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PREFACE

This handbook provides information related principally to families of thermoplastics reinforced with
strand “E” glass. The handbook content, while limited to molding materials, advises the reader that
other forms of thermoplastic materials —such as foams and elastomers—are also glass reinforced.

The wealth of detail and information presented will acquaint US Army Materiel Development and
Readiness Command personnel with the range of available materials and their unique mechanical, elec-
trical, and physical properties; fabrication processes, including joining, together with their advantages
and disadvantages; and arcas of glass-reinforced thermoplastics (GRTP)application. Thus potential
uses of GRTP’s—with their attendant lower cost and ease of production —are suggested for the design
and procurement of Army materiel.

The handbook features the relationships between the GRTP’s and their properties —the relation-
ships are displayed both in tabular form and graphically. The influence of composite variables —volume
of glass fiber; glass strand solids and bundle size; glass filament diameter, length, and orientation —on
properties are similarly displayed.

Another unique feature of the handbook is the manner in which the polymers and their associated
properties are presented. In one breakout, the GRTP’s are displayed as the independent variable; in a
second breakout, the properties are displayed as the independent variable.

The handbook was prepared by Ms. Joan B. Titus, Plastics Technical Evaluation Center (PLASTEC),
the Defense Department’s specialized information center on plastics, located at the US Army Arma-
ment Research and Development Command, Dover, NJ.

The US Army DARCOM policy is to relecase Engineering Design Handbooks in accordance with DOD
Directive 7230.7, 18 September 1973. Procedures for acquiring Handbooks follow:

a. All Department of Army (DA) activities that have a need for Handbooks should submit their re-
quest on an official requisition form (DA Form 17,17 January 1970) directly to:

Commander

Letterkenny Army Depot
ATTN: SDSLE-SAAD
Chambersburg, PA 17201.

“Need to know” justification must accompany requests for classified Handbooks. DA activities will not
requisition Handbooks for further free distribution.

b. DOD, Navy, Air Force, Marine Corps, nonmilitary Government agencies, contractors, private in-
dustry, individuals, and others —who are registered with the Defense Technical Information Center
(DTIC)and have a National Technical Information Service (NTIS) deposit account —may obtain Hand-
books from:

Defense Technical Information Center
Cameron Station
Alexandria, VA 22314.

c. Requestors, not part of DA nor registered with the DTIC, may purchase unclassified Handbooks
from:

National Technical Information Service
Department of Commerce
Springfield, VA 22161.

xxiil
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Comments and suggestions on this Handbook are welcome and should be directed to:

Commander
US Army Materiel Development and Readiness Command

5001 Eisenhower Avenue
Alexandria, VA 22333

DA Form 2028, Recommended Changes to Publications, which is available through normal publication
supply channels, may be used for comments/suggestions.
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CHAPTER 1

INTRODUCTION

Composites, glass fiber reinforced thermoplastics (GRIP), categories of resins, and fiberglass types
and forms—E, C, and S glasses—are defined. Processes for making GRTP are described briefly. Some
advantages and disadvantages associated with GRTP s are given.

1-1 DEFINITIONS
1-1.1 COMPOSITE

A composite is a material created by combina-
tion of two or more materials to achieve specific
characteristics and properties superior to those
exhibited by each component material alone.

1-1.2 FIBERGLASS REINFORCED
PLASTICS (FRP)

Fiberglass reinforced plastics are families of
composite materials. The performance of the com-
posite material is dependent on and achieved by
the selection and combination of three compo-
nents: resin or matrix system, glass type and
form, and process.

1-1.2.1 Resins

There are two categories of plastic resins:

1. Thermosets. Those materials that undergo
an irreversible chemical polymerization (cure)
reaction when heated.

2. Thermoplastics. Those materials that
undergo no chemical change when heated, chang-
ing only in physical condition. The process of
softening with heat and solidifying with cooling
can be repeated.

1-1.2.2 Fiberglass Type and Form

Glass fibers are made from E, C,and S glasses.

“E” (Electrical) glass is the most commonly
used glass. It provides superior electrical char-
acteristics and high heat resistance —properties
which are particularly suited for electrical insula-
tion applications.

“C” (Chemical)glass has superior acid corrosive
resistance. It is used for applications where such
resistance is required, i.e., industrial batteries.

“S” (High Tensile Strength) glass is used in
high performance structural applications.

Strength-to-weight ratios exceeding those of
most metals can be reliably achieved.

“S-2” glass is a variant of “S” but has the same
glass batch composition. The sizing system is dif-
ferent, and a more rigid quality control is
specified. S-2 glass is used in aerospace applica-
tions and in some eclectrical applications where
higher tensile strength is required.

The various fiberglass forms are presented in
Table 1-1.

TABLE 1-1. GLASS FIBER FORMS

Type
Strand

General Description

A primary bundle of continuous fila-
ments combined in a single compact
unit without twist

Roving or tow A loose assemblage of continuous fibers
formed into a single strand with very

little twist

Chopped strand ~ Strands cut into short fibers

Reinforcing mat ~ Nonwoven random matting of chopped

or continuous strands

Strands of fibers or filaments in a form
suitable for weaving

Yarn

Surfacing and
overlay mat

Nonreinforcing fibers in a random

matting
Filament A fiber characterized by extreme length

Woven fabric Woven cloth

1-1.2.3 Processes

Fiberglass composites are processed by the
following methods:

1. Hand lay-up. Fiberglass mat or fabric and
resin are placed manually in a mold. Rollers com-
pact the reinforcement and remove the air bub-
bles. Curing is at room temperature.

2. Spray-up. Resin and chopped fiber roving

11
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are sprayed simultancously on mold surface. The
resulting mass is rolled, cured.

3. Matched die molding preform and mat.
Reinforcement and resin are combined under
heat and pressure. Mat reinforcements are used
for relatively flat shapes. Complex parts require
a preform.

4. Filament winding. Fiberglass strands or
roving are wound in continuous lengths on a man-
drel. Curing is at room temperature — inan oven
or autoclave, or by bag or vacuum molding.

5. Centrifugal casting. Fiberglass reinforce-
ment is placed in a hollow mandrel. The mandrel
is rotated, and catalyzed resin is added.

6. Continuous pultrusion (extrusion). Im-
pregnated glassreinforcements are pulled by ten-
sion through resin tank, machined dies, and onto
racks, drums, or creels.

7. Matched die moldingpremix. A mixture of
reinforcement resin, pigment, filler, release
agent, and catalyst is inserted into a matched die
press in bulk form. Heat and pressure are applied.

8. Rotational molding. A thermoplastic
powder is used in this method to which glass rein-
forcements in the form of chopped strands are
added. The resin powder and glass reinforcement
are charged into a split hollow mold, heated, and
biaxially rotated. After the material has fused,
the mold is cooled, opened, and the part removed.

9. Injection molding. A mixture of short
fibers and resin, either in precompounded pellet
or loose powder form, is forced by a screw or
plunger through an orifice into the heated cavity
of a closed matched metal mold. This high volume
process is the major method for forming glass-
reinforced thermoplastics (GRTP)items.

10. Solid-phase forming. This is a deformation
processing technology carried out on fiberglass
reinforced sheets or billets at temperatures near
but below the crystalline melting point on tradi-
tional metalworking equipment. Included are
such fabrication techniques as forging, stamping,
and drawing.

11. Extrusion. This is a process whereby resin
and reinforcement are heated, mixed, and forced
through a shaping orifice to become one contin-
uously formed piece —usually sheet, rod, or pipe.

12 SCOPE

This handbook is limited to one category of
fiberglass reinforced plastics, namely, discon-
tinuous fiberglass reinforced thermoplastics —

1-2

i.e., the following families of thermoplastics rein-
forced with chopped strand “E” glass:

Acectal

Acrylonitrile Butadiene Styrene (ABS)
Acrylic

Cellulosics

Ethylene Tetrafluoroethylene (ETFE)
Tonomers

Nylons (Polyamides)

Polycarbonate

Polyesters

Polyethersulfone

Polyethylene (PE)

Polyphenylene Oxide (PPO)
Polyphenylene Sulfide

Polypropylene (PP)

Polystyrene

Polysulfone

Polyurethane

Polyvinyl Chloride (PVC)

Styrene Acrylonitrile (SAN),

For the sake of brevity, this handbook is
limited to molding materials only. However the
reader is advised that other forms of ther-
moplastic materials, such as foams and eclas-
tomers, are also glass reinforced.

1-3 HISTORY OF GLASS-REINFORCED
THERMOPLASTICS (GRTP)

The cornerstone of the GRTP industry was laid
in the early 1950’s under the direction of Rexford
Bradt, founder of Fiberfil, Inc. In 1952, this com-
pany marketed a 30% glass-reinforced polysty-
rene molding compound which was used initially
by the military to fabricate a nondetectable land
mine. This first commercially available compound
contained glass fibers 3/8to 1in. long. The long
glass fiber compounds were designed for high
performance applications’.

Rescarch concerning the phenomena and
mechanisms of GRTP has been active since 1960.
The material also received an impetus with the
advent of the screw injection molding machine
which aided in the dispersion of the fiberglass. In
addition, short fiber formulations were developed
to assist molders with plunger machines to obtain
improved fiber dispersion. By 1967, 15 million
pounds of GRTP compound were being injection
molded per year. Production of GRTP increased
to approximately 130 million pounds in 1973 and
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135.5 in 1974 but fell to 115.5 million pounds in
1975 as a result,of the turndown in the econ-
omy."??

The characteristics of composites are being im-
proved by several methods:

1. Existing resins are improved through
chemical modification or alloys with other com-
patible resins.

2. New resin systems with unique properties
(e.g., high temperature) are being developed.

3. Interfacial investigations are resulting in
superior resin/glass bonding via appropriate
coupling agents and optimum glass fiber lengths.

4. Improved processing techniques which
reduce compound degradation and fiber attrition,
and promote optimum glass fiber orientation.

GRTP’s are used in two forms: a dry blend of
resin and glass fibers, and glass-reinforced
pellets. The most common material is a precom-
bined and pelletized blend of polymer and 10-40%
by weight glass fiber reinforcement. These com-
pounds can then be formulated to desired glass-
resin combinations via let-down (diluted) with
virgin resin concentrated pellets. For the past
five years the ratio of precompounded GRTP to
custom mixed or dry blended at the machine has
been 80% precompounded, 20% direct molded.

1-4 MECHANISM OF COMPOSITES

Glass-reinforced composites consist of high
modulus, high strength filaments bonded
together by a much softer matrix to form a high
modulus, high strength material. The tensile
strength of glass is increased from a few thou-
sand pounds per square inch in the bulk to over
500,000 psi in virgin fibers and in some cases to
about 1,000,000 psi. However, for these fibers to
be useful, they must be combined with a matrix to
protect the fiber surfaces, space the fiber,
transfer stress to and between the fibers, and
control crack propagation. Control of crack prop-
agation is significant since it achieves fracture
toughness in ¢ssentially brittle materials.

The toughness of composites, in addition to
that imparted by the fiber strength, arises from
two energy-absorbing mechanisms: (1) the energy
absorbed in pulling fibers out of the matrix as the
fibers separate under load; and (2) as the prop-
agating cracks are deflected along with fiber-
matrix interface, i.e., the energy absorbed as the
resin is separated from the fiber by continuance
of crack propagation.

Composite properties depend upon many var-
iables such as fiber and matrix properties; sizing,
volume content, orientation, and geometry of the
fibers; and compounding and processing tech-
niques. All of these are controllable and can be
selected by the fabricator to fulfill the re-
quirements of specific applications. Unlike or-
dinary materials, the propertics of composites
are anisotropic, i.e, varying with the axis of
testing.

The mechanical properties of short fiber com-
posites—assuming strong matrix-to-fiber adhe-
sion — are determined primarily by fiber length,
aspect ratio (1/d), and orientation. Stresses are
transferred to individual fibers by interfacial
shear stresses, as shown in Fig. 1-1, for tensile
stress applied axially relative to fiber orientation.
The extent to which these stresses can be trans-
ferred to the fiber depends on the arca of fiber
surface bonded to the matrix as controlled by
fiber length and fiber aspect ratio. Fig. 1-2 il-
lustrates how a fiber of given diameter must ex-
ceed a critical length L, if it is to function effi-
ciently and carry maximum load. The critical
length is the length necessary to pick up at fiber
midpoint the stress that would be found on a
similar fiber infinitely long. The portion of fiber
which carries maximum load increases with the
length of fiber exceeding the critical length; fiber
efficiency increases accordingly.

Fiber efficiency for uniaxially oriented short
fibers is defined as percentage effectiveness in
providing reinforcing action relative to uniaxially
oriented continuous fibers at the same volume
percent loading. Experimental data normalized
for fiber volume indicate fiber efficiency for
modulus reinforcement is about 40% at a 50
aspect ratio, 60% at 100, and slowly increases to
around 80% at 1000. Fiber efficiency for strength
is about 50% at a 50 aspect ratio, 80% at 100,and
then increases slowly to 85-90% at 1000 aspect
ratio. Modulus values are predictable with good
accuracy from theoretical treatments, but devel-
opment of predictive capabilities for strength has
proved more difficult. As a gencralization, fibers
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Figure 1-1. Representation of Origin of Shear
Stresses on Short Fibers*
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Figure 1-2. Representation of Build-Up of Tensile Stresses on Fibers

must have minimum aspect ratios in the range
50-100 to be useful.

1-S PROPERTIES OF COMPOSITES

Virtually every thermoplastic material will
receive some benefits from the incorporation of
glass-fiber reinforcements. However, the im-
provements ar¢ more dramatic for some poly-
mers than others (see Table 3-1).

Two propertics which have variable response
to glass reinforcement are notched Izod impact
strength and heat distortion temperature (defor-
mation under load). Generally, the notched Izod
impact strength for rigid, brittle, or glassy
polymers improves greatly while ductile, rub-
bery, tough polymers lose some of their energy-
absorption characteristics with the addition of
glass. In the case of heat distortion temperatures,
polymers which are crystalline in nature have
their heat-distortion points increased by 100-200
deg F. Amorphous polymers show a much smaller
increase, usually about 20-30 deg F.

Specifically, the reinforcement of polymers

with glass fibers substantially improves
mechanical properties such as strength and stiff-
ness; improves dimensional stability, mold

shrinkage, and chemical resistance; and improves
the dc electrical properties of dielectric strength
and arc resistance as well as ac dielectric con-
stant and dissipation factor. Both increases and
decreases are noted in volume resistivities. Rein-
forcement also reduces percent elongation and
thermal ¢xpansion properties.

The ability to mix thermoplastic resins and

14

glass reinforcements has expanded the selection
of materials available, with a wide range of prop-
erties and prices, which can be used to fabricate
finished parts.

1-6 PROCESSING GLASS-REINFORCED
THERMOPLASTICS

GRTP products can be fabricated by injection
molding, cold stamping, forging, thermoforming,
rotational molding, and extrusion. The mode of
fabrication is determined by part size, matrix
selection, volume, and design complexity. GRTP's
can be joined by adhesive bonding, fusion bonding
(heat staking, spin welding, ultrasonic welding,
and plastic rod welding), and mechanical fasten-
ing. Decorating, painting, and plating vary with
the thermoplastic resin selected.

1-7 ADVANTAGES AND DISADVAN-
TAGES OF GLASS-REINFORCED
THERMOPLASTIC MATERIALS

GRTP's are in a period of dynamic growth. This
family of engineering materials is competing with
nonreinforced thermoplastics, thermosets, dic
castings, and sheet metal assemblies. Some of the
advantages and disadvantages in selecting this
material for a particular application are given in
pars. 1-7.1 and 1-72.

171 ADVANTAGES

Advantages of GRTP materials are:
1. GRTP materials enable the designer to
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select a specific composite to meet such needs as
lubricity, paintability, detergent resistance, fire
retardance, or weather resistance.

2. By varying fiber glass content, the de-
signer can achieve different property values such
as strength, rigidity, temperature resistance,
thermal expansion, creep, and low temperature
impact for a specific resin system.

3. Any shortage of a thermoplastic resin can
be partially relieved since the composite contains
10-40% by weight of silica —a plentiful material.

4. GRTP composites significantly improve
the property shortcomings of thermoplastic
systems such as creep, low modulus, dimensional
stability, mold shrinkage, low temperature im-
pact, and high temperature stiffness loss.

5. The higher strength of GRTP composites
often permits thinner parts, resulting in a
material savings.

6. Electrical insulation is inherent in the glass
fibers of GRTP composites, contributing to good
dielectric properties.

7. GRTP composites exhibit superior chemi-
cal resistance compared to the neat (unreinforced)
resins.

8. GRTP composites offer an improved cost-
performance over engineering nonreinforced
thermoplastics.

9. GRTP injection moldings usually offer
labor savings over compression molded ther-
mosets.

10. GRTP composites offer greater design flex-
ibility than metals. Because of processing and
close-tolerance molding improvements, multipart
assemblies can often be combined into a single in-
jection molded part. In such a part, the combina-
tion of bosses, studs, and molded-in inserts
eliminates both assembly and machining opera-
tions.

11. GRTP’s are casily injection molded — the
most economical, most automated plastics pro-
duction process for high volume applications.

12. Design flexibility allows a wide variety of
assembly techniques for maximum strength.

1-7.2 DISADVANTAGES

Disadvantages of GRTP materials are:

1. Processing temperatures of GRTP’s are nor-
mally 20-50 deg F higher than those of nonrein-
forced materials.

2. Machine wear in injection molding and ex-
trusion is more significant in GRTP’s due to the
abrasivenessof the glass fibers and corrosiveness
of fiber sizing materials.

3. The ambient notched impact strength of
tough thermoplastics is generally reduced with
glass reinforcements.

4. All GRTP’s have anisotropic properties due
to the alignment or orientation of the glass fibers
during processing.

5. GRTP composites cannot be transparent
due to the glass fiber fillers. They can be translu-
cent, however.

6. There is usually a sacrifice in surface gloss
finishes of GRTP composites over the nonrein-
forced material.

7. In general, glass-reinforced materials tend
to be more expensive than nonreinforced
materials.

8. Reinforcements and fillers
specific gravity of the material.

increase the
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CHAPTER 2

GLASS FIBER REINFORCEMENT

The characteristics of glass fibers, as they affect the physical and mechanical properties of polymers
into which they are incorporated, are treated in detail. Physical, mechanical, electrical, thermal,
acoustical, and optical properties and the chemical composition of E, C, and S glasses are listed. Treat-
ment of the glasses to improve their engineering properties and facilitate strand handling and process-
ing is described. Theory relative to the mechanics of how the glass fibers improve the physical proper-
ties of thepolymers ispresented. The effects of composite variables —volume of glass fiber, glass strand
solids, glass strand bundle size, glass filament diameter, glass fiber length, and glass fiber orienta-
tion—together with the influence of the chemical and physical properties of the polymer matrix—are
discussed. The effects of processing and compounding on the properties of the resulting GRTP are
discussed. The relationships between the various paramelters discussed are shown in tabular and

graphic form.

2-1 INTRODUCTION

Glass has been one of man’s most useful
materials for centuries. However, the properties
of glass filaments were not recognized until about
50 yr ago. In fact, glass filaments were not com-
mercially available until about 1938. They have
only been used in the thermoplastic industry for
the last 15 yr with much of the growth occurring
in the last 10 yr. Today, glass fibers are produced
by several major suppliers: Owens Corning Fiber-
glas Corporation, Pittsburgh Plate Glass, Johns
Manville, and Certain-Teed Products Corpora-
tion.

There are several innate characteristics of
glass fibers which make them ideal for plastic
reinforcements. They are’:

1. Elasticity. Glass fibers obey Hooke’s Law.
Typical fibers have a maximum e¢longation-at-
break of 5%.

2. Good thermal properties. Glass fibers are
not combustible, and have a low coefficient of
thermal expansion and a high thermal conductivi-
ty. They can retain approximately 50% of their
strength at 700° F and 25% at 1000° F.

3. Dimensional stability.

4. Excellent chemical and moisture resistance.
Glass fibers do not absorb moisture, rot, or
mildew; and resist all solvents, and most acids
and alkalis.

5. Excellent electrical properties. Glass fibers
have high dielectric strengths and low dielectric
constants.

6. Lastly, they present a high performance
reinforcement at relatively low cost.

Glass filaments are produced by forcing the
raw glass in the form of marbles through a

bushing containing 204 orifices (secFig. 2-1). Just
below the bushing, the cooled filaments are pro-
tected by the application of starch-oil sizing. The
sizing performs three functions: (1)it prevents
the filaments from abrading one another, (2) it
lubricates the filaments sothey can move relative
to one another, and (3)it provides a compatible in-
terface between the glass filaments and the ther-
moplastic matrix they reinforce. After sizing, the
untwisted filaments are gathered into a bundle or
strand on a rotating drum.

Contintious
Filaments

‘ E;)z;aﬂgdt

Bins of Raw Materials

Winding
Tube

Reprinted with permission. Copyright © by Society of the Plastics
Industry, Inc.

Figure 2-1. Commercial Process of Forming
Continuous Glass Fibers®
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Commercial glass fiber reinforcements are pro
duced in a variety of forms: continuous strand,
rovings, chopped strands, mats, fabrics, and
woven rovings. For the purpose of this handbook,
only chopped roving and strand are of interest.
The term continuous strand roving refers to a col-
lection of parallel strands (ends) or filaments
assembled without twist on a cylindrical tube.
Continuous strand rovings are available in a
variety of number of ends or yields. Yield is the
number of yards per pound. (Typical rovings con-
tain 60 ends of strands and have a length of 224
ydfh.)

Rovings are rated by the following character-
istics':

1. Tensile Strength. Determined by the glass
composition and influenced by the efficiency of
the sizing material

2. Strand Integrity. The degree of bonding be-
tween the filaments in the individual strands
(ends)

3. Ribbonization. The degree to which the
strands are held together in the roving

4. Catenary. The degree of sag between the in-
dividual strands in the roving

5. Wet Out. The speed and degree to which the
roving is wet by the thermoplastic matrix

6. Choppability. The case of chopping into
short lengths, retention of strand integrity, and
the amount of static electricity produced by the
roving when it is further processed into chopped
strands.

Continuous roving or strand is chopped into
short lengths 1/8to 2 in. for reinforcing ther-
moplastics. Chopping is done by the glass sup-
plier or the user.

Chopped strands are available with different
sizing for compatibility with various ther-
moplastic resin systems. Table 2-11ists the recom-
mended reinforcements for specific thermoplastic
resins.

The factors affecting the properties of the rein-
forced thermoplastics are type of glass reinforce-
ment, sizing, interface between glass fiber and
plastic matrix, fiber dispersion, fiber concentra-
tion, fiber orientation, and fiber length and
diameter. These factors are discussed in the
paragraphs that follow.

2-2 TYPES OF GLASS FIBER REIN-
FORCEMENTS

Various types of glasses are commercially
available. They have been developed to provide

TABLE 2-1. GLASS FIBER REINFORCEMENTS FOR THERMOPLASTICS
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Glass Fiber Reinforcement
Manufacturers' Designation
Thermoplastic Resin
Owens Corning Pittsburgh Johns
Fiberglas Plate Glass Manville

Acetal Homopolymer 409 3530 i
Acetal Copolymer 847,409 - -
Acrylic (PMMA) - 3260 -
Styrene (ABS) 414 3130 308
Modified Polyphenylene Oxide 497 3250 -
Nylon (all types) 411,409 3530 704
Polyaryl Ether 3530 -
Polycarbonate 409 3260 704
Polyethylene 415,432 3250 308
Polyphenylene Oxide - 3530 —_—
Poly propylene 432,885 3130,3250 308
Polysty rene 413,885,414 3130 308
Polysulfone 497 3530 ——=
Polyurethane 409,411 3530 —_—
Styrene Acrylonitrile 414,885 3130 308
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various levels of performance. Some of the glass
types used in reinforced plastics are:

1. E Glass. A lime-alumina-borosilicate glass
specifically designed for production of continuous
fibers primarily for electrical applications. This
glass has found a great variety of uses in rein-
forced plastic products. It constitutes the major
portion of all continuous filament production and

reinforcement of thermoplastics.

2. S and S-2 Glass. A high tensile strength

glass developed for acrospace and defense ap-
plications. This glass has a tensile strength ap-
proximately 33% greater than E glass and a
modulus 20% greater. S-2 glass has the same
basic glass composition as S glass but differs in
sizing composition and quality control of raw
materials.

3. D Glass. This is an improved dielectric glass
developed for high performance electronic ap-
plications. Although the mechanical properties of

TABLE 2-2. TYPICALPROPERTIES OF E, S, D, AND C GLASSES

Property E Glass S Glass D Glass C Glass
Physical Properties®
Specific gravity, dimensionless 2.54 249 2.16 249
Mechanical Properties®
Virgin tensile strength at 72°F, psi® 500,000 665,000 350,000 400,000
Yield strength at 1000°F, psi 120,000 275,000
Ultimate strength at 1000°F, psi 250,000 350,000
Modulus of elasticity at 72°F, psi 10,500,000 12,400,000 7,500,000 10,000,000
Modulus of elasticity at 72°F 12,400,000 13,500,000
(after heat compaction), psi
Modulus of elasticity at 1000°F 11,800,000 12,900,000
(after heat compaction), psi
Elastic elongation at 72°F, % 438 54 47
Thermal Propertiesb
Coefficient of thermal expansion, in./in.®°F X 107 28 16 1.7 40
Specific heat at 75°F, Btu/lbe °F 0.192 0.176 0.175
Softening point, "F 1,555 1,778 1,420 1,380
Strain point, °F 1,140 1,400 890 1,026
Annealing point, °F 1,215 1,490 970 1,090
Electrical Propertiesb
Dielectric constant at 72°F, 10 Hz, dimensionless 5,80 453 3.56 6.24
Dielectric constant at 72°F, 10'°Hz, dimensionless 6.13 521 4.00 -
Loss tangent at 72°F, 10®Hz, dimensionless 0.001 0.002 0.0005 0.0052
Loss tangent at 72°F, 10'° Hz, dimensionless 0.0039 0.0068 0.0026
Acoustical Properties®
Velocity of sound (calculated), ft/s 17,500 19,200 16,000 -
Velocity of sound (measured), ft/s 18,000
Optical Propertiesb
Index of refraction, dimensionless 1547 1523 147 -

3Properties measured on glass fibers.

bPraperties measured on bulk glass.

