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Fillers in Commercial Polymers

Several aspects of this discussion are common to all polymers. These include the

major applications of polymers, the most common methods of polymer processing,

the most frequently used fillers and their typical concentrations, additives used to

incorporate fillers, special methods of filler incorporation, fillers pre-treatment, and

special considerations affecting the selection of a filler. These data found in the

most recent literature are recorded in a tabular form for clarity and ease of compari-

son. This is followed by some examples of current use of fillers in particular poly-

mers. The examples can be used to develop numerous new applications for fillers

in material improvement. They elaborate on the most recent developments in filler

and filled material improvements.

The application of polymer affects choice of filler. For example, to prepare

conductive materials, special fillers must be used to obtain the required properties.

Also, the method of processing imposes certain constraints on the choice and treat-

ment of the filler before its use. For example, polymers processed at high tempera-

ture require fillers which do not contain moisture. This affects both the choice of the

filler and/or its pretreatment. The choice of additives used to improve the incorpo-

ration of the filler depends on the application and the properties required from a

product but it is also determined by the processing method. For example, the vis-

cosity of a melt is reduced by special lubricating agents whereas the viscosity of

filler dispersions is controlled by the surface treatment of filler. In some cases, the

order of addition is important or a special filler pretreatment is used to achieve the

desired results. These methods are discussed in special section in the table. Some

fillers simply cannot be used with some polymers. In other cases, special care must

be taken to ensure polymer stability or filler may interact with some vital compo-

nents of the formulation. This subject is discussed in special considerations of filler

choice.
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15.1 ACRYLICS1-2

Major polymer applications
paints, coatings, roofing, sealants, elastomers, fibers, industrial filters,

battery separators, carbon and graphite fibers, ceramics

Important processing methods
mixing/compounding, extrusion, calendering, Banbury mixer, vulca-

nization, wet and dry spinning

Typical fillers
calcium carbonate, titanium dioxide, fumed silica, zinc oxide, carbon

black, aluminum silicate, graphite, ceramic microspheres

Typical concentration range 20-70 wt%

Auxiliary agents silane, mostly amine-functional

Special methods of incorporation

in ceramics manufacture, the presence of sodium ions on the alumina

surface could inhibit the formation of covalent bonding with acrylate

polymers, the surface adsorption can be regulated by adjusting pH
1

Methods of filler pretreatment neutralization in ceramic applications

Special considerations

titanium dioxide accelerates UV degradation; copper compounds cata-

lyze thermal and UV degradation; neutral and basic fillers are recom-

mended because acidic fillers and pigments retard cure

Acrylic polymers also include water emulsions of acrylic resins, acrylate resins

used in ceramic applications, and the precursor of carbon fiber, namely acryloni-

trile. The table includes also some information on acrylic elastomers. Polymethyl-

methacrylate is discussed under a separate subsection.

Water emulsions used in paints, coatings, and sealants contain substantial

amounts of fillers which are incorporated by the conventional methods of disper-

sion. Frequently, grinding is used in the paint industry. In sealants, fillers are used

for reinforcement, rheology, and crosslinking. The rheology of a sealant may be

controlled by the incorporation of fumed silica in quantities around 3 wt%. The

non-sag properties of sealant are partially due to fumed silica but are also regulated

by pH adjustment in the presence of other additives such as special acrylic resins

and polyurethane thickeners. The combination of both effects gives the sealant its

final properties. The reinforcement of the sealant is produced through a combina-

tion of two processes: the interaction of silica particles and crosslinking through

zinc oxide.

Fillers in a sealant are added in limited quantities because high loadings affect

the elastomeric properties of acrylic resin. In coatings, larger quantities of fillers

and pigments can be used because the coating is not required, in most cases, to tol-

erate large elongations. Exterior coatings, which require crack bridging capabili-

ties, are an exception. In this case, elongation in excess of 1000 % is required. Here,

the filler load is substantially reduced. Some exterior textured coatings or stuccos,

require unusual fillers such as silica flours, glass beads, and ceramic microspheres.

These fillers are used to obtain different decorative effects. Silica flour added in

large quantities plays the role of the classical filler added to reduce price. It often is
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added in large quantities, sometimes as high as 80 wt%. Silica flour of various parti-

cle size is mixed to achieve increased packing density and imitates the effect of the

old cementitious stucco. In some finishes, ceramic microspheres of large sizes (sev-

eral millimeters in diameter) are added to produce surface imperfections. During

tooling they form grooves and holes of different sizes which imitate the handmade

finishes used throughout the world but, most notably, in Italy. Solid, colored glass

beads 1 mm in diameter and larger are used at maximum packing density to obtain a

type of finish which has a color similar to the color of the glass beads (or their mix-

tures). The acrylic resin in this application acts as a binder. Several different colors

can be mixed together to obtain its required effect which is usually named after

some traditional well-known name, e.g., pfefer and saltz (pepper and salt).

Work on ceramics shows the effects of polymer adsorption on the filler surface

(Figure 15.1). The adsorption is a reversible phenomenon controlled by the pH of

an alumina slurry. Coiled chains are formed at low pH and, due to ionization,

stretched out chains form at a higher pH.
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Figure 15.1. Configuration of polyacrylate adsorbed at different pH. [Adapted, by permission, from Lee D H,

Condrate R A, Reed J S, J. Mater. Sci., 32, 1997, 471-8.]



15.2 ACRYLONITRILE-BUTADIENE-STYRENE COPOLYMER (ABS)3-6

Major polymer applications

appliance (refrigerator liners, kitchen appliance housings, vacuum

cleaners, power tools), automotive (instrument panels, consoles, door

parts, knobs, trim, wheel covers, mirror and headlight housing, front

radiator grilles), business machines (computers, discs, phones), pack-

aging, pipes and fittings, recreation (snowmobiles, boats, vehicles),

toys, luggage, lunch and tool boxes, medical applications, lawn and

garden equipment, furniture, hot tubs, military

Important processing methods
injection molding, extrusion, film lamination, calendering, blow

molding, thermoforming

Typical fillers
talc, magnesium hydroxide, antimony oxide, carbon black, nickel or

copper coated carbon fibers, glass beads

Typical concentration range

carbon black for color and UV protection - 0.5-3 wt%, general and

flame retarding fillers - 30-60 wt%; nickel coated fibers for EMI

shielding - 10 wt% (about half compared with the required concentra-

tion of carbon fiber), stainless steel fiber - 0.5-3 wt%

Auxiliary agents
premixing of nickel coated fibers in polymer prior to injection mold-

ing increased the shielding efficiency of fibers
5

Special methods of incorporation
color concentrate of carbon black gave 3 times better jetness com-

pared with mixed-in powdered carbon black3

Methods of filler pretreatment drying

Special considerations
moisture in excess of 0.1% will cause bubbling; iron, copper, manga-

nese, cobalt impurities catalyze oxidation

Filler mixing technology is important in ABS processing. Carbon black must be

well dispersed to obtain good jetness and impact strength. High jetness is relatively

easy to obtain by the use of high surface area carbon black and by adjusting its con-

centration to requirements. As the carbon black content is increased, high impact

strength becomes more difficult to maintain because impact strength decreases as

undispersed surface area increases. The best impact retention is achieved when a

lower concentration of carbon black was subjected to two stage mixing. First car-

bon black is dispersed in ABS and then the granulate obtained after solvent evapo-

ration is used as a color concentrate.3 The impact retention of carbon black

containing ABS dispersed in this way is independent of the surface area of carbon

black but decreases as the concentration of carbon black increases.

Dispersion of conductive fillers is even more critical. Here,5 two methods have

been used. In one, the nickel coated carbon fibers were added directly to the ABS.

in the other, the coated fibers were pre-dispersed with a solvent in ABS, then the

solvent was evaporated to form a granulate. Figure 15.2 shows the results. A two

stage dispersion is clearly critical for obtaining good shielding effectiveness. Fig-

ure 15.3 shows the effect of nickel coating on carbon fiber performance. A coating
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with an optimal thickness of 0.2-0.5µm allows for a substantial reduction in carbon

fiber (as much as by one half) needed to obtain the conductance required. Nickel

coating makes the fiber more conductive and gives better mechanical properties to

the fiber which helps it to withstand processing conditions.
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Figure 15.2. Shielding effectiveness of nickel-coated carbon fiber in ABS depending on method of mixing.

[Adapted, by permission, from Guanghong Lu, Xiaotian Li, Hancheng Jiang, Composites Sci. & Technol., 56,

No.2, 1996, 193-200.]
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15.3 ACRYLONITRILE-STYRENE-ACRYLATE (ASA)7

Major polymer applications

mirrors for personal watercraft, recreational vehicle antennas, pool ac-

cessories, exterior cable enclosures, large screen displays, sheet out-

door furnishings, profiles, spas, marine applications, skylights, ski

bindings

Important processing methods injection molding, extrusion, thermoforming

Typical fillers carbon black, glass beads

Typical concentration range 5-20 wt%

Auxiliary agents silane for treatment of glass beads

Special methods of incorporation not reported

Methods of filler pretreatment silane coupling agent

Special considerations none reported

The addition of glass beads to ASA resulted in the decrease of tensile and flexural

yield strength, notched and unnotched impact strength, and resistance to steady

crack propagation. Flexural modulus was the only parameter which was improved.7
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15.4 ALIPHATIC POLYKETONE8

Major polymer applications

automotive (fuel lines and connectors, fuel pump components, fuel

tanks, filters, injection rails, air inlet, manifolds, gears, wheel covers),

gears for business machines, liners for flexible fuel hoses, automotive

fuel system components, industrial molded parts, film fibers

Important processing methods injection molding, blow molding, extrusion, powder coating, spinning

Typical fillers glass fiber, mica, wollastonite, calcium carbonate

Typical concentration range 15-30 wt%

Auxiliary agents not reported

Special methods of incorporation not reported

Methods of filler pretreatment not reported

Special considerations not reported

Several fillers (glass fiber, mica, wollastonite, and calcium carbonate) were com-

pared in this study.8 Flexural modulus increased as the concentration of filler in-

creased, but the highest rate of increase was obtained first with glass fiber then next

with mica. Calcium carbonate and wollastonite caused a much lower change in

flexural modulus. Flexural strength was substantially improved by glass fiber but

all of the other fillers had practically no effect on flexural strength. The deflection

temperature under load was increased by all fillers but the gains obtained with glass

fiber were spectacular. Only 5 wt% glass fiber was needed to double the heat de-

flection temperature. A further increase in glass fiber concentration did not produce

any further improvement. Izod impact strength is increased by glass fiber. All other

fillers decrease impact strength. This study shows that although all of the fillers

tested can be used with polyketone but only one −glass fiber improves all of its me-

chanical properties.
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15.5 ALKYD RESINS9

Major polymer applications
coatings, paints, varnishes, electrical applications, pavement marking,

artist’s paints, putties, printing inks

Important processing methods compounding/mixing, molding

Typical fillers
calcium carbonate, titanium dioxide, glass fiber, silica, iron oxides,

clay, mica, zinc oxide, lithopone

Typical concentration range 30-60 wt%

Auxiliary agents
flow control additives, wetting and dispersing additives, antifloating

additives

Special methods of incorporation grinding, sand milling

Methods of filler pretreatment typically no treatment

Special considerations
filler porosity is important consideration in silica matting agents;

some silica matting agents affect thixotropy of alkyd paints

Alkyd resins are used in many traditional applications which have a well estab-

lished technology. New studies are infrequently reported. The inherent high gloss

of alkyd paints requires special materials which can produce matt surfaces finish.

Several products (different grades of Gasil) have been developed recently for this

purpose. Rheological studies have shown that some types of silica disrupt the rheo-

logical networks of paints. Silica which did this had pore size of 100 to 400 D. Spe-

cial types of alkyd resins are required to take advantage of these rheological

modifiers. If the pore size of silica is large enough to capture the structure forming

components of the alkyd resin, silica affects the performance of alkyd resin. Wax

coating does not affect this process of rheological interference. The matting effect

depends on the number of particles and the number of which protrude from the sur-

face. These properties, combined with smaller pore sizes, make some silica good

matting agents. An added advantage is that they can be stirred into the paint.
9
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15.6 ELASTOMERS, TPO

Major polymer applications automotive, car bumper, wire insulation, hose tube, sheet

Important processing methods injection molding, blow molding, extrusion

Typical fillers calcium carbonate, talc, carbon black, wollastonite

Typical concentration range
carbon black - 1-2 wt%, general filler - 10-30 wt%; proprietary formu-

lations

Auxiliary agents not reported

Special methods of incorporation not reported

Methods of filler pretreatment components must be dry before processing

Special considerations talc reduces mold shrinkage
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15.7 EPOXY RESINS10-57

Major polymer applications

surface protective coatings (protective and decorative - automotive,

metal cans, industrial flooring, anticorrosive paints), electrical/elec-

tronics (printed circuit panels, conductive adhesives), composites

(building/construction, marine, electrical/electronics, aircraft, commu-

nication satellites, automotive, pipes, consumer products), bonding

and adhesives, flooring, tooling and casting, biosensors

Important processing methods casting, lamination, molding, compounding

Typical fillers

calcium carbonate, barium sulfate, talc, kaolin, mica, quartz, sand,

glass spheres, silica, titanium dioxide, aluminum hydroxide, carbon fi-

ber, glass fiber, aramid fiber, aluminum, copper, silver, iron, graphite,

molybdenum disulfide, zirconium silicate, lithium aluminum silicate,

vermiculite, slate powder, titanium boride, ground rubber, iron oxide,

microvoids

Typical concentration range

up to 90 wt% (sand); in situ formed silica - 2-43 wt%, alumina - 5-20

wt%, fractal approach to the critical filler volume fraction in conduc-

tive composites determines the required concentration of filler
45

Auxiliary agents
aminopropyltriethoxy silane,18,43 epoxy silane,28 modified

polyethyleneimide,18 epoxy resin12,46

Special methods of incorporation
in situ polymerization of metal alkoxides;11 nanocomposite synthe-

sis49, 50

Methods of filler pretreatment

Kevlar fibers for applications in composites were treated by coating

with epoxy resin (1% epoxy resin on the fiber surface) or microwave

plasma in an atmosphere of ammonia which grafts amine groups on

the fiber surface. Fiber coating with epoxy reduced water absorption

of composite whereas ammonia treated fiber behave in a manner simi-

lar to untreated fiber; rubber-epoxy interface was modified by car-

bonyl terminated copolymers of butadiene-acrylonitrile;12,43 plasma

modification of carbon fiber;21 glass beads were encapsulated by

grafted polybutyl acrylate and polystyrene;30 admicellar polymeriza-

tion of styrene monomer on the surface of glass fiber improved prop-

erties of composite;36 epoxy sizing of carbon fibers;46 plasma

treatment of carbon fibers was found to produce graphitic, phenolic,

carbonyl, and carboxyl groups;46 vapor-grown carbon fibers are pro-

duced by decomposing of gas-phase hydrocarbon in the presence of

ultrafine iron catalyst;47

Special considerations

fillers absorb part of the heat generated during the curing;15 additions

of silica (35-52 wt%) to UV-curable epoxy did not have a significant

effect on cure rate;17 the use of microvoids (see Figure 8.35) for epoxy

toughening gives the same results as rubber toughening;24glass A

beads filled epoxy degrades rapidly in a marine environment when

glass concentration increases above 12 wt%;27 Fe2O3 catalyzes the

curing reactions of epoxy resins29

Epoxy mortars for patching applications are the most highly filled materials. With

the proper selection of silica sand mixture as the filler, the filler concentration can

be as high as 95 wt%. This, and similar materials produced from a reactive polyure-
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thane systems are probably the most highly filled plastics. Another example of

highly filled epoxies can be found in the liquid metal compounds which are epoxies

highly filled with metals such as steel, aluminum, titanium, bronze, and copper.

