alti-
tude of about 1000 ft (300 m).23 As long as NH is needed for tires, in-
dustrial regions will be import dependent.

NR has good resilience; high tensile strength; low compression set;
resistance to wear and tear, cut-through and cold flow; and good elec-
tricalproperties.10a Resilience is the principal property advantage
compared with synthetic rubbers.10a For this reason, NH is usually
used for engine mounts, because NR isolates vibrations caused when
an engine is running. NH is an effective decoupler, isolating vibrations
such as engine vibration from being transmitted to another location
such as the passenger compartment.10d With decoupling, vibration is
returned to its source instead of being transmitted through the rub-
ber.10d Polychloroprene is used for higher under-hood temperatures
above NR service limits; butyl rubber is used for body mounts and for
road vibration frequencies, which occur less frequently than engine vi-
brations or have low energy; EPDM is often used for molded rubber
bumpers and fillers throughout the vehicle, such as deck-lid over-slam
bumpers.
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Degree of crystallinity (DC) can affect NH properties, and milling
reduces MW. MW is reduced by mastication, typically with a Banbury
mill, adding a peptizing agent during milling to further reduce MW,
which improves NR solubility after milling.23 NR latex grades are pro-
vided to customers in low (0.20 wt %) and high (0.75 wt %), with am-
monia added as a preservative.23 Low NH4 has reduced odor and
eliminates the need for deammoniation.23

Properties of polymers are improved by compounding with enhanc-
ing agents (additives), and NR is not an exception. Compounding NR
with property enhancers improves resistance to UV oxygen, and
ozone, but formulated TPEs and synthetic rubbers overall have better
resistance than compounded NR to UV, oxygen, and ozone.10a NR does
not have satisfactory resistance to fuels, vegetable, and animal oils,
while TPEs and synthetic rubbers can possess good resistance to
them.10a NR has good resistance to acids and alkalis.10a It is soluble in
aliphatic, aromatic, and chlorinated solvents, but it does not dissolve
easily because of its high MW. Synthetic rubbers have better aging
properties; they harden over time, while NR softens over time (see Ta-
ble 6.28).10a

There are several visually graded latex NRs, including ribbed
smoked sheets (RSS) and crepes such as white and pale, thin and thick
brown latex, etc.23 Two types of raw NR are field latex and raw coagu-
lum, and these two types comprise all NR (“downstream”) grades.23

TABLE 6.28 Typical Thermal and Electrical Property Profile of NR23

Property Value

Specific gravity
@ 32°F (0°C)
@ 68°F (20°C)

Tg, °F (°C)
Specific heat
Heat of combustion, cal/g (J/g)
Thermal conductivity, (BTU-in) (h-ft2-°F)

W/(m ⋅ K)
Coefficient of cubical expansion, in3/°C
Dielectric strength, V/mm
Dielectric constant
Power factor @ 1000 cycles
Volume resistivity, Ω ⋅ cm
Cohesive energy density, cal/cm3 (J/cm3)
Refractive index

68°F (20°C) RSS*

68°F (20°C) pale crepe

*RSS = ribbed smoked sheet.

  0.950
  0.934

     –98 (–72)
  0.502

10,547 (44,129)
0.90

  0.13
0.00062
    3.937

  2.37
0.15–0.20

1015
64 (266.5)

1.5192
1.5218
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Depolymerized NR is used as a base for asphalt modifiers, potting
compound, and cold-molding compounds for arts and crafts.10b

6.17 Conclusion

Producers can engineer polymers and copolymers, and compounders
can formulate recipes for a range of products that challenges the de-
signers’ imaginations. Computer variable-controlled machinery, tools,
and dies can meet the designers’ demands. Processing elastomeric ma-
terials is not as established as the more traditional thermoplastic and
thermosetting polymers. Melt rheology, more than just viscosity, is the
central differentiating characteristic for processing elastomeric mate-
rials. Processing temperature and pressure settings are not fixed
ranges; they are dynamic, changing values from the hopper to the
demolded product. Operators and management of future elastomeric
materials processing plants will be educated to the finesse of melt pro-
cessing these materials. Elastomeric materials industries, welcome to
the twenty-first century.
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