Tensile strength of glass fibers which have not contacted other gas, solid, or liquid materials and have been stored at

ambient room temperature.
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D glass are lower than E glass and S glass, its
lower dielectric constant and lower density make
it attractive for electronic applications.
4. C Glass. A glass developed to provide
greater resistance to acids than E glass.
Representative properties and formulations of
these glasses are given in Tables 2-2 and 2-3.

TABLE 2-3. TYPICAL E, C, AND S GLASS COMPOSITION’

E Glass S Glass C Glass

Com- Range Com- Com-

pound Wt % pound Wt % pound Wt %
Si0, 52—-56 Si0, 65 Si0, 65.0
Al,0, 12-16 Aly04 25 Ca0 14.0
Ca0 16-25 Mg0 10 Mg0 30
MgO 0-6 Na,0 80
B,0; 8-13 B203 6.0
Na,0 & Al,03 4.0
K,0 0-3
Ti0, 0-04
Fe,0, 0.05-04
F2 0-05

2-3 GLASS SURFACE TREATMENT
AND INTERFACE

Glass filaments in pristine form are friable and
casily damaged. Therefore, it is the practice to
“size” or surface treat them immediately (0.01s),
after their attenuation from the melt, with a com-
plex coating. This coating or “size” in chopped
rovings consists of four components which are
essential for glass fibers in the reinforcement of
thermoplastics (as distinguished from textile
fibers). These are a film-former, lubricant, an-
tistatic, and coupling agent.

Other sizes are used which do not contain a
coupling agent when glass filaments are to be
plied or woven. This sizing is removed from the
fabric or roving by burning in a hot air circulating
oven, and a “finish**applied to the heat-cleaned
surface. This surface treatment is similar to the
one-time size used in chopped rovings and con-
tains a compatible coupling agent.

24

The purposes of the film former are to bind the
multifilament strand into an inte gral unit, protect
the strand against abrasion, and provide enough
frictional drag to allow winding for packaging.
The function of the lubricant is to protect the
strand against both internal and external abra-
sion. The antistatic agent dissipates the eclec-
trostatic charges induced by friction.

The most important component of the size is
the coupling agent (couplingagents are discussed
in par. 2-3.1). Its purpose is to ensure good adhe-
sion between the organic matrixes and the in-
organic glass reinforcements. Coupling agents
play a critical role in determining the physical,
mechanical, and electrical properties of com-
posites.

In order to exploit the full capability of these
reactive agents, many studies of the phenomena
at the interface between the glass and matrix
have been undertaken. Some of the studies and
theories studied concerning the interface
phenomena are listed in Table 2-4. These in-
vestigations are beyond the realm of this hand-
book, and the interested reader is referred to
Ref. 2; the proceedings of the “Sessions on Inter-
face” of the Society of Plastics, Inc., Reinforced

TABLE 2-4. THEORIES AND STUDIES OF THE INTERFACE

Theories of Mechanisms at the Interface

The Chemical Bonding Theory
Deformable Layer Theories

Preferential Adsorption Theory (modified from the Deformable
Layer Theory)

Restrained Layer Theory
Coefficient of Friction Theory
Surface Wettability Theory

Reversible Hydrolyzable Bond Theory (combination of Chemical
Bonding Theory, Restrained Layer Theory, and Deformable
Layer Theory)

Studies of Interface

Fourier Transform Infrared Spectroscopy

Auger Spectroscopy

Raman Spectroscopy

Electron Micrographs of Composites

Optical Ellipsometry of Adsorbed Films on Glass Fibers
Radioisotope Studies of Coupling Agents

Characterization of Fundamental Micro-Mechanics Parameters
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Plastics/Composite Institute; and the open
literature.

A glass-fiber surface treatment does many
things at the interface; all of which are important
to different degrees. Irrespective of the various
theories, a requirement for a high strength com-
posite under loading conditions requires an effec-
tive transfer of stress in all parts of the composite
from fiber to fiber across the resin-glass inter-
face. Stress transfer also must be efficient under
a wide variety of environmental conditions, often
for long periods of time. Fiber treatments play a
part in not only strengthening but maintaining
this interfacial bond.

2-3.1 COUPLING AGENTS

The versatility and effectiveness of organo-
functional silane coupling agents for the optimal
reinforcement of thermoplastic matrixes to glass
fibers have been recognized in the plastics in-
dustry for a decade. The generic formula of a
silane coupling agent is YRSiX,. The X units in
this formula represent hydrolyzable groups
bonded to silicon. These are usually chloro,
alkoxy, or acetoxy groups. In the application of
coupling agents from an aqueous solution, these
groups hydrolyze to form silanols and HX. It is
this portion of the coupling agent molecule,

YRSiX,

the -SiXg, or its reaction products, that provides
adhesion to the inorgahic phase of a composite.

The Y units of this formularepresent arange of
organo-functional moieties that are selected to
adhere to the organic matrix of the composite.
They are bonded to silicon in a hydrolytically and
thermally stable manner.

Silane coupling agents improve adhesion be-
tween organic and inorganic phases of a com-
posite by adhering to these components with dif-
ferent portions of the same molecule, thus bridg-
ing the interface’.

——*% »YRSi(OH), + 3HX

2-3.1.1 Inorganic Reactivity

Considerable effort has been expended in at-
tempts to elucidate the manner in which silane
coupling agents provide adhesion to glass fibers.
The following is a listing of proposed adhesion
mechanisms or contributions to adhesion that
silane coupling agents can make based on second-
ary evidence:

. Cross-linked sheath around glass

Removal of water from glass surface
Physical adsorption to glass

Hydrogen bonding to glass

Covalent bonding to glass

Protection of glass: eliminate microcracks,
prevent flaw generation, prevent corrosion, pre-
vent water access.

It is possible that in a given instance two or more
of these suggested mechanisms may contribute to
the adhesion of the silane coupling agents to the
fiberglass surface.

Since the -SiXg portion of the silane coupling
agentis converted to-Si(OH)3 + 3HX by hydroly-
sis, it should follow that the specific X group
should not significantly affect the performance of
the coupling agent. This has been confirmed’.

SR LN

2-3.1.2 Organic Reactivity

A number of mechanisms have been offered to
explain the effectiveness of the silane coupling
agents in improving the adhesion of silane-
treated glass to the matrix resin. They are:

. Improve resin wetting

Increase surface roughness
Stress-transferring boundary layer

Water barrier

Improve “compatibility” or diffusional bond-

SR UL

. Covalent bonding.

Whlle any one or more of these mechanisms can
contribute to improved adhesion in a specific in-
stance, the establishment of covalent bonding
between the organo-functional group on silicon
and the matrix resin is believed to be the control-
ling factor in developing and maintaining good
adhesion. The importance of selecting a silane
coupling agent that is capable of efficiently reac-
ting with the matrix has been well-established?.

The choice of the organo-functional group is of
critical importance in achieving the maximum
strength of a reinforced composite. The number
and type of thermoplastic matrix resins currently
used require a range of coupling agentreactivity,
and the number of commercially available cou-
pling agents has grown to meet this need. Table
2-5lists some of the commercially available silane
coupling agents. In addition to these commercial
materials, new silanes are continuing to be syn-
thesized and evaluated to meet the needs
generated by the introduction of new matrix
resin systems.

2-5
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TABLE 2-5. COMMERCIALLY AVAILABLE SILANE COUPLING AGENTS?

Silane

Hentification® Nomenclature

Structure End-Use Polymers

A-151 Vinyltriethoxysilane
A-172 Vinyl-tris(2-methoxyethoxy)silane
A-174 v-MethacryloxypropyItrimethoxy-
silane
A-1100 7-Aminopropy Itriethoxysilane
A-1120 N-g-(Aminoethyl-y-aminopropyl-
trimethoxysilane
0
A-186 p-(3,4-Epoxycyclohexy lethy |-
trimethoxysilane
A-187 y-Glycidoxypropyltrimethoxysitane CHo-
\\
0
A-189 +-Mercaptopropy Itrimethoxysilane
A-16 Amyltriethoxysilane

CHQZCHSI( oC HQC HQOCH3)3

CH30

NHoC HoC HoNHCH,C HoCHoSH(OCH )

CHC H20 CHoC HoyCHLSi (OCH) 5

HSCH,CH,CH,Si (0CH )5

CH2=C HSI(OCQH 5)3

polyethylene and
and polypro-
pylene

L

CHo= C-C-0CHyCHCH,SI(0CH,)a

NH,CHoC HyCH 081 (0C,Hs) 5

polyamide and
polycarbonate

N\,
N0 ~CH,CHSI(0CHg)s

polyvinylchloride

polysulfides and
polyvinylchloride

CHa(CH ) Si0C,Hg) 5

“Commercial designations of Union Carbide Corporation.

2-3.1.3 Improved Coupling Agents for GRTP' s

Considerable effort has been expended to de-
velop superior sizes to improve the engineering
properties of GRTP’s, and to facilitate strand
handling and processing. Several examples of re-
cent work are presented in the paragraphs that
follow.

Marsden and Pepe® have developed dual-
purpose coupling agents: a lubricant modified
silane and a film-forming polyazamide. These
sizes act as processing aids by reducing abra-
sional attrition or improving strand integrity.
This results in strands with superior reinforcing
ability. As coupling agents they also perform
with increased potency relative to monomeric
silanes such as A-1100.

Tables 2-6 through 29 show the increase in
physical properties and impact strength of these
sizes over the monomeric silane A-1100 in nylon
6/6 and polyester PBT reinforced with 30%,
0.25-in. chopped glass. In addition, these sizes pro-

2-6

vide improved strand processability and bulk
properties to the chopped fibers. Bulk den-
sity —i.e., the volume occupied by a given weight
of chopped strand — oftenis taken as an indication
of the processability of fiberglass sizes. Strands
of low bulk density tend to separate into the in-
dividual filaments (poor integrity), indicating a
breakdown in the cohesive action of the size. This
leads to serious processing, handling, and produc-
tion problems. The bulk densities of lubricant
silanes are compared in Table 2-10 with those of
A-1100 and two commercial products known for
their outstanding processing characteristics.

Silylated polyazamides (Si-PAA's) are water-
soluble polymers. Therefore, they are absorbed
more evenly from a one-phase aqueous medium to
form a continuous fiber coating. Such a size pro-
vides excellent strand integrity and stiffness,
resin compatibility and, most importantly, chem-
ical reactivity with glass through pending silane
funet onafity .

These data show that for nylon 6/6 a simple
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TABLE 2-6. EFFECTOF LUBRICANT-MODIFIED AMINOSILANE SIZES ON PHYSICAL PROPERTIES®
Glass Flex. Str., Flex. Mod., Tensile Str., Tensile Str., HDTS,
Size' psi psix 10° psi Ret.°, % “F

30% GR Zytel 101 Nylon 6/6
A-1100 34,100 99 20,800 60 489
Y-9072 36,700 102 24,000 60 495
Commercial 33,700 10.0 22,000 68 497
(average)d
30% GR Valox 310 PBT Polyester
A-1100 25,100 10.7 15,600 - 410
Y-9072 26,000 11.0 17,100 - 415
Y-9160 25,200 10.2 16,600 - 410
Y-9161 27,400 10.2 17,700 - 415
Y-9162 26,900 10.7 17,300 - 417
Y-9163 25,600 111 16,700 - 408
Commercial 29,500 11.6 18,600 — 415
(average)d
30% GR Celanex PBT Polyester
A-1100 23,600 10.5 14,200 - 405
Y-9072 26,100 106 16,000 - 417
Commercial 29,400 11.0 18,700 - 424
(average)®

9A-1100 monomeric silane; Y-9160, Y-9161, Y-9162, Y-9163, and Y-9072 lubricant-modified aminosilanes

bAfter 24-h boil
CAt 264 psi

dAverage of three recommended commercial chopped strands

Reprinted with permission. Copyright < by Society of the Plastics Industry, Inc.

monomeric coupling agent (A-1100)gencrates im-
provements of over 40% in flexural and tensile
strength over that of bare glass while the
modulus and heat distortion improve to a lesser
extent. Also, a nonsilylated polyazamide (Y-5870)
shows equivalent performance to A-1100 except
for the lower wet-strength retention charact-
eristic of nonsilane compounds. The silylation of
the PAA backbone (Y-5986, Y-5987) yields
substantial strength advantages of over 40%
compared to Y-5870. Lastly, the heat deflection
(HDT) temperatures are largely unaffected by
changes in composite strength. This is in agree-
ment with observations already made for other
glass-reinforced engineering composites®.

A similar order of reactivity for A-1100
aminosilane, Y-5870, Y-5986, and Y-5987 was
found in 30% glass-reinforced Vestamide-type
nylon 12 previously summarized.

TABLE 2-7. 1Z0D IMPACTSTRENGTHS OF LUBRICANT
MODIFIED AMINOSILANE SIZE?
Notched, Unnotched,
ftelb/in. of notch ftelb/in, of width
Glass Size Celanex Valox Celanex Valox
30% GR Polyester PBT
A-1100 09 08 75 57
Y9072 14 16 10.8 91
Commercial 21 23 13.1 13.2
(average)®
30% GR Nylon6/6
A-1100 17 75
Y-9072 24 12.1
Commercial 28 97
(average)®

‘Average of three commercial glasses

Reprinted with permission. Copyright © by Society of the Plastics
Industry, Inc.
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TABLE 2-8. EFFECT OF SILYLATED POLYAZAMIDE SIZES ON PHYSICAL PROPERTIES?®

Glass Flex. Str., Flex. Mod., Tensile Str,, Tensile Str,, HDTS,
Size® psi psix 10° psi Retb, % "F

30%GR Nylon 6/6

None 17,100 8.1 10,000 86 459
A-1100 24,900 77 14,800 99 498
Y-5870 22,300 97 14,800 74 486
Y-5986 31,800 102 21,700 81 482
Y-5987 28,300 10.1 18,700 86 489

Commercial 30,800 93 21,400 88 492
(average)®

30% GR Nylon 12

A-1100 13,700 49 8,700 83 320
Y-5870 11,900 53 7,700 69 280
Y-5986 14,300 56 9,700 85 324
Y-5987 18,800 6.0 11,600 86 325
Commercial 14,600 51 9,700 94 331
(average)®

30%CR Polyester PBT

A-1100 22,200 1.0 13,200 - 399
Y-5922 22,200 1.1 14,100 - 410
Y-5923 24,800 1.1 15,800 - 419
Y-5986 24,200 11 16,000 - 424
Y-5987 20,900 1.1 13,000 - 421
Commercial 28,200 11 18,200 - 416
(average)®

#A-1100 monomeric silane, Y-5922, Y-5923, Y-5986, Y-5987, Y-8970 silylated polyazamides
®After 16 h in 50°C water

€At 264 psi

9 Average of three recommended commercial chopped strands

Reprinted with permission. Copyright © by Society of the Plastics Industry, Inc.

TABLE 2-9. EFFECT OF SILYLATED POLYAZAMIDE TABLE 2-10. COMPARISON OF BULK DENSITIES OF
SIZES ON IMPACT STRENGTH OF 30% GR PBT LUBRICANT SILANES®
POLYESTER?
Glass Notched, Unnotched,

Size ft-1b/in. of notch ft-ib/in. of width Size Bulk Density, g/ml
A-1100 08 57 A-1100 0.25
Y-5922 15 93 Y-9072 0.40
Y-5923 1.8 98 Y-9161 0.42
Y-5986 16 94 Y-9162 0.48
Y-5987 09 59 Commercial A 031

Commercial 23 132 Commercial B 0.40
(average)® (all 0.25 in.)

‘Average of three recommended commercial chopped strands

D

Reprinted with permission. Copyright © by Society of the Plastics
Industry, Inc.
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Four types of Si-PAA’s were evaluated in 30%
GR Valox-type PBT polyester. Aside from pro-
ducing chopped strand with outstanding bundle
integrity, the polyazamides generally outper-
formed A-1100 aminosilane in strength and ther-
mal properties. Also, except for Y-5987, the
polyazamides clearly outdistance the monomeric
coupler in Izod impact strength.

Although these data establish the usefulness of
silylated polyazamide sizes compared to conven-
tional silanes, they also point out the limitations
of such systems relative to commercial sizes. In
the case of reinforced PBT, neither simple silane
sizes —lubricant-modified nor polyazamides —can
compete effectively with the sophisticated
chemistry of modern commercial sizes either on
strength or on impact and environmental resist-
ance grounds.

Hartlein® reported that the lack of correlation
between thermoplastic laminates and injection-
molded composites was due to the drastically dif-
ferent molding conditions rather than in-
terference from sizing components.- To obtain
high strength GRTP composites, the glass
coating should be of high modulus, be nonmelting,
and be chemically adhered to the glass fiber sur-
face. This coating must present a surface chem-
ically similar to the matrix resin or at least one to
which the matrix resin adheres tenaciously. Op-
timum results in this study were obtained with
the following glass-reinforcement systems:

1. Polystyrene — Glass coated with an epoxy
resin along with an amino or epoxy functional
silane.

2. Nylon— A sizing based on a new poly-
aminosilane 2-6050 (polyaminotrimethoxsilane).

3. Polypropylene —Glass fibers coated with an

TABLE 2-11. INJECTION MOLDED 25% GLASS/
POLYSTYRENE (THERMOSETTING SIZINGS)*

Flexural Strength, Notched Izod

Glass Treatment psi Impact, ft-ib/in.
No glass 12,800 0.3
25% Untreated Glass 17,200 09
Z-6020° 16,600 1.2
Epoxy (DER 331) 17,800 11
26020 + Epoxy 21,800 20
2-6020 + Phenolic 20,600 19

amino silane, i.e., 2-6020 or 2-6050 and HyCgClg,
dispersed on talc and dry blended with the glass
fibers and thermoplastic powder.

Some property results are given in Tables 2-11
and 2-12.

A novel family of heat-induced adhesion pro-
moters, the silyl peroxides, has been discovered
and reported by Fan and Shaw.’ They are capable
of promoting adhesion between a wide range of
polymers and reinforcements. They wet the sur-
face of most organic and inorganic materials.
Adhesion increases with increasing extent of
decomposition of the silyl peroxides. Their find-
ings strongly suggest that a radical mechanism is
involved, and covalent bond formation promoted
by the silyl peroxide molecules is chiefly responsi-
ble for the adhesion. The silyl peroxides have
proven to be excellent coupling agents for com-
posite materials and versatile adhesion pro-
moters for both organic and inorganic materials.
Some results of polypropylene and polyethylene
composite properties are given in Table 2-13.

The work described in Ref. 6 concerns the use
of a polylethyleneacrylic acid) copolymer (Union
Carbide EAA-9300) and gamma-aminopropyltri-
ethoxysilane (Union Carbide A-1100) in combina-
tion as a size for fiberglass used to reinforce
polypropylene and polyethylene.

Fiberglass sized with a combination of
EAA-9300 and A-1100 produces composites hav-
ing significantly higher flexural, tensile, and im-
pact strengths and higher heat distortion tem-
peratures than glass sized with EAA-9300 alone
or with commercial glasses. These higher
strength composites were fabricated by extruder
compounding and by direct feed injection mold-
ing.

TABLE 2-12. THERMOSETTING SIZESWITH
SAN/25% GLASS?

Percent Strength Increase Due to Size

Tensile, % Impact, %
Z-6040% 9 ]
Z-6040 (Epoxy) 32 130
Z-6040 (Epoxy Novalac} 40 160
Commercial 19 30

#Dow Corning silanes

Reprinted with permission. Copyright < by Society of the Plastics
Industry, Inc.

@Dow Corning silanes

Reprinted with permission. Copyright < by Society of the Plastics

Industry, Inc.
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TABLE 2-13. PHYSICAL PROPERTIES OF INJECTION MOLDED GLASS-REINFORCED POLYPROPYLENE® AND
POLYETHYLENE® WITH 30% WT. OCF 885, 0.25-in. CHOPPED FIBERGLASS

Silyl Peroxide Polypropylene Polyethylene
Flexural Modulus of Heat Distortion Flexural Modulus of Heat Distortion
Type % by Strength, Elasticity, Temperature, Strength, Elasticity , Temperature
Wt psi psix 10° 264 psi,°C psi psi x 10° 264 psi,°C
Control 11,200 78 136 7,300 6.4 93
Viny Itris(t-butyl- 03 13,500 83 155 - - -
peroxy)silane®
Tetrakis(t-butyl- 0.35 - - - 9,800 1.2 129
peroxy Jsilane?

Shell 5520
®UCC DMD-7000 high density polyethylene

°Silyl peroxide was put on the fiberglass before mixing with polypropylene

ISilyl peroxide was not compounded into polyethylene

Size mixtures based on EAA-9300 and A-1100
are casy to formulate, water dispersible, and
have stability and handling characteristics com-
patible with current sizing technology require-
ments.

This size system is not considered a finished
package that satisfies all of the requirements for
a polyolefin compatible reinforcement but as a
novel approach that is casy to formulate, prac-
tical to use, and provides promising improve-
ments in composite strength levels. Some results
are given in Table 2-14.

Details of this and other work on surface treat-
ment are given in Refs. 1-12 and the open liter-
ature.

2-4 MECHANICS OF LOAD TRANSFER
AT THE INTERFACE

The load transfer mechanics atthe fiber-matrix
interface have been extensively investigated and
reported on. Their significance in composite
structural integrity can be understood when 1in3
of 50% volume glass fiber composite with a fiber
diameter of 0.0003 in. contains approximately
6500 in? of interface area®

As with surface treatments, this field of in-
vestigation is too complex totreat in detail in this
handbook. However, a few highlights of the
studies and theories are reported. The interested
reader is again referred to the proceedings of
the Society of Plastics Industry's Reinforced

2-10

Plasties/Composite Division and the open lit-
erature for more comprehensive information.

There are, in general, five assumptions under-
lying all the mechanistic interface theoretical
studies, namely: (1) elastic constituent material
behavior, (2) zero thickness for the interface,
(3) perfect bond, (4) identical constituent bulk
and in situ properties, and (5) a regular or
repeating array of fibers. It is known that actual
composites violate most, if not all, of these
assumptions. However, the theoretical predic-
tions still are an invaluable tool in identifying im-
portant local geometry and material variables,
and in obtaining quantitative estimates of the
stress state at the interface?.

2-41 MECHANISTIC MODELS FOR LOAD
TRANSFER AT THE INTERFACE

A mechanistic representation of load transfer
from the matrix to the fiber in a short-fiber com-
posite is illustrated in Fig. 2-2. Shown are the
deformation pattern, the shear and axial stress
distributions for elastic load transfer, and the
shear and axial stress distributions for the in-
clastic case. There are three points of interest in
Fig. 2-2,i.e,,

1. The shear stress at the interface increases
rapidly to a peak value and then decays rapidly
away from the fiber end.

2. The axial stress in the fiber increases rapid-
ly to its average value, the value the fiber attains
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INJECTION MOLDED POLYOLEFIN COMPOSITES—LARDRATORY TREATED GLASS
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bCommercia!ly available chopped strand recommended for polyolefin resins.

(A) Deformation Model

12
) 1T
e[’

(B) Stress Distribution at Interface Produced
by Elastic Matrix

—
~L/2

(C) Stress Distribution at Interface Produced
by Inelastic Matrix

0,12 = interfacial shear stress

gy = fiber tensile strength

. = critical fiber length

Reprinted with permission. Copyright © by Academic Press, Inc., and
C. C. Chamis.

Figure 2-2. Mechanistic Representation of Load
Transfer at Interface’

in the composite, and remains constant for the
clastic case.

3. The shear stress at the interface for the in-
elastic case increases to a value that will cause
the interface to behave inelastically (plastically).
The shear stress will stay at this value for some
distance along the fiber until the greater portion
of the load has been transferred to the fiber, and
then it will decay rapidly”.

The physical concepts fundamental in con-
structingtheories for predicting the load transfer
through the interface-are illustrated in another
mechanistic model in Fig. 2-3. The following are
noteworthy :

1. The shear goes in one direction from one end
of the fiber and reverses direction at the other
end.

211
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2. Shear stress reaches a maximum near the
end of the fiber.

3. Shear stress decreases rapidly to zero along
the fiber length where the normal stress in the
fiber has achieved its composite average value.