The loading of metal powder in these materials can reach 70 wt%. This level of iron

powder was used in pipeline sealants.19 The inclusion of metal powders has a bear-

ing on the corrosion protection of epoxy coating.44 The addition of iron powder im-

proves corrosion protection whereas addition of copper or nickel reduces the

protective capabilities of epoxy coatings.44 Barrier properties of epoxy coatings

containing adhesion promoter and glass flakes have been evaluated by electro-

chemical impedance spectroscopy.48

Titanium boride was used in an epoxy system to induce electrical conductiv-

ity.12 A high filler loading of 46 vol% was selected to study the effect of thermal ex-

pansion and contraction on electric conductivity. The filler chosen was composed

of rigid particles which cannot form particle-particle connections other than

through direct contact. Figure 15.4 shows the relationships of relative thermal ex-

pansion and specific electric resistivity. The resistivity increases slowly with tem-

perature until the contacts between particles of filler are broken which results in a

rapid increase in resistance.12

The resistivity of epoxy resins depends on the loading of fillers and on their

chemical composition (Figure 15.5). When good filler dispersion was the criterion

for determining maximum filler loading there was a considerable difference in the
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loading achieved by various types of fillers. Only 20 phr of carbon black could be

incorporated. Graphite fiber, pitch and PAN carbon fibers could be used up to a

concentration of 60 phr. The vapor-grown carbon fiber could be used up to only 40

phr but it was the one which gave the best performance in reduction of resistivity.47

Thermal conductivity and expansion are important properties of adhesives

used in electronics. Both properties influence the performance of computer chips.

Generally, the chip has a protective cover which is attached by an adhesive. The ad-

hesive bond must be maintained during thermally induced movement in the chip.

The chip is bonded to its base with an adhesive which must also take thermal move-

ment and, in addition, transfer heat from the chip. Two epoxy adhesives were used

in the study: silica filled epoxy (65 and 75 wt% SiO2 epoxy) and epoxy containing

70 wt% Ag.26 Figure 15.6 shows their thermal conductivities. The behavior of both

adhesives is completely different. The silver filled adhesive had a maximum con-

ductivity at about 60oC whereas the maximum for SiO2 filled adhesive was 120oC.

The Tg of both adhesives was 50 and 160oC, respectively. Below its Tg, the thermal

conductivity of the adhesive increases at the expense of increased segmental mo-

tions in the chain molecules. Above the Tg the velocity of photons rapidly decreases

with increasing temperature and the thermal conductivity also decreases rapidly.

Microwave propagation in carbon black/epoxy resin composites shows that

for small particle size inclusions, magnetic wave propagation increases with filler

concentration but for large particles the propagation of magnetic waves does not

depend on the concentration of the inclusions.25

616 Chapter 15

10-1

100

101

102

103

104

105

0 10 20 30 40 50 60 70

R
es

is
tiv

ity
,Ω

-c
m

Loading, phr

pitch CF

PAN-CF

graphite powder

carbon black

vapor-grown CF

Figure 15.5. Resistivity of epoxy resin vs. filler load. [Adapted, by permission, from Katsumata M, Endo M,

Ushijima H, Yamanishi H, J. Mat. Res., 9, No.4, 1994, 841-3.]



Treatment of glass beads with epoxy silane improved the adhesion of glass

beads/epoxy composite which resulted in a substantially lower water uptake and
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better retention of properties after water immersion.28 A similar improvement in

composite properties was obtained in a jute/epoxy system.54 Glass beads mixed

with rubber particles improved the fatigue resistance of an epoxy composite reduc-

ing the localized stress at the crack tip.32 The methods of improvement of adhesion

between the carbon fiber and the matrix are reviewed elsewhere.53 The compressive

strength of an epoxy composite can be improved by glass beads, quartz, and cal-

cium carbonate (see Figure 8.25).34 The shape of the particle has an effect on frac-

ture behavior of filled epoxy composite.35 The best properties are obtained with

spherical silica particles. Fracture behavior of glass fabric/epoxy laminates can be

improved by the addition of alumina.37 Mechanical properties can be dramatically

increased (tensile strength is increased 9 times) when the clay used as a filler is in

the nanocomposite form (Figure 15.7).

Filled epoxy resins wastes can be ground and used as a filler for various mate-

rials.39,40 Recycled rubber particles are sometimes used for toughening of epoxy

resins.52
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15.8 ETHYLENE VINYL ACETATE COPOLYMER, EVA58-62

Major polymer applications

hot-melt coatings, hot-melt adhesives, wall covering adhesives, paints,

tubing, sporting goods, footwear, baby products, controlled release de-

vices, wire and cable (semiconductor shields, automotive wire, auto-

motive ignition, low-smoke cable), asphalt modification, slow burning

candles, cap liners

Important processing methods
mixing/compounding, injection molding, extrusion, Banbury mixer,

two-roll mills, cold feed extruders, reaction injection molding

Typical fillers
calcium carbonate, clay, aluminum hydroxide, magnesium hydroxide,

zinc oxide, silica, quartz, red phosphorus

Typical concentration range
up to 45 wt% (magnesium hydroxide up to 60 wt%)

62 aluminum hy-

droxide up to 80 wt%

Auxiliary agents siloxane,58 silanes, fatty acids, unsaturated polymeric acids

Special methods of incorporation

stearic acid is used to avoid sticking during the mixing; red phospho-

rus is usually added in the form of a masterbatch containing 50 wt%

red phosphorus

Methods of filler pretreatment thermal treatment,58 trimethylchlorosiloxane treatment58

Special considerations
red phosphorus is an excellent flame retardant for EVA, used up to 8

wt% it gives V-0 rating

The dynamic viscosity and shear modulus of silica filled EVA were related to the

work of adhesion of filler particles.58 The work of adhesion depends on the particle

size distribution and load of filler. The increase in particle size of filler causes an in-

crease in work of adhesion.
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15.9 ETHYLENE-ETHYL ACETATE COPOLYMER, EEA63-66

Major polymer applications hose, tubing, additive to other polymers

Important processing methods extrusion/compounding, Banbury mixer, extrusion, calendering

Typical fillers
calcium carbonate, titanium dioxide, zinc oxide, carbon black, alumi-

num silicate, graphite, magnesium hydroxide, aluminum hydroxide

Typical concentration range
carbon black 5-20 wt%, calcium carbonate and many other fillers up

to 50 wt%

Auxiliary agents silane, mostly amine-functional

Special methods of incorporation roll milling

Methods of filler pretreatment none reported

Special considerations
metal hydroxides catalyze the oxidation of char to convert carboxyl

groups to carbon dioxide
65

Calcium carbonate stabilizes EEA at elevated temperatures. The stabilizing effect

depends on particle size, type of calcium carbonate and coating. Calcite gives better

stabilization than whiting or precipitated calcium carbonate. Also, a stearate coated

grade improves thermal stability. The filler prevents formation of acetic and pro-

panoic acids by interacting with carboxyl groups. Metal hydroxides (Mg and Al)

also stabilize EEA as they decompose endothermally. For this mechanism to work,

the metal hydroxide must decompose at a much lower temperature than the degra-

dation temperature of the copolymer. Otherwise, the hydroxide will interact with

the reactive groups of the copolymer and change the mechanism of the degradation

of the polymer.
64,65
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15.10 ETHYLENE-PROPYLENE COPOLYMERS, EPR & EPDM67-84

Major polymer applications
automotive radiator hose, garden hose, wire and cable, tires, roofing,

gaskets, conveyor belts

Important processing methods extrusion, molding, calendering, coating

Typical fillers

calcium carbonate, calcinated clay, aluminum hydroxide, magnesium

carbonate, magnesium hydroxide, antimony trioxide, calcium borate,

huntite, hydromagnesite, zinc oxide, talc, silica

Typical concentration range carbon black 20-40 wt%, most others 30-65 wt%

Auxiliary agents organic silane,71 aliphatic alcohols80

Special methods of incorporation

processing history has an essential effect on conductivity; shear im-

posed during mixing causes a fracture of secondary carbon aggre-

gates; increased temperature during mixing may preferentially form

rubber-carbon bonds rather than the carbon-carbon bonds required for

conductivity; vulcanization temperature may affect recovery of bro-

ken connections between carbon-carbon bonds; talc reduces melt vis-

cosity which results in a smooth surface of extruded and calendered

products as well as reduced wear of equipment
71

Methods of filler pretreatment

silane treated talc increases modulus and reduces compression set;77

maleated or sulfonated EPDM interacts with zinc oxide;75,76

esterification of precipitated silica with methanol, propanol, and

hexadecanol;80 modification of precipitated silica with methacrylic

and vinyl silane;80 calcium carbonate was modified with monoallyl

and monodecyl maleate81

Special considerations

in conductive applications special conductive carbon blacks must be

employed; fire resistant cables have good balance of properties when

180/20 phr alumina/magnesium carbonate is used; for high LOI 400

phr alumina is used; zinc oxide is used as an ionic crosslinker;72,74,75

carbon black was found to be a very efficient UV stabilizer for a sys-

tem having a high electrical conductivity;69 there is an interaction be-

tween ionic crosslinks with zinc oxide and hydroxyl groups of carbon

black through hydrogen bonding73

In EPR formulations, calcium borate was found to be a good replacement for the

combination of antimony trioxide with an organic flame retardant.67 Calcium bo-

rate, in addition to affecting flame retardation, also reinforces the polymer. Another

alternative is based on huntite/hydromagnesite filler. Here, some antimony trioxide

and organic flame retardant combination must be added. The huntite/magnesite

filler combination cannot, by itself, halt flame spread.68,70

In carbon black filled EPDM, the production of foamed materials is affected

by filler.78 Cell density decreases with the amount of carbon black but increases

with the amount of blowing agent. The size of cells decreases in the presence of car-

bon black because of the alkaline surface of carbon black.78
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15.11 IONOMERS

Major polymer applications membranes, adhesives, elastomeric applications

Important processing methods
injection molding, extrusion, vulcanization, molding, calendering,

coating

Typical fillers
calcium carbonate, aluminum hydroxide, magnesium carbonate, mag-

nesium hydroxide, zinc oxide, talc, silica

Typical concentration range 20-40 wt%

Auxiliary agents silanes

Special methods of incorporation not reported

Methods of filler pretreatment not reported

Special considerations not reported
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15.12 LIQUID CRYSTALLINE POLYMERS, LCP85-89

Major polymer applications

microwave cookware, fiber optic connectors, capsules for electronic

devices, watches, cameras, audiovisual equipment, under-bonnet auto-

motive components, aerospace structures

Important processing methods injection molding, fiber spinning, extrusion

Typical fillers glass fiber, wollastonite, carbon black, magnesium carbonate

Typical concentration range 30-70 wt%

Auxiliary agents not reported

Special methods of incorporation

materials have skin/core morphology in which the relative amounts of

skin and core vary with processing parameters as does the distribution

of reinforcement
88

Methods of filler pretreatment drying is very important to prevent hydrolysis89

Special considerations

processing result strongly depends on previous thermal and pre-shear

treatment which may cause thermal instability;85 glass and mineral fi-

bers are known to have weak adhesion to LCP therefore decrease its

toughness;87 small additions of carbon black (1%) reduce melt viscos-

ity89

Thermotropic liquid crystalline polymers can be formulated with high concentra-

tion of glass fiber to withstand working temperatures in excess of 300oC. In proc-

essing LCP, one problem arises. LCP orients itself in the direction of shear or flow

− the process which benefits many materials but makes products from pure LCP

excessively anisotropic. To balance mechanical properties it has been suggested87

that some quantities of short glass or mineral fibers be added to LCP.

Figure 9.13 shows the effect of filler concentration on torque. The smallest in-

crease was due to magnesium carbonate and the largest due to the presence of glass

fibers.89 The mechanical properties of filled composites are substantially improved

by additions of magnesium carbonate, wollastonite and glass fiber. The most im-

portant improvement is in creep resistance (Figures 6.68 and 8.69).
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15.13 PERFLUOROALKOXY RESIN, PFA90

Major polymer applications

silicon wafer carriers, pump, pipes, fittings, filtration, tubing, column

packing, marine coatings, wear resistant products, coating for hostile

environments, automotive weather seals for doors and windows

Important processing methods injection molding, extrusion, coating

Typical fillers
magnesium oxide, calcium hydroxide, PTFE, graphite, molybdenum

disulfide, carbon black, metal particles

Typical concentration range 3-30 wt%

Auxiliary agents not reported

Special methods of incorporation not reported

Methods of filler pretreatment not reported

Special considerations metal oxides play the role of acid acceptors
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15.14 PHENOLIC RESINS55,57,91-98

Major polymer applications

aircraft interiors, automotive (pump housings, transmission reactors,

timing pulleys), marine, construction, coatings, adhesives, carbonless

copy paper, abrasives, friction materials, laminates, foundry resins,

battery separators, wood bonding, composites, foam, hollow spheres

Important processing methods lamination, molding, coating, compounding

Typical fillers

wood flour, glass fiber, carbon fiber, mica, wollastonite, mineral

wool, talc, magnesium hydroxide, graphite, molybdenum sulfide, car-

bon black, cashew shell particles, alumina, chromium oxide, brass and

copper powder, iron particles, steel fiber, ceramic powder, rubber par-

ticles, aramid, wollastonite, cellulosic fiber, lignin

Typical concentration range 30-60 wt%

Auxiliary agents
stearates, fluoropolymers, carboxylic groups-containing copolymers

which reduce viscosity of filled polyester (BYK-W 995)
92

Special methods of incorporation not reported

Methods of filler pretreatment

lignin treated by methylolation decreases the rate of cure of phenolic

adhesives;94 carbon fiber was anodically oxidized and subjected to

various treatments with coupling agents97 to improve interfacial inter-

action with phenolic resins and oxidative stability of carbon fibers; ti-

tanate coupling of oxidized fibers resulted in improved adhesion to

matrix and enhanced thermal stability of fibers98

Special considerations

cobalt salts reduce UV and thermal stability; steel fiber and acrylic fi-

ber give the best wear retention to brake pads;55 composites contain-

ing graphite have much better flame retarding properties than

composites containing aramid or glass fiber;57 glass fiber slows down

the cure rates of novolac resins96

Figure 15.8 shows the effect of aramid fibers on the friction coefficient and the spe-

cific wear rate of brake pads. Additions of up to 15 vol% aramid fiber are economi-

cal to reduce the coefficient of friction decrease which remains constant up to 40

vol%. At the same time, the specific wear rate decreases steadily as fiber concentra-

tion increases. This suggests that wear rate is improved by the material reinforce-

ment.55

Fire resistance is an important property of phenolic resins. The combination of

phenolic resin with ExpancelJ expandable microspheres leads to many useful

products. Composites for high speed train interiors take advantage of the light

weight, excellent fire rating, and very low thermal conductivity.91 Polyester filled

with aluminum hydroxide is an alternative solution for train interior materials. The

resin and filler can be easily processed when viscosity regulating additives are

added.92

The properties of novolac laminates can be improved by the addition of fill-

ers.93 Corrosion protective materials suffered from delamination because of varia-
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tions in thermal expansion rates. When the laminate was made from two layers −
one containing carbon fiber and the other filled with 15-20% graphite powder, the
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heat flow and temperature distribution across the laminate was improved and

delamination was eliminated.93

Figure 15.9 shows the effect of glass fiber on the rate of conversion of novolac

resin.96 The addition of glass fiber decreases rate of curing and degree of conver-

sion. The chemical mechanism of this process is not discussed.
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15.15 POLY(ACRYLIC ACID), PAA99

