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We are on the verge of witnessing the
widespread introduction of a new major
class of engineering materials in the in-
dustrial marketplace. It has long been
the aspiration of materials scientists and
engineers to reproduce in tailor-made,
engineered materials the intricate struc-
tural networks so often found in nature’s
products and the human body which give
rise to such remarkable functional char-
acteristics. This long-sought goal seems

the opportunities to tailor the materials
properties through the control of fiber
and matrix combination and fabrication
processing.

A most familiar use of FRP’s is in rec-
reation products involving largely glass
fiber-resin systems in a variety of forms
typically assembled by hand-labor-in-
tensive processes. Fiberglass boats and
other recreation vehicles, either all or
in part, are commonly constructed of

Summary. Fiber-reinforced composites are an emerging new class of engineering
materials. The ability to tailor-make composite materials and structures offers exciting
opportunities for a broad spectrum of industrial applications. This article reviews the
nature of fiber-reinforced polymer composites, their characteristics and properties,
and the manufacturing and fabrication processes involved in composite production.
The automotive industry is used as an example of the striking potential of composites
as structural materials and the issues involved in bringing this potential into reality.

to be approaching realization through the
incorporation of a variety of fine fibers or
filaments into appropriate matrices for
the achievement of engineering proper-
ties not easily attained, if at all, in con-
ventional bulk materials. In particular,
continuous fiber-reinforced plastic (FRP)
composites are close at hand as com-
petitive classes of materials for structur-
al and engineering applications.

Over the past decade there has been a
remarkable growth in the use of plastics
in the United States and in the rate of
their acceptance for a broad range of in-
dustrial and consumer products. The
polymer science and technologies which
underlay these developments are de-
scribed by Anderson et al. (/) and by Al-
frey and Schrenk (2). But it has been
claimed that a ‘‘second revolution’ in
the plastics industry and technology will
come from the large-scale industrial ap-
plications of FRP’s. The features of the
fiber composites that make them so
promising as industrial and engineering
materials are-their low density, high spe-
cific strength (strength/density), and high
specific stiffness (modulus/density), and
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chopped glass on woven glass fiber mats
held in resin matrices. But applications
involving more demanding performance
and more innovative use of continuous
fiber reinforcement are evolving. An
early example is rod forms, most famil-
iarly fiberglass fishing rods. Today, even
lighter and more responsive rods are fila-
ment wound with graphite and Kevlar fi-
bers. Golf club shafts, tennis rackets,
skis, ship masts are other products in
which the advantages of lightness and
the ability to tune the response of the
component through manipulation of fiber
placement are being tested in the market-
place.

But the most sophisticated use of the
advantages offered by composites al-
ways has been pursued in high-perform-
ance aircraft and in military and space
vehicle applications, where the premium
on weight reduction supported the asso-
ciated high cost. This application experi-
ence fostered sufficient confidence in de-
sign, engineering, performance, and re-
liability of certain composites that se-
lected control surfaces in current-gen-
eration commercial aircraft are being

retrofitted with these lighter materials in
the interest of increased fuel efficiency.
Boeing recently publicized plans to use
significant quantities of advanced graph-
ite and graphite/Kevlar composites in
their next generations of planes, such as
the Boeing 757 and Boeing 767 (Fig. 1).
Advanced communication satellites,
such as Intelsat V (Fig. 2), make exten-
sive use of graphite fiber-reinforced com-
posites for the truss structure and the
large dish antennas. Not only are these
designed for strength, stiffness, and
lightness, but the composites provide the
dimensional (thermal) stability critical to
the communications task performed.

Of more impact on the consumer mar-
ketplace are the composite materials de-
velopments taking place in the automo-
tive industry. Some 600 million pounds
of fiberglass-reinforced plastics were
used by the transportation industry in
1979. It has been projected that this
amount may grow to more than 1 billion
pounds per year over the next 5 years.
Moreover, the intensive commitment on
the part of the automotive industry to de-
velop and produce new generations of
vehicles with significantly improved fuel
economy has brought lightweight, high-
strength materials into key roles. Analy-
ses based on expectations of techno-
logical and manufacturing develop-
ments indicate that fiber-reinforced poly-
mer composites have a real potential
as a next-generation class of materials
for vehicle applications. Within this
class, hybrid graphite fiber composite
systems offer dramatic weight-saving op-
portunities—perhaps up to 70 percent
weight reduction on a materials basis and
more than 30 percent reduction in ve-
hicle weight. These are the stimuli that
have led to aggressive exploration and
development of new classes of com-
posite materials for advanced vehicle ap-
plications.