4, The interfacial shear stress increases
gradually at first near the end of the fiber and
then rapidly reaches its peak value at the end of
the fiber.

matrix

ds I <

2-4.2 METHODS FOR MEASURING INTER-
FACIAL BOND STRENGTH

There are two types of methods to measure the
stress state and the strength of the bond atthe in-
terface. One type concerns direct measurements
involving model studies with ecither single or
multifibers in a matrix casting. The other type
involves indirect mcasurement of the bond

fiber
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(A) Stress Distribution in Fiber of Critical Length
Lcdf = (O'f“/(fmlz)/z
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(C) Stress Distribution Within and on Surface of Fiber

Reprinted witb permission. Copyright © by Academic Press. Inc.. and C. C. Chamis.

Figure 2-3. Schematic Illustrating Stress Distribution and Term Definitions at the Interface?
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strength at the interface and can be both a
qualitative and/or quantitative test.

A popular and easy test to measure bond
strength is the fiber pullout strength test or but-
ton test as shown in Fig. 24. In this test, tensile
failure denotes fiber breaks; shear failure denotes
fiber pullout from the matrix. A critical fiber
length can be determined in a plot of shear failure
and tensile failure points by dropping a straight
line through the intersecting points. This point
defines the critical length of the fiber. The critical
length is that fiber length that is required for the
fiber to develop its fully stressed condition in the
matrix.

Another method used to measure the bond
strength at the interface is presented in Fig. 2-5.
The force required to push a disk of the matrix
along the fiber is plotted as a function of the
crosshead movement. The mechanisms in this
test demonstrate that the interface has at least
two modes of transferring the load from the
matrix to the fiber. The first is the bond strength
that exists at the interface, shown by the bond
peak in Fig. 2-5. The second is the friction force.
How much each of these forces contributes or to
what extent the friction force assists in transfer-
ring the load through the interface is still con-
troversial.

Fig. 2-6 illustrates another direct measurement
model used to obtain shear and tensile strengths
at the interface. The model for the bond shear
strength at the end of the fiber is the one that has
a constant cross section (Fig. 2-6(A)), while the
model for the tensile strength is the necked-down
specimen (Fig. 2-6(B)).

Indirect methods to measure the interface
bond strength include the interlaminar shear
strength test and the transverse strength test. A
properly designed flex test with fibers parallel to
the beam’s longitudinal axis is another sensitive

grip-\ fiber \bunon A
i t
} /
df matrix L A

Section A-A

Reprinted with permission. Copyright © by Academic Press, Inc.. and

C. C. Chamis.

Figure 24. Schematic of Fiber Pullout Test
Method?

load

bond peak
Force /
on

/ stalic {riction
/f'm"“\»\\

Crosshead Movement

Disk

Reprinted with permission. Copyright © by Academic Press, Inc., and
C. C. Chamis.

Figure 2-5. Typical Load-Displacement Curve for
Button-Type Test (Broutman, 1970)*

indirect test method for assessing the quality of
interfacial bond. The dynamic modulus as well as
the logarithmic decrement have also been used to
obtain a measure of interfacial bond condition.
Also the cleavage beam specimen has been used
to investigate the interface contribution to frac-
ture toughness?

2-4.3 FRACTURE MORPHOLOGY AND IN-
TERFACIAL BOND STRENGTH

The type of fracture can be a good indicator of
the interfacial bond. A strong, intermediate, or
weak bond produces a distinctly different frac-
ture surface. Typical fracture surfaces of unidi-
rectional composites loaded in tension along the
fiber direction are illustrated in Fig. 2-7.

Wb W

™

fiber—~ g :
. ]
fiber — 1| L R 3

AL
J . «L“»W

(A) Shear Strength (B) Tensile Strength

W = width R = radius
L = length t thickness

e

Reprinted with permission. Copyright © by Academic Press, Inc., and
C. C. Chamis.

Figure 2-6. Single-Fiber Specimens for
Interface (For specimen dimension
see Broutman, 1970)?
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filament
pullout

(A) {B)
Brittle

Brittle With Filament Pullout

debonding or
matrix shear
failure

initial crack

(©)

Irregular

Reprinted with permission. Copyright © by Academic Press, Inc., and C. C. Chamis.

Figure 2-7. Longitudinal Tensile Failure Modes (Chamis)®

The fracture surface of a specimen with a
strong bond is fairly smooth across the cross sec-
tion as shown in Fig. 2-7(A). Composites ex-
hibiting this type of fracture surface are known to
have high static strength and tend to be notch
sensitive. The fracture surface of a specimen with
intermediate bond strength is irregular and has
some fiber pullout (sece Fig. 2-7(B). Fig. 2-7(C)
shows the fractured surface of the composite with
a very poor interfacial bond. This type of
specimen has pronounced irregularity and fiber
pullout.?

244 METHODS FOR PREDICTING STRESS
AT THE INTERFACE

Several methods have been proposed for
predicting the stress state at the interface, which
can then be used to estimate the bond strength.
The shear lag method has received extensive
treatment by several investigators. This method
determines the interface shear stress concentra-
tion at the end of the fiber as well as shear stress
variation along the fiber. Additional methods in-
clude the Lame solution for a shrink fit, classical
clasticity boundary value problems, and finite-
clement analysis.

Fig. 2-8 presents a schematic of the model on
which various analytical methods are based. A
longitudinal section of the composite having a
hexagonal fiber array is shown, and all the perti-
nent elements are identified.

2-14

Some generalities derived from these in-
vestigations are:

1. The maximum stress concentration is atthe
end of the fiber and depends on the boundary con-
ditions selected.

2. The maximum shear stress concentration
depends on the fiber type and fiber volume ratio.

3. The maximum shear concentration at the
end of the fiber remains almost constant at in-
termediate fiber volume ratios.

4. Shear concentration increases rather rapid-
ly at low and high fiber volume ratios.

5. An ellipsoidal end yields the lowest inter-
facial shear stress concentration.

6. The interfacial shear stress decays within
2-3 fiber diameters from the fiber end when the
end is bonded to the matrix.

7. Compressive radial stresses build up at the
fiber end with a magnitude about that of the ap-
plied stress.

245 MICRORESIDUAL STRESS EFFECTS
ON INTERFACIAL BOND STRENGTHS

The composite fabrication process inherently
produces microresidual stresses at the interface.
Both experimental and analytical methods have
been advanced to investigate the microresidual
stress state at the interface and to obtain an
estimate of its effects on available interfacial
bond strength.

A photoelastic multifiber inclusion model is
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undeformed deformed

A ,_l position ,( rposition

Section A-A

d; = fiber diameters
5 = interface spacing
o, = stress of unidirectional composite

Reprinted with permission. Copyright © by Academic Press, Inc., and C. C. Chamis.

Figure 2-8. Schematic of Mechanism of Longitudingl Load Transfer in

Fiber Composites (Chamis, 1972)

oo = E, AT(,, - )

o,

0gg = hoop stress
2.4~ " . o,, = longitudinal stress
lh?'dted fiber oy = radial stress
o %' %0 0, = interface pressure on
1.6+ a single inclusion in an
074/% infinite medium
| E, = matrix modulus
. 0.8+ AT = temperature difference
Shrinkage a, = matrix coefficient of
St/ress expansion
1% 0 ar = fiber coefficient of
} expansion
-1.6— Urrio[}
___-_-_-—N\
2.4 | | | ] .
0 0.1 0.2 0.3 0.4 0.5
rid

Reprinted with permission. Copyright © by Academic Press, Inc., and C. C. Chamis.

Figure 2-9. Distribution of Shrinkage Stresses Across Section Between Fibers
(Fiber Volume Ratio = 0.5;6/R = 0.5 (Marloff and Daniel, 1968))



DARCOM-P 706-314

shown in Fig. 2-9. The fiber arrangement for this
investigation is the square array.

Classical eclasticity analytical results for
microresidual stresses have been based on the
models in Figs. 2-8 and 2-10.

Generally, the analytical results of micro-
residual stresses are:

“1. The radial stress at the interface can be
either tensile or compressive; its value depends
on the stiffness of the constituents and increases
as the EJE,, ratio decreases. It also depends on
the fiber volume ratio and increases as this ratio
increases.

“2. Shear stress exists along the fiber cir-
cumference and tends to locally debond the fiber
within the matrix.

“3. The hoop stress at the interface in the
matrix or interfacial bond is tensile and of
relatively high magnitude™2.

The experimental results in Fig. 2-8 indicate
that the microresidual radial stress is maximum
midway between the fibers, whereas the analyt-
ical results indicate that it is maximum at the in-
terface. However, both analytical and experimen-
tal results agree that the hoop and axial residual
stresses in the matrix are tensile?.

g, = radial stress
0,; = longitudinal stress
0gg =  hoop stress

0° 30°

Y

(A) Twelvefold Symmetry Lines
in Hexagonal Array

’ o
. \ Hoop Sh:ar 4
IR >

24.6 EFFECTS OF VOIDS AND ENVIRON-
MENT ON INTERFACIAL BOND
STRENGTH

Experimental investigations have shown that
voids, high temperature, and moisture affect in-
terfacial bond strength and are detrimental to
composite integrity and strength. As would be ex-
pected, the degrading effects of moisture are in-
creased with increasing temperature?.

2-5 GLASS FIBER REINFORCEMENT
THEORY

Much work has been done to provide a model
for predicting composite behavior. A brief sum-
mary of the reinforcement theory is given in the
paragraphs that follow. For more details the in-
terested reader is referred to Refs. 2, 10, 13, 14,
17, 26, and the open literature.

2-5.1 CONTINUOUS FIBER REINFORCE-
MENT

The composite behavior of a matrix reinforced
with continuous, aligned fibrous reinforcement

gz = longitudinal shear stress
g9 = hoop shear stress
o, = radial shear. stress

%22 Longitudinal

Longitudinal Shear

(B) Stresses on Matrix Elements

Adjacent to Fiber Matrix Interface

Reprinted with permission. Copyright © by Academic Press, Inc.. and C. C. Chamis.

Figure 2-10. General Arrangement of a Multifiber Composite
(Chamis, 1972
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has been studied well. By assuming that good
dispersion, uniform distribution, and good inter-
phase adhesion apply, the load applied to a com-
posite is shared between the matrix and fiber
phases. If both the fibers and matrix deform
clastically, mechanical properties of the com-
posite can then be predicted by the simple rule of
mixtures as shown in Eqs. 2-7 and 2-2

E, = Efo + E,Vn, 2-1)
Ouc = Oyf + O Vi (2-2)

where
Oy = Epoyue (2-3)

E, =modulus of composite
E; =modulus of fiber
E, =modulus of matrix

V., =volume of matrix

'

0, =stress in matrix at fiber failure strain
d,. =ultimate strength of composite

o, =ultimate strength of fiber.

Eqgs. 2-1 and 2-2 may be written in the form of
Eqs. 24 and 2-5

E, = EV;+ Ep(l - V) (2-4)

Oye = Oyf + E o, - Vf)' (2-5)

When the fibers are misaligned or where the
direction of testing is not coincident with the
fiber axis, then the fiber contribution in Eqgs. 2-4
and 2-5 must be reduced. When fibers are ran-
domly dispersed in a plane, the term is reduced to
a third; and i the fibers are randomly dispersed
in three dimensions, the factor is one sixth. Thus
a modified form of Eqgs. 2-4 and 2-5, which contain
an orientation factor K whose value may lic be-
tween I and 0.167,can be used®.

E, = KEV, + B, - V) (2:6)

0ye = KoV + Epo,(1 - V) 2-7)
2-5.2 DISCONTINUOUS FIBER REINFORCE-
MENT

When the fibers are discontinuous, the fiber can
carry stress only by a shear transfer process at
the interface. Kelly and Tyson'” have proposed a

model where there is a linear transfer of stress
from the end of the fiber to a maximum value
when the strain in the fiber is equal to that in the
matrix. This has been shown to be a good approx-
imation for polymer matrixes. Eq. 2-8 relates the
maximum stress in the fiber to the fiber radius
and the shear strength of the fiber matrix inter-
face.

= 2:8)

where
L =fiber length
of =peak stress in a fiber
r =fiber radius
7 =shear strength of the fiber matrix
bond.

This leads to the concept of a critical fiber length
L,,i.e., the length which is necessary for the max-
imum stress in the fiber to reach a fiber fracture
stress o,¢. This may be written in the form of Eq.
29

O, Ee,.r
Lo=——"— = —"7 2-9)
T T
where
L, =critical fiber length for fiber failure
E =ultimate strain of the composite

o,r =ultimate strength of fiber
E; =modulus of fiber
r =fiber radius
7 =shear strength of fiber matrix bond.

When the fiber length is less than the critical
length, then the average stress a¢in the fiber at
composite failure is given by Eq. 2-10 and this is
half the maximum stress in the fiber

(2-10)

Lt
G, = =

f_2r

where

¢ =average stress in a fiber
L =fiber length

7 =shear strength of the fiber matrix
bond

r =fiber radius.

If the fiber length is greater than the critical
2-17
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length, then the average stress oy in the fiber is
given by Eq. 2-11

r ( Efecr>
g =E.€ \1-
oo oLt

(2-11)

where

E is the strain in the composite.

“The basis of the succeeding argument is that at
any value of composite strain (¢,) there is a critical
fiber length, L, and fibers shorter than this will
carry an average stress as given in Eq. 2-10 which
will always be less than Ee /2. Fibers longer than
this carry an average stress as indicated in Eq.
2-11 which will always be greater than Ege /2; 1,
will be given by Eq. 2-12"*13,

Ee.r
f
L = ‘ (2-12)
T
where
L, =critical fiber length at a composite
strain E

E =strain in composite
E¢ =modulus of fiber

7 =shear strength of the fiber matrix
bond

r =fiber radius.

When the fibers are misaligned, then a correc-
tion factor of similar form to that given in Egs. 2-6
and 2-7 must be used.

Discontinuous GRTP’s contain a spectrum of
fibers of different lengths. At low strains all
fibers will make a contribution to the reinforce-
ment as given by Eq. 2-11 since L, will be small.
As the strain is increased, a progressively
smaller proportion of the fibers will reinforce ac-
cording to Eq. 2-11 and an increasing proportion
will follow Eq. 2-10. Therefore, the slope of the
load extension curve for such a material can be
expected to decrease as the extension (strain)is
increased. A mathematical model of this behavior
was constructed by Bowyer and Bader combining
the concepts of Egs. 2-7, 2-10, 2-11, and 2-12.

This equation is shown as Eq. 2-13

*Reprinted with permission. Copyright © by Chapman and Hall, Ltd.
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o, = CX + CY + Z. (2-13)

“The first term (on the right-hand side of Eq.
2-13) is the contribution of the subcritical fibers,
the second term that of the supercritical fibers,
and the third term that of the matrix. The in-
dividual terms are expanded in Eqgs. 2-14, 2-15,
and 2-16"*13,

Li<1‘

“ 7LV,
x="3 — (2-14)
L. >L
€ Eer
_ Ee 1- "f¢
A S
,Z 2LjT>V’ (2-15)
Z =E_ €. (1-V,) (2-16)

where

L; =subcritical fiber subfraction
V; =subcritical volume subfraction
L; =supercritical fiber subfraction

V; =supercritical volume subfraction.

These three terms are then combined in Eq.
2-17

L;<L, LV L;<L,
T. ivi E.er
oc=C{ Z 5 + z Efec<1 - T >VJ]

r 2L}. T
(2-17)

+E, e (1-V).

“In practical systems the terms E¢,E  and r
can be readily obtained, and the relationships be-
tween o, and ¢, may be obtained from a tensile
test”*. The orientation factor C and 7 are
generally not known, but the fiber length
distribution can be determined.

If the assumption is made that the orientation
factor Cis independent. of strain and is the same
for all fiber lengths at least at small strains, then
this model allows both C and 7 to be determined
from tensile test data.

2-5.3 EFFECT OF COMPOSITE VARIABLES
ON PERFORMANCE

Considerable investigative work has been done
to elucidate the various aspects of the glass rein-
forcementtheory in an attempt to predict and im-
prove composite performance. Refs. 2, 10, 13, 14,
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Figure 2-11. Stress vs Volume of Glass Fiber for Nylon and Polypropylene®
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15, 16, 18, 19, 20, and 21 report on some of the re-
cent work. In any attempt to improve the perfor-
mance of discontinuous glass fiber reinforced
composites the variables at one's disposal are
volume of fiber, fiber length and diameter, fiber
orientation, and shear strength of the fiber
matrix bond. Some examples of the studies and
their results are given in the paragraphs that
follow for several composite systems.

2-5.3.1 Volume of Glass Fiber

Fig. 2-11 and Table 2-15as well as the property
data in Chapter 3 indicate that increased fiber

ness, which depends upon both strength and
elongation, does not show a general trend-with in-
creasing fiber concentration.

Although the actual stiffness may be increased
by increasing the fiber concentration, there is a
disadvantage in that the melt flow properties of
the composite deteriorate. Therefore, it becomes
more difficult to mold the material.

According to Ongchin, Olender, and Ancker®,
there exists a critical volume fraction of fibers V,
below which any fiber longer than L, will break
prior to fracture of the composite specimen itself:

O’":‘ - (am )euf

volume leads to increased strength and modulus V. =
. fe u 4 u (2'18)
and to decrecased elongation to fracture. Tough- o * o, - (0,) Yy
TABLE 2-15. TENSILE PROPERTIES OF UNIDIRECTIONAL COMPOSITE MATERIALS
TESTED PARALLEL TO FIBER AXIS'®
Fiber Ultimate Curve
Percent Specific Tensile Tensile Elongation, Area
Matrix Reinforcement by Vol. Gravity  Strength, psi  Modulus, psi % in.olb/fin®
lonomer None - 0.95 1,810 (yield) 23,500 17 (yield) 229 (yield)
Glass® 10 111 8,390 543,000 225 105
20 1.27 12,300 920,000 20 138
30 1.42 14,100 1,274,000 1.35 105
40 1.58 16,000 1,620,000 117 87
Polyethylene, HD None - 0.95 3250 (yield) 155,000 13(yield) 301 (yield)
Glass® 10 1.1 10,500 649,000 213 52
20 1.27 20,700 1,370,000 1.91 212
30 142 22,600 1,570,000 1.92 295
40 1.58 23,800 2,052,000 1.30 158
50 1.74 20,700 2,216,000 1.21 141
Polycarbonate None - 1.20 8,920 (yield) 280,000 6.2 (yieldy 339 (yield)
Glass® 10 1.33 12,850 785,000 1.98 167
20 147 16,540 1,093,000 1.79 178
30 1.60 23170 1,707,000 1.56 185
40 1.73 26,230 2,098,000 140 145
Polymethylmethacrylate None - 1.19 10,600 381,000 46 301
Glass' 10 1.32 13,050 958,000 1.64 189
20 1.46 17,700 1,520,000 1.28 180 -
30 1.59 17,560 2,180,000 1.0 110
40 1.73 24,800 2,010,000 1.8 120

'‘Owens Corning Type 801 E glass

Reprinted with permission. Copyright © by Society of Plastics Engineers, Inc.
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where
o4 = ultimate tensile strength of the
matrix
o}‘ = ultimate tensile strength of the
fibers

(0, 4= matrix stress at the failure strain
of the fiber.

Depending on the value used for the tensile
strength of the glass fibers, the critical fiber con-
centration for glass reinforced polyethylene was
reported to be atleast one-half the weight percen-
tage. Accordingly, when broken in tension, speci-
mens containing a glass concentration lower than
V. will show internal fracture of the fibers with
the maximum length being the critical fiber
length”.

2-5.3.2 Glass Strand Solids

The strand solids have a significant effect on
properties. For example, their effect on flexural
strength on nylon 6/6is shown in Fig. 2-12. Strand
solids are defined as the amount of coating on the
fiberglass surface. It is given as the percent by
weight of the fiberglass strand. The flexural

251
chopped strand length = 0.25 in.
glass content = 29.5%
bundle cross-sectional area = 240x 107 in.2

201"
&
"3
2 .
3 ;
w \
o  1.5F ~ ... _ 27000 //
1 -
B
pe]
0

1.0]~

< o
\eoo o°
0.5 \J 1 L I ?9;
25 36 52 70 87

Reprinted with permission. Copyright © by Society of the Plastics
Industry, Inc.

Figure 2-12. Flexural Strength— Filament
Diameter vs Strand Solids, Nylon 6/6 (Ref. 21)

strength of nylon increases with a decrease in
strand solids. Atlower strand solids, the decrease
in flexural strength with an increase in filament
diameter is more dramatic.

The glass content versus strand solids in Fig.
2-13 is shown to be another significant variable.
This figure shows the quadratic effects of strand
solids and the linear effects of glass content on
the flexural strength of nylon 6/6 using medium
diameter filaments.

The increase in amount of glass introduces
larger quantities of organic sizing materials. This
larger quantity of sizing materials begins to
either plasticize the matrix resin or cause a poor
interface bonding. Fig. 2-13 shows this effect and
the necessity for adjusting strand solids. Flexural
strength lines seem to be moving toward an op-
timum glass content-strand solids point shown in
Fig. 2-14.

The glass content and strand solids interaction
for polypropylene is shown in Fig. 2-15. The op-
timum fiberglass strands for polypropylene are
related to the bundle size and strand solids.
Therefore, at low glass loadings the amount of
strand solids should be increased to maintain the
same propertics as with the optimum glass load-
ing. With higher glass loadings, or larger surface
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Figure 2-13. Flexural Strength —Glass Content
vs Strand Solids®
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Reprinted with permission. Copyright © by Society of the Plastics
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Figure 2-14. Strand Solids—Glass Content
Plot-Production of Optimum Conditions®

area, an increasc in strand solids is necessary to
maintain flexural strength. A similar strand
solids/glass content interaction applies for flex-
ural modulus (see Fig. 2-28).

The Izod impact strength of nylon 6/6 is af-
fected by the linear effect of glass content and the
quadratic effect of bundle size strand solids.

Fig. 2-16 shows that using a constant bundle
size of 400 x 107 in? and increasing glass content
while reducing strand solids improves the impact
strength of nylon 6/6.

Figs. 2417 and 2-18 show that impact properties
of polypropylene increase with an increase in
glass content and that a lower amount of sizing is
required for this property.
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Figure 2-15. Flexural Strength— Glass Content
vs Strand Solids, Polypropylene”
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Figurc 2-16. Izod Impact —Glass Content vs
Strand Solids, Nylon 6/6 (Ref. 21)

Fig. 2-19 indicates how the heat deflection
temperature of the nylon composite can be af-
fected by the sizing on the fiberglass. For exam-
ple, the-higher the amount of sizing on the fibers,
the less the penetration or insufficient surface
wetting causes a lowering of heat deflection
temperature. Increasing the amount of glass in
the composite can, however, increase surface
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Figure 2-17. Izod Impact —Filament Diameter vs
Strand Solids, Polypropylene®
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Figure 2-18. Izod Impact —Glass Content vs
Strand Solids, Polypropylene®

10-7

2.04
S
£
&

4

= | &
g 18
)

1.0} 4825

499 —
0.5 1

Reprinted with permission. Copyright © by Society of the Plastics
Industry, Inc.

Figure 2-19. Heat Deflection Temperature —
Filament Diameter vs Strand Solids, Nylon 6/6
(Ref. 21)

area and increase the heat deflection tempera-
ture significantly as shown in Fig. 2-36. This in-
crease provides larger contact surface arca. Fig.
2-20 shows that the heat deflection temperature
is increased by increasing surface area.

Also, the higher quantity of sizing on the glass
surface can introduce a larger amount of low
melting materials —i.e., lubricants, plasticizers,
etc. At high temperatures, these materials soften
and cause failure at the interface thus lowering
the heat deflection temperature®.

The same mechanism, i.e., effect of surface area
of filaments, also applies for polypropylene (sce
Fig. 2-21).

2-5.3.3 Glass Strand Bundle Size

Strand bundle size is defined as the number of
filaments of a specified filament diameter. The
strand is assumed to be a cylinder, and it is iden-
tified by its cross-sectional arca in square inches.

Fig. 2-22 indicates that the optimum flexural
strength of nylon 6/6 is obtained using small bun-
dle sizes.

The quadratic effect of bundle size on flexural
strength is shown in Fig. 2-23 for polypropylene.
There i1s a continuing increase in strength with
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Figure 2-20. Heat Deflection Temperature —
Chopped Strand Length vs Bundle Cross-
Sectional Area, Nylon 6/6 (Ref.21)
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Figure 2-21. Heat Deflection Temperature —
Filament Diameter vs Strand Solids,
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Figure 2-22. Flexural Strength—Chopped
Strand Length vs Bundle Cross-Sectional Area,
Nylon 6/6 (Ref. 21)
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the injection molding process. Therefore, there
are various filament bundle sizes in the molded
part. The distribution of different bundle sizes in
the part depends on the size of the original
bundles and the amount of protective coating on
the strand (strand solids). There will be a greater
number of large bundles with a larger amount of
glass in the premix or with a greater amount of
protective coating.

polypropylene.

The heat deflection temperature of polypropy-
lene is affected primarily by surface area (sec
Fig. 2-26). Therefore, the relationship of bundle
size/strand solids is similar to that described
previously for strand solids.
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Figure 2-24. Izod Impact — ‘Chopped Strand
Length vs Bundle Cross-Sectional Area,
Polypropylene®

2-5.3.4 Glass Filament Diameter

In nylon, the flexural strength decreases with
an increase in filament diameter to about 50 x
103 in. as shown in Fig. 2-12 and then increases
with filament diameter. There arec two points
representing 29,000 psi flexural strength at a
strand solid level of 0.7%. At the low filament
diameter region, 30 X 105 in., and bundle size of
240 x 107 in?, there are a larger number of
filaments. Therefore, the glass surface area
available to come in contact with the matrix is
very large. Thus this region represents an effec-
tive use of the fiberglass surface. This efficiency
isreduced with the increase in filament diameter.
The strand solids should now be reduced to allow
better penetration of matrix polymer into the
bundles.