Major polymer applications

dispersants for pigments and fillers, thickeners, toothpaste, hydraulic

fluids, ion exchange resins, binder for ceramic, dental cements,

polyelectrolytes

Important processing methods compounding

Typical fillers metal oxide, kaolin, clay

Typical concentration range as required for application

Auxiliary agents not applicable

Special methods of incorporation none reported

Methods of filler pretreatment none reported

Special considerations

poly(acrylic acid) has acid properties therefore it will interact readily

with basic fillers such as for example alumina or magnesium hydrox-

ide
99
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15.16 POLYAMIDES, PA4,100-126

Major polymer applications

automotive industry (radiator end tanks, inlet manifolds, rocker cov-

ers), electrical components (connectors, switches, motor frames),

bearing cages, mechanical handling components, fibers, carpets, tire

reinforcement, many other applications

Important processing methods melt spinning, injection molding, extrusion

Typical fillers

glass fiber, carbon fiber, aramid, antimony trioxide, zinc borate, stain-

less steel fiber, graphite, nickel coated graphite, aluminum flakes,

metallized glass

Typical concentration range

stainless steel fiber - 1-7 wt%, 30 wt% or more graphite, 15-50 wt%

carbon black for conductive materials, glass spheres and fibers up to

70 wt%, carbon fiber - 20 wt%, silicon oxide and silicates up to 40

wt%, LCP up to 30 wt%, wollastonite - 40 wt% (can be used in con-

junction with glass fiber,
103 copper/polyamide-11 composite was

made with 90 wt% spherical copper powder109

Auxiliary agents silanes,125 waterborne silanes,119 compatibilizers in polymer blends

Special methods of incorporation

for delustering, titanium dioxide is added to polymer at 210oC to

avoid excessive agglomeration; the order of addition of glass fiber to

PP/PA-6 blend affects blend mechanical performance, glass fiber

must be added to already compatibilized blend to avoid filler encapsu-

lation;107 the use of vacuum hopper and premixing of polymer with

copper spheres causes a reduction in porosity of highly filled

polyamide109

Methods of filler pretreatment

silane treatment of wollastonite;103 polyamide has ability to wet car-

bon fiber, polyamide behaves like a melt at 180oC even though its

melting temperature is 225oC115

Special considerations

copper compounds catalyze thermal and UV degradation; titanium di-

oxide lowers UV stability, titanium dioxide is used as agent; red

phosphorus in combination with zinc borate gives V-0 or V-1 rating

with halogen-free system and inhibits corrosion because it can trap

trace amounts of phosphine produced from red phosphorus

In applications which require electric conductivity, polyamides are processed ei-

ther with carbon fiber or with graphite. These applications include business ma-

chines (copying machines, computer printers), electronic packaging, carpet fiber,

and EMI shielding. Other fillers, such as nickel coated graphite, stainless steel fi-

ber, aluminum flakes and metallized glass are used less often. Polyamide is one of

the best EMI shielding materials. When compounded with only 15% nickel coated

glass fiber, it gives an attenuation of 50 db. By comparison, polyamide com-

pounded with 30% graphite fiber gives an attenuation of only 30 db. Figure 15.10

illustrates the affect of particle size on resistivity.
110 The general rule for filled ma-

terials is that the lower the particle size of the conductive particle the higher the

conductivity of the resultant material. In conductive materials filled with fibers, this

relationship is more complex and more dependent on filler type.
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Less than 10% of the polyamide produced is made in a flame retardant version.

The best system is composed of a combination of red phosphorus and zinc borate

(see table above). The only drawback of this system is its color which is restricted to

brick red or black. If other colors are required, ammonium polyphosphate is used

either in combination with organic flame retardants or with antimony trioxide. It is

possible to manufacture a very wide range of colors in the halogen free system.

Some systems make use of the addition of novolac or melamine resins. For intu-

mescent applications, ammonium polyphosphate, in combination with other com-

ponents, is the most frequently used additive. Figure 13.6 shows that fillers such as

calcium carbonate and talc (at certain range of concentrations) improve the effec-

tiveness of ammonium polyphosphate. This is both unusual and important.
100 It is

unusual because, in most polymers, the addition of fillers has an opposite influence

on the efficiency of ammonium polyphosphate and it is important because ammo-

nium polyphosphate must be used in large concentrations (minimum 20%, typical

30%) in order to perform as a flame retardant.

The use of magnesium hydroxide in polyamides is restricted by the low degra-

dation temperature and the low hydrolytic stability of polyamides. Polyamide 6 and

6.6 begin to degrade at around 350oC whereas magnesium hydroxide releases water

between 320 and 440oC. In situ production of water lowers the thermal stability of

polyamides.101 The addition of 60 wt% magnesium hydroxide produced a flame
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retardant polyamide 6 with its degradation temperature overlapping with that of the

filler.111 A similar method was not successful with polyamide 6.6.

Fillers play an important role in powder coating of polyamide to form articles

with a metal-like look (e.g., handles, mountings for radiators and pipes). For a ma-

terial to be powder coated, it must withstand the stoving temperatures (170oC or

more). It must also be electrically conductive, be chargeable and its reactive groups

must be able to link with the coating system.104 Fillers such as metal and metal

coated ceramic spheres and carbon fibers are added to polyamide for its strength

and paintability.

When aluminum borate whiskers were incorporated in SAN/PA-6 blends, the

whisker, due to acid/based interaction had a better affinity to PA-6 than to SAN and

for this reason they ended up in residence in the polyamide phase.105 A similar prin-

ciple was used to obtain a conductive blend by compounding PA, PP and carbon

black.106 Carbon black has a better affinity to polyamide and thus it prefers to reside

in the polyamide phase or in the interphase formed between two immiscible poly-

mers. Even when carbon black is added initially to polypropylene, it still transfers

to the polyamide phase. This migration and preferential location of carbon black is

not only an interesting scientific principle but it also has important practical impli-

cations. For the purpose of conductivity, a certain threshold concentration of car-

bon black is required to enable percolation and this threshold concentration is

substantially lower if the carbon black settles in only one phase. This phase be-
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comes richer in carbon black than the average concentration in blend. This princi-

ple allows materials to be formulated in more efficient manner.

Fiber reinforcement plays important role in polyamide processing. The

orientation of fibers is not only influenced by the method of processing but also by

external strain. Figures 14.9 and 9.29 show the effect of small strains on glass fiber

orientation in polyamide 6.114 The reinforcement also depends on interaction be-

tween the filler and the matrix polymer. Figure 15.11 shows the relation between

NMR chemical shifts of model compounds based on five different fillers and their

tensile moduli. The compounds with a higher positive charge density on the nitro-

gen atoms in the polyamide molecule form stronger composites because the inter-

action between filler and matrix has an ionic character.124
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15.17 POLYAMIDEIMIDE, PAI

Major polymer applications

metal compressors in aerospace applications, pump housings, com-

pressor valve plates, bushings, bearings, wear pads, piston rings and

seals, gears, fasteners, plastic engine

Important processing methods injection molding, extrusion, compression molding

Typical fillers carbon fiber, glass fiber, graphite, fluorocarbon, PTFE

Typical concentration range
carbon fiber up to 30 wt%, glass fiber 30-40 wt%, graphite up to 20

wt%, PTFE fiber 1-2 wt%

Auxiliary agents not reported

Special methods of incorporation
drying (polyamideimide may blister if it contains moisture and its

temperature is increased rapidly)

Methods of filler pretreatment drying to prevent degradation and blistering

Special considerations
post cure which takes several days to obtain peak mechanical proper-

ties
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15.18 POLYAMINES

Major polymer applications
flocculation of particulate matter, pigment retention aids in paper (e.g.

TiO2), filtration aids, cosmetics

Important processing methods compounding

Typical fillers titanium dioxide

Typical concentration range as required by application

Auxiliary agents not reported

Special methods of incorporation not reported

Methods of filler pretreatment not reported

Special considerations not reported

634 Chapter 15



15.19 POLYANILINE, PANI127

Major polymer applications
materials having electric conductivity, protection against static elec-

tricity, EMI shielding, corrosion protection

Important processing methods compounding

Typical fillers silica

Typical concentration range up to 40 wt%

Auxiliary agents
silica can be used in combination with colloid forming polymers such

as PVAl or PVP

Special methods of incorporation polymerization in the presence of filler
127

Methods of filler pretreatment
none reported but the type of filler plays essential role in obtaining

stable polyaniline dispersion

Special considerations

a certain level of fillers is required to obtain stable dispersion; the dis-

persed polymer or filler must be chosen such that it does not interfere

with the conductivity of polyaniline
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15.20 POLYARYLETHERKETONE, PAEK128

Major polymer applications

valve seats, pump impellers, valve linings, oil well data logging tools,

bearing cages, aerospace, cryogenic propellant tank for supersonic air-

crafts, nuclear power plants, satellites, fuel valves, bolts and nuts,

heat-resistant gears, vacuum pump blades, butterfly valve seatings,

piston rings, chemically resistant bearings and cams, machine tools,

horizontal stabilizers for helicopters, ducting, semiconductor wafer

carriers, belts, tennis racket strings, surgical instruments, sterilization

equipment for medical and dental applications, bone screws, implants,

fracture fixation plates, high performance conveyors, hot melt adhe-

sives

Important processing methods injection molding, extrusion, wire coating, mixing, melt spinning

Typical fillers glass fiber, carbon fiber, graphite, PTFE

Typical concentration range 20-30 wt%

Auxiliary agents not reported

Special methods of incorporation not reported

Methods of filler pretreatment
heat treatment of carbon fibers increases their resistance to oxidation

but their adhesion decreases

Special considerations
carbon fiber requires treatment to increase adhesion by, for example,

oxidation of its surface
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Figure 15.12 shows the fatigue resistance of carbon and glass fiber filled

poly(phenylene ether ketone).128 The flexural fatigue depends on tensile properties

of the composite. The yield strength of the matrix and the quality of the interface af-

fect the fatigue properties of composites.
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15.21 POLY(BUTYLENE TEREPHTHALATE), PBT102,103,116,129

Major polymer applications

composites, textiles, brush bristles, tire cords, electrical and electron-

ics (connectors, circuit breakers, capacitor housings), automotive (dis-

tributor caps, mirror housings, door knobs), housewares, lighting,

power tools, sporting goods, plumbing

Important processing methods injection molding, extrusion, monofilament extrusion

Typical fillers
carbon fiber, glass fiber, aramid, mica, talc, calcinated kaolin, anti-

mony trioxide, carbon black, zinc borate, glass spheres

Typical concentration range 20-40 wt%

Auxiliary agents coupling agents used in composites

Special methods of incorporation
the process design should account for the much faster crystallization

rates of filled materials

Methods of filler pretreatment drying, silane coupling

Special considerations

material must be completely dry before processing to avoid hydroly-

sis; the concentration of moisture in material ready for processing

should be below 0.05% possibly below 0.025%; carbon black is the

most effective UV stabilizer followed by TiO2; ferrocene and cobalt

salts accelerate UV degradation; zinc borate improves laser marking

of glass filled composite; addition of glass spheres to glass fiber filled

PBT improves melt flow, shrinkage and warpage;102 these same im-

provements cannot be achieved by using talc/glass fiber mixtures;102

mica controls warpage and increases flexural modulus and strength,

heat distortion temperature, and dielectric strength;103,116 increase in

particulate filler content decreases the ductility of weld (the residual

strength 50% of the strength of the matrix without filler) but addition

of glass fiber only slightly reduces weld strength (10% for 30 wt%

glass filled composite)129
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15.22 POLYCARBONATE, PC106,108,130-135

Major polymer applications

compact disks, optical lenses, camera components, goggles, safety

glasses, windows, laminated walls, skylights, copying machines, com-

puter printers, gear, bearings, guide pins, rollers, speedometer needles,

windscreens, instrument panels, head lamp covers and housings, tool

boxes, dental applications, blood collector containers, disposable sy-

ringes, medical tubing, pacemaker components, dinnerware, drinking

cups, toys

Important processing methods
extrusion, calendering, blow molding, injection molding, gas-assisted

injection molding, thermoforming, solution casting

Typical fillers

glass fiber, wollastonite, titanium dioxide, boric oxide, carbon black

and graphite fibers for EMI shielding, molybdenum sulfide, graphite,

PTFE

Typical concentration range
10-40 wt%; carbon black 5-20 wt% (tear strength maximum at 5 wt%,

tensile strength maximum at 15 wt%)

Auxiliary agents poly(methyl siloxane) and glycidoxy-propyltrimethoxy silane
134

Special methods of incorporation none reported

Methods of filler pretreatment
moisture content of composite should be below 0.02% to avoid

hydrolytic changes as well as blistering

Special considerations

some inorganic pigments accelerate UV degradation; in PP/PC blend

carbon black has higher affinity to PC and it is preferentially located

in PC phase (compare with polyamide above);106 glass fiber reinforced

PC has very good retention of mechanical properties on exposure to

(-radiation (see Figure 11.6);108 thermal stability of PC/carbon fiber

composite is also good (see Figure 11.15)130

Flame retardant materials are produced from polycarbonate. Several options are

available to produce such materials. A combination of PTFE fibers (2 wt%) and bo-

ric oxide (1 wt%) gives V-1 rating. Good results are also obtained by using a combi-

nation of alumina and silica or a blend of magnesium carbonate, calcium carbonate

with zinc borate. Halogen-free flame retardant grades are readily produced. The ad-

dition of zinc borate to polycarbonate substantially reduces the heat release and

smoke generation from the compound.132

The thermal properties of polycarbonate are not outstanding and the opportu-

nities to improve it are remote. Addition of 30 wt% of carbon or glass fibers in-

creases deflection temperature under load only by about 20oC to the maximum

attainable value of 150oC but coefficient of the thermal expansion is drastically re-

duced which makes it suitable for many of its potential applications.