In this article we will review briefly the
nature of fiber-reinforced polymer com-
posites, the types of fibers currently
being utilized for reinforcement, the re-
quirements and functions of the resin
matrix, the manufacturing and fabrica-
tion processes involved in composites
production, and the properties and engi-
neering advantages of composites. Using
the automotive industry as an example,
we will indicate the striking potential of
composites as structural materials and
the issues involved in bringing this po-
tential into reality.
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One of the Intelsat V series of advanced communication satellites. The first satellite in this series is scheduled to be
launched by NASA for the International Telecommunications Satellite Organization later in 1980. The satellite will
carry telephone calls, television, telex, and telegrams; it can simultaneously handle 12,000 telephone calls and two TV
channels. Graphite fiber-reinforced composites are used Sor the truss structure and large dish antennas of the satellite.
[C. K. H. Dharan, Ford Aerospace and Communications Corp., Western Development Laboratories, Palo Alto,

California)
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Fiber Composites

Is a fiber composite simply a mass of
fibers dispersed in some polymer or
metal matrix? Polymer engineers have
viewed composites as fiber-reinforced
plastics—an upgrading of the polymer’s
stiffness and strength by fibers without a
significant loss in resilience or tough-
ness, and often without a large decrease
in the ease of processing. Ceramists have
viewed composites as a clever way (and
it is) to utilize the high stiffness and high
intrinsic strength of lightweight, brittle
ceramics. The cleverness is in isolating
the surface flaws that are catastrophic in
a monolith by subdividing the ceramic
into a very large number of fibers sepa-
rated by a crack-stopping matrix. And
metal physicists have viewed composites
as a way of utilizing metal whiskers so
defect-free that the strengths approach
theoretical estimates.

For structural designers and materials
engineers, fiber composites have become
more than any of the above concepts.
With the advent of graphite (carbon) and
aramid (Kevlar) fibers, fiber composites
have become a means for tailor-making
‘‘engineered,”’ mechanically anisotropic
materials that have superior properties in
selected directions. With the reinforce-
ment of plastics with glass fibers, for ex-
ample, the composite is often anisotropic
but at least the constitutents are isotrop-
ic. With Kevlar and graphite fibers, the
molecular arrangement within the fiber is

Table 1. Fiber properties.

Ten-

Den- N Mod-
. ) le Cost
Fiber sity St ulus
o  strength ($/1b)
(g/cm?®) (MPa) (GPa)
Graphite-I 1.75 2760 235 20-32
Graphite-11 1.85 2415 220 75
S-Glass 2.63 3450 9 23
E-Glass 2.63 2415 72 0.50
Kevlar 1.45

2760 130 9

highly oriented, with the strongest cova-
lent bonds along the fiber axis and weak-
er covalent and even van der Waals
bonds in the transverse direction. The fi-
bers, then, mirror internally the proper-
ties of the composite in which they are
used—high stiffness and strength, in-
cluding fatigue and creep resistance,
along the fiber axis, with much lower
transverse stiffness and strength. Opti-
mum utilization of such oriented materi-
als requires matching the direction-con-
trolled properties of the composite to the
service load conditions.

Fibers

A variety of fibers is available for use
in composites. Table 1 summarizes the
major types currently used in engineer-
ing structural plastics. Not included are
boron fibers, which are considered too
expensive for anything but aerospace
and military applications, and alumina

IR Hybrid composite (Kevlar/Graphite)
V7// 7/ Graphite composite

gear doors

Fixed T.E. panels

"~ Cowl components

Main landing
gear doors

Stabilizer tips

Fig. 1. Advanced composites on the Boeing 767 (5).
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and silicon carbide fibers, which are
newer types being developed for com-
posite reinforcements. Some of the fi-
bers, such as graphite, can be fabricated
with a wide range of properties. Table 2
lists mechanical properties of fiber-rein-
forced composites with epoxy matrices.
(Also included in Table 2 are com-
parative properties for steel and alumi-
num.) It is the unique combinations of
properties available in these fibers that
provide the outstanding structural char-
acteristics of fiber-reinforced compos-
ites. The key features of low density
and high strengths and moduli give rise
to high specific strengths and specific
stiffness properties. Graphite fiber com-
posites are particularly outstanding in
this respect (Fig. 3).