In the latge filament diameter region, a dif-
ferent phenomenon prevails. Now there arclarge
rods with high modulus contributing to the rein-
forcement. However, the surface area also con-
tinues to play an important role. As shown in Fig.
2-22the optimum flexural strength is obtained us-
ing small bundle sizes. The flexural strength of
nylon, therefore, seems to be significantly af-
fected by the filament diameter-strand solids in-

Izod Impact Strength, ftelbfin. notched
Simultaneous Bundle Size— Filament Diameter Effects, Polypropylene
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Figure 2-25. Izod Impact—Filament Diameter vs
Bundle Cross-Sectional Arca, Polypropylene®
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Figure 2-26. Heat Deflection Temperature —
Chopped Strand Length vs Bundle Cross-
Sectional Area, Polypropylene?
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teraction. This interaction has a quadratic effect.
The glass content is also significant and has linear
effect (Fig.2-35).

Filament diameter is a significant variable af-
fecting the flexural strength of polypropylene.
The glass content effect is significant but reaches
an optimum level at 23% loading. In Fig. 2-27, the
flexural strength increases with a decrease in fila-
ment diameter.

Table 2-18 indicates that a 10-um filament
diameter is superior to a 13-pm diameter for
polystyrene tensile and flexural properties. This
is attributed to the lower aspect ratio of the
13-pm filament.

The effect of filament diameter on the flexural
modulus of nylon 6/6 is given in Fig. 2-28. The
significant variables for flexural modulus are fila-
ment diameter and glass content.

Although glass content is the most significant
factor affecting the flexural modulus of poly-
propylene, there is an optimum fiber diameter for
this property as shown in Fig. 2-29.
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Figure 2-27. Flexural Strength—Filament
Diameter vs Strand Solids, Polypropylene®
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Figure 2-29. Flexural Modulus —Filament
Diameter vs Strand Solids, Polypropylene™
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The filament diameter of nylon has a linear cf-
fect on Izod impact strength as shown in Fig. 2-30.
Higher impact strengths are obtained using
larger filament diameters.

In polypropylene, all variables affect impact
strength significantly. Fig. 2-31 indicates that the
smaller diameter filaments are superior.

Figs. 2-32 and 2-33 indicate that the same fiber-
glass variables apply to the tensile strength as
well as the impact properties.

Heat deflection temperatures for strand solids
and filament diameter are given in Figs. 2-19 and
2-21 for both polymer systems.

2-5.3.5 Glass Fiber Length

The chopped strand length is more significant
in nolypropylene than in nylon. This is attributed
tothe lower viscosity of the polymer melt and the
casier flow of fiberglass strands through it. The
longer strands will tend to assume a straighter
position than in nylon, where this orientation is
resisted by the higher melt viscosity.

An increase in chopped strand length lowers
the heat deflection of nylon (Fig. 2-36). Strands
longer than 0.5 in. are distributed in the polymer
matrix differently than the short strands. The
long fibers tend to flow poorly and/or leave
unreinforced spots in the polymer. The short
strands distribute themselves better and cover
larger arcas in the polymer.

Effects of Filament Diameter, Nylon
Izod Impact, ftelb/in. notched
25 chopped strand length = 0.25 in.

glass content = 29.5%
L bundle cross-sectional area = 240x 10 7 in.2

1.5

Strand Solids, %
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os \ 1 /9/ }
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Figure 2-30. Izod Impact —Filament Diameter vs
Strand Solids, Nylon 6/6 (Ref. 21)

Additional data are shown in Figs. 2-19,-20, -21,
-22,-23,-24, and -26 for flexural strength and heat-
deflection temperatures of nylon 6/6, and Izod
impact and heat deflection temperatures of
polypropylene. See also par. 2-5.2 for discussion of
critical fiber length.

2-5.3.6 Glass Fiber Orientation

Maximum stiffness properties are obtained
when the glass fibers are fully aligned and tested
in the direction of alignment. Significant reduc-
tion in the tensile strength and flexural modulus
occurs as the fibers are randomly aligned. This is
illustrated in Table 2-16, where a 20% glass fiber
reinforced resin was molded using a 300-ton HPM
reciproscrew injection machine and a ram type in-
jection machine with a “torpedo” to separate the
flow. The significant reduction in tensile strength
and flexural modulus with the ram-molded
specimens is attributed to the observed lack of
alignment of the glass fibers. Varying the melt
temperature over the range 425° to 525° F did not
improve the properties®.

If the fibers are randomly oriented in three
dimensions, the reinforcing effect would be 0.167
of uniaxially aligned fibers measured in the fiber
alignment direction and the composite would be
isotropic. If the fibers are randomly oriented in a
plane, the factor is 0.33. Some degree of fiber
orientation is obtained during fabrication. If this

Effects of Strand Solid and Filament Diameter, Polvpropylene
Izod Impact, fteIb/in. notched

254

chopped strand length = 0.44 in.
glass content = 27.5%
bundle cross-sectional area = 490 X 10~ 7 in.2

201

154

Strand & lids %

1 | L
25 a6 52 70 87

Filament Diameter, in. x 105

Figure 2-31. Izod Impact —Filament Diameter vs
Strand Solids, Polypropylene®
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Effects of Filament Diameter, Nylon Effects of Strand Solid and Filament Diameter, Polypropylene
Tensile Strength, psi Tensile Strength, psi
254 25T
chopped strand length = 0.25 in.
glass content = 29.5%
bundle cross-sectional area =240 x 107 jn 2 20+
®
® ;
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7
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o
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25 36 52 70 87 rhopprd strand length = 0.44 in.
Filament Diameter, in. x 10° glass content = 27.5%

bundle rrosssectional arra = 490 x 10~ 7 in.2

Reprinted with permission. Copyright © by Society of the Plastics  Reprinted with permission. Copyright © by Society of the Plastics

Industry, Inc. Industry, Inc.
Figure 2-32. Tensile Strength — Filament Figure 2-33. Tensile Strength —Filament
Diameter vs Strand Solids, Nylon 6/6 (Ref. 21) Diameter vs Strand Solids, Polypropylene®

TABLE 2-16. MOLDING CONDITIONS AFFECT THE MECHANICAL PROPERTIES OF PRECOMPOUNDED
20% GLASS FIBER REINFORCED PROPYLENE POLYMER?’

Molding Equipment Used

Resin Property Reciproscrew Ram

Melt Temperature

during Molding, "C 425 425 475 525
Tensile Strength at
Break, psi 11,400 9,600 9,900 9,900
Flexural Modulus, psi
Secant 550,000 450,000 450,000 480,000
Tangent 590,000 475,000 495,000 —
HDT at 264 psi,"C 142 141 142 142

Notched Izod Impact
Energy at RT, ftelb/in. 16 14 13 15

Reprinted with permission. Copyright © by Society of Plastics Engineers, Inc.
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can be made to coincide with the service stress
direction, it can improve properties. However,
this will be offset by somewhat reduced proper-
ties in the other directions®,

A summary of the effects of geometric vari-
ables on the properties of nylon 6/6 and poly-
propylene composites is given in Table 2-17 and
Figs. 2-34 through 2-37.

2-5.3.7 Thermoplastic Matrix Properties

The chemistry of the thermoplastic matrix af-
fects the performance of the fiberglass. The

matrix variables that influence the reinforcement
mechanism include the active functional group on
the polymer chain and the molecular weight or
the viscosity of the polymer at its processing tem-
peratures.

The polymer viscosity influences the mobility
of the filaments in the melt and therefore their
distribution in the molded parts. The higher
viscosities act as shearing forces to degrade the
glass bundles and influence the bundle size
distribution in the matrix polymer system.

The chemical functionality of the plastics, i.e.,
their affinities for the glass surface, is illustrated

TABLE 2-17. THERMOPLASTIC REINFORCEMENT DESIGN VARIABLES EFFECT?!

Resin Response Linear Effect Quadratic Effect
Polypropylene Flexural Strength Filament Diameter Bundle Size
Glass Content Interaction of Filament
Chopped Strand Length Diameter and Strand
Solids
Flexural Modulus Chopped Strand Length -
Glass Content
Izod Impact Filament Diameter
(notched) Glass Content -
Bundle Size
Tensile Strength Filament Diameter Filament Diameter
Glass Content Chopped Strand Length
Heat-Deflection Filament Diameter Interaction of Chopping
Temperature Glass Content Lengths and Glass
Content
Interaction of Strand
Solid and Glass Content
Nylon Flexural Strength Filament Diameter Filament Diameter —

Flexural Modulus

Izod Impact
(notched)

Tensile Strength

Heat Deflection
Temperature

Strand Solids
Chopped Strand Length
Glass Content

Filament Diameter
Glass Content

Glass Content

Filament Diameter
Glass Content

Filament Diameter
Glass Content

Strand Solid Interaction

Interaction of Strand
Solids and Bundle
Size

Reprinted with permission. Copyright © by Society of the Plastics Industry, Inc.
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Figure 2-34. Flexural Strength —Interdependence With Fiberglass Variables,

Polypropylene®
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Reprinted with permission. Copyright © by Society of the Plastics Industry, Inc.

Figure 2-35. Flexural Strength —Interdependen
Nylon 6/6 (Ref.21)
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Figure 2-36. Heat Deflection Temperature —Interdependence With Fiberglass Variables,
Nylon 6/6 (Ref. 21)
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Figure 2-37. Heat Deflection Temperature —Interdependence With Fiberglass Variables,
Polypropylene®
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by the different responses obtained with poly-
propylene and nylon polymers as previously
shown. Polypropylene has very little affinity for
the glass surface. The glass reinforcement,
therefore, requires chemical bonding agents and
very high coupling site density. This is ac-
complished by increasing the fiberglass surface
arca to allow maximum glass-polymer bonding.

Nylon, on the other hand, contributes to the
overall interface bonding through its chemical
functional groups.

26 EFFECT OF PROCESSING CHAR-
ACTERISTICS ON COMPOSITES
2-6.1 MIXING TIME

Table 2-18 gives the effect of mixing time on
the tensile and flexural properties of various 256%
glass-reinforced polystyrene formulations. All
glass reinforcements were coated with a poly
(vinyl alcohol) size and an A-1100 silane coupling
agent. These results indicate that increasing mix
times results in a decrease in tensile and flexural
strengths but has only a marginal effect on flex-
ural modulus.

The aspect ratios of the samples tested ranged
from 150 at the low mixing times and high integ-
rity glass to 35 at the 5-min mixing time for
samples B and D. This parallels the drop in
strength properties.

The results also show that the very high in-
tegrity glass gives marginally better properties
over the high integrity glass, and the properties
fall as the integrity is reduced.

The best glass reinforcement for both the
Brabender mixed polystyrene and the Brabender
mixed and injection molding compounded poly-
propylene was a high integrity strand with 408
filaments of a 10-pm diameter, 1/4 in. or 1/8in.
long®.

Glass variables were not as important for nylon
6 due to the low melt viscosity of the polymer.
This reduces the shear stresses on the glass
strand and lowers the rate of dispersion of the
glass. However, Ref. 22 reports that marginally
superior results were obtained with HI/408/10 um
glass fibers.

2-6.2 SCREW SPEED AND BACK PRES-
SURE

The effectsof screw speed and screw-back time

2-32

TABLE 2-18. PROPERTIES OF BRABENDER MIXED
POLYSTYRENE/GLASS COMPOSITES 25% LOADING W/W
(AVERAGE OF AT LEAST FIVE REPLICATES),
SIZE - SILANEA-11002?

Mixing Time
Glass® Property® imin  2min 5 min
A: % HI/408/10 um TS 60 58.3 55.2
FS 05 100 848
FM 57 57 6.0
B: % MI1/408/10 um TS 524 48.6 438
FS 02 920 858
FM 58 6.1 58
C: % VHI/408/10 um TS 65.0 64.4 556
FS ° 06 97.2 89.5
FM 55 57 56
D: % HI/408/13 um TS 489 427 438
FS 88.6 82.7 70.3
FM 57 59 53
E: Y% HI/102/10 um TS 58.9 56.5 51.0
FS 94 8 834 716
FM 47 48 59
F: % HI/408/10 um TS 66.2 64.5 569
FS 07 993 910
FM 57 57 59

®Coded according to filament length (e.g., % in.); size constant
{e.g., HI, highly integrated); number of filaments per strand
{e.g., 408); and diameter of filaments {e.g., 10.m).

TS = tensile strength, MN/m?; FS = flexural strength, MN/m?;
FM = flexural modulus, GN/m?,

Tables and figures by R. W. Richards and D. Simms. © British Crown
Copyright; reproduced by permission of the Controller, Her Majesty's
Stationery Office. Copyright by IPC Science and Technology Press
Limited, 32 High Street, Guildford, Surrey, England, GU1 3EW.

(plasticization or screw-back pressure) on the
properties of directly mixed polypropylene com-
posites with various silane finishes are given in
Figs. 2-38 through 241. The best silane for op-
timum tensile and flexural strength was A-1100
under all machine conditions. The other two
silanes, A-189 and A-174, were not very effective
and, with the exception of A-189 at low screw
speeds, were little better than the control glass
XS-950 which had no silane treatment. The actual
strength values for the different silanes fall
rapidly with both increasing screw speed and
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*Silane Designation and Chemical Name??

Code
A172  vinyl-tris(3- methoxyethoxy)silane

A174 ~-methacryloxypropyl-trimethoxy-silane

A1100 y-aminopropyltricthoxy- silane

A186 (3(3.,4-epoxycyclohexyl)-ethyltrimethoxy-silane

A187 y-glycidoxypropyl-trimethoxy-silane

A1120 N-3-(aminoethv -y-aminopropyI-trimet hoxv-~ilane
A189 y-mercapto-propy - trimethoxy ~<ilane

XS950 no silane

Chemical Name

Tables and figures by R. W. Richards and D. Simms. © British Crown
Copyright; reproduced by permission of the Controller, Her Majesty’s
Stationery Office. Copyright by IPC Science and Technology Press
Limited, 32 High Street, Guildford, Surrey, England, GU1 3EW.

Figure 2-38. Tensile Strength vs Screw Speed
for PolypropylenelGlass Composites
[70% polypropylene GW522M, 30% glass
(1/8/H1/408/10 pm with A1100, A189, and A174
silane finishes; XS950 — 1/4/HI/13 um, no silane
finish.) Continuous lines are for dry samples;
broken lines are for samples which have been
immersed in water at 70°C for one day.*

screw-back time thus indicating that for optimum
strength, the lowest possible screw speed and
screw-back times should be used. In addition, no
polypropylene moldings with good appearance
were made with any glass treatment at screw
speeds of 25 or 50 revimin although they had max-
imum strengths. Thus, screw speed is more im-
portant than screw-back time in determining the
dispersion of fiber bundles. Also, a water soak at
70°C for 24 h had little effect on the strength/
processing curves.

Additional testing was done on various poly-
propylene composites at a screw speed of 200

-
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Screw Speed (screw-back time 10 s), revimin

Tables and figures by R. W. Richards and D. Simms. © British Crown
Copyright; reproduced by permission of the Controller, Her Majesty’s
Stationery Office. Copyright by IPC Science and Technology Press
Limited, 32 High Street, Guildford, Surrey, England, GU1 3EW.

Figure 2-39. Flexural Yield Strength vs Screw
Speed for PolypropylenelGlass Composites
(Composition of specimens and conditions are
the same as for Fig. 2-38./*

Te s 1v Strength, lemz

Screw-Back Time (screw speed 200 rev/min), s

Tables and figures by R. W. Richards and D. Simms. © British Crown
Copyright; reproduced by permission of the Controller, Her Majesty’s
Stationery Office. Copyright by IPC Science and Technology Press
Limited, 32 High Street, Guildford, Surrey, England, GU1 3EW.

Figure 2-40. Tensile Stress vs Screw-Back Time
for PolypropylenelGlass Composites (Composition
of specimens and conditions are the same
as for Fig. 2-38./*

revlmin and screw/back time of 10 s which pro-
duces visually acceptable moldings. The results
arcreported in Table 2-19. They show that A-1120
coatings give the best results both wet and dry.
The lower results for A-1100 are attributed to the
13-um diameter filaments.
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Figure 2-41. Flexural Yield Strength vs Screw-
Back Time for PolypropyleneclGlass Composites
(Composition of specimens and conditions
are the same as for Fig. 2-38./%

Figs. 2-42 through 245 show the tensile
strengths of various wet and dry nylon 6 com-
posites with screw speed and screw-back time.

The strengths of dry moldings first decrease
and then increase with increasing screw speed
and screw-back time. A-1100 glasslnylon 6
molding showed the highest overall strength
values when the screw-back time was above 10 s
and the screw speed was 200 revimin. The proper-
ties of these moldings are considerably better

than those for ready compounded glass-filled
nylon (F-193)} which was molded under the same
conditions. The F-193 moldings showed little
change of property with machine conditions. At
lower screw speeds and/or short screw-back
times, F-193 moldings gave superior strengths.
A-189 and A-174 glasslnylon 6 moldings showed
some improvement in properties over the un-
treated glass XS-950, but these materials are
greatly inferior in strength to A-1100 composites.

* It was not possible to obtain screw-back times

greater than 15 s with A-189 or A-174 treated
glass. The decline in properties of most com-
posites asthe screw speed increased from 25 to 50
revilmin and the screw-back time from 5to 10s
was attributed to mechanical breakage of the
glass fiber bundle without corresponding disper-
sion of the filaments. (The work on direct molding
was carried out with nylon 6 granules™.)

No visually acceptable composites were pro-
duced at screw speeds of 25 or 50 revimin with
any nylon 6 formulation tested, whereas accept-
able composites were produced at 200 revlmin at
most screw-back times.

The A-1100 glass/nylon 6 composites showed a
greater percentage change in strength after
water soak than the F-193. Only at the highest
screw speed and screw-back times did the direct
blend material show superior properties. The per-
formances of water-soaked A-189 and A-174 were
reversed, and the A-189 composites showed
values close to the untreated glass composites.

Tensile Flexural Yield Flexural (tan) Strain at
Glass Strength, MN/m> Strength, MN/m> Modulus, GN/m? Yield, %
Coating Dry Wet Dry Wet Dry  Woet Dry Wet
A-172 462 435 649 637 48 46 21 29
A-189 451 452 63.8 63.3 54 52 19 24
A-186 451 433 63.2 63.5 51 51 31 32
A-1120 485 513 692 733 54 49 18 21
A-187 454 436 68.1 64.0 53 48 25 33
A-1100' 442 - 709 - 53 - 24 -
XS-950 358 365 59.0° 589 53 48 - 44
(nosilane)®

bgtress at 5% strain

Tables and figures by R. W. Richards and D. Simms. © British Crown Copyright;reproduced by permission of the Controller,Her Majesty's
Stationery Office. Copyright by IPC Science and Technology Press Limited, 32 High Street, Guildford. Surrey, England, GU1 3EW.
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The property data of additional direct-
compounded nylon composites with 200 rev/min
screw speed and 15 sscrew-back time are given in
Table 2-20. The results of these visually accept-
able moldings indicate that silane A-1120 coated
glass behaves similarly to A-1100, and that A-186
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Figure 242. Tensile Strength vs Screw Speed
for Dry Nylon 6/Glass Composites [70% nylon
f114, 30% glass (1/8/H1/408/10 um with A1100,
A189, and A174 silane finishes; X5950 —
1/4/HI/408/13 pm, no silane finish.)[
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Figure 243. Tensile Strength vs Screw-Back
Time for Dry Nylon 6/Glass Composites
(Composition of specimens as for Fig. 2-42)*

may be a suitable alternative to A-1100 coated
glass.

2-7 COMPOUNDING

There are three basic methods for making
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Figure 244. Tensile Strength vs Screw Speed
for Wet Nylon 6/Glass Composites (Composition
of specimens as for Fig. 2-42)*
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Figure 2-45. Tensile Strength vs Screw-Back

Time for Wet Nylon 6/Glass Composites
(Composition of specimens as for Fig. 2-42)%
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TABLE 2-20. DIRECT BLEND GLASS/NYLON 6 (SCREW SPEED 200 rev/min, SCREW BACK TIME 155)22

Tensile Strength, Flexural Strength, Flexural (tan) Strain at Break
MN/m? MN /m? Modulus, GN/m? or Yield, %

Silane Dry  Wet Dry Wet Dry Wet® Dry Wet
A-189

25 rev/min 11.3 - 16.6 - 82 — 23 _

100 rev/min 12.1 — 16.3 _ 83 - 23 _

200 rev/min 120  2.63° 16.2 45 74 32 33 -
A-1120

25 rev/min 15.5 - 218 — 77 - 33 _

100 rev/min 15.4 - 2.7 _ 79 - 37

200 rev/min 16.6 6.36 238 93 79 39 3.8 40
A-172 153 685 217 10.3 83 40 42 -
A-186 165 787 241 114 83 4.4 34 -
A-187 154 6.42 214 9.0 70 43 28 39

'Stress at 5% strain
®Yield stress

Tables and figures by R. W. Richards and D. Simms. © British Crown Copyright; reproduced by permission of the Controller, Her Majesty's
Stationery Office. Cruyright by IPC Science and Technology Press Limited, 32 High Street, Guildford, Surrey. England, GU1 3EW.

glass-reinforced parts: direct feeding of polymer
and glass into injection molding machine, direct
feeding of a polymer-glass preblend into injec-
tion or extrusion machine, and molding precom-
pounded pellets. Each process has its advantages
and disadvantages. Also, the compounding pro-
cess can adversely affect end product properties
as shown in Table 2-21. In addition, each formu-
lation has its own problems. The different
rheological properties of the wvarious resin
systems require distinct melt conditions which
relate to the screw parameters used in the com-
pounding system. Temperature uniformity and
degree of mixing are also critical conditions
related to each specific formulation.?

2-71 COMPOUNDING PROCESSES

The equipment for production compounding of
glass-filled thermoplastics should possess:

1. Steady-state running conditions

2. Reproducibility of processing conditions

3. Easy cleaning

4. Versatility to adopt to new formulations

5. Ability to gencrate high enough internal
shear stresses to facilitate good dispersion of all
additives and glass fibers

2-36

6. Capability to expose cach particle to short
and equal stresses

7. Exact temperature control to regulate and
minimize heat history.

2-7.1.1 Direct Compoundingin an Injection
Machine

In this process resin and glass are fed separate-
ly into a hopper, and the glasslresin ratio can be
varied. Glass content can be as high as 35%.
Usually, chopped glass fiber is used, but Dow
Chemical Company, for example, has developed a
process where roving is used and the glass is
chopped above the hopper of an injection molding
machine. Direct compounding in an injection
machine has some limitations however because it
cannot be used over the entire range of ther-
moplastic materials. It is used primarily with
SAN, polystyrene, and the polyolefins®.

2-71.2 Compounding Preblended Material

Preblending chopped glass fiber with polymers
prior to extrusion of pellets or in direct injection
molding is well-known and widely used in the in-
dustry. This process in injection molding pro-
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TABLE 2-21. MECHANICAL PROPERTIES OF FIBERGLASS-FILLED POLYPROPYLENE, EFFECT OF
COMPOUNDING METHOD?3

COMPOUNDING TECHNIQUE

Single- Twin-Screw Twin-Screw Twin-Screw
Screw Continuous Direct Compounder Compounder Compounder
Extruder Mixer Molding 1 2 3
Wt % Glass Fiber 25 25 24 25 23 27
Type of Fibers 14 in. 1/4 in. 174 in.
Chopped Chopped Chopped Roving Roving Roving
Class Glass Class
Tensile Strength, psi 5400 4700 7000 4900 5800 7700
Flexural Modulus, psix 10° 470 460 700 600 555 700
Izod Impact, ft e Ib/in. 1.0 0.7 2.2 0.9 1.1 14
notched
Heat-Deflection Temperature 206 153 220 203 184 265
at 264 psi, " F
Fibers Smaller Than 0.5 mm, % - - - - _ 29

REMARKS Glass was fed
into the feed

section

Screw with very  Moderate screw  Mild screw after
strong sections  after addition of addition of glass
after addition glass (No. 14)

of glass

Reprinted with permission. Copyright © by Society of Plastics Engineers, Inc

vides good propertics and offers economic advan-
tages, especially where high volume is involved.
Normally, only powdered polymers can be used
because it is difficult to obtain a good dispersion
of fiberglass in the end product with pelletized
feed stocks. Glass fiber attrition is minimized
with the dry blend technique, but the glass fiber
bundles may not be adequately dispersed. The
glass fiber bundles can be observed throughout
the part in many instances and may produce a
very rough surface on the molded part. This
technique is not suitable for compression molding
parts.

2-7.1.3 Compounding Glass/Polymer Pellets
There are basically two methods of making

glass fiber-reinforced thermoplastic pellets —
discontinuous and continuous.

2-7.1.3.1 Discontinuous Method

In the discontinuous method only chopped
glass is used. High and low shear stresses are
developed in this compounding technique, de-
pending on how the glass fiber is blended.

In the high shear process, the polymer and
chopped glass are charged into a high intensive
mixer, such as a Banbury®, and the blend is com-
pounded. Here, the polymer and glassreceive the
same shearing action of the rotors. Thus during
the melting stage, viscosity is very high, and the
glass fiber filaments can be easily broken down to
the critical length or even lower.