Polycarbonate is used in applications which require EMI shielding and static

control. EMI shielding requires large quantities of conductive fillers. For example,

40 wt% aluminum flake gives an attenuation of 32 dB, 30 wt% graphite fibers gives

42 dB, and 15 wt% nickel coated glass fiber gives 45 dB.135
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Fiber reinforcement improves mechanical properties by amounts relative to

the amount of fiber used. Figure 15.13 gives the relationship between Young modu-
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lus and the load of carbon fibers.133 The effect of carbon fibers on tensile yield

stress can be determined from Figure 8.7. Morphological observations indicate that

there is good interfacial bonding. Figure 15.14 vividly illustrates the gains in im-

proved mechanical properties that a coupling agent can provide. Two to six percent

of coupling agent was used to treat ZnO for a 3-fold improvement in tensile

stress.134
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15.23 POLYETHERETHERKETONE, PEEK85,136-139

Major polymer applications

valve seats, pump impellers, valve linings, oil well data logging tools,

bearing cages, aerospace, cryogenic propellant tank for supersonic air-

crafts, nuclear power plants, satellites, fuel valves, bolts and nuts,

heat-resistant gears, vacuum pump blades, butterfly valve seatings,

piston rings, chemically resistant bearings and cams, machine tools,

horizontal stabilizers for helicopters, ducting, semiconductor wafer

carriers, belts, tennis racket strings, surgical instruments, sterilization

equipment for medical and dental applications, bone screws, implants,

fracture fixation plates, high performance conveyors, hot melt adhe-

sives

Important processing methods injection molding, extrusion, wire coating, mixing

Typical fillers glass fiber, carbon fiber, graphite, PTFE

Typical concentration range typically 30 wt% but high glass loading can go up to 75 wt%
85

Auxiliary agents
binders are needed in prepregging step (polyimide is an example of

such binder)137

Special methods of incorporation
drying is only necessary to prevent molding defects because the poly-

mer has very high resistance to hydrolysis

Methods of filler pretreatment
heat treatment of carbon fibers increases their resistance to oxidation

but their adhesion decreases

Special considerations

high temperature treated carbon fiber requires treatment to increase

adhesion by, for example, oxidation; wear and friction grades usually

contain combination of graphite, carbon fiber, and PTFE

The introduction of fillers to PEEK creates a higher nucleation rate. The surface of

carbon fibers and nuclei within the PEEK matrix compete for crystallization

growth. Epitaxial transcrystalline growth was frequently observed on the fiber sur-

face in carbon fiber reinforced PEEK composites.

Reinforcement with glass fiber or carbon fiber doubles the tensile strength and

modulus and, at the same time, the impact strength is also increased. Carbon fibers

improve properties by at least 50% over PEEK filled with glass fibers. Thermal

properties are also improved in this reinforcement, again especially by carbon fiber.

Heat deflection temperature more than doubles due to reinforcement to values over

300
oC. Solvent resistance is usually determined by the degree of fiber reinforce-

ment and by the adhesion between fiber and matrix. PEEK/carbon fiber composite

has an excellent resistance to water (Figure 15.15)139 and to high temperature.
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15.24 POLYETHERIMIDE, PEI

Major polymer applications

microwaveable cookware, electronic connectors, automotive engine

sensors, bulb sockets, vacuum pump vanes, aircraft interiors, steam

sterilizable surgical components

Important processing methods injection molding, blow molding, extrusion

Typical fillers glass fiber, carbon fiber

Typical concentration range 20-40 wt%

Auxiliary agents not reported

Special methods of incorporation not reported

Methods of filler pretreatment not reported

Special considerations

PEI has very good fire resistance (LOI 47%) compounding with 30

wt% glass fiber reduces LOI to 32; compounding of PEI with glass fi-

ber does not affect heat deflection temperature
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15.25 POLYETHER SULFONE, PES

Major polymer applications

aircraft interiors, multipin connectors, coil bobbins, integrated circuits

sockets, fiber optics connectors, dip switches, automotive fuses,

printed circuit boards, transformer wire coatings, microwave cook-

ware, sight glasses, membranes, medical applications (due to the resis-

tance to different methods of sterilization), coatings

Important processing methods
injection molding, extrusion, blow molding, compression molding,

thermoforming, casting

Typical fillers glass fiber, carbon fiber

Typical concentration range 30 wt%

Auxiliary agents not reported

Special methods of incorporation not reported

Methods of filler pretreatment drying to below 0.05 wt%

Special considerations

moisture causes bubbles, streaking, and splay marks; compounding

with glass fiber has very little effect on PES heat deflection tempera-

ture and marginally increases LOI but tensile strength is improved in a

broad spectrum of temperatures
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15.26 POLYETHYLENE, PE38,45,59,64,83,103,140-195

Major polymer applications packaging and film are the major applications, many others

Important processing methods
blow film extrusion, molding, cast film extrusion, extrusion, injection

molding, rotational molding

Typical fillers

barium sulfate, calcium carbonate, carbon black, calcium sulfate whis-

kers, diatomaceous earth, glass fiber, glass spheres, hollow silicates,

kaolin, mica, talc, wollastonite, silica, magnesium hydroxide,

hydrotalcite, red mud, ground tire rubber, ferromagnetic powder,

nickel fibers, wood flour, zirconium silicate, starch, soot, marble, alu-

minum, lignin, sand

Typical concentration range

generally $40 wt%; calcium carbonate, calcinated kaolin, talc - 20-40

wt%; carbon fiber 5-30% (depending on aspect ratio);141 titanium di-

oxide - 1 wt% (occasionally concentrations of 10 wt% are found in

thin sections);143 ferromagnetic powder - up to 90 wt%;153 stainless

steel fiber - 2-3 wt%;154 nickel fibers for magnetic properties -

10-30%;155 starch in biodegradable products - 4-8 wt%165

Auxiliary agents

polymer grafting by maleic anhydride or unsaturated diacid anhydride,

silanes, titanates, acryloamide was grafted on the surface of calcium

carbonate to contain 0.2-1.8% amide groups which were then used for

interaction with compatibilizer containing carboxyl groups;140

aminosilane treatment of kaolin;142 phosphate treatment of calcium

carbonate increases adhesion of mechanical properties of material;146

low molecular weight polyethylene wax was used as dispersing agent

for carbon black189

Special methods of incorporation

usually surface modification of filler is performed prior to filler incor-

poration into the polymer; high concentration of calcium carbonate (40

wt%) provides a film which has properties similar to paper but sur-

passes paper in resistance to moisture; chlorinated PE containing car-

boxyl groups was used as compatibilizer with calcium carbonate;140

masterbatches of titanium dioxide contain 40-50 wt% pigment;143 rub-

ber modification to incorporate zirconium silicate without a loss of

mechanical strength159

Methods of filler pretreatment

moisture removal by drying, preparation of masterbatches; moisture

pickup by titanium dioxide and its concentrates was found to cause

lacing which causes film defects, drying of the filler is a simple rem-

edy150

Special considerations

hydrotalcite is used as acid neutralizer with various stabilizing pack-

ages; anatase titanium dioxide decreases UV stability; presence of

transition metals (Ni, Zn, Fe, Co) affects thermal and UV stability; ad-

dition of 15 wt% calcium carbonate increases coating-to-substrate ad-

hesion of polyethylene materials;149 carbon black in concentration

above 2 wt% in conjunction with crosslinking improves UV stability

of polyethylene films;158 carbon black is better antioxidant than many

commercial antioxidants;164 improved thermal conductivity, more sta-

ble bubble with calcium carbonate improves output of blown film;167

talc was used to prevent melt sag in blow molding process;180,184,186

talc can also be used to reduce gas permeability in film for food pack-

aging industry;183,188 sand was found to reduce photodegradation of

PE;191 small additions (1-2 wt%) of some metal oxides also give some

UV protection whereas other metal oxides increase degradation rate;192

HALS was immobilized on the surface of silica incorporated into PE

which reduced its activity as UV stabilizer195
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Infrared studies give us information on filler distribution in PE matrix. Figure 10.12

shows the schematic diagram of the perceived distribution of talc particles in rela-

tionship to crystalline formations in PE. The diagram shows that talc is in associa-

tion with crystallites. This is due to the fact that talc particles affect nucleation

through intimate contact and chain alignments on the surface of the filler. The addi-

tion of a small amount of titanium dioxide has a strong nucleating action which re-

sults in smaller spherulites formed due to the competition of the increased number

of growing sites.143 Nucleation of LDPE was also increased by particulate silica.

Adsorption of polymer chains by the filler affects crystallization.147,148

Mechanical properties depend on filler-matrix interaction but there are some

characteristics of fillers which influence the mechanical behavior of composite.

Most fillers increase tensile strength but calcinated kaolin increases tensile strength

about 3 times more than calcium carbonate or talc. Impact strength is improved by

calcinated kaolin. It is lowered by the addition of either talc or calcium carbon-

ate.103 This effects can be changed by tailoring the interface between the matrix and

the filler. In one example, chlorinated PE containing carboxyl groups was used as

compatibilizer.140 Also, calcium carbonate was modified by grafting acryloamide

with 0.2-1.8% amide groups onto its surface. This increased its degree of interac-

tion. The tensile strength of this composite was increased by over 50% and its im-

pact strength by about 120% compared with neat resin (when calcium carbonate

was added without compatibilizer, the impact strength of the composite dropped to

below 25% of that of neat resin).140 Similarly, the effect of kaolin was improved by

coating it with maleic grafted polyethylene which increased the impact energy of

the filled PE by a factor of 4 compared with neat resin.142 In blown films, calcium

carbonate, in the concentration range of 5-20 wt%, was found to increase dart im-

pact strength. But, the tensile strength and elongation decreased as the concentra-

tion increased. Additions of talc in the same concentration range decreased all

mechanical properties.152

The most common method to make PE fire retardant is through the use of

phosphoric esters of polyols. An alternate method uses magnesium hydroxide. Fig-

ure 15.16 shows the effect of varying amounts of aluminum hydroxide and magne-

sium hydroxide on the limiting oxygen index (LOI).190 Magnesium oxide gives a

marginally better performance but in both cases a large amount of metal oxide is

needed. If such large quantities are used, the impact resistance of the material is

substantially reduced. The impact resistance can be improved in these composi-

tions by additions of silane-crosslinkable polyethylene.

The electric conductivity of polyethylene can be improved by addition of

many fillers. Figure 15.17 shows the effect of aspect ratio of the fiber on the electric

conductivity of polyethylene filled with carbon fiber.141 Depending on the aspect

ratio, different levels of carbon fiber are needed to obtain the same effect. When a

very high aspect ratio is used, 2 vol% carbon fiber gives the same effect as can be

obtained with 30 vol% of carbon fiber having aspect ratio of 1. Compared with
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polypropylene, polyethylene required about 50% more carbon black to develop the

same conductivity.145 A better wetting of the filler in polyethylene results in higher

648 Chapter 15

16

18

20

22

24

26

28

30

32

0 10 20 30 40 50 60

Mg(OH)
2

Al(OH)
3

Li
m

iti
ng

o
xy

ge
n

in
de

x,
%

Loading, wt%
Figure 15.16. Limiting oxygen index of polyethylene vs. concentration of filler. [Adapted, by permission, from

Yeh J T, Yang H M, Huang S S, Polym. Degradat. Stabil., 50, No.2, 1995, 229-34.]

-15

-10

-5

0

0 5 10 15 20 25 30

E
le

ct
ric

co
n

du
ct

iv
ity

,l
og

Ω
-1

cm
-1

Carbon fiber content, vol%

aspect ratio=1

4.913.4

21.8

Figure 15.17. Electric conductivity of polyethylene filled with carbon fibers of different aspect ratio vs. volume

content. [Adapted, by permission, from Agari Y, Ueda A, Nagai S, J. Appl. Polym. Sci., 52, No.9, 1994,

1223-31.]



colloidal stability but also in a higher percolation threshold. This affects the amount

of carbon black needed to obtain a certain level of conductivity. For polyethylene to

be conductive it must be filled above a certain threshold concentration with conduc-

tive filler. Below this threshold level, conductivity remains quite constant and it is

largely independent of filler concentration. In this range, conductive filler particles

are not in proper contact. When a certain threshold value is reached, the conductiv-

ity increases very rapidly as more carbon black is added. Eventually, a plateau of ul-

timate conductivity is reached which depends on the matrix and on the type of

carbon black used.
145 Large concentrations (80-90 wt%) of ferromagnetic materials

are required to reach threshold concentration (see Figure 14.15).153 Conductivity

changes rapidly when 3 wt% stainless steel fiber is added to polyethylene.154 Simi-

larly, magnetic properties can be changed with additions from 10 to 30 wt% of

nickel fibers. The fibers must be in the proper orientation to develop optimum mag-

netic properties.155 One study174 sought to obtain a material with low resistivity at

room temperature and high resistivity at elevated temperatures. It also attempted to

obtain material in which such change occurs within a few degrees Celsius. The

composites which were developed can switch rapidly from a low to a high resistiv-

ity. These composites are used in devices which can limit electric fault currents.

The materials were developed by selecting an appropriate process of incorporation

(quality of mixing) and by the choice of carbon black. A composition which com-

bined coarse and fine carbon blacks gave the required performance.
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Heat conductivity of composite materials are severely and adversely affected

by structural defects in the material. These defects are due to voids, uneven distri-

bution of filler, agglomerates of some materials, unwetted particles, etc. Figure

15.18 shows the effect of filler concentration on thermal conductivity of polyethyl-

ene. Graphite, which is a heat conductive material, increases conductivity at a sub-

stantially lower concentration than does quartz. These data agree with the

theoretical predictions of model.38 Figure 15.19 shows the effect of volume content

and aspect ratio of carbon fiber on thermal conductivity.141 This figure should be

compared with Figure 15.17 to see that, unlike electric conductivity which does de-

pend on the aspect ratio of the carbon fiber, the thermal conductivity is only de-

pendent on fiber concentration and increases as it increases.
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15.27 POLYETHYLENE, CHLORINATED, CPE82,196-199

Major polymer applications

wire and cable, autoignition wire, roofing membranes, technical

hoses, power steering hose, transmission oil cooler hose, car axle

boots, automotive air ducts and hoses, impact modification for PVC in

pipe, vinyl siding, window profiles and FR ABS

Important processing methods peroxide vulcanization, molding, mixing, extrusion

Typical fillers
clay, carbon black 3-10 wt%, titanium dioxide 1-2 wt%, magnesium

oxide is used as thermal stabilizer (typically 5-10 phr)

Typical concentration range 20-40 wt%

Auxiliary agents not reported

Special methods of incorporation CPE was used as PVC modifier to increase filler concentration
199

Methods of filler pretreatment

aluminum filler was prepared from the reaction of aluminum chloride

and carboxylic acid such as hydroxybenzoic, aminobenzoic,

anthranilic acids to form an active filler which improves the mechani-

cal properties of CPE198

Special considerations

presence of zinc, copper, iron and nickel compounds accelerated

dehydrochlorination; combination of basic magnesium carbonate and

aluminum hydroxide is used as flame retardant and smoke

supressant;82 chlorinated polyethylene adsorbs on the surface of tita-

nium dioxide forming a layer 1-20 nm thick depending on the

acid/base interaction parameter of titanium dioxide197
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15.28 POLYETHYLENE, CHLOROSULFONATED, CSM82,196,200

Major polymer applications

coated fabrics, inflatable boats, roofing, pool liners, industrial effluent

pit liners, radiator and heater hoses, wire and cable, adhesives, auto-

motive components (high-temperature timing belts, power steering

pressure hose, gaskets, spark plugs), boots, industrial products (hose,

rolls, seals, gaskets, diaphragms), and lining for chemical processing

equipment

Important processing methods vulcanization, coating, extrusion, compounding, injection molding

Typical fillers

silica, calcium carbonate, carbon black, magnesium hydroxide, basic

magnesium carbonate, metal oxides (typically MgO) are used as cur-

ing agents

Typical concentration range 20-30 wt%

Auxiliary agents none reported

Special methods of incorporation none reported

Methods of filler pretreatment

thermal treatment at 800
oC and hexadecanol treatment were per-

formed to study the effect that hydroxyl groups have on silica rein-

forcement200

Special considerations
magnesium hydroxide and basic magnesium carbonate are used as

flame and smoke retarding additives82
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15.29 POLY(ETHYLENE OXIDE), PEO & PEG201-205

Major polymer applications

pharmaceutical applications, controlled release drugs, , polyester fi-

bers, unsaturated polyester resins, oil exploration, polyols, surfactants,

haircare, switching elements, polymer electrolytes, lithium batteries,

nanocomposites

Important processing methods compounding, reacting with other chemicals

Typical fillers graphite, fumed silica, molybdenum disulfide, vanadium oxide

Typical concentration range graphite - 10-40 wt%; fumed silica - 10 wt%

Auxiliary agents not reported

Special methods of incorporation not reported

Methods of filler pretreatment not reported

Special considerations
fumed silica used as rheological additive

204 addition of salts decreases

solubility of resin in water

The poly(ethylene glycol)/graphite system acts as a switching element. A switching

element is a polymer composite with dispersed conductive particles such as carbon

black, graphite or metal particles. The switching element has a low resistance at low

temperature (switch-on) and a high resistance at high temperature (switch-off). The
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principle of action of such system is explained by Figure 15.20. A small difference

in temperature causes a rapid change in resistance. The explanations of this phe-

nomenon are two: the classical explanation is based on the premises that with tem-

perature increasing conductive particles are too distant to transfer electrons; the

more recent explanation attributes the sudden change in resistivity to the change of

dielectric constant of poly(ethylene glycol).201 A similar system was developed

based on polyethylene.