All the fibers listed in Table 1 are used
commercially, the selection of any par-
ticular fiber being dependent on the re-
quired combination of properties in the
composite and cost considerations. The
use of these fibers stems, of course, from
the capability of producing the out-
standing properties in the fiber form—it
is important to emphasize that equiva-
lent properties cannot be produced in the
bulk form. Thus, it is the specific condi-
tions used in generating the fiber that dic-
tate the properties; development of suc-
cessful fiber technology has been the key
to advanced composite technology.

The fiber-producing process is unique
for each different fiber. For example, for
aramid fibers such as Kevlar the polymer
is drawn into fiber form under the appro-
priate set of conditions (stress, temper-
ature, and so on) to generate and retain
an extremely high degree of orientation
in the polymeric chains. For graphite fi-
bers, a two-stage heating process is in-
volved, as summarized in Fig. 4. The
major manufacturing process for graph-
ite fibers involves the generation of
the fibers from a precursor fiber; the
predominant precursor fiber is poly-
acrylonitrile (PAN), although other poly-
meric fibers such as rayon have been
used. The PAN fiber is pulled under ten-
sion through the first heating stage, at
250° to 400°C, in which it is oxidized to
produce a stable state. The fiber is then
pyrolized to drive off all the atoms ex-
cept a carbon ladder backbone; in this
stage the temperature varies between
1500° and 2500°C depending on the de-
gree of graphitization required. The
properties of the resulting graphite fibers
depend on the amount of graphite crystal
structure in the fiber and the degree of
orientation of the basal plane of the
graphite crystallites along the fiber axis.
Both of these are a function of the ten-
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sion applied during heating and the tem-
perature of conversion. Control of these
two variables allows a family of graphite
fibers to be commercially produced with
a range of properties.

Also under industrial development is a
new technology for making graphite fi-
bers using pitch as the precursor materi-
al. The pitch process has the potential
for significantly reducing the cost of
graphite fibers.

Matrix

The resin matrix performs several
functions in FRP composites. (We use
the term matrix here to include the mate-
rial between the fiber surfaces, both the
matrix resin and any coating previously
applied to the fibers.) First, the matrix
must keep the fibers separated so they
cannot abrade each other during any pe-
riodic straining or deflection of the com-
posite. Second, the matrix must be me-
chanically coupled to the fibers so that it
can bear loads. Ideally, the fibers should
carry the total load. The fibers are gener-
ally much stiffer, stronger, and more fa-
tigue and creep resistant. But even in
ideal cases when the fiber orientations
are well matched to the applied stress,
the matrix is needed to transfer ex-
ternally applied loads into and out of the
fiber composite as well as to transfer in-
ternal loads around fiber breaks in con-
tinuous fiber composites and between fi-
bers in chopped fiber and whisker com-
posites. In less ideal cases where loads
are complex, the composite may even
have to bear loads transverse to the fiber
axis. Not only must the matrix resin and
its coupling to the fibers be able to bear
these loads, the loads often must be sus-
tained under conditions of changing tem-
perature and moisture.

Although it is clear that the matrix
must be coupled to the fibers, there has
been considerable discussion over the
years about just how much strength and
stiffness is desirable for the matrix and
coupling. If they approach those of the
fiber too closely, the composite will be-
have like the brittle monolithic material.
Although there is still no completely sat-
isfactory answer, an empirical rule that
is followed for polymeric matrices is a
strength and coupling to the fibers that
allows stubs of fibers roughly five to ten
times their diameter to be pulled from
the matrix when the composite is
stretched to failure along the fiber axis.