In the low shear process, the polymer is fluxed,
and the chopped fibers are introduced into the
melt. The shear stresses in this'method are much
lower, and longer fiber length can be expected in
the final product.

2-37



DARCOM-P 706-314

In both these cases, the compound is dis-
charged from an intensive mixer and must be
subsequently extruded to obtain the final pellet-
ized material. Total compounding time through
the mixer and extrusion system is relatively long.
This lengthy contact of the abrasive glass with
the machinery can cause abnormal wear of the
various internal components. In addition, this
process is limited to polymers which do not have a
high degree of crystallization, but rather a broad
softening range. Polymers which have a sharp
melting point cannot be economically processed
in this manner®.

2-7.1.3.2 Continuous Method

There are two methods of producing glass fiber
reinforced thermoplastic pellets in the continuous
systems —the coating process and the compound-
ing process. The coating process is usually re-
ferred to as the Fiberfil® process where a cable-
coating technique is used. Six to cight strands
with about 100-150 individual filaments each are
coated with a thermoplastic melt. The coated
strand is then cooled and cut into pellets. The
length of the fibers is approximately the length of
the pellets. The glass in the pellets is not readily
dispersed or wetted by the plastic. Also, depend-
ing on molding conditions, only about half of the
glass is dispersed in the molded item. The remain-
ing is undispersed. This lack of homogeneity
creates problems for the production of com-
plicated or thin-walled parts.

The compounding process involves a single or
multiscrew extruder. The process can be carried
out with cither roving or chopped strands. In
both cases, homogenization is considerably better
than in the coating process. The bundled glass
fibers come apart in the machine, and the glass
fiber filaments are better wetted by the plastic
melt. Volatiles in the compound can affect the
wetting of the fibers by the plastic melt. Volatiles
consist of air, water, solvents, and monomers con-
tained in the plastic or released from the sizing
agents on the glass fibers. This process permits
use of equipment with suitable degasing vents for
removal of these volatiles after the glass fibers
have been added. Some equipment is designed to
remove the volatiles after the glass fibers are
added downstream into the melt.

The length of the glass fiber is usually shorter
in the compounding process than in the coating
process. However, it produces a spectrum of
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various glass fiber lengths. The width of this
spectrum and the average glass fiber length de-
pend mainly on the compounding.technique used
and on the screw geometry. The melt rheology of
the plastic also plays an important role in glass
fiber length and glass fiber length distribution
during processing.

After compounding, the glass fiber composites
arc pelletized by strand cutting or by the melt-
cutting process. The latter process is especially
advantageous in high volume production.

In a continuous system, two essential elements
arc absolute control over residence time and
residence time distribution. The residence time
must be short and uniform during compounding
to minimize heat history. Machine design, screw
rpm, and throughput generally determine resi-
dence time. Continuous machines do not have an
exact residence time but a residence time spec-
trum. Uniformity of a continuous operation is
determined by the type of spectrum obtained.

2-7.2 EXTRUSION OF GLASS-RESIN
PELLETS
2-7.2.1 Single-Screw Extruders

Generally, single-screw extruders use a chop-
ped glass fiber preblend. The preblend is con-
veyed through all three stages of the extrusion:
conveying, compression, and metering. It is dur-
ing the compression stage, when the polymer
melting occurs, that the glass fiber lengths are
reduced by the high shear stresses. Usually, a
venting section is employed after this stage to
remove any volatiles. The material is then pushed
through a die. Increasing head pressure damages
the glass fiber which affects the properties.
Therefore, head pressure must be kept as low as
possible.

Glass fiber, chopped or in roving, can be fed
separately into the extruder. In this instance, the
rotation of the screw must be sufficient to pre-
vent problems resulting from the buildup of the
material in the feed pocket. Glass damage can be
reduced during the melting stage by using a
screw geometry which permits gradual melting
from external heat and not solely from mech-
anical enegy input. Wear will occur all along the
machine but will differ along the screw length,
particularly where the glass fibers are added.

Chopped glass can also be fed downstream into
the molten polymer via gravity feeds or metering
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equipment through a vent port or side feed unit
attached to the barrel.

The screw geometry can be quite different
when chopped glass is used instead of roving. The
chopped glass only has to be wetted by the
polymer, the volatiles removed, and the melt
forced through a die. Usually, straight conveying
sections are used with various leads. For those
polymers that are difficult to homogenize, a small
neutral kneading section is incorporated.

The plastic compound can be degased at the
same time as the glass fibers are added, by apply-
ing a vacuum at any desired point. The compound
can also be colored during the same process. The
pigments or additives are distributed and dis-
persed mainly in the plasticizing section, and this
is continued in the glass fiber blending zone.

Single-screw extruders do not permit as wide a
degree of processing flexibility as twin screws
due to the fixed design parameters as screw con-
figuration and L/D ratio.

2-7.2.2 Continuous Mixer Systems

In the continuous mixer system the glass must
be in chopped form. The glass fiber and polymer
are charged into a continuous rotor where blend-
ing results in additional glass breakage. This can
be fed into a chamber where the polymer is
already molten, thus reducing shear stresses.

2-7.2.3 Twin-Screw Extruders

Twin-screw compounding extruders have in-
termeshing and corotating screw components.
The screws intermesh and clean each other, dead
corners are avoided, and the material is forced
uniformly through the machine. This results in a
thorough mixing of the polymer and glass. Be-
cause the screw is built up of individual segments
which slide onto the shaft, these segments can
vary in length, leads, and lead direction. Special
kneading components can also be used to provide
different kneading intensities; therefore, it is
possible to tailor screw geometries to specific
material requirements. Polymers with high melt
viscosities or polymers with a high glass loading
(40% or higher) require “milder” screw designs
than polymers with low melt viscosity or low
percentage of glass (30% or less). In addition,
small kneading elements or screw elements with
reversed flights can be employed to effect the
final fiber length distribution. The effect of twin-

screw design on physical properties of glass-
reinforced polypropylene is shown in Table 2-21.

Twin-screw extruders use preblends or sep-
arate components. The glass can be roving or
chopped. The material can be metered into the
feed throat or downstream into the melt through
a degassing port or side feeder. The equipment is
usually stave-fed to prevent segregation when
throat fed. These compounders have relatively
high screw speeds (200-300 rpm) so they are not
limited by the conveying capacity of the screws.
Screw speed can be varied independently of
polymer feed rate to adjust the glass fiber feed.
Roving spools can be set along the machine or
placed in creels and pulled into the machine from
one end. The geometry of the screw downstream
from the roving feed port is largely responsible
for the fiber length and the homogeneity of the
compound.

2-7.24 Specially Designed Extruders

There have been many innovations patented in
the design of extruders and extrusion com-
ponents to improve uneven feeding, conveying,
mixing, and temperature control. For example, a
new type of compounding extruder (ESK Series)
has been patented by Werner & Pfleiderer Cor-
poration which consists of both twin-screw and
single-screw sections (see Fig. 2-46).

The feed section of the ESK contains a twin-
screw which feeds into a single-screw compound-
ing section. Engineered for complete operational
flexibility, the ESK is constructed on the building
block principle. The screw and barrel sections are
designed so that it is possible to vary the length
of the machine.

Also both the twin-screw and single-screw sec-
tions have interchangeable components. The
screws are made up of individual segments which
slide onto the shaft. These segments can vary in
length, leads, and lead direction. Special kneading
components for different kneading intensities can
also be used.

QUITTANY

e
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Figure 2-46. ESK Extruder?”
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This interchangeability of screw components
enables the processor to select and assemble the
proper screw and kneading block arrangement
needed to obtain maximum production efficiency
for a specific material or process.

The barrels are also made up of individual sec-

tions which are connected by bolts and held in

place by support plates. Three types of barrel sec-

tions are available: sections with a feed opening,
closed sections, and sections with vent-ports.

Additional flexibility is engineered into the
twin-screw section. The screws can be selected to
be corotating, counterrotating, intermeshing, or
nonintermeshing®.
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CHAPTER 3
PROPERTY DATA

Property data for GRTP s are presented in two major breakouts. In the first breakoult, the basic
resins—styrene acrylonitrile (SAN), polycarbonate, polysulfone, polyacetal, polypropylene,
polyphenylene oxide (PPO), nylon, modified PPO, and polyvinyl chloride—are treated as the indepen-
dent variables; and the physical, mechanical, electrical, thermal, chemical, and weathering
characteristics are treated as the dependent variables. In the second breakout, the functional relation-
ships are reversed, i.e., the properties are the independent variable and the resins are the dependent
variable. ASTM test methods by which the physical values were determined are listed. The physical

data versus resins are presented in both tabular and graphic form.

3-1 INTRODUCTION

The purpose of this chapter is to present prop-
erty data on GRTP’s. The first division of this
chapter —pars. 3-2 through 3-6 — coversthe phys-
ical, mechanical, electrical, thermal, chemical, and
weathering characteristics of various glass-rein-
forced resin systems in a comparative fashion.
The intent is to familiarize the reader with the
ranking of the material in the different properties
for resin type consideration. Also discussed are
the effects of glass reinforcements on material
properties.

The second division —pars. 3-7 through 3-24 —
presents property data relative to each resin
system. Its purpose is to narrow the selection of
resin-glass systems into specific commercial for-
mulations for engineering purposes.

32 PHYSICAL AND MECHANICAL
DATA

Tables 3-1* through 3-22 and Figs. 3-1 through
3-30 compare the physical and mechanical proper-
ty data of 25 engincering GRTP’s as well as the
effects of glass reinforcements. The data repre-
sent both short- and long-term performance.

3-2.1 SPECIFIC GRAVITY (ASTM D792)

The increase in the specific gravity of glass-
reinforced molding compounds as given in Table
3-1 is directly proportional to the amount of glass.
Fig. 3-1 shows the specific gravity of nylons 6 and
6/6 with varying amounts of glass. The specific
gravities of these nylons are essentially the same.

*NOTE: All figures and tables appear at the end of the chapter.

Polymer systems with the lowest specific
gravities are the polypropylenes and poly-
ethylenes; the highest are the fluoroplastics and
the acetals.

3-2.2 HARDNESS (ASTM D785 ROCKWELL
AND ASTM D2240 DUROMETER)

The hardness, as determined with the Rockwell
Hardness Tester, is a measure of the material
resistance to indentation by a spherical indenter.
The higher the Rockwell hardness number, the
harder the material. The scale is given in Table
3-5. The measured property is determined pri-
marily by the eclastic modulus of the material.
Therefore, the addition of fiberglass increases the
hardness, due to the elastic modulus being in-
creased with increasing glass content.

The hardness, as determined with the type D
Durometer, is a measure of resistance to indenta-
tion by a pointed indenter.

Some of the harder materials are the ABS’s,
SAN’s, nylons, polycarbonates, modified PPO,
and polyether sulfones. The softest materials are
the polypropylenes, polyurethanes, and fluoro-
polymers.

3-2.3 WATER ABSORPTION (ASTM D570)

Water absorption of thermoplastic resins is
lowered with glass reinforcements as indicated in
Table 3-1. Exceptionally low water absorption is
found in glass-reinforced (GR) fluoropolymers,
PVC, polyethylene, polypropylene, modified poly-
phenylene oxide, polyphenylene sulfide, polycar-
bonates, and polyesters. The poorest systems are
the nylons 6, 6/6, 6/10; and acetals. Other nylons
such as nylons 11,12, and 6/12 are comparable to
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other engineering materials such as ABS, poly-
ether sulfone, and polysulfones.

The changes with moisture content are depen-
dent upon orientation of the glass fibers. The
least dimensional change occurs in the direction
of fiber orientation; see Fig. 3-2. Slightly more
change can be noted in the transverse direction.

The reduction of water absorption for glass-
reinforced nylons 6, 6/6, and 6/10 exceeds that ex-
pected for simple replacement of the resin by
glass fibers. This has been attributed to the
greater affinity of the amide groups of the nylon
resin for the glass-fiber sizing systems than for
water®.

The 24-h water absorption of GRTP's at 23° C,
as indicated in Table 3-3,ranges from 0.024% for
PVC to 0.25% for polyacetal. The saturation
(23° C) values range from 0.11% for modified PPO
to 1.85% for nylon 6/10. The absorption values in
100° C water exhibit a range from 0.40% for
modified PPO to 5.41% for PVC after immersion
for 5,000 h. This reverse ranking for short-term
versus long-term water absorption for PVC
results not only from wetting characteristics but
also from the leaching of stabilizers and subse-
quent replacement with water.

The effect of boiling water on the tensile
strength of a series of glass-fortified ther-
moplastics is presented in Table 3-4. The 30%
glass-reinforced PPO, polysulfone, and poly-
propylene compounds exhibit outstanding long-
term hydrolytic resistance in 100° C water, while
the 30% glass-fortified nylon 6/10, modified PPO,
and PVC exhibit intermediate resistance to
100° C water environment. This test method pro-
vides both a hydrolytic attack and an oxidative at-
tack. The oxygen content of the water was main-
tained by changing it weekly in the test flasks.

In highly permeable resins, a greater degree of
hydrolysis takes place along the fibers and wick-
ing occurs. For example, under long-term expo-
sure, 30% glass-reinforced acetal was hydrolyzed
to such a degree that the composite had less
stability than the unmodified resin. A ranking of
long-term hydrolytic aging of a series of 30%
glass-reinforced resins tested is polypropyl-
ene > polysulfone > PPO > modified PPO
> PVC > nylon 6/10 > polyacetal > SAN
> polycarbonate.

3-2.4 MOLD SHRINKAGE (ASTM D955)
Mold shrinkage varies with changes in injec-
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tion pressure, melt temperature, mold tempera-
ture, wall thickness, flow direction, and reinforce-
ment. Shrinkage decreases with increasing injec-
tion pressure, melt temperature, mold tempera-
ture, and glass reinforcement. It increases with
part thickness and gate thickness.

Mold shrinkage of all GRTP's is anisotropic.
Shrinkage in the direction of material flow is
always less than in the transverse direction. This
is due to the orientation of glass fibers in the
material. The glass fibers tend to align them-
selves in the direction that the material is mov-
ing, and when solidification occurs, the glass
fibers inhibit the shrinkage of the material in this
direction.

Of all the variables, wall thickness has the most
significant effect on mold shrinkage. More spe-
cific data on mold shrinkage are available in
Chapter 5, "Processing".

3-2.5 STRENGTH AND RIGIDITY

Plastics are viscoelastic. Their behavior is part-
ly elastic and partly that of a very'viscous fluid.
Properties of strength and rigidity vary with
amount of stress, the rate of loading, and the tem-
perature at which the stress is applied. Visco-
clastic behavior requires performance tests to
measure time dependence. The viscoelasticity of
plastics also severely limits the usefulness of
many short-time tests such as impact, tensile, and
flexural strengths; and modulus. Unfortunately,
such test data are very widespread because they
are casier and cheaper to obtain than time- and
temperature-dependent information. These data
can cause much confusion and disappointment
when used for plastics. Short-time data are useful
for quality control and specification purposes, and
if properly interpreted, can shed some light on
plastic performance. However, they cannot be
used in design and are more often than not mis-
leading because they do not account for the visco-
elastic behavior of plastics.

3-25.1 Tensile Strength

Tensile strengths (ASTM D638} in Table 3-1
ranged from a low of 3,000 psi for 25% glass-rein-
forced FEP to 33,000 psi for 60% glass-filled
nylon 6/6. The glass reinforcement improved all
tensile strengths with the acetals, nylons, poly-
carbonate, polysulfone, PVC, and polyester resins
being increased significantly. Tensile strengths
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as a function of glass contents are presented in
pars. 3-7 through 3-24.

Table 3-2 compares the tensile stress of twelve
glass-reinforced resin systems and three long
glass-reinforced thermoplastic resins. ASTM
D1866 type L specimens were chosen. The ulti-
mate tensile stress of all glass-reinforced systems
increased with the increasing load rate.

The glass-reinforced polyurethane, PVC, and
polyester resins had the greatest rate sensitivity,
while the glass-reinforced polystyrene, SAN,
polycarbonate, polysulfone, and nylon 6/6 resins
had the least.

The long glass-reinforced thermoplastic resins
generally exhibit lower ultimate tensile stress
values as a function of straining rate than do the
corresponding shorter length glass-fiber rein-
forced resins.

Work-to-break for twelve different GRTP
systems and several long glass systems as a func-
tion of speed-of-loading is shown in Figs. 3-3
through 3-9.

All GRTP resins exhibited an increase in work-
to-break with increasing rate-of-straining except
for 30% glass-reinforced polypropylene. The long
glass polycarbonate, nylon 6, and nylon 6/6 resins
exhibited lower work-to-break values over the en-
tire range of test speeds than the corresponding
shorter glass length reinforced resins.

The glass-reinforced nylon 6/10, nylon 6, nylon
6/6, polycarbonate, and polysulfone resins had the
greatest straining rate sensitivity.

The 30% glass-reinforced polypropylene resin
has a unique decrease of approximately 25% in
work-to-break with increasing test speed above
the 0.05 in./min range (Fig. 3-4). An extremely
large work-to-break value is demonstrated by the
40% glass-reinforced polyurethane resin (35D
Shore Durometer Hardness Base Resin) at the
0.05 in./min straining rate (Fig. 3-9).

The effect of temperature on tensile strength is
shown in Figs. 3-10 and 3-11. Fig. 3-11 clearly
shows the improvement of tensile strength at
higher temperatures of glass-reinforced systems
over the nonreinfarced counterparts. In both
cases the 30% Noryl performs well.

Tensile creep also provides a realistic assess-
ment of strength. It is particularly valuable at
elevated temperatures where failure of parts
under load by creep rupture is a real possibility.
Creep rupture is failure by breaking that occurs
with time after a material has been placed under
constant load, usually at stresses well below the

short-time tensile strength. The rupture may be
either ductile, through yielding and drawing; or
nonductile, i.e., sudden and catastrophic.

Creep rupture tests are the only valid criteria
for determining the strength of reinforced
plastics. The stress-strain rupture properties,
such as tensile strength and flexural strength, do
not predict long-term rupture performance and
do not necessarily rank materials in the right
order with respect to end-use performance. Ex-
amples of the improvement of tensile creep with
glass reinforcement are presented in pars. 3-8
through 3-24.

3-2.5.2 Flexural Strength (ASTM D790)

Flexural strengths of GRTP resins in Table 3-1
follow the same pattern as tensile strengths
although they are generally 40-50% higher. The
static stress-strain rupture properties such as
flexural strength do not predict long-term per-
formance and donot necessarily rank materials in
the same order as time-dependent studies. Prop-
erty data detailing the effects of temperature,
humidity, and time on flexural performance are
presented in pars. 3-8 through 3-24.

Figs. 3-12 through 3-19 compare the flexural
creep of various 30% glass-reinforced systems at
73° F and 2000,2500, and 5000 psi stress. As with
nonreinforced plastics, there is a marked sen-
sitivity of creep to variables of temperature and
stress.

3-2.5.3 Shear Strength (ASTM D732)

The punch-type of shear shown in Table 3-1 for
reinforced systems generally yields results ap-
proximating the tensile yield strength (ASTM
D638) values for unreinforced thermoplastic res-
ins. The lower tensile elongation and increased
notch sensitivity of the glass-reinforced thermo-
plastic materials apparently contribute to limit
the increases in shear strength below the large in-
creases noted in other tensile related properties
for reinforced thermoplastics.

3-2.5.4 Composite Strength

The prediction of composite strength is far less
developed than the prediction of stiffness. Never-
theless, a rcasonable first approximation has
been obtained by using the old-fashioned netting
analysis. The axial strength of an aligned com-
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posite is assumed to be given by the rule of mix-
tures modified to take into account the fiber
length. The composite transverse and shear
strengths are assumed equal to the tensile and
shear strength of the matrix. The composite
strength in any direction other than along the
principal axis is given by the maximum distor-
tional work criterion of failure. For a random-
fiber composite the strength is then assumed to
be equal to the average of the strengths at all
angles in a unidirectional composite.

The experimental values of GRTP’s fall be-
tween the predictions for aligned fibers and ran-
dom fibers®. This is attributed in Ref. 6 to the fact
that the experimental values were obtained on
end-gated injection-molded tensile specimens in
which there was some degree of fiber orientation.
Therefore, the strength of a reinforced thermo-
plastic system was estimated by taking a value
midway between the predicted values for a fully
aligned and a completely random composite®.

3-2.5.5 TImpact Strength

Impact strengths are measured by several
methods. The Izod impact strength test (ASTM
D256) and Charpy tests measure the energy to
break a standard test specimen in cantilevered
flexure under stipulated conditions of specimen
mounting, notching, and rate of loading. The ten-
sile impact strength test (ASTM D1822) measures
the energy-to-fracture standard test specimens
under stipulated conditions. Drop-weight impact
tests simulate a type of impact stress found in ap-
plications because they consider velocity as well
as energy at impact. Data on Izod notched and un-
notched impact strengths as well as tensile im-
pact strengths for GRTP’sare shown in Table 3-1.
Work-to-break data are shown in Figs. 3-3
through 3-9.

All impact tests suffer from some weaknesses.
Izod impact sums all the energy required to break
the specimen, including those to bend, draw, and
tear resin and fibers. Other notched specimen
pendulum tests such as the Charpy test also suf-
fer from most of the same limitations. Tensile im-
pact tests which use unnotched specimens are
considered only slightly better’.

The notch used in both the Izod and Charpy
tests produces a severe stress concentration. For
example, the standard Izod notch of 0.01 in. is
sharp enough to be considered an artificial crack.
Therefore, the energy measured in these stan-
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dard tests reflects the resistance of the plastic to
propagating a crack.

Drop-weight testing has two main problems.
First, the test is a go or no-go type; therefore, a
large number of specimens are required to obtain
a numerical test value. Secondly, the criteria for
failure are more difficult to define. However, with
proper equipment designed to minimize data scat-
ter, drop-weight testing offers a single impact
test that can rank materials with respect to prob-
able impact performance in a large number of end
uses. The criteria for failure can be defined in
many ways— such as energy to initiate a visible
crack, energy to produce a specific deformation
(forductile materials),or energy to shatter or pro-
duce a hole through a particular specimen.

GRTP’s normally fail in a brittle manner.
Therefore, the energy to initiate a crack is the
most meaningful to the designer or end user.

To improve the go or no-go data of standard
drop-weight tests and the single speed limitations
of simple impact testers, high-speed testers have
been developed. These apply shock loads to
specimens over a range of speeds. This type of
tester has the advantages of the drop-weight
tests and produces test data in the form of load-
displacement curves. These curves can then be
converted into stress-strain curves. The test data
can also provide strength at crack or yield,
energy to crack or yield, and modulus—all as a
function of speed and temperature’.

The usual variables in impact strengths —such
as resin system, specimen gecometry, notch
radius, molding condition, straining rate, and
magnitude of applied load —are further compli-
cated in GRTP polymers by the average fiber
length and length distribution, coupling agent
used, fiberglass loading level, and dispersion of
glass fibers.

A comparison of notched and unnotched Izod
impact strengths is given in Table 3-1.

The superior performance of 25% glass-rein-
forced PVC, 30% glass-reinforced polystyrene in
unnotched Izod impact strength, and tensile-
impact values (Table 3-1), when compared to
work-to-break values at various loading speeds
(Figs. 3-5 and 3-9), demonstrate the weakness of
the notched Izod test for comparing the tough-
ness of these materials.

The data in Table 3-1 indicate that increased
notched Izod impact strengths are attained with
glass-reinforced nylons 6, 6/6, and 6/10; SAN;
polyesters; polysulfone; PVC; polycarbonate; and
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polyphenylene sulfide. Decreased strengths are
obtained with many other systems such as poly-
acetal, FEP, and polyurethane.

The unnotched Izod impact strengths of
thermoplastic resins are generally reduced by the
addition of glass fibers. Also, the addition of
flame-retardants usually results in decreased im-
pact strength. The glass-reinforced nylon,
polycarbonate, and polyurcthane resins are
regarded as the toughest of the reinforced
thermoplastic resins.

A comparison of long glass versus standard
glass reinforcements indicates that the long glass
specimens have superior notched Izod impact
strength; but inferior unnotched Izod impact
strength, tensile impact strength, and work-to-
break values in tension at all loading speeds.

Glass-reinforced nylon resins, equilibrium
moisture-conditioned at 50% RH, have yielded up
to a 40% increase in notched Izod impact
strength when compared to the corresponding
dry-as-molded specimens’.

A relative ranking of the unnotched Izod im-
pact strength for glass-reinforced thermoplastic
resins in Table 3-1 follows: Polyurethane > Ny-
lon 6/10 > Nylon 6 > Nylon 6/6 > Polysulfone
> Polyester > PVC > Polyethylene > Poly-
propylene > SAN > Polystyrene.

A relative ranking of the tensile-strength for
the same glass-reinforced resin systems follows:

Polyurethane = Nylon 6/10 > Nylon 6/6

> Polycarbonate > Polysulfone > Polyester
> PVC > Polyethylene > Polypropylene

> SAN > Polystyrene.

If impact plays a critical role in an application,
then prototype testing is a must as exemplified
by the previous discussion.