Poly(ethylene oxide) is also used in nanocomposites which contain molybde-

num disulfide or vanadium oxide. The inorganic filler and the organic matrix inter-

act at a molecular level forming xerogels, which are nanocomposites with

controlled ion mobility.202,203,205
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15.30 POLY(ETHYLENE TEREPHTHALATE), PET103,206-209

Major polymer applications

packaging, bottles, film, fiber, textiles, brush bristles, composites,

electrical, automotive, housewares, lighting, power tools, sporting

goods, plumbing

Important processing methods
injection blow molding, extrusion, blow molding, injection molding,

monofilament extrusion

Typical fillers
carbon fiber, glass fiber, aramid, mica, glass spheres, talc, clays,

wollastonite, fly ash

Typical concentration range
glass fiber composites - 30-55 wt%, general purpose fillers - 20-40

wt%

Auxiliary agents
coupling agents used in composites; (-aminopropyltrimethoxy sil-

ane;
206 maleic anhydride modification208

Special methods of incorporation filler and interfacial modifier were premixed before extrusion206

Methods of filler pretreatment drying

Special considerations

material must be dry before processing to avoid hydrolysis; warping

can be reduced by the use of mixed fillers (e.g., glass beads and mica)

also, talc and clays; ferrocene and cobalt salts accelerate UV degrada-

tion

The treatment of glass beads with silane improves their adhesion. This benefits

most properties of the composite but its tensile strength is slightly lower than that of

neat resin. The crystallization rate of PET is higher in the presence of filler. Glass

beads cause a heterogeneous nucleating effect. Introduction of a modifier lowers

the nucleation rate and acts as a compatibilizer. The combination of glass beads and

the modifier increases tensile properties and the impact strength of the compos-

ite.206 Figure 10.7 shows the effect of mica on the crystallization rate of PET.209
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15.31 POLYIMIDE, PI137,210-212

Major polymer applications

aerospace, electronics (mostly films and coatings), photosensitive ma-

terials for positive imaging, solar cells, hollow fiber membranes, com-

posites, nuclear power plants, space shuttle, microprocessor chip

carriers, structural adhesives

Important processing methods
vapor phase deposition, spin coating, injection molding, casting, ex-

trusion, drawing of oriented films, compression molding, sintering

Typical fillers

carbon fiber, glass fiber, graphite lubricant for wear resistant applica-

tions; molybdenum sulfide, PTFE, antimony trioxide, barium titanate,

clay, silica, aluminum nitride, smectite

Typical concentration range
in general 2-40 wt%, graphite - 15-40 wt%, PTFE - 10 wt%; clay -

5-15 wt%

Auxiliary agents
aminosilane, methylpyrrolidone (deagglomeration and stabilization of

filler suspension)
210

Special methods of incorporation

moisture increases decomposition rate therefore processed materials

must be dry; polymerization of PI in the presence of deagglomerated

suspension of aluminum nitride210

Methods of filler pretreatment drying, deagglomeration210

Special considerations

trace metals such as Co, Cu, Ni radically reduce thermal stability;

some carbon fibers cause degradation due to the surface impurities;

some types of glass reduce stability of polyimide; polyimide is used as

modifier of PEEK/carbon fiber composite137

Polyimide was used as a model material in studies of polymer metal interfaces

where metal layers were formed by metallization, plasma deposition, chemical va-

por deposition, electrochemical deposition, etc.211 In most of the cases studied, the

interpenetration of metal was so good that the metal layer could not be removed by

any other means but abrasion. An investigation of interface, determined that the

metal particles were found in the surface layers in diminishing quantities perpen-

dicular to the surface and not, as expected, in the form of a sharp borderline be-

tween the metal and polymer. Some difficulties exist when metallized polyimides

are used for chip production. These diffuse layers of metals complicate design and

performance due to the gradients of conductivity which they produce.

Figure 15.21 shows the effect of the method of composite preparation on basal

spacing of CH3(CH2)n-1NH
3

+ montmorillonites and the number of carbon atoms.212

The processing at 300oC produces more rigid polyimide with a smaller basal spac-

ing. The material prepared by high temperature curing gives the CO2 permeability

shown in Figure 15.22. Gas permeability is reduced which is attributed to the lay-

ered structure (~10 D spacing), high aspect ratio, and staircase-like arrangement of

layers which all increase the effect of filler. In the simple mixtures of filler and

polymer, permeability has the linear relationship with the filler concentration.
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15.32 POLYMETHYLMETHACRYLATE, PMMA99,197,213-223

Major polymer applications

optical fibers, dials, optical components, household items, car rear

lights, artificial stones (filled products) for injection molded bath

sinks, and kitchen worktops, bone cement, composites, medical appli-

cations (e.g. bone cement)

Important processing methods casting, injection molding, compression molding

Typical fillers
aluminum hydroxide, silica, titanium dioxide, glass fiber, mica, bar-

ium sulfate, titanium fiber, nickel, aluminum

Typical concentration range

generally - 20-30 wt%; carbon black - 5-30 wt%; glass powder in

bone cement - 30-80 wt%; titanium fiber - 1.5%, aluminum or nickel

for conductive applications - 20 vol%

Auxiliary agents silanes
221

Special methods of incorporation
fillers are most frequently dispersed in monomer in the presence of

catalyst and monomer is then polymerized

Methods of filler pretreatment carbon black was oxidized prior to incorporation213

Special considerations

according to inverse gas chromatography, PMMA is considered

acidic, it therefore interacts better with fillers which have basic char-

acter;99 PMMA was found to form thick layers adsorbed on the sur-

face of glass, titanium dioxide, silica and mica (1400, 51-70, 17, and

110 nm thick, respectively);197 very strong interaction between poly-

mer and titanium dioxide caused formation of brittle coatings which

failed prematurely;220 formation of clay/K2S2O8 complex is a reason

for catalytic effect on polymerization, the composites formed have

better thermal stability, hardness, and compression strength222

NMR studies indicate that hydroxyl groups on the surface of silica are consumed

during polymerization of PMMA. These groups are utilized in a reaction with poly-

mer.215 Polymer adsorbed on the surface of alumina changes conformation.223

Glass powder was used to fill bone cement. Figure 15.23 shows that the affin-

ity index of bone cement increases as glass powder concentration increases.

Synthetic material is more readily accepted by the body when more inorganic filler

is present.216 The fact that calcium and silicate ions are consumed from the cement

indicates that silane coupling, although advantageous for adhesion improvement,

would detract from the bioactive qualities of the cement. The addition of a small

amount of titanium fiber (1.5 wt%) to another formulation of bone cement substan-

tially increased its resistance of crack propagation.217

Phosphorus-containing PMMA is frequently used for flame resistant applica-

tions.

Figure 14.7 shows resistivity of aluminum filled PMMA. The resistance rap-

idly drops when the concentration of aluminum exceeds 20 vol%. Slightly less

(about 18-20 vol%) nickel is needed to obtain the same resistance.218
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15.33 POLYOXYMETHYLENE, POM108,224,225

Major polymer applications

appliances, automotive (door handles, window winders, tank filler

necks and caps, carburetor, screw caps for cooling system expansion

tanks, fuel pumps) phones (dialing units and slider guideways), pneu-

matic components, parts of textile machines, shower parts, home elec-

tronics and hardware, bearings, cams, containers, pump impellers,

rollers, springs, clips, and many other applications

Important processing methods
injection molding, blow molding, rotational molding, extrusion, foam

molding, compression molding, transfer molding

Typical fillers
glass fiber, glass beads, carbon fiber, aramid fiber, carbon black,

metal flakes, zinc whisker, talc, calcium carbonate, PTFE fiber

Typical concentration range
generally - 20-40 wt%; PTFE, aramid fiber - 2-10 wt%, glass fiber

20-30 wt%, glass microspheres - 10-30 wt%

Auxiliary agents not reported

Special methods of incorporation not reported

Methods of filler pretreatment drying

Special considerations

carbon black is the best UV stabilizer; printability of POM is obtained

by addition of talc or calcium carbonate; 0.2-0.3% moisture may re-

duce thermal stability by 20-30
oC; (γ-sterilization degrades POM rap-

idly)

The addition of glass beads reduced tensile strength, fracture toughness, and strain

energy release rate but improved flexural modulus.224 The tensile strength is in-

versely proportional to the square root of the glass sphere diameter. Reinforcing

POM with glass fiber improved all its mechanical properties.225
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15.34 POLY(PHENYLENE ETHER), PPO135,226

Major polymer applications

electronics (computer and television housings, keyboard frames, inter-

face boxes), automotive (instrument panels, interior and exterior trim,

glove compartments, wheel covers, electric connectors, fuse boxes),

air conditioner housings, hospital and office furniture, production of

blends

Important processing methods injection molding, blow molding, extrusion, thermoforming

Typical fillers
calcium carbonate, glass fiber, carbon fiber, zinc borate, PTFE, alumi-

num flake, graphite fiber, nickel coated graphite fiber

Typical concentration range

glass fiber - 10-40 wt%, carbon fiber - 10-20 wt%, also filled with a

combination of mineral filler and glass fiber - 40 wt%, PTFE - 2-3

wt%

Auxiliary agents silicone powder
226

Special methods of incorporation PPO is processed with PS which acts as plasticizer

Methods of filler pretreatment not reported

Special considerations

zinc borate, especially in combination with red phosphorus or organic

compounds of phosphorus, gives good fire retarding and smoke de-

pressing system; the following are the effects on EMI shielding on ad-

dition of conductive fillers: aluminum flake, 40 wt% - 30 dB, graphite

fiber, 30 wt% - 40 dB, nickel coated graphite fiber - 42 dB
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15.35 POLY(PHENYLENE SULFIDE), PPS181,227,228

Major polymer applications

automotive lighting, ignition and braking systems, carburetor parts,

fuel components, chip carriers, phone jacks, IC card connectors, tran-

sistor encapsulation, tape recorder head mounts, relay components,

motor fans, coil bobbins, sockets, relay units, food choppers, steam

hair drier parts, lamp sockets, microwave oven components, pump

housings, impeller diffusers, oil well valves, halogen lamp sockets

Important processing methods
coating, injection molding, blending, compression molding, lamina-

tion, thermoforming

Typical fillers calcium carbonate, talc, glass fiber, carbon fiber, PTFE, aramid fiber

Typical concentration range

glass fiber - 20-60 wt%, carbon fiber - 20-30 wt%, PTFE - 10-20

wt%, aramid fiber - 10-15 wt%, general fillers (talc, calcium carbon-

ate) up to 65 wt%

Auxiliary agents none reported

Special methods of incorporation not reported

Methods of filler pretreatment not reported

Special considerations

glass composites have very high LOI= 47%; glass fiber reinforcement

increases heat deflection temperature by more than 150
oC to over

260oC at 40 wt% glass fiber
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15.36 POLYPROPYLENE, PP4,21,67,77,103,106,118,136,143,145,157,162,177,180-1,184-6,229-308

Major polymer applications
automotive, packaging, furniture, electrical components, fibers, tapes,

many others

Important processing methods extrusion, blow molding, injection molding, thermoforming

Typical fillers

calcium carbonate, talc, glass fiber, glass beads, glass flakes, silica

flour, wollastonite, mica, sepiolite, magnesium hydroxide, carbon

black, clay, metal powders (aluminum, iron, nickel), steel fiber, si-

licium carbide, phenolic microspheres, wood fiber and flour, anti-

mony trioxide, hydrotalcite, zinc borate, bismuth carbonate, red

phosphorus, potassium-magnesium aluminosilicate, fly ash,

hydromagnesite-huntite

Typical concentration range

general range - 20-50 wt%; with some fillers mechanical properties

decrease even at low loadings (10%); calcium carbonate - 10-60 wt%,

kaolin - 20-40 wt%;
103,270 talc - 20-40 wt%;184,270 glass beads - 20-50

vol%;118 carbon black - 10-30 wt%;77 glass fiber - 1-60 vol%;157,230

magnesium hydroxide - 60-65 wt% (for V-0 classification); antimony

trioxide - 10 wt% (for V-0 classification)

Auxiliary agents

silanes,103,107,247,281 titanates;281 fatty acids;281 polymer grafting with

maleic anhydride to increase interaction,107,242,243,244,246,247,269 stearic

acid, nucleating agents; octamethylcyclotetrasiloxane;177 amino sil-

ane;231 dimeric aluminates239 acrylic acid260

Special methods of incorporation

slurry process in which polymer powder and fibers are suspended in

water followed by dewatering and wet sheet formation similar to pa-

per manufacture technology; melt impregnation of fiber bundles in

equipment containing fluidized bed zone and heating zone followed

by extrusion through die; filler encapsulation is faster than blend

compatibilization therefore filler must be added to compatibilized

blend;107 compatibilizers were used with glass beads to improve me-

chanical properties of composite241

Methods of filler pretreatment

if coupling agent is required, filler is usually pretreated before incor-

poration; fluidized bed glass fiber impregnation in sheet forming; sur-

face modification of chalk and carbon fiber by acetylene gas plasma;21

stearic and oleic acids;264 phosphate coating for talc279

Special considerations

chemical composition of filler surface affects nucleation of filler;

traces of heavy metals decrease thermal stability and cause discolor-

ation; surface free energy of fillers determines interaction; large dif-

ference in thermal properties of fillers and polymer may cause stress;

hydrotalcite is used as acid neutralizer with stabilizing packages; ana-

tase titanium dioxide decreases UV stability; presence of transition

metals (Ni, Zn, Fe, Co) affects thermal and UV stability; calcium car-

bonate and talc were found to immobilize HALS stabilizers in PP;
268

with organic masterbatches such as ethylene diamine phosphate V-0

classification can be obtained with 20-25 wt%, at the same time ten-

sile strength and impact strength are substantially reduced

Fillers affect the nucleation rate as polypropylene crystalizes. The addition of 2.5

wt% titanium dioxide reduces the size of spherulite by a factor of 3 due to an in-
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creased number of sites which create competition between growing spherulites.143

Spherulites did not grow in the surface skin. Even an addition of 40 wt% titanium

dioxide did not cause spherulites to grow in the skin. An increased addition of tita-

nium dioxide affected dispersion. On average 2.5 crystals per cluster were found at

10 wt% titanium dioxide and 5 crystals per cluster were detected at 40 wt% addi-

tion. Transcrystallinity is the other phenomenon observed in polypropylene. Tran-

scrystallinity develops either on the surface of air bubbles or on the surface of fibers

such as glass fibers. Transcrystalline structures are more effectively developed

when there is any degree of mechanical stress created around the fiber.136 The effect

of several fibers, such as carbon fiber, E-glass fiber, and Twaron were evaluated us-

ing polarizing light microscopy.234 Both the shear gradient at the interface and the

temperature gradient were found to influence transcrystallinity. Figures 7.18 and

10.13 show transcrystallinity on the surface of bamboo fibers.235 Filler particles ori-

ented during material flow affect the orientation of polymer chains and crystallites

because they grow on the surface of the filler particles. A similar orientation of talc

particles and polymer chains was found in thermoformed and blow molded

polypropylene.180,181,184,186 The orientation of short glass fibers and related molecu-

lar orientation of the matrix can be regulated by process parameters of injection

molding.259 Electron spin resonance studies of calcium carbonate and talc filled

polypropylene indicate that filler orientation during injection molding depended on

the filler load.267 The best orientation was obtained at 15 vol% filler.