There are many combinations of fibers
and matrices that yield desirable com-
posite properties. The key to the appro-
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Table 2. Typical properties of fiber-reinforced composites.

Weight Tensile
Material of fiber strength NEOG(%’;;’ S

(%) (MPa)
Graphite-I/epoxy 65 continuous 1380 124
Graphite-II/epoxy 65 continuous 1100 180
S-glass/epoxy 65 continuous 1660 48
E-Glass/epoxy 65 continuous 1100 35
Kevlar/epoxy 65 continuous 1240 62
SMC-30 30 chopped 140 10
SMC-65 65 chopped 280 13
Steel (5160) 1380 200
Aluminum 560 70

priate combination is the ability to man-
ufacture it. Composites, perhaps more
than other structural materials, are man-
ufacturing process-dominated; that is,
the properties are a direct consequence
of the method of preparation. In general,
the matrix should be derivable from a lig-
uid precursor. The transverse strength
requirement means that the liquid pre-
cursor must wet the surface of the fibers.
Wetting is needed to bring the matrix and
fiber into proximity for covalent, dipolar,
or van der Waals bonding to occur, as
desired. Although various flow patterns
and pressure applications can be used to
speed the mixing and wetting of the fi-
bers by the matrix resin, the local rate of
wetting is governed by the parameter y
cos 0/, where vy is the surface tension of
the matrix precursor liquid, 4 is the ad-
vancing contact angle of the liquid on the
fiber surface, and 7 is the viscosity of the
liquid (3). Since vy cos @ is usually small,

the viscosity must also be small for rea-
sonable processing speeds. General
methods for increasing the matrix liquid
viscosity after wetting are cooling the
liquid, thereby inducing crystallization;
inducing a chemical reaction like polym-
erization; or evaporating a low-viscosi-
ty solvent. In certain processes for man-
ufacturing fiber composites, such as pul-
trusion (like extrusion in metals), some
filament winding, and matched die mold-
ing from preforms, the low-viscosity res-
in is brought to the rigid state in a single
step by polymerization. In other pro-
cesses, an intermediate matrix state is
utilized, obtained by one or more of the
viscosity-increasing mechanisms above.
The intermediate viscous or leathery
state is desired because it makes the han-
dling of the composite before final curing
much simpler and cleaner.

Coatings are often applied to the fibers
prior to mixing with the matrix resin to

Fig. 2. Intelsat V. [C. K. H. Dharan, Ford Aerospace and Communications Corp.) ‘
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prevent the fibers from abrading one an-
other during subsequent processing and
to aid adhesion between fiber and ma-
trix. When vy cos 6 for the matrix liquid
against the fibers is particularly small,
the rate of wetting, or the quality of the
wetting in a fixed process, can be greatly
enhanced by spreading a thin layer of the
matrix on the fibers. Sometimes a mono-
layer bridging link is employed between
the specific chemical functionalities of
the fiber and matrix. Thus, practically all
glass fibers for composites are treated
with silanes, in which one end of the
molecule can form up to three Si-O
bonds with the glass surface while the
other end can chemically join to the ma-
trix.

A list of polymeric matrix resins of
current automotive interest is given in
Table 3 along with the maximum contin-
uous-use temperatures. The resins of
greatest current interest are the polyes-
ters. Although they are called polyesters,
the ester linkage is used to produce only
short chains of roughly 20 monomers.
The monomers consist of dibasic acids
and glycols. Typical acids include maleic
anhydride, fumaric acid, phthalic anhy-
dride, and isophthalic acid. Typical gly-
cols include ethylene glycol, propylene
glycol, and diethylene glycol. These are
then combined to give oligomers with
molecular weights of 1500 to 3500. To re-
duce the viscosity and enhance the sub-
sequent reactivity of the unsaturated
backbone, these polyesters are dissolved
in unsaturated monomers like styrene.
Concentrations of 30 to S0 percent sty-
rene are common. It should be clear that
the term polyester refers to a class of ma-
terials and not to a particular compound.
After the polyester-monomer mixture is
applied to the fibers and they are shaped
in the desired form, the resin can be
cured by an addition-type polymeriza-
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Table 3. Organic matrices and maximum use
temperatures.