3-2.6 RIGIDITY (ASTM D638 and D790)

Tensile and flexural moduli of thermoplastics
arc dramatically increased with glass reinforce-
ment as shown in Table 3-1. Three- to five-fold in-
creases in flexural modulus can be readily ob-
tained in thermoplastic resins with the addition
of glass fibers. Flexural modulus values to
1,300,000 psi can be realized with the addition of
30% glass fibers to 6/6 nylon. The flexural
modulus data comparison is presented to demon-
strate the ability of glass fibers to increase
dramatically the rigidity of a series of thermo-

plastic resins. The modulus data in Table 3-1 do
not consider the effects of time, temperature, and
straining rate on long-term rigidity. These data
are generally available for most of the reinforced
resin systems presented.

Fig. 3-20 compares the flexural modulus versus
temperatures for four 30% GRTP's. Because
modulus is a frequently appearing property in
mechanical design equations, creep data often are
plotted as apparent or creep modulus. These data
are shown in Table 3-6 for GRTP's. As can be
seen, the apparent creep modulus improves with
glass reinforcement. Generally, the creep mod-
ulus of the reinforced thermoplastics decreases
as stress and temperature are increased. How-
ever, the creep modulus data for reinforced
nylon, acetal, polyester, polysulfone, and poly-
vinyl chloride appear to be less dependent on
stress under the conditions of this particular test.
When creep modulus data at different stresses
coincide —a phenomenon known as the Boltzman
superposition —there is an obvious reduction in
the amount of testing required. However, such a
relationship is both temperature and stress
dependent, and must be confirmed at the condi-
tions of interest for the specific material in-
volved. Other techniques, such as time-tempera-
ture superposition and other empirical correla-
tions, also have been devised to simplify the time-
dependent response of plastics'.

Fig. 3-21 shows the variation of 100-s 0.5% ten-
sile secant modulus with temperature. The
results indicate the significant improvement in
properties by reinforcing the polymer matrices
with glass fibers. The stiffness between rein-
forced and unreinforced thermoplastics remains
fairly constant over the temperature range from
20° to 100° C. The most outstanding thermo-
plastic material in terms of stiffness is the 30%
glass-filled Noryl (J).

An interesting fact, not brought out by single-
point testing, is revealed in Fig. 3-22 which shows
the variation of the 100-s tensile secant modulus
with strain. This indicates that at strains, not
high by normal plastics standards, the modulus
values of the reinforced materials have dropped
considerably. This presumably indicates that the
bond between the fibers and the matrix has failed
and the material has yiclded. Some materials are
better than others. These results indicate caution
when using reinforced thermoplastics at strains
greater than 0.01.

The modulus for an aligned-fiber. composite in

3-5
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the direction of the fibers can be predicted by the
Halpin-Tsai equations, taking into account the
aspect ratio of the fiber. Such equations tend
toward the “rule-of-mixture” equation for large
aspect ratios. The major Poisson’s ratio can also
be predicted by the rule of mixtures. The mod-
ulus transverse to the fibers and the shear
modulus are given by the Halpin-Tsai equations
fitted to the results developed by Tsai ef al. for a
square array of fibers. In all these equations a
time-dependent value of the matrix modulus is
used to give a time-dependent predicted value.
These principal elastic modulus values are linked
together using the transformation equations to
give the values at any angle. Finally, the laminate
approximation is used to predict the properties of
a random-fiber composite®.

Experimental results, obtained from testing
end-gated injection-molded tensile specimens in
which there was some degree of fiber orientation,
were estimated with confidence by taking a value
midway between the predicted values for a fully
aligned and a completely random composite®. This
is shown in Fig. 3-23.

3-2.7 FATIGUE (ASTMD671)

Under repeated cyclic stress, GRTP’s will fail
intime at stresses considerably below their static
breaking strength. The number of cycles to fail-
ure is usually a characteristic of the material, but
depends upon the stress, temperature, cycle rate,
and other factors such as glass contact.

The basic mechanisms of fatigue failure in ¢las-
tic materials such as metals are explained in
terms of catastrophic brittle fracture. The hy-
pothesis postulates the initiation of very small
cracks near microscopic flaws, voids, or disconti-
nuities at stresses lower than the static breaking
strength. Once begun, the crack propagation is
promoted by the repeated stress until the cracks
become so severe that catastrophic fracture oc-
curs. However, plastics are viscoelastic materials,
and their fatigue cannot be wholly explained by
this mechanism. Many plastics show ductility in
fatigue. A major factor in fatigue of plastics is
damping, in which a significant portion of the ap-
plied energy is dissipated as heat. This heat rise
causes thermal softening.

It has been shown that heat rise during fatigue
is directly proportional to the damping capacity
of the material. Heat rise is specifically propor-
tional to damping as measured by loss compli-
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ance, a fundamental mechanical property of plas-
tics. Thus loss compliance is a measure of energy
dissipated as heat under cyclic stressing’.

The result of most fatigue testing is the genera-
tion of S-N curves. These curves plot stress S
against the number of cycles to failure N. The
data are obtained by testing many specimens to
failure at different stress levels. As with any type
of time-dependent strength property, the life to
failure increases as the stress is decreased. Also,
an endurance limit is reached, i.e., a maximum
stress above which the material will not with-
stand cyclic stress indefinitely. For experimental
convenience and time required, fatigue tests are
usually discontinued if failure has not occurred by
10 million cycles.

Different types of stress situations are common
in fatigue testing—including constant strain,
alternating tension and compression, or flexural
stress. These stresses may cycle around some
preset limit, or they may alternate from a mean
stress or strain of zero. These various methods
will produce significantly different results in
plastics. Therefore, the test conditions should
simulate as closely as possible the actual applica-
tion. Effects of various variables and the ranking
of different materials may casily be reversed by
choosing different test conditions.

Fig. 3-24 shows S-N curves for different
materials. In general, GRTP’s as a class of
materials have significantly greater fatigue
strengths than unreinforced thermoplastics, due
to their inherently greater rigidity and lower
damping.

Investigations have shown that many factors
contribute to the fatigue strength of GRTP’s. The
four primary factors are matrix strength and
clongation, glass fiber length, and resin-fiber
bonding strength. Strong matrix materials and
short fiber reinforcements enhance fatigue
strengths as well as good bonding strengths.

The propagation of fatigue cracks is controlled
by fiber distribution and the toughness of the
matrix materials. Fatigue damage initiates in all
materials by debonding mechanisms™.

3-2.8 WEAR, FRICTION, AND GEAR TOOTH
STRENGTH

The addition of glass fibers and polytetra-
fluoroethylene (TFE) to thermoplastic resins
results in composite materials offering high per-
formance capability for gears, bearings, cams,
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slides, and ratchets. Table 3-7 compares the wear
factor, coefficient of friction, limiting PV, and
gear tooth strength of unreinforced and glass-
reinforced TFE filled thermoplastics.

3-2.8.1 Limiting Pressure-Velocity (LPV)

The load and velocity capability of cach bearing
material is expressed by the product of the unit
load P (psi), based upon the projected bearing
area (in.2), and the linear shaft velocity ¥ (fpm).
The symbol PV is used to denote this pressure-
velocity relationship.

Todetermine the LPV for a composition, a sam-
ple cylindrical half bearing, usually 1in. X 1 in.
x 0.060 in. wall, is placed in an antifriction bear-
ing mounted in the test apparatus. The anti-
friction-bearing holder is equipped with a torque
arm. A load is then applied through the antifric-
tion bearingto the test bearing. The shaft can be
rotated at surface speeds from 10 to 1000 fpm.
The load (psi); velocity (fpm); friction torque
(Ib«ft); and the temperature (° F) at the bearing
holder, 0.125 in. from the rubbing surfaces, are
monitored continuously. A minimum of three
speeds normally are selected to cover a practical
range—-.c., 10,100, and 1000 fpm. At each speed
selected a load-stepping test is conducted. Fric-
tion torque and bearing temperature, which are
plotted continuously, are allowed to recach
equilibrium at each loading (see Fig. 3-25).

After the equilibrium condition is maintained
for approximately 30 min, the load is increased.
At some advanced load increment, the friction
torque and/or temperature will not stabilize. The
PV product at which it last stabilized is
designated the limiting pressure-velocity for that
material at that specific velocity. Although
results are not transferable to other sample con-
figurations, the test provides information useful
for comparing thermoplastic composite systems’.

Predicting the effects of the addition of poly-
tetrafluoroethylene (TFE), reinforcing-glass
fibers, and combinations of these on the LPV is
somewhat difficult. The addition of glass fibers
alone at loadings up to 50% generally increases
the LPV of a thermoplastic system at all speeds
since the coupling of the resin to the glass results
in a larger shear energy requirement for remov-
ing the resin and the glass itself is a harder bear-
ing material. The increased heat deflection
temperature of GRTP’s also allows bearings to
withstand higher temperature without failure.

The greatest improvement in LPV, however, is
always found at lower speeds. It is at low speeds
that the PV limit of thermoplastic materials is
dependent on their load-carrying ability. The in-
creased modulus and reduced creep of GRTP’s
allow a greater applied loading before cold-flow
occurs™.

The TFE enhances boundary lubrication, and
the LPVisincreased at all speeds. At comparable
volume loadings, TFE results in higher PV limits
than glass fibers. Since only a moderate increase
in modulus and creep resistance is obtained, it is
primarily by functioning as a boundary lubricant
that TFE increases the PJ limits. Internally
lubricated thermoplastics also excel at high
speeds. At 100 fpm, the LPV of nylon 6/6 contain-
ing 20% TFE is increased 1300% (Ref. 14).

A synergistic effect results from the addition of
both glass fibers and TFE in bearing properties
since the deficiencies of both materials are
removed. Thus nylon 6/6 with 15% TFE and 30%
glass fibers results in an increase of approximate-
ly 500% in LPV at all speeds. Since the TFE and
glass fiber fillers excel at the extremes of wear
(1000 fpm) and load (10 psi),respectively, LPV's at
intermediate speeds and loads are generally im-
proved the most (see Table 3-7).

Materials excelling in LPV are polysulfone,
nylons, and polyesters.

3-2.8.2 Coefficient of Friction

Frictional force gencrally is believed to be
derived from three major components: (1) the
force required to shear welded asperity (high
spot)contact areas; (2) the force required to push
asperities of one surface through those of the
other; and (3) the force needed to overcome
cohesive effects between the surfaces of these in-
terlocking “mountains and valleys”. Very little
force is needed to shear welded contact areas, and
any interlocking is also casily sheared or plowed
through’.

The coefficient of friction data in Table 3-7
were obtained with the thrust washer test ap-
paratus. The test specimen is “run in” against the
standard wear ring until 360-deg contact between
the raised portion of the thrust washer and wear
ring is made. Temperature of the test specimen is
then allowed to stabilize at the test conditions
(generally 40 psi, 50 ft/min, room temperature,
and dry). After thermal equilibrium, the dynamic
frictional torque gencrated is determined with

3-7
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the torque arm mounted on the antifriction bear-
ing. A minimum of five readings are taken. The
dynamic coefficient is then calculated by sub-
stituting the average friction torque into Eq. 3-1

Py

Cfy = ,dimensionless
Py

(3-1)

where

Cfs = dynamic coefficient of friction, dimen-
sionless

P; = force based on the area of the raised por-
tion of the thrust washer, 1b

Poq = dynamic frictional resisting force based
on the friction foree generated at the mean
diameter of the raised area of the thrust washer,
1b.

The static coefficient is the starting friction
and is determined as follows:

1. The desired load is applied to the thrust
washer specimen.

2. A scale is placed against the torque arm
mounted on the antifriction bearing.

3. The torque required to start the bearing in
motion is recorded.

4. Five readings are taken and the average
reading is used to calculate Pyg

Pyq is the static frictional resisting force based
on the friction force generated at the mean
diameter of the raised portion of the thrust
washer.

P,s is then substituted into Eq. 3-2 for the
static coefficient of friction Cfg

1

Cfs = 5— (3-2)
28

, dimensionless

where P, again isthe force in pounds based on the
arca of the raised portion of the thrust washer.

Data presented in Table 3-7 categorize gear
and bearing. performance of various nonrein-
forced and reinforced systems as well as TFE as
an internal lubricant. The prototype test remains
the best evaluation tool available to the design
engineer and should be used prior to final
material selection’.

Polytetrafluoroethylene (TFE) has the lowest
coefficient of friction (0.04-0.06) of the internal
lubricants such as molybdenum disulfide (0.12)
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and graphite (0.09) which are incorporated into
thermoplastic resins. TFE has a lower static than
dynamic coefficient of friction, insuring nonstick-
slip properties. TFE requires little shear energy
to form a soft continuous film of lubricant. TFE
has an extremely low critical surface tension (18.5
dyn/em) and therefore has high release proper-
ties. These factors account for its superior
performance in internally lubricated thermoplas-
tics'*.

During break-in wear, TFE particles embedded
in the thermoplastic matrix are sheared and form
a high lubricity film over the mating surface.
Because TFE has an extremely high molecular
weight, frictional energy at the wear interface
does not effect significant changes in viscosity un-
til temperatures are over 300° C. Oil-based
lubricants exhibit dramatic viscosity drop and
often degrade at temperatures lower than 300° C
(Ref. 14).

The frictional properties of TFE-glass rein-
forced systems display a low modulus compared
to most metals. TFE in many of the modified
thermoplastics has a compressive modulus of only
60,000 psi, compared to 30,000,000 psi for mild
steel. Metal-thermoplastic friction is character-
ized by adhesion (metal and plastic cannot weld)
and deformation (rather than plowing). This
mechanism of friction generation results in a fric-
tional force which is not directly proportional to
load. For thermoplastic resins, the coefficient of
friction decreases with increasing load. Also, the
coefficient of friction of thermoplastics increases
with increasing speed due to their decreasing
ability to form a creep region around asperities.
Thus the differences in frictional characteristics
lead reasonably to the conclusion that TFE-glass
reinforced systems will have better frictional
characteristics than metal',

3-2.8.3 Wear

Disagreement among investigators concerning
the basic wear property has generally been in in-
terpretation and reporting of raw data. When the
data have been reported in a form suitable for
comparison, they still cannot be used analytically
to predict wear at conditions slightly different
from the test reported.

Wear of an unlubricated surface is considered
proportional to the load supported multiplied by
the distance traveled. Mathematically this is ex-
pressed as
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W « FD (3-3)

or

W o FVT (3-4)
A factor of proportionality K is introduced to
make Eq. 3-4 an equality, i.e.,

W =KFVT, in? (3-5)

where
W =volume wear, in3
K =proportionality factor (wear factor),
in3emin/ft+lb+h
F =load, 1b
V =velocity, fpm
T =elapsed time, h.

These expressions pertain to volume wear
which are of little direct use to the engineer.
Radial wear, or change in bearing wall, is of con-
cern. However, if the geometry of a given bearing
is known, volume wear can be related to radial
wear. For example, the radial wear (7 in inches) of
a cylindrical fixed bearing loaded unidirectionally
is approximately equal to the volume wear (W in
cubic inches) divided by the projected area (Ain
square inches).

The expression, Eq. 3-5, for volume wear can
then be modified for this case by dividing each
side of the equation by the projected area A4,
resulting in ’

r = KPVT, in, (3-6)

where
(3-7)

P = , Psi.

[

If allowable wear and the wear factor of a given
compound are known, working P V can be deter-
mined.

If the required P V level is established, radial
wear per unit time can be predicted. However,
because wear rate is affected by the material,
finish, and hardness of the rubbing contact sur-
face, and by temperature and environment; gross
extrapolation of data obtained is not recom-
mended’.

The wear factor is accepted as a means of com-
paring bearing materials. Wear factor data

reported in Table 3-7 were obtained with a thrust
washer test apparatus. In this test, the sample
thrust washer is mounted in an antifriction bear-
ing equipped with a torque arm. The test spec-
imen holder is drilled to accept a thermocouple
probe. The raised portion of the thrust washer
bears against a cold-rolled, carbon-steel wear ring
with 12- to 16-pin. finish, 18 to 22 Rockwell “C”
scale hardness at room temperature, and dry.

Each test is conducted with a new wear ring
which has been cleaned. The weight of the test
material is measured on an analytical balance.
The bearing surface is cleaned and the specimen
inserted in the holder. Bearing temperature and
friction torque are continuously measured.

Usually, wear tests are conducted at approx-
imately 50% of the previously established
“limiting PV". Periodic checks are performed at
high V-high P, high V-low P, high P-low V, and
low P-low V to revalidate the basic wear factor
theory, i.e., wear factor is relatively constant if
the load-velocity relationship is below the estab-
lished “limiting PV” curve for the particular
material. Excellent correlation of wear factor
data has been achieved’.

The test duration depends upon the period re-
quired to achieve 360-deg contact between tle
raised portion of the thrust washer and the wear
ring. The average wear factor and duration of this
break-in period are reported. Reported wear fac-
tors for cach material are based on equilibrium
wear rate independent of break-in wear.

Volume wear W is calculated by Eq. 3-8

weight loss
1000 X density

W = cm3 (3-8)

where weight loss is in milligrams and density is
in g/em®. This volume is substituted into Eq. 3-5
for calculation of wear factor K.

The reduction of wear and friction upon addi-
tion of TFE to thermoplastics is demonstrated in
Table 3-8. For example, addition of 20% TFE to
nylon 6/6 resulted in a wear reduction of 1700%.

The situation becomes more complicated when
a glass reinforcement as well asthe TFE are pres-
ent. The addition of glass fibers results in a reduc-
tion of wear over virgin resin. This is shown in
Table 3-8 for nylon 6/6 with 10to 60% glass fibers.
The reduction in wear is not as great for 30%
glass loading alone as it is for 20% TFE loadings.
The addition of TFE to GRTP’s usually results in
reduction of wear to a level comparable to TFE
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alone. The low wear rates of TFE GRTP’s coupled
with their low coefficients of friction account for
their preference to metal forerunners.

The wear factor K for any composite is a func-
tion of many variables. Some of the established
trends are:

1. For each thermoplastic family there is an
optimum ratio between the resin and TFE con-
tent.

2. Structural integrity limits the maximum
filler content. Therefore, to establish the op-
timum filler content for a given thermoplastic, a
balance of LPV, wear rate, and structural integri-
ty must be determined.

3. Increasing temperature will decrease the
LPV and increase the wear rate of glass-rein-
forced materials containing TFE.

4. Shaft material, surface finish, and hardness
drastically affect wear rate.

Wear is a more complex phenomenon than fric-
tion. For example, while the coefficient of friction
for materials varies over two orders of magni-
tude, materials with low coefficients of friction
can demonstrate high wear (like TFE) and vice
versa. Several mechanisms operate in the
removal of material from a wear interface,i.e.:

1. Catastrophic decay is the result of severe
wear when large fragments are lost due to sur-
face fatigue.

2. Inadhesive wear, fine polymer-powder grad-
vally is removed from the mating surface.
Adhesive wear is due to the high pressure and in-
tense heating developed during collision of asper-
ities. Under these conditions thermoplastics melt
and adherc to the harder surface. If a thermo-
plastic is mating against itself, asperities will
microweld and then break by shearing action.
Plowing occurs if one of the mating surfaces is
harder than the other, i.e., the asperities of the
harder material cut through the softer material.
The plowing effect is reduced in thermoplastics,
compared to metals, due to plastic flow around
plow asperities rather than permanent deforma-
tion.

3. Corrosive wear is due to the gradual degra-
dation of the plastic surface through oxidation
and chain scission. The embrittled layer is re-
moved quickly at the wear interface. Unlike
metals, hydrolytically induced corrosive wear is
not a problem in plastics.

4. Lastly, abrasive wear occurs when foreign
particles enter the wear interface and abrade one
or both surfaces, depending on their hardness.
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Thermoplastics mitigate the effect of abrasive
particles by two mechanisms: (a) at initial im-
pingement at high angles of incidence the thermo-
plastic can distribute the stress more readily
than a metal because of its lower rigidity, and (b)
the particles can be embedded within the plastic
below the wear interface®.

3-2.8.4 Tooth Strength of Gears

Tooth strength was determined on injection
molded, 20 pitch, 20-deg pressure angle, full
depth, 2.5-in. pitch diameter, 0.5-in. face-width
spur gears and 32 pitch, 20-deg pressure angle,
full depth, 2.5-in. pitch diameter, 1/8-in. face-width
spur gears. A sturtevant torque testing fixture
and torque wrench (8-1299-1) were employed to
measure the tooth strength values. Three teeth
per gear were individually engaged and torqued
to failure. The average values for three gears are
given in Table 3-7.

A major difficulty associated with tooth
strength testing is the variation in applied rate of
strain induced by varying molding tolerances due
to shrinkage differences, testing rate, and failure
modes. No predictable correlation has been
observed between tooth strength, tensile
strength, and shear strength for the TFE lubri-
cant and GRTP’s. Scanning eclectron micro-
photographs (SEM) of gear tooth fracture sur-
faces torqued to failure, of glass-reinforced nylon
6/6, and glass-reinforced acetal reveal significant-
ly different fracture behavior patterns. The glass-
reinforced nylon 6/6 compound SEM’s indicate
strong adhesion of resin particles to the glass
fibers while the glass-reinforced acetal compound
SEM'’s indicate essentially no adhesion’.

3.3 THERMAL PROPERTIES OF
GLASS-REINFORCED THERMO-
PLASTICS

The increasing demand for thermoplastic com-
posites in varying high temperature applications
has resulted in intense interest by material
engineers in their thermal properties. Some of
the desired requirements for composites are:

1. Ability to withstand short-term exposure to
400° F

2. Less than a 50% loss in properties after ex-
posure to 240 F for 100,000 h

3. Dimensional stability under load at 300" F

4. Ability to maintain engineering properties
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(6,000 psi tensile strength, 300,000 psi flexural
modulus) at 350" F

5. Ability to demonstrate chemical resistance
at clevated temperature

6. A heat deflection temperature at 264 psi ex-
ceeding 350° F.

3-3.1 THERMAL STABILITY

The chemical structure of the composite's
matrix or resin system, more than the optimiza-
tion of the glass reinforcement, determines
thermal stability; This is attributed to the bond
strengths found in their structure. The different
bond strengths of some carbon combinations
found in polymer systems are shown:

Bond Strengths,kcal/mole

85.5

H 98.7

C C-0

Cc-C 82.6 Cc=0 166-179
c=C 145.8 C-F 116
C-N 72.8 C-Ci 81
C=N 147 C-S 65

3-3.2 THERMAL ANALYSIS

Thermal analytical techniques such as thermo-
gravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) permit assessment of
polymers without involved physical testing. In
TGA, the weight change is monitored while the
temperature is increased at a constant rate. In
DSC, the temperature is increased at a constant
rate and the amount of heat necessary to main-
tain a temperature change at a constant rate is
measured. Isothermal varieties of these tech-
niques are used where the temperature is held
constant and changes noted.

Of the two techniques, DSC is preferred for
engineering plastics. Most thermal changes in
this method can be related to changes in the
physical propertics of the polymer in the stable
condition. The weight changes observed in TGA
usually indicate catastrophic behavior, often
after the polymer has lost its strength.

The two most significant thermal transitions
monitored in engineering plastics by DSC are the
melt point T,, and glass transition 7, temper-

. g "
ature. The melt point of crystalline plastics is the

temperature at which the material changes from
a solid to a liquid and is considered a first order
transition. The T, temperature is considered a
second order transition since it is characterized
by a change in coefficient of thermal expansion or
heat capacity. The T, transition is exhibited in
amorphous polymers and the amorphous regions
in partially crystalline polymers. The degree of
crystallinity of polymers thus determines the
significance of the T,

Glass transition indicates the conversion of a
polymer from a glassy state to a more fluid state
but not a liquid state as in T,,. In amorphous
polymers the transition is accompanied with the
loss in mechanical properties and ability to be
fabricated by melt processing techniques. It in-
dicates the transition from a brittle to a tough
material in crystalline materials.

In GRTP's the polymer matrix transfers the
load to the glass fibers which results in improved
load-bearing capabilities, Therefore, in short-
term, high heat applications, strength should be
maintained up to the T, and 7, temperatures.
Systems which are chemically coupled — such as
nylon, PPS, polyester, and polysulfone —display
the ability to bear short-term loads up to the tran-
sition temperature. Systems which are not op-
timally coupled do not approach the transition
temperature as closely'. This is reflected in the
deflection under load (DUL) data in Table 3-9.

Tensile strength at higher temperatures is im-
proved by glass reinforcement as shown in Table
3-10. Thermal properties are more dependent on
the resin system than on the glass reinforcement.
For example, the thermal analysis data in Table
3-11 shows polysulfone undergoes a thermal tran-
sition at 281° F. This is accompanied by a drastic
reduction in tensile strength from 14,900 psi at
200" F to 2,300 psi at 300' F. The amorphous re-
gions of nylon 6/6 undergo a thermal transition at
138° F. The data in Table 3-10 indicate that be-
tween room temperature and the nylon 6/6 melt-
ing point, the greatest loss occurs at this transi-
tion temperature. If the minor transformation is
endothermic (a glass to glass transition or T,
within a crystalline material such as polysulfonef,
properties will suffer. If the transition is exother-
mic (crystal to crystal as in PPS and nylon 6/61,
properties are not affected as significantly but di-
mensional changes occur''.

The results in Table 3-10 indicate that the
amount and rate of tensile strength loss as a func-
tion of temperature varies widely. However,
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when the tensile strengths of the composites are
grouped generically by crystalline or amorphous
polymers and are plotted (as in Figs. 3-26 and
3-27),certain trends are evident.