Mechanical properties of filled polypropylene depend on several factors

which are discussed below. The Izod impact strength of carbon black filled poly-

propylene decreases marginally as the concentration of carbon black decreases.77

The addition of 20 wt% carbon black to polypropylene produced a substantial

(400%) increase in flexural modulus and a 40% increase in flexural strength. Ten-

sile yield strength is a more complex property. Small additions of carbon black (up

to 10 wt%) increase tensile yield strength but increasingly higher concentrations

eventually decreases tensile yield strength until it drops below that of neat resin.

Talc and kaolin in concentrations up to 30 wt% did not change the tensile strength

of polypropylene, but improved the flexural modulus by a factor of 2. Talc alone

substantially reduced impact strength.103 Calcium carbonate filled polypropylene

had poorer mechanical properties and was more difficult to process than the neat

polymer.255 However, when calcium carbonate was surface coated by stearates,

elongation and impact strength were maintained and whiteness and processing

characteristics were improved.255 The addition of glass beads containing rubbery

inclusions brought improved toughness to polypropylene.229 The particles changed

the crack growth mechanism by cavitation, shear yielding, and particle matrix

debonding. Failure by debonding from the surface of glass beads treated with

amine silane occurred at strain of 0.7%.231 Figures 8.51 and 8.52 show the effect of

temperature on the influence of yielding, cavitation, and debonding which are the

major mechanisms of composite failure.232 Figure 15.24 compares the tensile
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strength of polypropylene compounded with selected fillers.283 Mica and

wollastonite do not affect properties of neat resin whereas glass beads decrease ten-

sile strength. The technology of production of microporous propylene sheets took

advantage of filler debonding.237 A sheet of polypropylene which contains 65.8

wt% calcium carbonate is extruded. The base sheets are stretched biaxially in a

stretching machine to 500 to 1500%. This causes debonding of the filler which re-

sults in a soft microporous membrane with controlled gas and water vapor perme-

ability.237,278 Microporous polypropylene hollow fibers were prepared with a

similar process.238,276 Glass fibers affect the mechanical properties of polypropy-

lene depending on the concentration, their length and their adhesion to the matrix.

Figure 15.25 shows the effect of fiber length on tensile modulus, strength, and

Charpy impact.230 All characteristics of mechanical performance increase when a

fiber length increases. Filler mixtures can be selected to optimize the properties of

composite. Calcium carbonate and mica, when combined with maleic anhydride,

enable the product to meet required properties.242,251 The proportions of glass fiber

and mica may be varied to regulate properties. For example, tensile and flexural

strength depend on glass fiber content, and warpage and shrinkage can be regulated

by mica.258 Combinations of fillers with different shapes (platelet, spherical, elon-

gated) give a better performance than would be obtained from a single filler.283 A

novel product hydrated potassium-magnesium aluminosilicate improves several

properties of a polypropylene composite, including tensile strength and modulus,

weld strength, UV stability, fire retardation and smoke suppression. It has no effect
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on rheological properties.249 Smectite was used to prepare nanocomposite with an

average interlayer distance of 2.3 nm.284,285

Figures 12.3, 12.4, 12.8 and 14.14 contain data comparing the effect of talc

and magnesium hydroxide on the burning behavior of polypropylene.4 Ignition

time, ignition temperature, rate of combustion, and limiting oxygen index are sub-

stantially improved by the addition of magnesium hydroxide compared to the addi-

tion of talc. A substantial improvement is obtained when a large quantity (60 wt%)

of magnesium hydroxide is used. The effect of magnesium hydroxide is illustrated

by data from cone calorimetry (Figure 15.26).62 Glass beads reduce heat release by

dilution (but heat released is still greater than theoretical calculations). Magnesium

hydroxide substantially reduces heat release due to its endothermic degradation

which releases water.62 Magnesium hydroxide is a suitable additive for polypropy-

lene because polypropylene is typically processed at 200oC which is below the tem-

perature at which magnesium hydroxide degrades. Magnesium hydroxide also

reduces smoke release.62 The major drawback is the large amount which must be

used to produce these results. Several factors contribute to the performance ob-

tained from magnesium hydroxide including endothermic decomposition, release

of water into a vapor phase, dilution of burning components, insulating effect of the

oxide char residue. Different grades of magnesium hydroxide produce different re-

sults. The reason why is not yet known.256 A substantial decrease of mechanical

properties is observed when magnesium hydroxide is used in the quantity required

to obtain fire rating (~60 wt%).272 Coating the filler and an addition of rubbery par-
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ticles improves the mechanical performance of the material. Magnesium hydroxide

coating materials were evaluated in an extensive study.281 The objective was to im-

prove the mechanical properties of polypropylene. Of the materials studied, fatty

acid derivatives made the best coating.281 The amount of coating was also very im-

portant. For the type of magnesium hydroxide used, the monolayer coverage re-

quired a coating of 7 wt% fatty acid derivative.281

A carbon black addition above a percolation threshold of 5 vol% increases the

conductivity until a plateau is reached at 20 vol%.145 As the level increases above

10 vol%, the viscosity of the filled polypropylene increases rapidly (see Figure

9.9). As with polyethylene, carbon black is preferentially contained in one phase of

a two phase blend.106 This phenomenon is used in practice to lower the concentra-

tion of carbon black required for a certain level of conductivity. Here, again, carbon

black is concentrated in the preferred location. Carbon black and copper powder

were used to improve connectivity of YBaCuO in ceramic superconductors.240 Dis-

persion of copper particles and the related changes in conductivity were enhanced

by the presence of acrylic acid modifier.260
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15.37 POLYPYRROLE127,308-310

Major polymer applications

nonmetallic conductors, EMI shielding, battery electrodes, sensors,

electronic displays, optoelectronic systems, capacitors, controlled re-

lease agents for other components

Important processing methods

Langmuir-Blodgen technique of monolayer production, solution poly-

merization over the substrate, electrochemical anodic polymerization,

chemical oxidation of pyrrole in carbon black suspension

Typical fillers silica, tin oxide, carbon black

Typical concentration range carbon black - 10-85 wt%, silica - 1-3wt%

Auxiliary agents
support materials such as PMMA; chemical oxidant determines the

size of particles in polypyrrole/silica nanocomposites
309

Special methods of incorporation polymerization is conducted in a dispersion of filler in monomer308

Methods of filler pretreatment

preparation of a very uniform colloidal suspension of filler especially

for chemical synthesis of nanocomposites; the quality of the suspen-

sion determines the particle size of primary particles, the thickness of

the coating and the uniformity of the material

Special considerations
EMI shielding without fillers is 45 dB; fillers are added to form stable

gels127

In suspensions of carbon black in pyrrole, anodic polymerization takes advantage

of the fact that carbon black particles are negatively charged on their surface which

makes it possible for them to migrate to a positively charged anode where they be-

come embedded within a growing polypyrrole matrix.308 This production method is

suitable for production of materials for sensors, supercapacitors, fuel cells, etc. The

effect of carbon black on the chemical oxidation of pyrrole in carbon black suspen-

sions is shown in Figure 6.26.308
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15.38 POLYSTYRENE & HIGH IMPACT, PS & HIPS30,226,311-323

Major polymer applications

packaging, electrotechnical components, insulating film, household

items, toys, blending with other polymers, and numerous other appli-

cations

Important processing methods injection molding, extrusion, blow molding, thermoforming

Typical fillers

calcium carbonate, glass beads, barium sulfate, mica, kaolin, talc,

glass fibers, silica, montmorillonite, zeolites; PTFE, zinc borate, tita-

nium dioxide, red phosphorus, copper

Typical concentration range
generally - 10-30 wt%; PTFE - 5-15 wt%; zinc borate - 4-6 wt%; red

phosphorus - 7-15 wt%

Auxiliary agents

silanes (most frequently epoxy and methacryloxy), dispersing agents

such as alkanes and stearic acid; silicone powder with methacrylic

functional groups for flame retardant applications with magnesium

hydroxide
226

Special methods of incorporation

for high impact polystyrene, the filler is dispersed in rubber and then

incorporated into the matrix polymer; encapsulation of glass beads by

grafted polybutylacrylate and polystyrene;30 free radical grafting of

polystyrene onto montmorillonite interlayers;312 in pan-milling of tita-

nium dioxide with polystyrene, the improvement of impact strength

results from the mutual influence on particle size reduction and the

creation of new interacting surfaces;315 melt grafting of glass beads

can be conducted by modifying the bead surface with epoxy silane

and reaction of epoxy groups with poly(styrene-co-maleic anhydride)

through diamine spacer319

Methods of filler pretreatment drying, especially for extrusion applications

Special considerations

dewetting angles can be calculated which represent filler-matrix adhe-

sion;320 carbon black is a compatibilizer of PVDF/PS blends;321 the

thickness of a silane layer coating was estimated to be ~16 nm322

Filler/matrix adhesion determines the rate of particle debonding (Figure 15.27).

The debonding of glass beads either treated and untreated with silane begins at the

same low strain but the rates and the extent of debonding are different.311,318 The

material properties depend on filler distribution throughout the sample. Figure

15.28 shows that distribution of glass beads in an injection molded article depends

on the particle size of the beads. The large and small beads formed a similar

core/shell structure but larger particles tended to be located more in the core (about

70%) than smaller particles (about 50%).316 Also, the distance from gate affects

particle distribution. Particles tent to accumulate close to a free surface causing al-

most double the concentration of beads at the free surface compared with their con-

centration in the feed. Orientation of talc particles parallel to the wall of the mold or

the dies was determined for polystyrene filled with talc.317 The addition of small

amounts (<1 wt%) of rigid particles (barium sulfate and crosslinked polystyrene

beads were used in the experiment) dramatically improves the impact strength of
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polystyrene. A specific particle diameter must be determined and selected to get the

optimum improvement (see Figure 8.19).314 The mechanism of action is related to

the formation of voids and extension of crazes from these voids.
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In fire retardant applications, a combination of zinc borate with ammonium

polyphosphate gives V-0 rating. The use of zinc borate permits a reduction in the

amount of ammonium polyphosphate. Red phosphorus alone or in combination

with ammonium polyphosphate or melamine phosphate also produced a V-0 rating.

The heat release rate can be effectively improved by small additions (1-2 wt%) of

silicone powder in combination with other flame retarding additives or at higher

concentration (15 wt%) when used by itself.226
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15.39 POLYSULFIDES

Major polymer applications

sealants, rocket propellant binders, electrical potting compounds, ad-

ditives to epoxy, fuel hoses and tubing, insulating glass, fuel-contact

sealants

Important processing methods vulcanization, moisture or chemical curing of premixed compounds

Typical fillers
calcium carbonate, carbon black, zinc oxide, calcium oxide and hy-

droxide

Typical concentration range 30-50 wt%

Auxiliary agents not reported

Special methods of incorporation not reported

Methods of filler pretreatment drying for moisture cured systems

Special considerations

calcium oxide is used as acid scavenger and desiccant; zinc oxide is a

curing agent in vulcanization processes; calcium oxide and hydroxide

are used as acid scavengers
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15.40 POLYSULFONE, PSO

Major polymer applications
tubing, in medical applications which require resistance to hot water

and sterilization, microwave cookware, printed circuit boards

Important processing methods injection molding, blow molding, extrusion, thermoforming

Typical fillers glass fiber, carbon fiber, aramid fiber, PTFE

Typical concentration range glass fiber - 20-30 wt%, PTFE - 8-15 wt%

Auxiliary agents not reported

Special methods of incorporation not reported

Methods of filler pretreatment drying

Special considerations
material should have a moisture content below 0.05% to prevent bub-

bling, surface streaks, etc.
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15.41 POLYTETRAFLUOROETHYLENE, PTFE324-327

Major polymer applications

wear reduction, friction reduction, film, tubes, gaskets, valve and

pump parts, tank lining, laboratory equipment, filtration membranes,

bearings, piston rings, seals, non stick coating, electric insulation ap-

plications, Gore-TexJ membranes

Important processing methods

solid phase forming, sintering, ram extrusion, compression molding,

paste extrusion (mixed with lubricants and forced through cold die

followed by lubricant evaporation and sintering), spraying, flow coat-

ing, dip, coating, film coating, fiber spinning

Typical fillers
glass fiber, carbon fiber, graphite, metal powders (bronze), molybde-

num sulfide, boron nitride, carbon black, Ni-Zn ferrite

Typical concentration range glass fiber - 15-25 wt%; graphite - 20-30 wt%

Auxiliary agents not reported

Special methods of incorporation fillers are premixed with powdered resins and then molded

Methods of filler pretreatment not reported

Special considerations
high temperature deflection decreases with glass fiber loading and af-

ter heating to 200
oC the effect of reinforcement disappears
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Neat PTFE has several properties which eliminate its need for additives. A very

high limiting oxygen index (>95%) means that resin is nonflammable. Its thermal

and electric insulation properties and its low friction coefficient means that further

improvements are rarely needed. An improvement in mechanical properties may

sometimes be needed but this is usually obtained at the expense of chemical resis-

tance because most fillers detract from the chemical resistance of neat PTFE. The

addition of NiZn ferrite powder is used to impart ferromagnetic properties to the

polymer for the electronic industry.324 The addition of graphite, molybdenum disul-

fide, boron nitride, metal powders, and glass fiber increases wear resistance and

thermal conductivity. The addition of graphite above 40 wt% increases the porosity

of the composite because it generates a change in morphology.325 Figure 8.37

shows that the wear rate of graphite/PTFE and molybdenum sulfide/PTFE compos-

ites changes above 40 wt% of filler.326 Addition of particulate fillers usually results

in deterioration of mechanical properties as Figure 15.29 shows. The principles of

operation under high wear conditions with lubrication were studied.327
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15.42 POLYURETHANES, PU & TPU328-350