Maximum
Matrix use tem-
perature
O
Thermosetting
Polyester 95
Vinyl ester 95
Epoxy 175
Polyimide 315
Thermoplastic
Nylon 66 140
Poly(butylene terephthalate) 180
Polysulfone 150
Poly(amide-imide) 260

tion in about 2 minutes at 150°C, using a
peroxide initiator such as 7-butyl per-
benzoate. The final polymer network
thus consists of the original polyester
oligomer intersecting or interconnecting
polystyrene chains, which typically con-
sist of two styrene monomers between
polyester backbone junctions. Polyester
matrix formation is seen to involve a
two-step polymerization: an esterifica-
tion or condensation polymerization fol-
lowed by an addition polymerization.

A three-step polymerization is used
for the commercially important SMC
process to avoid handling problems. In
this process, the mixture of resin, fibers,
and a particulate filler, if desired, is held
between sheets of polyethylene film until
it thickens to a leathery sheet molding
compound (SMC). Thickening is ob-
tained by making the polyester with ex-
cess acid and including in the fiber mix-
ture a divalent metal oxide like magne-
sium oxide. The reaction between these
produces, after a day or two, the desired
change from a soft, sticky mass to a han-
dleable sheet. The original formulation
for SMC, and perhaps still the most im-
portant commercially, is 30 percent
chopped glass fiber, 30 percent ground
limestone, and the rest resin, by weight.
The same process is useful for many dif-
ferent combinations of chopped and con-
tinuous fibers.

The fiber composites exhibiting per-
haps the best mechanical performance to
date are those made from epoxy resins.
Most of the aerospace composites have
epoxy matrices, although these matrices
are less attractive for most automotive
applications because of their long cure
times. Although there are a few process-
es in which the liquid resin applied to the
fibers is cured in a single step to a rigid
matrix, most processes, including most
filament winding, use ‘‘prepregs’’ as an
intermediate state. That is, the fibers are

impregnated by the resin and the resin
thickened to facilitate subsequent han-
dling. In some cases, a solid novolac
epoxy resin is applied to the fibers in a
solvent and then dried. In other cases,
part of the epoxy curing reaction is al-
lowed to occur. Epoxy resins often used
for composites are the diglycidyl ether of
bisphenol A, dimers of this, the tet-
raglycidyl ether of tetraphenolethane,
tetraglycidylmethyldianiline, and the
epoxies derived from the novolacs. Most
epoxy systems for prepregging involve
mixtures of the epoxy resins to achieve a
balance of properties. There are many
agents for curing at elevated temper-
atures; important agents are diamino-
diphenyl sulfone and dicyanodiamide,
which with accelerators cure with the
diglycidyl ether of bisphenol A after 30
to 60 minutes at 165° to 175°C ).

The good mechanical performance of
epoxy matrices arises from their general
toughness and their good adhesion to the
fiber surface through hydroxyl groups
formed when the oxirane ring is opened
on curing. As a way of taking advantage
of the mechanical performance of
epoxies and the rapid cure of polyesters,
unsaturated acids such as methacrylic
acid can be reacted with the glycidyl
ethers of bisphenol A to form vinyl es-
ters. Like the polyesters, monomers
such as styrene are added to the vinyl es-
ter to reduce viscosity. As a result, the
curing behavior of the vinyl ester is es-
sentially the same as that of the polyes-

PAN 0XIDIZING GRAPHITIZING GRAPHITE
FIBER FURNACE FURNACE FIBER
250°-400°C 1500°- 2500°C

Fig. 4. Schematic of graphite fiber production
from polyacrylonitrile.
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Fig. 5. Decrease in tensile strength away from
the fiber direction in a continuous fiber-rein-
forced composite. 8 is the angle with the fiber
alignment direction.
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ters. In general, the mechanical proper-
ties of composites with vinyl ester matri-
ces are intermediate between those with
polyester and epoxy matrices.

Thermoplastic matrix resins are of in-
terest because they should be formable
by a hot stamping process. This would
allow shorter processing times than are
possible even with the vinyl esters and
polyesters. Except for two stampable
materials of moderately low stiffness and
strength, PPG’s Azdel with polypro-
pylene and Allied Chemical’s STX with
nylon 6, reinforced thermoplastic com-
posites are still in an early stage of
development.