The crystalline systems have an initial rather
sharp decrease in strength at200° to 250° F. This
is followed by a more gradual decrease in
strength for the next 75to 100deg F. Additional
increase in temperatures results in losses equal
to the initial losses until no effective mechanical
properties exist. Although additional test data
are needed, it appearsthatthe tensile strength vs
elevated temperature curves for most crystalline
GRTP resins result in a family of parallel curves.
Itis assumed that the polyimide exception, which
did not exhibit a secondary inflection point, would
at temperatures over 450° F (Ref. 11).

The amorphous group also has two distinct
changes in strength — a gradual decrease in
strength followed by a sharp increase in the rate
of loss. Further increases in temperature result
in a flattened loss curve; however, over 80 to 90%
of room temperature properties have already
been lost. This group of polymers also shows a
distinct similarity in the slopes of the loss
curves'',

Thermal analysis data provide a means for
predicting composite performance for short-term
exposure to temperatures. This, in conjunction
with data derived from mechanical properties at
various temperatures, should lead to the selec-
tion of appropriate composites for high tempera-
ture applications.

3-3.3 LONG-TERM THERMAL PERFORM-
ANCE

3-3.3.1 Long-Term Service Temperature (UL
Temperature Index)

The increased use of thermoplastic composites
in high-temperature, high-performance applica-
tions has necessitated the evaluation of their
long-term performance reliability. This is deter-
mined by establishing the highest practical
continuous-use temperature for the material.

The most widely accepted test method is that
used by Underwriters’ Laboratories {UL) to
determine the temperature index (continuous-use
temperature rating) of a plastic material. This
test procedure is predicated on a linear time-
temperature relationship for the aging of a
thermoplastic polymer, i.e., thermal degradation
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obeys the Arrhenius reaction-rate equation. The
UL test procedure for GRTP’s consists of these
steps:

1. A polymer is aged at two or more different
test temperatures.

2. Reduction of properties caused by thermal
degradation is monitored periodically to generate
property-degradation curves.

3. The time, at each test temperature, that
reduces a physical property to 50% of its original
value is then plotted, and an Arrhenius curve is
fitted to the data points by regression analysis as
illustrated in Fig. 3-28.

A control material with a known index is run
concurrently with the material being tested to
eliminate effects of test variability. The control
material for glass-reinforced composites is usual-
ly the base resin.

The Arrhenius curve obtained by this proce-
dure can be used to predict the property half-life
of the polymer at a given temperature. The UL
temperature index (continuous-use temperature)
is determined by the interrelationship of the
curves for the control and for the composite being
indexed. The continuous-use temperature can be
determined by dropping a vertical line from the
intersection of the 100,000-h line and the Ar-
rhenius curve (see Fig. 3-28). Since most applica-
tions are designed with a life safety factor of 2, a
part molded from an indexed compound will still
meet minimum requirements of the application
after 100,000-h exposure at the rated tempera-
ture®.

Studies indicate that thermal degradation is
caused primarily by free radical chain scission
and cross-linking of the polymer molecules close
to the surface. This mechanism produces a low-
molecular-weight resin on the surface of the part
which embrittles and weakens the composite”.

Tensile impact strength is affected most by
this phenomenon and usually reaches half-life
before any other property. The temperature in-
dex of a composite generally is controlled by ten-
sile impact strength. Therefore, higher tempera-
ture indexes may be acceptable if the material is
to be used in applications where impact strength
is not critical®.

Thermal-degradation data (see specific mate-
rial and Table 3-9)indicate that the GRTP’sretain
a greater percentage of the original property ata
given time and temperature than does the unrein-
forced base resin.

The glass-reinforced polyesters, polyearbon-
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ates, polyphenylene sulfide, polysulfone, and
nylon 6/6are among the highest long-term service
temperature composites.

3-3.3.2 Thermal Aging

Tables 3-12 and 3-13 present tensile strength
data on thermally aged composites at 400' F and
500° F. These temperatures exceed those normal-
ly used in UL long-term temperature indexing.

The reinforced thermoplastic polyimide, fluor-
inated ethylene-propylene, and ethylene-tetra-
fluorocthylene exhibited little or no tensile
strength loss after 1500 h at 400" F. The tensile
strength of the remaining composites ranged
from a loss of measurable strength to a 30%
reduction. Their ranking is as follows: poly-
phenylene sulfide (30%)>polyethersulfone
(60%)>nylon 6/6 (61%)>polyester (77%).

The reinforced polysulfone resin exhibited a
50% loss in tensile strength after only 250 h at
400" F. However, it enjoys the highest UL ther-
mal index listing for a thermoplastic resin (Table
39). This apparent anomaly is a consequence of
employing a test temperature (400° F) exceeding
the glass transition temperature (374°F) of
polysulfone resin’'.

The thermoplastic polyimide had less than a
15% loss in tensile strength after 1500 h at
500" F. The polyphenylene sulfide (40% loss)and
the polyecthersulfone (54% loss) exhibited out-
standing thermal resistance at 500° F, consider-
ing their rather ordinary performance at the
400" F test temperature. The ethylene-tetra-
fluorocthylene had an 80% loss after 1500 h at
500" F. The polyester and polysulfone distorted
severely at 500° F and had to be removed™".

UL continuous-use temperature of polyphenyl-
ene sulfide is 355° F when aged at 500° F, and
300" F when aged at 400' F. The UL continuous-
use temperature of polyethersulfone at500° F ag-
ing is 345° F, and 300° F at 400° F. Therefore,
caution must be used when considering long-term
thermal aging results. Some of the hypotheses
which have been advanced to explain these
anomalies are:

1. The predominance of cross-linking over
chain scission reactions results in increased ten-
sile strength.

2. The formation of a dense, cross-linked "skin"
results in decrecased oxygen penetrability and a
greater tensile strength than expected for a
given test period”’.

3-3.4 DEFLECTION TEMPERATURE UN-
DER LOAD (DTUL)(ASTM D648)

An accepted criterion for describing high-
temperature performance of a plastic is the
deflection temperature under load (DTUL). This
is based on a short-term test that identifies the
temperature at which a polymer distorts beyond
acceptable limits. It has the limitation of not be-
ing able to predict long-term behavior but is a
convenient method by which to compare
materials.

The common heat distortion test is made in
flexure with a test specimen (5 in. X ¥z in. X 2
in.) supported at two points with a 4-in. span. The
load is either 66 psi or 264 psi and is applied atthe
midpoint of the test specimen. The specimen is
placed in a liquid silicone bath which is heated at
a rate of 2 deg C per min. The heat distortion
temperature is that temperature at which the
test specimen has deformed 0.010 in.

All thermoplastics improve in DTUL upon the
addition of glass-fiber reinforcement. The degree
of improvement varies with the resin system. For
example, with 20% glass fiber polystyrene is im-
proved about 20 deg F, and high-density poly-
ethylene by 140deg F at 264 psi. With 30% glass
reinforcement nylon 6/6 is improved by 330 deg F
at 264 psi. Such varying responses to glass fiber
for different polymers are difficult to explain.
However, two conclusions regarding DTUL ef-
fects in reinforced thermoplastics can be made:

1. Amorphous polymers are improved margin-
ally. The improvement is approximately 20 deg F
at the 20% reinforcement level.

2. Crystalline polymers show exceptional im-
provement with glass reinforcement. In most
cases the DTUL approaches the melting point of
the base resin. The typical effect for various
polymers is shown in Table 3-14'2

The change in DTUL with glass content is
shown in Fig. 3-29. The maximum improvement
occurs at 20% by weight of glass for both amor-
phous and crystalline polymers.

The difference in amorphous and crystalline
glass-reinforced systems DTUL's is attributed to
the glass-transition temperature of amorphous
polymers and the melting point of crystalline
polymers. Table 3-15 shows the relationship of
glass-transition temperature of the base polymer
to the glass-fiber composite DTUL at 20% by
weight of glass. As shown, the modest improve-
ment in DTUL of amorphous polymers is related
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to the proximity of the DTUL of the resin to its
glass-transition temperature. Furthermore, the
glass-transition temperature represents a natural
limit for the DTUL of the composite.

The relationship between DTUL of glass-fiber
composites based on crystalline polymers and the
resin melting point is shown in Table 3-16. For all
the systems shown, the DTUL of the reinforced
polymer is quite close to the melting point of the
resin. The greatest differences exist for poly-
propylene and polyethylene-terephthalate. For
polypropylene, this can be related to percent
crystallinity'2.

This discussion of DTUL in relation to resin
properties does not explain why crystalline
materials respond so well. It has been suggested
that the type of crystallinity in the reinforced
system, not the percentage crystallinity, is dif-
ferent in the unreinforced polymer. It is also
recognized that the reinforcement must be glass
fiber to get maximum performance'®

335 COEFFICIENT OF THERMAL EXPAN.-
SION (ASTM D696)

Another criterion in choosing materials to per-
form at clevated temperatures is dimensional sta-
bility. This is important because parts designed
to meet a certain temperature requirement in-
variably are not used only at that temperature.
Temperature cycling to some extent is also in-
volved. This can create problems with materials
having a high linear coefficient of thermal expan-
sion. Also, even if a part is designed to operate
continuously at some elevated temperature, it
will never be assembled at that temperature.
Thus, a high coefficient of thermal expansion can
lead to problems in bringing a part from assembly
temperature to a continuous-service tempera-
ture.

Glass fiber is a very effective means of increas-
ing the dimensional stability of thermoplastics.
This is illustrated in Fig. 3-30. This particular
ABS has a linear coefficient of expansion of 5
x 10~° in.fin.+® F. The addition of 20% glass
reduces this to a little below 2 x 107 % in.fin.+® F.

Of the GRTP's, polycarbonate, nylon 6/10 and
6/12, polyesters, modified PPO, polyphylene
sulfide, and polysulfone have superior thermal
dimensional stability.

3-3.6 FLAMMABILITY

Among the performance requirements of
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thermoplastic materials, flammability resistance
is receiving considerable attention. Generally,
the approach has been to test the finished
assembly. These tests, largely coordinated by
UL, duplicate the environmental conditions of the
actual application. This type of testing is time-
consuming and expensive. Therefore, several
flammability tests have been developed and ac-
cepted that can be conducted on molded test
specimens. Results can be used to predict end-use
performance. The most widely accepted test
methods are:

1. ASTM D635

2. UL Subject 94

3. IBM

4. Oxygen Index.

The procedures and classifications of these test
methods are summarized in Table 3-17. This table
is a guide to the more commonly recognized tests
for measuring flammability and self-extinguish-
ing characteristics of thermoplastics. It is pro-
vided for design engineers who may wish to test
flame retardant and self-extinguishing materials
for special applications.

No plastic materials are entirely noncombusti-
ble, nor should standard flammability tests be
used to provide a basis for predicting the extent
of flame retardancy of plastic materials in actual
parts under field conditions which may vary wide-
ly from test conditions.

The UL Subject 94 Flammability Test is the
most widely used and accepted test of flame
retardancy in the plastics industry. When speak-
ing in generalities on flame retardant thermo-
plastics, an end user or raw material supplier nor-
mally is referring to a compound with a UL Sub-
ject 94 rating of 94V1 or 94V0. Most application
arcas require this degree of flame retardancy.
The UL Subject 94 Flammability listings are
often confused with the UL Temperature Index
listings which define the continuous (10 yr) ser-
vice temperature of the thermoplastic composite.
It is, of course, beneficial to have both a UL flame
retardant listing and a UL temperature index
listing; however, many applications require only
the flame retardant listing.

Some thermoplastics such as PVC, polycar-
bonate, fluorocarbons, and polysulfone are in-
herently flame resistant but most (styrenics,
olefins, and nylons) are not. Since this latter
group comprises the low cost resins, much effort
has gone into making them more flame resistant
by the incorporation of flame-retardant additives.
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Such additives normally result in higher costs
and inferior properties. These limitations can be
modified by using glass reinforcements. Not only
do the glass fibers improve physical and mechan-
ical properties; they also increase the flammabili-
ty resistance of the polymer composite. The glass
fiber matrix conducts heat away from the site of
combustion and minimizes afterglow which is a
limitation in many unreinforced flame-retardant
polymers. This characteristic is especially advan-
tageous in horizontal flame tests (ASTM D635)
where the entire bar is not surrounded by the hot
gases from the burner. The strong glass-to-resin
bond also adds integrity to the composite, which
minimizes dripping and decreases the burning
rate.

3-4 ELECTRICAL PROPERTY DATA

In the selection of polymer systems for electric
applications, consideration must be given to the
interpretation of the measured values in terms of
the part requirement. The material must function
over a range of temperatures, moisture, and fre-
quencies found in the environmental and oper-
ating conditions.

In general, with the exception of dielectric
strength, the electrical properties of polymers
are somewhat reduced with glass reinforcement.
However, this reduction in many instancesis more
than compensated for by the added strength,
dimensional stability, and high temperature
resistance of the material in an electrical applica-
tion.

3-41 VOLUME RESISTIVITY (ASTM D257)

The volume resistivity of a material is the ratio
of the potential gradient parallel to the current in
the material to the current density. Insulating
materials are generally used to insulate and sup-
port components of an electric network from cach
other and from the ground. Therefore, it is desir-
able to have the insulation resistance as high as
possible, consistent with acceptable mechanical,
physical, chemical, and thermal properties. Vol-
ume resistivity measurements are designed to
isolate the inherent properties responsible for
the dc insulating qualities of a plastic material.
Resistivities above 10° ohm+cm are considered to
be insulators; those with values of 103 to 108
ohme«cm are partial conductors.

The volume resistivity data presented in Table
3-18 indicate values from 10! ohm-em to 108
ohmeem. The flame-retardant grades exhibit
lower volume resistivities than the regular glass
reinforced systems.

Polysulfone, polyether sulfone, and modified
PPO have the highest volume resistivities. Other
GRTP resins can be ranked in the following
descending order: polystryene, polypropylene
acetal, PVC, nylon 6/10, polycarbonate, polyester,
FEP, nylon 6/6, and nylon 6".

3-4.2 ARC RESISTANCE (ASTM D495)

The dry-arc resistance test measures the abili-
ty of a material to withstand the discharge across
its surface of an initially intermittent and then
continuous high voltage, low current arc.

Experience with the ASTM dry-arc resistance
test indicates that the results must be inter-
preted with caution. The test method is par-
ticularly weak in evaluating materials which func-
tion in the presence of contaminants or humid en-
vironments. The GRTP resins yield arc resist-
ance values ranging from 40-180 s and are ranked
in the following order: FEP > polyacetal > ny-
lon 6 > nylon 6/6> nylon 6/10 > poly-
carbonate = modified PPO > polysulfone
> polypropylene = polystyrene > PVC. The
flame-retardant composites are a few seconds
greater in arc resistance than the regular glass-
reinforced systems'®,

3-4.3 DIELECTRIC STRENGTH (ASTMD149)

Dielectric strength is the voltage gradient at
which a material fails as a dielectric by electrical
breakdown. The test results can be affected by
temperature, humidity, surface finish, electrode
geometry, line transients, rate of voltage in-
crease, surface contamination, and voids. There-
fore, (ASTM D149) dielectric strength test data
offer the design engineer a rough comparison of
thermoplastic composites prepared, conditioned,
and tested under similar conditions. The injec-
tion-molded 1/8-in. discs of GRTP resins tested
(Table 3-18) yield dielectric strengths ranging
from 700 V/mil to 300 V/mil. They are ranked as
follows: polyethylene > polystyrene = modified
PPO > acetal > polyester > polycarbonate
= polysulfone > polypropylene = FEP > PVC
= nylon 6 = nylon 6/6 = nylon 6/10.
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3-44 DIELECTRIC CONSTANT (ASTMD150)

The dielectric constant is the ratio of the
capacitance of a given configuration of electrodes
with the candidate material as the dielectric to
the capacitance of the same clectrode configura-
tion with a vacuum as the dielectric. The dielec-
tric constant measures the ability of an insulating
material to store electrical energy. A high dielec-
tric constant value indicates that the material is
capable of storing relatively large amounts of
energy. Since the loss of energy from a circuit
into an insulator is generally undesirable, the
best insulating materials are those having the
lowest values of dielectric constant. Many plas-
tics are both frequency and temperature sen-
sitive, and tend to resonate at specific frequen-
cies. Therefore, the electrical properties of plastic
insulating materials should be tested over the ap-
plicable temperature and frequency range. Glass-
reinforced systems are ranked as follows in order
of increasing dielectric constant at 60 Hz:
polypropylene, FEP, polyethylene, polystyrene,
SAN, modified PPO, nylon 12, ABS, polycar-
bonate, polysulfone, ETFE, polyester, PVC,
polyphenylene sulfide, acetal, and nylons.

The dielectric constant of glass-reinforced poly-
styrene, FEP, polypropylene, polyacetal, and
modified PPO resins are relatively unaffected by
frequencies of 60-108 Hz. Significant increases in
dielectric constant are noted with the addition of
flame retardants®,

3-4.5 DISSIPATION FACTOR (ASTM D150)

When an alternating voltage 1s applied to a
“perfect” dielectric, current flows so that it is 90
deg out of phase with the voltage. Since no insu-
lating material is perfect, the current actually
leads the voltage by something less than 90 deg.
The dissipation factor is the tangent of the loss
angle. It is also equivalent to the ratio of current
dissipated into heat to the current transmitted.
Thus, the smaller the dissipation factor, the bet-
ter the dielectric material.

The dissipation factor of the polymer systems
is influenced by temperature, frequency, and con-
taminants such as moisture.

Glass-reinforced systems which offer the
lowest dissipation factor at 60 Hz are poly-
styrene, polypropylenes, polycarbonates, modi-
fied PPO, polysulfone, SAN, FEP, polyester, and
polyethersulfone.
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Those with the smallest variation in dissipation
factor over the 60-10° Hz frequency range are
FEP, polyethylene, polystyrene, modified PPO,
and the nylons®,

The flame-retardant grades generally display
increased values of dissipation factor over the fre-
quency range. Additional electrical property data
illustrating the effects of temperature, humidity,
and frequency are available for many systems de-
scribed in pars. 3-8 through 3-24.

3.5 CHEMICAL RESISTANCE OF GLASS-
REINFORCED THERMOPLASTICS

The chemical resistance of composites cannot
be predicted by any simple approach. Also, little
experimental data are available in which polymer
composites commonly employed in the engineer-
ing applications are compared under similar con-
ditions. In addition, no method of applying ex-
perimental data obtained for one composite in a
given chemical environment has been established
for predicting the results of the same chemical en-
vironment on a different resin system. The result,
from the design engineering viewpoint, has been
the sporadic generation of data of little use.

Another difficulty encountered in chemical
resistance is the definition of meaningful test
parameters. Of those used, weight gain has in
general the ieast utility. Although a large weight
increase generally indicates poor chemical
resistance, ranking of relative resistance of
various polymers by comparing percent weight
gains in a chemical environment is of doubtful
value. In some instances, a small weight increase
is accompanied by swelling of a sample; while in
other instances, a large increase is observed
without apparent change in properties or ap-
pearance’,

Changes in weight and in tensile strength of
both unstrained and strained unreinforced and
glass reinforced polymers at 73° F and 180° F are
presented in Tables 3-19 through 3-21.

3-5.1 TENSILE.- STRENGTH LOSS AND
WEIGHT CHANGE

ASTM D-1822 type tensile impact samples
were employed to obtain the data in Tables 3-20
and 3-21. Five bars were tested for each chemical
environment. A control sample of five bars was
alsotested and tensile strength calculated. Atthe
end of one.week (168 + 1h) the test bars were
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removed from the chemical environment. The
temperature during the test in Tables 3-19 and
3-21 was 23° + 2° C. Excess liquid was wiped
from the specimens, and the specimens were all
weighed and tested within 2 h of removal. Per-
cent weight gain was calculated, and final tensile
strength was recorded.

Strained values were obtained by tightening
ASTM D1822 type tensile impact bars in an arced
jig which applied 0.25% strain. These samples
were immersed and removed from the chemical
environment with the unstrained samples.

Elevated temperature chemical resistance was
obtained by immersing unstrained test bars in
the various environments at 81° + 2°C for
72 + Y2 h. If the boiling point of the solvent was
below 81° C, the test was run under reflux.

The environmental resistance listed for tensile
strength loss in Tables 3-19 and 3-20 includes a
tabulation by rank of the resistance of the sample
to a particular chemical. The lower the number,
the better the chemical resistance. If a composite
was observed to have less than 3% loss in tensile
strength, it was deemed excellent (E);between
3% and 10%, acceptable (A);between 10% and
25%, fair (F); and over 25%, unacceptable (X)*.

In some cases, an increase in tensile strength
was observed. This was attributed in part to
stress relief. The number of bars exhibiting an in-
crease in tensile strength diminished severely in
the specimens which were strained.

The data presented at room temperature for
tensile strength change provide chemical re-
sistance at average conditions. These data are ap-
plicable where the application only requires that
the material support itself. For those composites
used in engineering applications, the strength
change data at 0.25% strain offer more utility.

A review of the data in Tables 3-19 and 3-20 in-
dicates some general trends. I the chemical
resistance of a composite is excellent (E) or
acceptable (A) when unstrained, the additional
tensile strength loss for the material under strain
is generally from 0-5%. Thus, most of the com-
posites judged excellent or acceptable unstrained
remain excellent or acceptable strained. How-
ever, systems that have marginal (F) or unaccept-
able (X) resistance generally observe an addi-
tional 5-15% tensile loss when strained. Thus,
(Table 3-19) a 30% glass-reinforced ABS has ex-
cellent resistance to ethylene glycol unstrained
with an observed value of 19,080 psi. When sub-
jected to 0.25% strain, a 5% additional loss to

18,070 psi is observed. The same compound is
judged unacceptable in methanol with a tensile
strength of 13,360 psi. Subjected to 0.25% strain,
the additional loss is nearly 50% to 7,600 psi (Ref.
2).

3-5.2 CHEMICAL RESISTANCE

Chemical resistance of composites is attributed
to solvent and degradative effects. Careful atten-
tion to the parameters associated with solvation,
the analysis of empirical test results, and the
regard for the special degradative effects ob-
served can permit meaningful predictions of com-
posite chemical resistance. The primary effect of
most chemical environments on composites is
through their action as a solvent. Solvent effects
are determined by polarity and viscosity in con-
junction with melting and boiling points and tem-
peratures.

If the polarity of a solvent matches that of a
primary polymer bond, the loss in mechanical
propertics is greater than in other solvents. Thus,
a close match represents an incompatible environ-
ment for a given polymer system. Selection of a
polymer for a given environment should be made
by choosing the material farthest from a polarity
match with the solvent environment. For exam-
ple, glass-reinforced nylon 6/6 is resistant to
typical cleaning solvents such as carbon tetra-
chloride, while glass-reinforced polystyrene is un-
suitable for exposure to antifrecze (cthylene
glycol). Methanol (wood alcohol) of similar polar-
ity but reduced viscosity would be expected to
have even a greater deleterious effect on the
styrene material. Both of these conclusions are
reflected by the data in Tables 3-19 through 3-21%,

Also, a pure solvent generally has less effect on
a composite than an impure solvent or a mixture
of solvents. Gasoline, for example, has a greater
effect than hexane’.

In almost all cases, GRTP resins have greater
chemical resistance than the unreinforced
polymer. The mechanical properties of com-
posites far exceed those of the unreinforced
polymer. Therefore, even if percent losses in
strength were equivalent, the composite would
still have a greater strength after exposure. Ac-
tually, however, percent strength losses of the
composites are generally less than those of the
unreinforced polymer?.

Systems that are closest to optimum theoret-
ical reinforcement have superior chemical
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resistance. Production of such composites in-
volves the physiochemical bonding of the resin to
the glass fibers. Thus, the resin is tightly bonded
in a composite which does not allow interpenctra-
tion of a solvent that could associate more strong-
ly with the resin than the resin associates with
the glass’.

In general, degradation mechanisms are impor-
tant in predicting the chemical resistance of
polymers only in extreme environments. By the
polarity match method, 30% glass-reinforced
acetal would be suitable in highly polar en-
vironments such as aqueous acids and bases.
However, in hot acid of moderate concentration it
is unsuitable. This is due to a degradative reac-
tion that is defined chemically as an ecther
cleavage. Another example is the degradation of
30% glass-reinforced Noryl by oxidizing acids.
Dimethyl-sulfoxide, a new aprotic solvent, has
greater degradative effects than anticipated on
the basis of polarity. This is attributed to the
reactions of anionic impurities’. Hydrolysis
resistance of GRTP’s is discussed in par. 3-2.3.

3-6 BACTERIAL AND WEATHER RE-
SISTANCE OF GLASS-REIN-
FORCED THERMOPLASTICS

3-6.1 WEATHER RESISTANCE

Engineering thermoplastic composites are sub-
ject to both short-term and long-term outdoor ap-
plications. In such applications they are suscepti-
ble to moisture, thermal, oxidative, and photo-
chemical (ultraviolet)degradation.

Thermal and photochemical processes result in
polymer chain scission and cross-linking. The
thermal process proceeds through the lower
energy nonbonding orbitals; the photochemical,
through high energy antibonding orbitals. Since
the photochemical process is predominant in out-
door exposure, it is common practice to block
ultraviolet radiation by the addition of carbon
black, UV stabilizers, or protection painting the
surface of the molded item. The addition of car-
bon black produces a sharp reduction in the UV
degradation but a slight increase in thermal
degradation due to the black-body absorption and
a slight reduction in mechanical properties.