Major polymer applications

TPU: coatings, footwear, automotive, wire and cable, hose and tubes,

film and sheet

PU: coatings, sealants, adhesives, foams, primers, mortars, and nu-

merous other products

Important processing methods

TPU: injection molding, extrusion, blow molding, solution coating of

fabrics and calendering coating

PU: compounding, mixing, chemical or moisture cure

Typical fillers

calcium carbonate, calcium sulfate, silica, organic fibers, graphite,

mica, bentonites, sand, aluminum hydroxide, sepiolite, rubber parti-

cles

Typical concentration range
calcium carbonate - 30-60 wt%; calcium sulfate - 5-10 wt%; sand up

to 95 wt%; glass beads - 30-40 wt%; sepiolite - 40 wt%

Auxiliary agents
drying agents, process oils, surfactant for silica modified foam with

good insulation properties
337

Special methods of incorporation

fillers are frequently pre-dispersed in polyol (for better mechanical

properties) or plasticizers (to dry while dispersing); hydroxyapatite

was modified by reaction with hexamethylene diisocyanate342

Methods of filler pretreatment

TPU: Total moisture of the system should not exceed 0.1% to prevent

hydrolysis and blistering

PU: depends on application but typically moisture below 0.05% is re-

quired to prevent reaction with water leading to property loss and bub-

bling

Special considerations

sepiolite treatment below 550oC does not alter the properties which

modify the rheological properties of adhesives;332 filler presence may

affect adhesion (see Figure 8.54);338 rubber particles are hygroscopic

and can absorb 1.4% moisture with the rate of 0.01% per minute (sim-

ilar to carbon black)340

Polyurethane filled with glass beads was studied to determine the effect of concen-

tration, particle size, and coupling (Figures 15.30, 15.31, and 15.32). The value of

strain at failure decreases as concentration increases. The mode of failure also

changes as the concentration of glass beads increases. At lower concentrations (12

and 24 vol%), the material shows stress softening before the failure. At the highest

concentration, simple brittle failure occurs. The material with smaller particles has

a higher modulus and withstands higher strain before it fails but the characters of

both strain-stress curves are similar. The stress-strain relationship of polyurethane

filled with treated glass beads is linear and failure occurs at a higher stress than with

untreated beads. The material containing untreated beads has lower tensile proper-

ties but higher elongation.
330
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Flame retardant polyurethanes are mostly manufactured with compounds of

phosphorus, such as ammonium phosphate or polyphosphate.329 Aluminum hy-

droxide alone or in combination with melamine is an alternate approach. In intu-

mescent applications, graphite is frequently used. Calcium carbonate is useful as a

flame retarding additive, in combination with other flame retarding materials, be-

cause of its large endothermic peak found in DTA curves.331
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15.43 POLY(VINYL ACETATE), PVAc
351-356

Major polymer applications production of poly(vinyl alcohol), adhesives, paints

Important processing methods mixing/compounding

Typical fillers calcium carbonate, clay, mica, talc, aluminosilicate

Typical concentration range 20-30 wt%

Auxiliary agents thickeners

Special methods of incorporation
silanes were polymerized in the presence of PVAc to form reinforced

composite
354,365

Methods of filler pretreatment not reported

Special considerations

calcium carbonate (10-20 wt%) enhances rheology; stearate treated

calcium carbonate does not interact with polymer and gives composite

with a lower mechanical performance;351 fillers used in adhesives

should have limited interaction with matrix otherwise they decrease

elasticity of the adhesive joint355
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15.44 POLY(VINYL ALCOHOL), PVAl
357

Major polymer applications

sizing agents, binders, protective colloids, photographic papers, ton-

ers, film, water-soluble laundry bags, seed tapes, sanitary pads, belts,

printing rolls, controlled drug delivery, membranes

Important processing methods casting, extrusion

Typical fillers

carbon black, silica, calcium carbonate, clay, zinc oxide, titanium di-

oxide, sand, aluminum oxide, magnesium oxide, zirconia, ferrite,

graphite

Typical concentration range 20-30 wt%; in some applications up to 98 wt%

Auxiliary agents calcium stearate

Special methods of incorporation in situ precipitation of filler
357

Methods of filler pretreatment not reported

Special considerations not reported
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15.45 POLY(VINYL BUTYRAL), PVB358

Major polymer applications

safety glass interlayer (automotive windshields), control of light, heat

and sound in construction glass, bulletproof glass, adhesives and seal-

ants, binders for rocket propellant, photoconductive papers, magnetic

tapes, powder coating, wood sealers and primers, inks, ceramic bind-

ers, dry toners, wash primers, composite fiber binders

Important processing methods compounding, powder coating, extrusion

Typical fillers
calcium carbonate, aluminum hydroxide, zinc oxide, rust protective

fillers

Typical concentration range 20-30 wt%

Auxiliary agents not reported

Special methods of incorporation not reported

Methods of filler pretreatment not reported

Special considerations not reported

Fillers in Commercial Polymers 681



15.46 POLY(VINYL CHLORIDE), PVC82,199,358-372

Major polymer applications

profiles, cables, siding, windows, pipes, fittings, flooring, footwear,

film and sheet, coated fabrics, tubing, gutters, drain pipes, packaging,

furniture trim, bottles, gloves, wallpaper, foam backings of carpets,

domestic appliances, office equipment, toys, protective clothing,

metal protection in automotive and many more

Important processing methods
extrusion, plastisol coating, thermoforming, calendering, blow mold-

ing, rotational molding, injection molding

Typical fillers

calcium carbonate, clay, talc, silica, antimony trioxide, aluminum hy-

droxide, magnesium hydroxide, carbon fiber, aluminum fiber, tita-

nium dioxide, carbon black, sand, wood fiber

Typical concentration range

calcium carbonate - 20-30 wt% (rigid) 30-40 wt% (flexible), talc 5-25

wt%, antimony trioxide - 3-6 wt%, aluminum hydroxide, magnesium

hydroxide - 20-40 wt%, sand 40-60 wt%

Auxiliary agents
lubricants, dispersing agents, compatibilizers (chlorinated polyethyl-

ene),
199 acrylic impact modifier to improve impact with talc360

Special methods of incorporation
dry blending including preparation of initial premix, compounding

and pelletization

Methods of filler pretreatment seldom used

Special considerations

zinc oxide decreases thermal stability; combination of zinc oxide with

carbon black reduces UV stability; high concentrations of TiO2 or car-

bon black are needed to improve UV stability, at lower concentrations

these fillers will reduce UV stability; copper-containing compounds,

iron salts, cadmium, cobalt, manganese, lead salts reduce thermal sta-

bility of PVC (also fillers containing these metals); sand was found to

protect PVC from UV degradation;359 calcium carbonate interferes

with radiation crosslinking of PVC363,366,370

Addition of fillers impacts mechanical properties of PVC. For example, calcium

carbonate decreases yield stress and talc decreases impact strength. The aim of re-

search on PVC is to obtain compositions with balanced properties. Ultrafine talc is

used in application where impact and stiffness must be simultaneously im-

proved.360 Flexural modulus is improved by addition of ultrafine and general pur-

pose talcs. But addition of either type of talc rapidly decreases impact strength. If

ultrafine talc is incorporated with an acrylic modifier both stiffness and impact are

improved (depending on the amounts of both talc and modifier, the flexural modu-

lus can be improved by up to 60% and the impact strength by 1500%).360 The sur-

face of fillers plays a critical role. Although surface modification of filler can bring

advantages, the inherent properties of the untreated filler are equally important. The

extensive use of calcium carbonate in PVC is, among other factors (mostly eco-

nomic), related to its basicity which causes it to interact well with PVC (which is

acidic). If surface modification changes this interaction, the performance of the

composite may be affected. Fillers are added to PVC to provide thermal and UV
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stabilization. For example, calcium stearate may play the role of an associate ther-

mal stabilizer when used in a system with calcium salts of fatty acids. These stabi-

lizers use combinations of two or more metals − one of which (e.g. zinc) produces

metal chlorides which accelerate PVC degradation. The presence of large amount

of calcium salts helps to convert this chloride to calcium chloride which does not in-

crease the degradation rate of PVC. Also, calcium carbonate can react with hydro-

gen chloride which is produced as PVC degrades. On the other hand, inclusion of

fillers which contain admixtures of metals such as iron, nickel, copper, etc. reduces

PVC thermal stability. Fillers also affect UV stabilization by adsorption of HALS

stabilizers which immobilizes them and prevents them from performing as radical

scavengers.

Antimony trioxide is a suitable flame retardant for PVC considering that it re-

quires chlorine to perform. Small additions (3-6 wt%) are sufficient for rigid and

semi-rigid compositions. Making plasticized PVC flame retardant requires higher

concentrations (15-20 wt%). Antimony trioxide is a white pigment it influences the

color. Therefore, small particle size antimony pentoxide from a spray drying pro-

cess is used to give dark colors as well as the transparent materials. Aluminum hy-

droxide is another additive used, although, its wide spread application is hampered

by a need for larger concentrations at which mechanical properties are affected.

Magnesium hydroxide has been used as a fire retardant with an aim to limiting in-

terference with stabilizers.
82 Magnesium hydroxide is marginally better than alumi-

num hydroxide for smoke suppression.364 Combinations of aluminum hydroxide

and magnesium hydroxide with zinc borate were also studied as a potential replace-

ment for antimony oxide.367 These combinations provided improvement over anti-

mony oxide in the flame retarding properties of heat release, specific extinction

area, smoke, and CO emission. The best performing formulations required higher

concentration of inorganic flame retardants (concentration increased by ~250%)

but even at the same level of loading, formulations containing zinc borate in combi-

nation with aluminum hydroxide gave better performance than combinations of

aluminum hydroxide with antimony oxide.367 Figure 13.8 shows that the perfor-

mance of aluminum and magnesium hydroxides can be enhanced by coating the

powders with zinc hydroxystannate.372 Smoke reduction can be obtained by various

iron, copper, nickel and vanadium compounds which, although reduce the smoke

but do affect thermal stability and, frequently, the UV stability of PVC. Other ma-

terials used include molybdenum and boron compounds.

In the area of conductive plastics, PVC is used in static control applications

and EMI shielding. Static control, involving tiling and sheeting in industrial appli-

cations, is achieved by addition of carbon black. EMI shielding is a relatively new

application for PVC in which metal and carbon fibers are used.
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15.47 RUBBERS71,341,345,346,373-397

Major polymer applications applications are given for specific rubbers in the tables which follow

Important processing methods see under individual materials

Typical fillers

carbon black, talc, in EMI shielding field: silver plated aluminum, sil-

ver plated nickel, silver coated glass spheres, silver plated copper, sil-

ver, nickel and carbon black

Typical concentration range

general guidelines: carbon black - 10-40 wt%, clay, talc - 5-60 wt%,

calcium silicate - 1-8 wt%, aluminum silicate - 5-40 wt%, magnesium

aluminum silicate - 5-30 wt%

Auxiliary agents product specific

Special methods of incorporation

processing history has an essential effect on conductivity; amount of

shear imposed and mixing causes the fracture of secondary carbon ag-

gregates; increased temperature during mixing may preferentially

form rubber-carbon bonds rather than the carbon-carbon bonds re-

quired for conductivity; vulcanization temperature may affect recov-

ery of broken connections between carbon-carbon bonds

Methods of filler pretreatment
silanes including amino- and mercaptosilanes; treatment is more com-

mon with silica and clays

Special considerations

in conductive applications, special conductive blacks must be em-

ployed; in silver containing gaskets, galvanic corrosion is a problem,

attention should be given to material with which shield is connected

(potential difference), with zinc or aluminum casing nickel filled ma-

terials are preferred

In addition to the general information included here, the specific information is dis-

cussed below for different rubber types. Dispersion of fillers is an important part of

rubber processing technology. A test was developed to measure dispersion based

on viscosity increase.374 Atomic force microscopy combined with image analysis

was used to quantify a dispersion of carbon black.378 Aggregate size distribution

and interaggregate distances can be measured by this method. Good dispersion of

filler increases tensile strength, elongation and cut growth and decreases abrasion

loss.381 Rubber mixing with additives including fillers was analyzed elsewhere.384

The effect of carbon black dispersion on rheological properties of rubber com-

pounds and their morphology can be found in the literature.385,386 A model of

chemical and physical crosslinks was developed388 and particles debonding condi-

tions were analyzed.389
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15.47.1 NATURAL RUBBER, NR84, 398

Major polymer applications

pumps, valves, piping, hoses, machined components, tubes, boots, wa-

terproof clothing, and bathing apparel, wire and cables, instrument

panels, electrician's gloves, tires, heels and soles, conveyor belts, vi-

bration dampers, shock absorbers, latex foams, tire cord impregnation,

switchboard panels, plugs, sockets, telephone receivers, stor-

age-battery cases, toys, gloves, pumps, pipes, valves

Important processing methods
vulcanization, coating, Banbury mixer, Gordon plasticator, skim coat-

ing, sheeting, calendering, tubing

Typical fillers

carbon black, calcium carbonate, dolomite, clays, calcinated clays,

talc, soapstone, zinc oxide, fumed silica, borates, iron oxide, zinc ox-

ide, magnesium carbonate, pulverized polyurethane foam, barium and

strontium ferrites, magnesium aluminum silicate, nylon fibers, quartz;

in EMI shielding field: silver plated aluminum, silver plated nickel,

silver coated glass spheres, silver plated copper, silver, nickel and car-

bon black

Typical concentration range

carbon black - 20-30 wt%, calcium carbonate, quartz, talc - 15-25

wt%, silica - 15-30 wt%, titanium dioxide - 5 wt%, zinc oxide - 3-5

wt%, magnesium aluminum silicate - 20-40 wt%, barium or strontium

ferrite (magnetic fillers) - 15-35 wt%, pulverized polyurethane foam -

15-30 wt%

Auxiliary agents fatty acids, amines, silanes, multipurpose additive

Special methods of incorporation

processing history has an essential effect on conductivity; amount of

shear imposed and mixing causes the fracture of secondary carbon ag-

gregates; increased temperature during mixing may preferentially

form rubber-carbon bonds rather than carbon-carbon bonds required

for conductivity; vulcanization temperature may affect recovery of

broken connections between carbon-carbon bonds

Methods of filler pretreatment not reported

Special considerations

in conductive applications special conductive blacks must be em-

ployed; in silver containing, gaskets galvanic corrosion is a problem,

attention should be given to material with which shield is connected

(potential difference), with zinc or aluminum casing nickel filled ma-

terials are preferred

Flexible magnets were prepared by incorporation of barium and strontium fer-

rites.377 The permissivity and dielectric loss were reduced by use of calcium car-

bonate, talc, kaolin, and quartz.390 Quartz gave the best dielectric properties.