Types of Fiber Composites

The useful properties of the fiber-rein-
forced composites are the end result of
the combined properties of the fiber and
the supporting matrix. Key features of
composite technology are the availability
of matrix resins and fabrication process-
es that do not significantly degrade the
intrinsic properties of the fiber. A realis-
tic target is to have the strength and
modulus properties of the composite
roughly follow the law of mixtures of the
fiber/resin two-component system.

In principle, there is an infinite grada-
tion of fiber composite types ranging
from chopped fiber composites at the
low properties end to a continuous, uni-
directional fiber composite at the high
properties end. Essentially, the compos-
ites differ in the amount of fiber, fiber
length, and fiber type (Table 2). In gener-
al, the chopped fiber systems are used in
lightly loaded or, at best, semistructural
applications, whereas the continuous fi-
ber-reinforced composites are high-per-
formance structural materials. By their
very nature, continuous fiber-reinforced
composites are highly anisotropic. If all
the fibers are aligned in one direction,
maximum properties are achieved in that
direction. However, the properties de-
crease rapidly in directions away from
the fiber direction, as illustrated in Fig.
5. To generate more orthotropic proper-
ties, alternate layers of fibers are fre-
quently alternated between 0° and 90° di-
rections, resulting in less directionality
but at the expense of absolute properties
in the 0° direction (Fig. 6). Because of
such marked directionality of properties,
it is extremely important to have a good
definition of the total stress environment
under which a composite component op-
erates. Accurate knowledge of the varia-
tions and types of stresses acting on the
component enable the rational selection
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Fig. 6. Variation in
properties as a func-
tion of testing angle in
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in which alternate lay-
ers of fibers are
aligned in the 0° and
90° directions.
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of design methodologies and the critical
orientation of laminate and fiber arrays
to provide for structural design opti-
mization.

The types of composites and com-
posite design technologies employed by
different industries can be quite specific
to the particular requirements and prac-
tice of the individual industry. For aero-
space, the criticality of minimizing
weight at (virtually) any cost combined
with low-volume production allows the
most exotic and expensive fibers to be
used, combined with long matrix cure
times and hand-layup fabrication proce-
dures. In mass-production, consumer-
oriented industries such as the automo-
tive industry, the high volume and high
production rates demand automated fab-
rication, short matrix cure times, and
minimization of cost. Such demands sug-
gest that for highly stressed structural
application, fiber hybrids are the most
likely candidates, with a large fraction of
the fibers being continuous. As the name
suggests, hybrid fiber composites con-
tain mixed fibers, tailored to optimize
properties and minimize cost. The hy-
brids of perhaps greatest promise are E-
glass composites containing appropriate
amounts of graphite fiber, but other com-
binations are being considered. Particu-
lar hybrid combinations will be deter-
mined by the appropriate property-cost
trade-offs for any given application. It is
significant that cost pressures are also
stimulating the development of hybrid
composites for aeronautical applica-
tions.

Composite Processing

There are basically two types of pro-
cessing for converting the raw fiber into
the finished product:

1) Direct processes. In these process-
es, the fiber is combined with the matrix
polymer and formed into the finished
part in one continuous operation.

2) Indirect processes. In these pro-
cesses, the combining of the fiber and
matrix polymer takes place in a separate,
preliminary stage, and the conversion of
this preform to the finished product takes
place in a subsequent, physically sepa-
rate fabrication procedure.

Direct processes. The attraction of di-
rect-process fabrication lies in the sim-
plicity and cost effectiveness of such
operations. Starting with the raw fiber,
the fabrication process is continuous
through the final product. The disadvan-
tage of such processes lies in the restrict-
ed geometric shapes that can be fabricat-
ed. Examples of such processes are in-
jection molding, pultrusion, and filament
winding. Pultrusion is particularly appli-
cable to parts that are straight or only
slightly curved. It consists of pulling a
bundle of fibers through a resin bath and
subsequently through a heated die in
which the matrix is cured. Production
rates in the range of 2 to 5 feet per minute
are currently achievable.