Samples reported in Tables 3-22 and 3-23 were
setin aluminum racks at Malvern, PA,and at San-
ta Ana, CA. All testing racks were at 45 deg from
the horizontal and faced south.
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Composites studied were reinforced with 30%
fiberglass with the exception of PVC which was
15%. ASTM D638 tensile bars and D256 impact
bars were employed. Notches were cut into the
impact bars after exposure.

Initial values reported are for specimens condi-
tioned at 50% relative humidity. The initial ten-
sile strength drop for nylons and polycarbonate is
not due to weathering since the same drop occurs
indoors at ambient conditions.

The data in Table 3-23 indicate that no material
lost more than about 5% in tensile strength in
one year. Also, the three-month loss was com-
parable to the loss for the entire year. For exam-
ple, the tensile strength of polystyrene had
California values of 12,350 psi and 12,100 psi for 3
mo and 1 yr, respectively, while the initial
strength was 13,600 psi. This behavior is at-
tributed to initial water absorption and formula-
tion of a partially degraded or photooxidized sur-
face which acts as a barrier to prevent further
degradation. These effects are quite rapid and
would certainly be complete within 3 mo, if not
within the first few weeks of exposure?.

The increase in tensile strength for poly-
propylene, polyethylene, and PVC between 3 mo
and 1 yr is attributed to stress relief and
photochemical cross-linking?.

Many variables affect the rate at which
samples exposed outdoors will degrade. These in-
clude the latitude, angular attitude, and direction
of the exposed sample; the UV absorption char-
acteristic of the plastic; the presence of UV
stabilizers, pigments, or coatings; the tempera-
ture of the exposed material; and moisture and
contaminants in the air. Therefore, it is not possi-
ble to compare accurately the performance of dif-
ferent plastics exposed at different times, at dif-
ferent sites, or under different angular attitudes.
Also, except for very long exposure times, the
comparison should be made on the exposure in
Langley’s (a measurement of radiant energy) in-
stead of days or months. Because of these varia-
tions, wherever possible, material should be
tested under the exposure conditions of the in-
tended application.

Accurate data on effects of weathering are
very time-consuming. An indication of weather-
ing effects can be obtained by accelerated testing
via several artificial testing apparatus. Recom-
mended procedures for artificial weathering data
can be found in ASTM test methods: ASTM D756,
D1499, D1501, D1920, D2565, and G23-69. It
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should be noted that none of the artificial weather
testing data can be directly correlated to actual
outdoor exposure since outdoor conditions are so
variable. However, they do present an indication
of how a material will withstand outdoor weather-
ing conditions.

3-6.2 MICROBIAL AND FUNGOUS RESIST-
ANCE

The resin and glass portions of plastic com-
posites are resistant to microbial and fungous at-
tacks in thatthey do not serve as a carbon source
for nutrition. It is generally the other components
such as plasticizers, lubricants, stabilizers, cou-
pling agents, colorants, etc., that support attack.
Such attack should be considered when compos-
ites are exposed to high temperatures and
humidity or soil burial applications.

The effects of such attack are discoloration and
loss of light transmission, increased modulus,
changes in weight, and deterioration in electrical
properties. Recommended test procedures are
contained in ASTM G22-67T.

3-7 INTRODUCTION —GLASS-REIN-
FORCED THERMOPLASTIC RESIN
SYSTEMS

The purpose of this major paragraph is to give
typical property data on specific GRTP resin
systems. These data are provided by the material
suppliers and represent average results which
can be expected. Since materials vary somewhat
with different batches, processing techniques,
and testing methods, all data should be verified
before incorporation in specific design applica-
tions. For convenience, the materials have been
listed in alphabetical order by resin system, and
not by chemical families.

3-8 ACETALS
3-8.1 GENERAL DESCRIPTION

Acetal homopolymers and copolymers are
crystalline polymers displaying physical proper-
ties that compare with die-cast metal. They are
strong, stiff, tough, hard, and have excellent fric-
tional properties over a wide range of tempera-
ture, humidity, and solvent exposures.

The inherent anisotropic shrinkage of acetal
resin has created close-tolerance molding prob-

lems. However, the addition of fiberglassreduces
shrinkage in the flow direction, but fiber orienta-
tion can cause dimensional control problems.
Special formulations incorporating coupling
agents, and selected fibrous and nonfibrous rein-
forcements have minimized shrinkage permitting
close tolerance molding.

3-8.2 PROPERTY DATA

Data are presented in Tables 3-24 through 3-28
and Figs. 3-31 through 3-54.

399 ACRYLICS
3-9.1 GENERAL DESCRIPTION

Acrylics are known for their exceptional
transparency and weathering characteristics.
They also offer exceptional stiffness and in-
termediate toughness, but applications must be
tempered by their fire characteristics and com-
bustibility.

3-9.2 PROPERTY DATA
Data are presented in Tables 3-29 and 3-30.

310 ACRYLONITRILE —BUTADIENE —
STYRENE (ABS)

3-10.1 GENERAL DESCRIPTION

Glass-reinforced ABS possesses the best
balance of properties of the styrene polymer fami-
ly. They can be formulated for excellent impact
and creep resistance. Glass-reinforced ABS for-
mulations for electroplating are also available.
These combine platability with improved solvent
stress-crack resistance.

3-10.2 PROPERTY DATA
Data are presented in Tables 3-31 through 3-34.
3-11 FLUOROPOLYMERS
3-11.1 GENERAL DESCRIPTION
Fluoropolymers —polyethylene-tetrafluoro-
ethylene (ETFE), polytetrafluorocthylene
(PTFE), and chlorotrifluoroethylene (CTFE)—

possess outstanding chemical and radiation

319
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resistance coupled with very good diclectric and
high temperature characteristics. They are
nonflammable; and moisture, abrasion, and
weather resistant. The glass reinforcement par-
ticularly improves the heat distortion tempera-
ture, mold shrinkage, and wear properties.

3-11.2 PROPERTY DATA

Data are presented in Tables 3-35 through 3-37.
3-12 POLYAMIDES (NYLONS)
3-12.1 GENERAL DESCRIPTION

Glass-reinforced polyamides (nylons) are
available with various glass concentrations in
types 6, 6/6, 6/10,6/12, 11, and 12. The glass rein-
forcement (1) increases strength, dimensional
stability, deflection temperature, and stiffness;
and (2) lowers water absorption while retaining
abrasion and solvent resistance. With the excep-
tion of nylons 11 and 12, nylons are hydroscopic
with moisture absorption influencing their prop-
erties and characteristics.

3-12.2 PROPERTY DATA

Data are presented in Tables 3-38 through 3-60
and Figs. 3-55 through 3-79.

3-13 POLYCARBONATE
3-13.1 GENERAL DESCRIPTION

Glass-reinforced polycarbonates combine
outstanding toughness with excellent electrical
and mechanical characteristics. Glass-fiber rein-
forcement improves stiffness, creep, and fatigue
properties significantly —producing attributes
comparable to die casting metals.

3-13.2 PROPERTY DATA

Data are presented in Tables 3-61 through 3-67
and Figs. 3-80 through 3-98.

Polycarbonate is characterized by stability to
mineral and organic acids. It is also stable in the
presence of water. However, if a part —exposed

to a hot water or moist high-temperature en-

vironment — is loaded in tension, crazing may be
encountered. Embrittlement on long exposure
also results. For these reasons a top temperature

3-20

limit for such environments of 140° to 160° F is
recommended as a practical rule. Polycarbonate
is insoluble in aliphatic hydrocarbons, ether, and
alcohols; partially soluble in aromatic hydrocar-
bons; and soluble in chlorinated hydrocarbons.
Polycarbonate is slowly decomposed by strong
alkaline substances.

3-14. POLYESTERS
3-14.1 GENERAL DESCRIPTION

Glass-reinforced thermoplastic polyesters are a
family of high performance engineering plastics
designated as polybutylene-terephthalate (PBT),
polyethylene terephthalate (PET),and polytetra-
methylene-terephthalate (PTMT). The trade-
names Celanex (Celanese Plastics), Versel (Allied
Chemical),and Valox (General Electric)represent
PBT's; FR-PET (Tiejin Limited) is a PET; and
Tenite/Polyterephthalate (Eastman Chemical Co.)
represents PTMT. Their characteristics include
dimensional stability, low moisture absorption,
high deflection temperature, good chemical
resistance, and excellent electrical properties.
They are, however, attacked by prolonged immer-
sion in hot water.

3-14.2 PROPERTY DATA

Data are presented in Tables 3-68 through 3-76
and Figs. 3-99 through 3-119.

3-15 POLYETHERSULFONE

3-151 GENERAL DESCRIPTION

Glass-reinforced polyethersulfone exhibits
outstanding high temperature creep resistance,
hydrolysis resistance, and self-extinguishing
properties combined with good impact strength
and low mold shrinkage.

3-15.2 PROPERTY DATA

Data are presented in Tables 3-77 and 3-78.
3-16 POLYETHYLENE
3-16.1 GENERAL DESCRIPTION

Glass-reinforced high density polyethylene
(HDPE)has excellent resistance to water absorp-
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tion and chemical attack, and has good dimen-
sional stability and toughness. A high density
polyethylene-acrylic acid graft copolymer (PEAG)
and polyethylene-acrylic acid interpolymer
copolymer (PEAA)have similar properties to the
HDPE except that PEAG has substantially im-
proved adhesion to a variety of metal and glass
substrates. The properties of unreinforced and
glass-reinforced polyethylenes are determined by
the material density molecular weight distri-
bution (MWD} and melt flow index.

The band of values shown in Figs. 3-123 to
3-126, 3-129, 3-130, 3-133, 3-135, 3-136, and 3-137
reflects the differences among high density
polyethylene —the diluents in density, melt flow,
and molecular weight distribution (MWD). In
general, while other variables are held constant, a
decrease in polyethylene diluent density de-
creases stiffness, tensile and flexural strength,
heat deflection temperature, and clongation. A
narrowing of diluent MWD decreases stiffness,
tensile and flexural strength, and heat deflection
temperature but increases elongation; and a de-
crease in diluent melt flow increases tensile
strength and elongation.

3-16.2 PROPERTY DATA

Data are presented in Tables 3-79 through 3-82
and Figs. 3-120 through 3-141.

3-17 MODIFIED POLYPHENYLENE OX-
IDE

3-17.1 GENERAL DESCRIPTION

Glass-reinforced modified polyphenylene oxide
is a tough, rigid thermoplastic with excellent
dielectric properties, high moisture resistance,
and dimensional stability.

3-17.2 PROPERTY DATA

Data are presented in Tables 3-83 through 3-85
and Fig. 3-142.

3-18 POLYPHENYLENE SULFIDE
3-18.1 GENERAL DESCRIPTION

Glass-reinforced polyphenylene sulfide is
characterized by high temperature stability, ex-
cellent chemical and solvent resistance, and self-
extinguishing properties.

3-18.2 PROPERTY DATA

Data are presented in Tables 3-86 through 3-89
and Figs. 3-143 through 3-151.

3-19 POLYPROPYLENE AND POLY-
PROPYLENE COPOLYMERS

3-19.1 GENERAL DESCRIPTION

Polypropylene homopolymers have excellent
resistance to heat, water absorption, and chem-
ical attack, but lack dimensional stability at high
temperatures and wear properties. Glass-
reinforced homopolymers are only marginally
superior to unreinforced systems. Glass-rein-
forced coupled or copolymer polypropylenes have
significantly improved strengths and heat deflec-
tion temperatures.

3-19.2 PROPERTY DATA

Data are presented in Tables 3-90 through 3-96
and Figs. 3-152 through 3-166.

320 POLYSTYRENE

3-20.1 GENERAL DESCRIPTION
Polystyrene properties, depending on formula-

tions, can range from brittle but clear crystal to

tough and opaque. Glass reinforcements improve
strength, stiffness, and stability.

3-20.2 PROPERTY DATA

Data are presented in Tables 3-97 through 3-99
and Figs. 3-167 and 3-170.

321 POLYSULFONES

3-21.1 GENERAL DESCRIPTION

Glass-reinforced polysulfones have excellent
mechanical, thermal environmental, dimensional,
and flame retardancy characteristics. They pos-
sess hydrolytic stability with moldability and col-
orability.

3-21.2 PROPERTY DATA

Data are presented in Tables 3-100 through
3-102 and Figs. 3-171 through 3-180.
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3-22 POLYURETHANE
3-22.1 GENERAL DESCRIPTION

Glass-reinforced polyurethane is tough and is
resistant to wear, abrasion, creep, and exposure
to petroleum products.

3-22.2 PROPERTY DATA

Data are presented in Tables 3-103 through
3-105.

3-23 POLYVINYL CHLORIDE (PVC)
3-23.1 GENERAL DESCRIPTION

Glass-reinforced PVC has excellent fire
resistance coupled with good diclectric proper-
ties, stiffness, dimensional stability, and
resistance to water absorption. The chemical
resistance and processibility of PVC-propylene
copolymer are superior to the unmodified PVC.

3-23.2 PROPERTY DATA

Data are presented in Tables 3-106 and 3-107.
3-24 STYRENE-ACRYLONITRILE (SAN)
3-24.1 GENERAL DESCRIPTION

Glass-reinforced styrene-acrylonitrile (SAN) is
an exceptionally rigid material with good hard-
ness, strength, and greater chemical resistance
than polystyrene compounds. SAN has excellent
processability and the lowest mold shrinkage of
any thermoplastic available.

3-24.2 PROPERTY DATA

Data are presented in Tables 3-108 through
3-110 and Figs 3-181 through 3-187.
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Figure 3-12. Flexural Creep of 15% TFE, 30% Glass-Reinforced Polycarbonate, Nylon 6, and
Thermoplastic Polyester Resins at 73°F, 2000 psi in Air’
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Figure 3-13. Flexural Creep of 15% TFE ,30% Glass-Reinforced Polypropylene, SAN, Nylon 6/10
Resins at 73°F, 2000 psi in Air’
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Reprinted with permission. Copyright © by Society of the Plastics Reprinted with permission. Copyright © by Society of the Plastics

Industry, Inc.

Figure 3-15. Fle
Reinforced, Flam
and Modified PPO

Industry, Inc.

xural Creep of 30% Glass- Figure 3-16. Flexural Creep of Glass-Reinforced
¢ Retardant Nylon 6, SAN, PVC, Polycarbonate, and Flame Retardant
at 73°F and 5000 psi (Ref. 2) Nylon 6/6 at 73°F, 5000 psi (Ref. 2)
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Figure 3-17. Flexural Creep of 30% Glass-
Reinforced, Flame Retardant Nylon 6/10 and
Polysulfone at 73°F, 5000 psi (Ref. 2)
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Reprinted with permission. Copyright © by Socicty of the Plastics
Industry, Inc.

Figure 3-19. Flexural Creep of 30% Glass-
Reinforced, Flame Retardant Nylon 6/6,
Polypropylene, and Modified PPO at 73°F,
2500 psi (Ref. 2)
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Reprinted with permission. Copyright © by Society of the Plastics
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Figure 3-18. Flexural Creep of 30% Glass-
Reinforced, Flame Retardant Nylon 6,
Nylon 6/10, and Polysulfone at 73°F,

2500 psi (Ref. 2)
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Reprinted with permission. Copyright © by Society of the Plastics
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Figure 3-20. Flexural Modulus vs Temperature
of 30% Glass-Reinforced Thermoplastics'
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Figure 3-23. Predicted Specific Modulus of Figure 3-24. Fatigue Life of Several Compounds,
0.15-mm Glass Fibers in Nylon 6/6 (Ref.6) Tested at a Frequency of 1800 Cycles per Min’
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Figure 3-25. Load Stepping Test’
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Reprinted with permission. Copyright © by Society of the Plastics
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Figure 3-26. Tensile Strength vs Temperature of
Crystalline Composites"'
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Figure 3-27. Tensile Strength vs Temperature of
Amorphous Composites''
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Figure 3-28. Time — Temperature Relationships
for Tensile Impact Strength of Heat-Stabilized
Reinforced (30% Glass)and Unreinforced
Nylon 6/6 (Ref. 2)
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Reprinted with permission. Copyright © by Society of Plastics
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Figure 3-30. Dimensional Stability (Coefficient of
Expansion) of ABS as a Function of Glass Fiber
Reinforcement (Dimensional stability improves

substantially with the addition of up to about
30% of glass fiber.)

500 7 ,

Nylon 6/6

4001

300 polycarbonate a

high density polyethylene

polystyrene

200

Deflection Temy ratu = U Psr Lo § (D WL), °F

10a ] 1 I
0 10 20 30 40

Glass Content, % by wt

Reprinted with permission. Copyright © by Society of Plastics
Engineers, Inc.

Figure 3-29. Effect of Glass Fiber Content on
Deflection Temperature Under Load (DTUL)for
Two Amorphous Polymers (Polycarbonate and
Polystyrene)and Two Crystalline Polymers
(High-Density Polycthylene and Nylon 6/61
(Typically, the optimum effect is reached at 20%
glass fiber content, with the exception of nylons
where 30% is the optimum.)
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Figure 3-31. Tensile Strength as a Function of
Glass Content for Celcon Blends'
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Figure 3-36. Flexural Modulus as a Function of
Glass Content for Celcon Blends®®
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Figure 3-40. Flexural Creep of GC 25 (Ref. 15)
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Figure 3-42. Tensile Impact Strength as a
Function of Glass Content for Celcon Blends!®
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Figure 3-58. Tensile Strength vs Time at
140° and 150°C, Nylon 6/6 (Ref.23)
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Figure 3-59. Tensile Impact Strength vs Time at
140° and 150°C, Nylon 6/6 (Ref. 23)
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Figure 3-60. Moisture Content vs Time for
Nylons 6, 6/6, and 6/10 (Ref. 24)
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Figure 3-61. Moisture Content vs Tensile
Strength for Nylons 6, 6/6, and 6/10 (Ref. 24)
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Figure 3-62. Dimensions vs Time in Water for
Nylons 6, 6/6, and 6/10 (Ref. 24)
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Figure 3-63. Tensile Stress Relaxation 40% Figure 3-64. Deformation Under Load vs
Glass-Reinforced Nylons 6, 6/6, and 6/10 (Ref. 25) Percent Fiberglass for Nylon 6/6 (Ref. 22)

] /
/ Nylon 6/10 e y
‘ODE/ T // { 6/10
// e

i6 26 30 40 50 60 ° i

i,

50 3

1 /4//d/ 1

= 40 e = Nylon 6/6 /
1 e X, i e
::_, § “Nylon 61’I6 - g/ f‘ o 77
& Nylon 6 ’3 ylon //

£ 20 = i 2

wn =

s =

= [

-

Glass Content, % by wt Glass Content, % by wt
Reprinted with permission. Copyright © by Liquid Nitrogen Process- Reprinted with permission. Copyright © by Liquid Nitrogen Process-
ing Corporation. ing Corporation.
Figure 3-65. Flexural Strength vs Glass Figure 3-66. Flexural Modulus vs Glass Content
Content for Nylons 6, 6/6, and 6/10 (Ref. 25) for Nylons 6, 6/6, and 6/10 (Ref. 25)
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Figure 3-67. Flexural Strength vs Moisture for
Nylons 6, 6/6, and 6/10 (Ref.24)
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Figure 3-68. Flexural Modulus vs Temperature
for 30% Glass-Reinforced Nylons 6, 6/6, and 6/10

(Ref. 25)
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Figure 3-69. Flexural Creep at 5000 psi, 73° F
and 140° F for 40% Glass-Reinforced Nylon 6/6
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Figure 3-70. Flexural Creep—Apparent Modulus
vs Time for Nylon 6/6, 30% Glass Reinforced"
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vs Time for Nylon 6/10, 30% Glass Reinforced™

© 20 T T
s Nylafil G-10/40
X 16>~ 10,000 psi flexural stress
@ 13°F
;12 100° F
E N 180° F
2 o8 240°F
=
£ 04 |
‘E‘ "~ I~unreinforced Nylon at 73°F and 2000 psi
2 o0 I ] I I

0 20 40 60 80 100

Time, h

Figure 3-72. Flexural Creep—Apparent Modulus
vs Time for Nylon 6/6, 40% Glass Reinforced™
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Figure 3-73. Fatigue Endurance for
40% Glass-Reinforced Nylons 6/6 and 6/10
(Ref. 25)

-
-]

¢ R

3 Nylon 62r

& 15

£ 12

a0

E oo :

g unreinforced
- 8 T

4 "

g ) 40% long glass | | 30% long glass
E o

- | ]

< cr ] ] k 4 5 6 8

~

Moisture, %

.E. 1A,

= 1_ Nylon 6/6 |

= unreinforced

w 12 ™

I

L 9 o

e ==

S 8F40% long glass = B s

2 af 30% long glass

g o= = o

B % y ¥ B
Moisture, %

£ "L Nylon 6/10

v 18

< |

= 15 +

o

s 12

] .

v 40% long glass

© b1 i i

g s 30% long glass

= —

-§ nE_J ”unieinfor‘ced

= "0 3 4 5 3 7 ¢

Moisture, %

Reprinted with permission. Copyright © by Society of Plastics
Engineers, Inc.

Figure 3-74. Izod Impact Strengths vs Moisture
for Nylons 6, 6/6, and 6/10 (Ref. 24)
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Figure 3-75. Izod Impact Strength vs Fiberglass
Reinforcement for Nylon 6/6 (Ref.22)
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Figure 3-80. Tensile Strength of Polycarbonate
t2’7. 28

vs Glass Conten

8

v
[}

/

\

]

n

0 10 20

Modulus of Elasticity, psix 106

Figure 3-81. Modulus of Elasticity of

Polycarbafil G 50 (Ref. 27)

Fiberglass Reinforcement, %

-
(=]

proportional 7~ % [Jultimate
limit 4500 psi l ]
] / 7700 psi

yield point
}f 9600 psi

P

Stres ;1,3i><10_3
a2 O ®

]

010 010 0.15
Strain, in./in.

Figure 3-82. Stress—Strain Curve for Lexan 500
10% Glass Reinforced at 73°F (Ref. 26)

™ e
S F 3=J
‘X 20 _‘M“R\,‘_
g
£ " ""HK \---\.. DF. 166,
I — ™~ Dp § (40
& i Unlortjfim T ~op 1006 (309% Blasy,
5 - . (]
© 5 — Poly Carbﬂh— 1004 (20 % glass)
E | £ \ J glass)
= -50 50 156 250 350

Temperature, °F

Reprinted with permission. Copyright © by Liquid Nitrogen Process-
ing Corporation.

Figure 3-83. Tensile Strength vs Temperature
for Polycarbonate%
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Figure 3-84. Tensile Modulus vs Temperature of
Polycarbonate®
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Figure 3-85. Tensile Stress Relaxation for
Polycarbonate®
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Figure 3-87. Flexural Modulus vs Percent Glass

Content for Polycarbonate Thermocomp DF
Series®
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Figure 3-88. Cycles to Failure vs Alternating
Flexural Stress for Polycarbonate®
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Figure 3-89. Flexural Creep vs Time at 75°F for
Polycarbonate®
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Figure 3-93. Flexural Creep Modulus vs Time at
75°F for Polycarbonate®
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Figure 3-102. Influence of Glass Fiber
Concentration on Flexural Modulus of
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Figure 3-103. Flexural Modulus at Elevated Figure 3-104. Flexural Creep of Polyester®
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Figure 3-106. Influence of Glass Fiber
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Figure 3-109. Influence of Glass Fiber
Concentration on Flammability of
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Figure 3-111. Influence of Glass Fiber Figure 3-112. Tensile Strength After Thermal
Concentration on Heat Distortion Temperature Aging of Polyester at 160°C (Ref. 32)
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Figure 3-124. Effect of Diluent Density on
Tensile Strength of Various Glass-Filled PE
(Diluent MWD and melt flow held constant.)*
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Figure 3-125. Tensile Strength vs Glass Fiber
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Figure 3-126. Elongation vs Glass Fiber Content
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Figure 3-128. Cyclic Tensile Fatigue of
Glass-Reinforced Polyethylene and Polyethylene-
Acrylic Acid Graft Copolymers®
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Figure 3-127. Stress Rupture for

Glass-Reinforced Polyethylene and Polyethylene-
Acrylic Acid Graft Copolymers™
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Figure 3-129. Flexural Yield Strength vs Glass
Fiber Content of PE®
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Figure 3-130. Flexural Modulus vs Glass Fiber
Content of PE*
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Figure 3-134. Impact Strength of Injection
Molded Polyethylene and Ethylene-Acrylic Acid
Copolymers vs Glass Content®
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Figure 3-136. Shrinkage in the Machine
Direction vs Glass Fiber Content of PE*
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Figure 3-135. Dart Drop Impact Strength vs
Glass Fiber Content of PE®
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Figure 3-137. Shrinkage in the Transverse
Direction vs Glass Fiber Content of PE*
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Figure 3-138. Heat Distortion Temperature vs
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Figure 3-139. Heat Distortion Temperature vs
Glass Content of Polyethylene and Ethylene-
Acrylic Acid Copolymers (CompressionMolded
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Figure 3-140. Dielectric Constant vs Glass
Content of Polyethylene and Ethylene-Acrylic
Acid Copolymers (Compression Molded)
(ASTM D150-64T at 1000 Hz)*
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Figure 3-141. Dissipation Factor vs Glass
Content of Polyethylene and Ethylene-Acrylic
Acid Copolymers (Compression Molded)
(ASTM D150-64T at 1000 Hz)*
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