Figure 15.33 shows benzene uptake by natural rubber samples.398 Filled sam-

ples absorb less solvent (lower swelling). The carbon black containing sample had

a lower benzene uptake than the silica filled sample. The lower swelling of the car-

bon black containing sample is due to high bound rubber content, the crosslink den-

sity of the black filled vulcanizate, and a strong rubber-filler interaction.
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15.47.2 NITRILE RUBBER, NBR362,399-405

Major polymer applications
gaskets, packing, automotive hoses, seals, industrial hoses, printing

rolls, belt covers, footwear, hose jackets, polymer modification, tires

Important processing methods vulcanization, coating, molding

Typical fillers
calcium carbonate, kaolin, carbon black, talc, zinc oxide, cellulose fi-

bers

Typical concentration range

carbon black - 25-50 wt%, calcium carbonate - 20-50 wt%, kaolin -

2-40 wt%, talc 30-40 wt%, cellulose fiber 5-15 wt%, zinc oxide - 2-6

wt%

Auxiliary agents stearic acid, aminopropylsilane

Special methods of incorporation

processing history has an essential effect on conductivity; amount of

shear imposed and mixing causes the fracture of secondary carbon ag-

gregates; increased temperature during mixing may preferentially

form rubber-carbon bonds rather than the carbon-carbon bonds re-

quired for conductivity; vulcanization temperature may affect recov-

ery of broken connections between carbon-carbon bonds; reaction

between carboxyl groups of rubber and hydroxyl groups of carbon

black occurs during molding at high temperature (190
oC), in the case

of sulfur-vulcanized systems, low molding temperature (150oC) favors

weak physical bonds between rubber and filler392

Methods of filler pretreatment
silane treatment of carbon black during mixing with rubber;402

co-precipitation of cellulose xanthate and NBR latex405

Special considerations

in conductive applications special conductive blacks must be em-

ployed; in silver containing gaskets galvanic corrosion is a problem,

attention should be given to material with which shield is connected

(potential difference), with zinc or aluminum casing nickel filled ma-

terials are preferred

Figure 15.34 shows the relationship between bound rubber and oxygen content in

carbon black. Figure 15.35 gives the relationship between the oxygen content and

storage modulus. Figure 15.36 compares oxygen content with interaction parame-

ter. Oxygen containing groups on the carbon black surface can react with NBR car-

boxyl groups. This reaction controls the concentration of bound rubber. The

interaction parameter (I = /σ η) is a ratio of the slope of the stress-strain curve,σ, to

the carbon-carbon networking factor, η, calculated from the storage modulus. Inter-

action parameter increases linearly with the concentration of functional groups on

the filler surface. The storage modulus depends on reinforcement and chemical

bonding between filler and rubber.
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15.47.3 POLYBUTADIENE RUBBER, BR84,406-408

Major polymer applications
modification of other polymers (e.g., HIPS and ABS), golf balls, tires,

conveyor belts, hoses, seals and gaskets, rubberized cloth

Important processing methods
mixing, vulcanization, molding, extrusion, blow molding, injection

molding

Typical fillers carbon black, zinc oxide

Typical concentration range carbon black - 30 wt%, zinc oxide - 3 wt %

Auxiliary agents not reported

Special methods of incorporation not reported

Methods of filler pretreatment not reported

Special considerations not reported
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15.47.4 POLYBUTYL RUBBER, HR

Major polymer applications

belting, steam hose, curing bladders, O-rings, shock and vibration

products, structural caulks and sealants, water-barrier applications,

roof coatings, and gas-metering diaphragms

Important processing methods mixing, vulcanization, molding

Typical fillers

carbon black, zinc oxide, clay; barium titanate, in EMI shielding field:

silver plated aluminum, silver plated nickel, silver coated glass

spheres, silver plated copper, silver, nickel and carbon black

Typical concentration range carbon black - 20-50 wt%, zinc oxide - 2 wt%

Auxiliary agents process oil, fatty acids

Special methods of incorporation

processing history has an essential effect on conductivity; amount of

shear imposed and mixing causes the fracture of secondary carbon ag-

gregates; increased temperature during mixing may preferentially

form rubber-carbon bonds rather than the carbon-carbon bonds re-

quired for conductivity; vulcanization temperature may affect recov-

ery of broken connections between carbon-carbon bonds

Methods of filler pretreatment not reported

Special considerations

in silver containing gaskets galvanic corrosion is a problem, the atten-

tion should be given to material with which shield is connected (po-

tential difference), with zinc or aluminum casing nickel filled

materials are preferred

Figure 15.37 shows that conductivity of butyl rubber increases with surface area of

carbon black increasing.409
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15.47.5 POLYCHLOROPRENE, CR198,410-412

Major polymer applications

wire and cable jacketing, hose, tubes and covers (auto and industrial),

automotive gaskets, seals, CVJ boots and air springs, power transmis-

sion belts, molded and extruded goods, cellular products, adhesives,

sealants, and protective coatings, foamed wet suits, latex dipped goods

(gloves, weather balloons, automotive), paper, and industrial binders

(shoe board), construction applications (bridge pads/seals, soil pipe

gaskets, waterproof membranes, asphalt modification)

Important processing methods vulcanization, dip coating, coating, sheeting, calendering, extrusion

Typical fillers

carbon black, zinc oxide, magnesium oxide; in EMI shielding field:

silver plated aluminum, silver plated nickel, silver coated glass

spheres, silver plated copper, silver, nickel and carbon black

Typical concentration range
carbon black - 20-40 wt%, zinc oxide - 3-4 wt%, magnesium oxide -

2-3 wt%, calcium carbonate, clay silica - 10-70 wt%

Auxiliary agents lubricants, surfactants, waxes, oils

Special methods of incorporation

processing history has an essential effect on conductivity; amount of

shear imposed and mixing causes the fracture of secondary carbon ag-

gregates; increased temperature during mixing may preferentially

form rubber-carbon bonds rather than the carbon-carbon bonds re-

quired for conductivity; vulcanization temperature may affect recov-

ery of broken connections between carbon-carbon bonds

Methods of filler pretreatment not reported

Special considerations

in conductive applications special conductive blacks must be em-

ployed; in silver containing gaskets galvanic corrosion is a problem,

the attention should be given to material with which shield is con-

nected (potential difference), with zinc or aluminum casing nickel

filled materials are preferred; aluminum chloride is an important initi-

ator of degradation; metal oxides are curing agents; carbon black is ef-

ficient CR stabilizer
411

Fast extrusion furnace black with a particle size of 360 D, was used to verify differ-

ent theoretical concepts of percolation which by definition predicts a rapid change

in conductance when volume fraction of conductive particles attains a critical

value. Figure 15.38 shows the effect of a carbon black addition to polychloroprene.

Up to 30 phr carbon black, the conductivity of polychloroprene is almost constant

and then it increases linearly as concentration of carbon black increases. The fol-

lowing equation applies: σ σ β= P - P
0 c( ) where: σ

0
is constant, P is concentration

of conducting particles, Pc is percolation threshold, and β is exponent which ac-

counts for cluster size.410 When data from the Figure 15.38 are replotted as in Fig-

ure 15.39 it is evident that the percolation law is valid.
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15.47.6 POLYISOBUTYLENE, PIB399,413

Major polymer applications sealants, roofing membranes

Important processing methods compounding, vulcanization, coating, sheeting

Typical fillers carbon black, calcium carbonate, kaolin, zinc oxide, clay

Typical concentration range
carbon black - 20-30 wt%, calcium carbonate - 30-50 wt%, zinc oxide

2-3 wt%

Auxiliary agents not reported

Special methods of incorporation not reported

Methods of filler pretreatment not reported

Special considerations not reported
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15.47.7 POLYISOPRENE, IR84,414-416

Major polymer applications pressure-sensitive adhesives, ablatives

Important processing methods mixing, vulcanization, extrusion, calendering, molding

Typical fillers
carbon black, zinc oxide, kaolin, calcium carbonate, silicates, titanium

dioxide

Typical concentration range carbon black - 20-40 wt%

Auxiliary agents stearic acid

Special methods of incorporation not reported

Methods of filler pretreatment not reported

Special considerations zinc oxide is a curing agent
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15.47.8 STYRENE-BUTADIENE RUBBER, SBR207,417-435

Major polymer applications

tires, flooring, conveyor belts, shoe products, sheet, tubing, tank and

caterpillar tracks, sporting goods, toys, coated fabrics, automotive me-

chanical goods

Important processing methods mixing, compression molding, calendering, vulcanization, coating

Typical fillers
carbon black, silica, lead oxide ((-radiation shields), sodium alumi-

num silicate, clay, mica, kaolin, carbon fiber; crosslinked PS beads

Typical concentration range

carbon black - 20-50 wt%, precipitated silica - 25-60 wt%, calcium

carbonate - 40-70 wt%, lead oxide - 88 wt%, zinc oxide - 1-2 wt%,

clay - 20-80 wt%, mica - 20-30 wt%, kaolin - 20-35 wt%, carbon fiber

- 15-30 wt%

Auxiliary agents silane modification of silica,
420 process oils, lubricants

Special methods of incorporation

carbon fiber was added at the end of mixing to limit breakage;427 sil-

ane addition stage was varied to improve properties of silica-filled

composite430

Methods of filler pretreatment
thermal treatment of carbon black to increase adhesion and amount of

bound rubber420

Special considerations

zinc oxide is crosslinking agent;374 carbon black is a more efficient

UV stabilizer in sulfur-cured SBR than in radiation or peroxide

cured;417 vulcanization conditions affects electric conductivity of car-

bon black filled SBR;432 solvent diffusion and swelling rate decrease

as concentration of carbon black increases433

Carbon black loading and its surface area are the factors which determine mechani-

cal properties of the filled rubber. Figure 15.40 shows the effect of nitrogen surface

area and carbon black loading on the tensile strength of a tire compound. An

increased surface area of carbon black contributes to an increase in tensile strength.

There is a maximum performance which is attainable with each type of carbon

black with the general tendency being that maximum performance is obtained at

higher concentrations as the surface area decreases.379 Figure 15.41 shows the ef-

fect of the surface area of carbon black on the essential parameters of tire

performance.379 The tensile and tear strength increases as the surface area of carbon

black increases but the fatigue life and cut growth decreases when the surface area

of carbon black increases.

The addition of kaolin increased the tensile strength of SBR by a factor of up to

4, modulus by a factor of up to 5 and swelling was reduced by 60%.424 Crosslinked

polystyrene beads increase the tensile strength, modulus, and elongation of SBR.435
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15.48 SILICONES, SI90,436-452

Major polymer applications

automotive (shaft sealing rings, spark plug caps, o-rings, gaskets, igni-

tion cables, coolant and heater hose), general tubing, transfusion and

dialysis tubing, door and windows seal, caulking and sealants

Important processing methods
injection molding, extrusion, room temperature, moisture or chemical

cure of premixed compounds, vulcanization, casting

Typical fillers

fumed silica, calcium carbonate, carbon black, silver, glass beads,

metal powders, precipitated silica, aluminum oxide, montmorillonite,

mica, zinc oxide

Typical concentration range
fumed silica - 3-5 wt%, calcium carbonate - 20-50 wt%, glass beads -

5-20 wt%, aluminum oxide - 30-50 wt%, zinc oxide - up to 60%

Auxiliary agents silanes

Special methods of incorporation

alkyl peroxide bridging to vinyl containing siloxane polymers used for

conductive applications improved curing characteristics decreased by

the presence of carbon black; crosslinking based on platinum cata-

lyzed polyvinylmethyl siloxane and polymethyl hydrogen siloxane is

not inhibited by carbon black; in situ silica formation;
437 in formation

of PDMS nanocomposite, montmorillonite was delaminated in poly-

mer prior to crosslinking440

Methods of filler pretreatment

choice of carbon black for conductive applications is crucial because

impurities on carbon black may have an adverse effect on mechanical

properties; aluminum oxide and calcium carbonate were coated by a

hydrophobic layer of PDMS;443 heat treatment of fumed silica reduces

its ability to reinforce polymer, especially in temperatures above

200oC444

Special considerations

in conductive applications, special conductive blacks must be em-

ployed; fillers influence chemical degradation reactions in silox-

anes;438,447,451,452 zinc oxide was found to increase thermal resistance

of PDMS451,452

Silicone mechanical properties are inherently poor therefore reinforcement is an es-

sential part of the product development process. A fumed silica addition is one

method of silicone improvement by compounding in conjunction with other fillers.

The example below shows the results obtained during the development of a

nanocomposite material with a low degree of solvent uptake (Figure 15.42). Mont-

morillonite was delaminated prior to the silicone being cured. The results are com-

pared with the effect of carbon black in SBR. The solvent uptake is inversely

proportional to the filler reinforcing strength. Carbon black has strong reinforcing

effect on SBR due to molecular interactions but the reinforcement of carbon black

still does not match the effect of montmorillonite in the silicone nanocomposite.

The advantage of the nanocomposite comes from the differences in surface areas of

the fillers. Carbon black has typical surface area in a range from 20 to 100 m
2/g

whereas delaminated silicate has a surface area of 750 m2/g. The larger surface area

698 Chapter 15



increases the probability of interaction and thus results in the reinforcement and

lower solvent uptake shown in Figure 15.42.440 In another method, small particle

sized filler can be incorporated by an in situ synthesis.442 The results obtained show

that degradation temperature can be substantially increased by the selection of

composition of metal oxide particles which were formed in situ.
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15.49 STYRENE-ACRYLONITRILE COPOLYMER, SAN105

Major polymer applications

housings for electronic and electrical applications, instrument lenses

packaging for high barrier properties, bottles, appliances (housings,

air conditioner parts, refrigerator shelves, blenders, lenses), house-

wares (eating utensils, beverage/food containers, display boxes), auto-

motive (dashboard, battery cases)

Important processing methods injection molding, extrusion, blow molding, thermoforming, casting

Typical fillers glass fiber, PTFE, aluminum borate whiskers

Typical concentration range glass fiber - 10-40 wt%, PTFE - 10-15 wt%

Auxiliary agents not reported

Special methods of incorporation not reported

Methods of filler pretreatment
drying especially for extrusion; the surface of the injection molded

part is affected by moisture

Special considerations reprocessing affects color and melt flow index
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15.50 TETRAFLUOROETHYLENE-PERFLUOROPROPYLENE, FEP90

Major polymer applications
wire coating, data transmission cable, lined pipes, components for

valves and pumps

Important processing methods injection molding, wire coating, extrusion

Typical fillers graphite, glass fiber, bronze

Typical concentration range 10-30 wt%

Auxiliary agents not reported

Special methods of incorporation not reported

Methods of filler pretreatment not reported

Special considerations creep and wear resistance are minimized by addition of fillers
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15.51 UNSATURATED POLYESTERS453-456

Major polymer applications
composites, corrosion protection, surfboards, cultured stones, compos-

ites, bathroom sinks and vanity tops, countertops

Important processing methods
injection molding, compression molding, resin transfer molding,

pultrusion, casting, encapsulation

Typical fillers
calcium carbonate, aluminum hydroxide, glass fiber, crashed marble,

glass fiber, antimony trioxide, carbon black, quartz, saw dust

Typical concentration range
aluminum hydroxide - 30-80 wt%, quartz - up to 90 wt%, saw dust -

20-50 wt%, calcium carbonate - 50-74 wt%; glass fibers - 20 wt%

Auxiliary agents silane;
453 maleic anhydride treatment of saw dust454

Special methods of incorporation degassing of mold after filling454

Methods of filler pretreatment
coating with thermoplastic polymer; zinc hydroxystannate coating of

fire retardant fillers increases their performance

Special considerations coated aluminum hydroxide enhances esthetics of coatings

Figure 15.43 shows the effect of boiling in water on weight gain by unsaturated

polyester/quartz composite.453 The addition of 0.5% silane was sufficient to reduce

water uptake. A further increase in silane did not contribute to improvement. A sim-
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ilar amount of silane is sufficient to improve bending and compression strength and

toughness (Figure 15.44). An inexpensive composite of unsaturated polyester was

made with saw dust.454
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15.52 VINYLIDENE-FLUORIDE TERPOLYMERS, PVDF321,457-460

Major polymer applications membranes, cables, valves, acid storage tanks, tubing, filtration

Important processing methods extrusion, molding

Typical fillers
carbon black, silica, barium titanate, lead zirconium titanate, zeolite,

copper powder

Typical concentration range
carbon black - 5-15 wt%, ceramic filler up to 40 wt%, silica - 20-50

wt%, zeolite - 0.1-1 wt%, copper 10-30 wt%

Auxiliary agents tetraethoxysilane
458

Special methods of incorporation
pre-dispersion of filler in PVDF solution followed by removal of sol-

vent;457 in situ formation of silica458

Methods of filler pretreatment not reported

Special considerations

filling with carbon black can lead to the development of material with

switching properties (10 fold increase in resistance at certain tempera-

ture)459 crystallization history has effect on performance of switching

material459
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