Filament winding is an important,
high-speed process for manufacturing
tubes. The fibers are prewet by a tech-
nique similar to pultrusion and then
wrapped around a mandrel at precisely
determined orientations and subsequent-
ly cured either in a continuous or batch-
heating process. Production rates greater
than 6 feet per minute are achievable in
this process. Filament winding is also
suitable as a high-speed fabrication pro-
cess for making preforms with controlled
orientations and amounts of fiber. Large-
diameter filament-wound tubes can be
slit before curing into preform sheets for
fabrication into shapes by other meth-
ods.

Perhaps the most rapid polymer pro-
cessing is injection molding of thermo-
plastic parts, both short glass fiber-rein-
forced and unreinforced. Molding cycle
times are measured in fractions of min-
utes and multiples of the part are made at
the same time. The fluid polymer is in-
jected into a closed, cooled mold. After
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the polymer has cooled enough for the
part to become rigid, the mold opens for
the part or parts to be ejected and then
closes again to begin the next cycle. The
process is rapid and inexpensive enough
to be used for many small parts on the
car as well as for a wide variety of every-
day consumer plastic items.

Indirect processes. The indirect pro-
cesses involve an intermediate step in
the transition from the raw fibers to the
finished product. All the processes in-
volve the preparation of some kind of
preform in which the fiber is intermixed
with the matrix resin and treated so that
the preform is handleable. For thermoset
matrices, such a step involves partial cur-
ing to allow handling of the preform; the
preform must then be storable for up to 6
months without a further significant amount
of curing. For thermoplastic matrices, the
preform is rigid and stable at room tem-
perature with infinite storage time.

Examples of indirect processes are
compression molding and vacuum bag
curing for the thermoset matrix com-
posites. In compression molding, the
preform is pressed into final shape in a
matched metal die and heated in the die
to fully cure the matrix. The cycle time
depends on the thickness of the part and
the particular resin employed, but typi-

Table 4. Summary of weights of GrFRP com-
ponents. Vehicle weights: Ford LTD 1979,
3740 pounds; lightweight concept vehicle,
2504 pounds.

Weight (pounds)

Component

In In Sav-
steel graphite ings

Body-in- :
white* 461.0 208.0 253.0
Frame 282.8 207.2 75.6
Front end 96.0 29.3 66.7
Hood 49.0 16.7 32.3
Deck lid 42.8 13.9 28.9
Bumpers 123.1 44 .4 78.7
Wheels 92.0 49.3 4.7
Doors 155.6 + 6l.1 94.5
Miscellaneoust 69.3 35.8 33.5

*Complete body structure without closure panels
(doors, deck lid, etc.) and trim (seats,
etc.). Bracketry, seat frame, and other items.

cally varies between 2 and 3 minutes for
the faster-curing polyester systems. Vac-
uum bag curing is generally a much slow-
er process in which the preform is
‘*sucked” against a female mold by
evacuation of a plastic bag around the
mold, and subsequently cured in an auto-
clave. This process is normally restricted
to low-volume applications, such as in
aerospace use, and tends to use longer-
cure, epoxy-type matrices.

Fig. 7. Typical GrFRP drive shaft for a medium-sized automobile. The tube was manufactured
by filament winding, using an epoxy matrix, and was adhesively bonded onto steel yokes. The
weight saving compared to the same component made with steel was 5 pounds. ‘

Fig. 8. Automobile leaf spring made of GrFRP. This component weighs 7 pounds, compared to

28 pounds in steel.

Fig. 9. Experimental GrFRP heavy truck spring. The weight is 30 pounds compared to 125
pounds in steel. With four springs per rear truck suspension, the potential weight saving per

truck is nearly 400 pounds.
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Warm stamping of thermoplastic ma-
trix composites is not as well developed
as the thermoset matrix procedures, but
is appealing because of the infinite shelf
life and handleability. Basically, it con-
sists of preheating the sheet, forming to
final shape in a die, and then cooling to
retain the shape before removal from the
die. The rheological behavior of fiber-
containing thermoplastic resin and the
mobility of the fibers during the stamping
operations are key process features that
require control for the successful devel-
opment of thermoplastic stamping as a
composite material fabrication process.

Composites in the Automotive Industry

Except for a few specialized appli-
cations, the development of glass fiber-
reinforced plastics (GIFRP) for the auto
industry has concentrated primarily on
manufacturing techniques that can eco-
nomically turn out large numbers of
parts and only secondarily on strength
properties. However, attempts are now
being made to improve properties, by re-
placing particulate fillers with glass fi-
bers and by lengthening the fibers, while
trying to retain some of the rapid fabri-
cating techniques.

Current and near-term automotive
uses for glass fiber-reinforced plastics.
The best known example of GIFRP us-
age in automobiles is the Chevrolet Cor-
vette. Since its introduction in the mid-
1950’s, the Corvette has had a GIFRP ex-
terior body fabricated by compressive
molding of SMC. Practically all grille
opening panels on American-made cars
are fabricated from glass-reinforced
SMC materials; in such applications, the
final component is less expensive to
manufacture from SMC because numer-
ous steel stampings can be integrated in-
to one molding with a consequent reduc-
tion in labor and assembly costs. A con-
tinuing problem that has compromised
other sheet metal replacement (outer
panels of doors, hoods, and so on) has
been the inability to produce a high-qual-
ity exterior surface in SMC, especially
where there is much variation of thick-
ness. This results in an undesirable fin-
ished paint appearance. It seems likely
that a newly developed in-mold urethane
coating process may solve this problem
and open the way for large-scale appli-
cation of SMC in exterior components.

To date, most automotive usage of
plastics has been in relatively non-load-
bearing applications. The next step is to
apply composites in components bearing
moderate loads. For example, a radiator
support with an integral fan shroud is
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being evaluated for automotive compa-
nies. To meet the load requirements, an
SMC formulation with increased glass fi-
ber content (60 percent by weight) must
be used and the glass fibers must be a
mix of continuous or relatively long (4 to
12 inch) unidirectionally oriented fibers
and short (1 inch) randomly oriented fi-
bers. GIFRP composite bumper rein-
forcements and leaf springs are also be-
ginning to appear in production vehicles.
GIFRP composites are competing effec-
tively in the heavy truck market because
of their weight-saving and cost features.
Heavy truck cabs and related exterior
components are becoming frequent
choices for composite applications.

Advanced composites —graphite and
hybrid graphite composite. Intensified
concern about energy and current shifts
in the marketplace have accelerated ef-
forts to reduce vehicle size and weight,
and applications of lightweight materials
have assumed a key role in advanced
fuel-efficient vehicle designs. Materials
are critical to the design of vehicles with
optimum capacity and utility at minimum
weight. In looking beyond 1985, it has
become clear that the dramatic weight
reduction potential of the advanced
graphite fiber composites (developed ini-
tially for military and aerospace appli-
cations) offers opportunities to achieve
further improvements in fuel economy.
This recognition has been a driving force
for the exploration and development of
graphite fiber-reinforced plastic (GrFRP)
. composites for future vehicle application
that is now taking place almost world-
wide.

Engineering data on the character-
ization and engineering properties of the

Fig. 10. Schematic of ex- '

perimental car with body,
chassis, and power train
components made  of
GrFRP.

SMC
OPENING PANEL

ALUM. RADIATOR
WITH PLASTIC TANKS —

2.3L 14 ENGINE
C-3 AUTO TRANS.

23 MAY 1980

PRODUCTION GRILLE

GrFRP’s are being generated, and nu-
merous prototype components are being
extensively evaluated. However, the de-
sign methodology needed for continuous
fiber composite components is radically
different from that for isotropic metals.
The fiber composite components consist
of discrete layers, or laminae, and the
properties of individual layers may be
completely different, depending on the
material (type of fiber) and fiber orienta-
tion. The resulting laminate is usually an-
isotropic, and the design analysis must
examine every layer for potential failure.
Finite-element analysis, computer-aided
design, and computer graphics and mod-
eling techniques have become essential
features of the development and design
of these new materials.

The principles of this design meth-
dology have been used in the develop-
ment of a number of GrFRP experimen-
tal components. In particular, drive
shafts and leaf springs were used as ini-
tial examples of the potential for GrFRP
composites in automobiles. Among the
more promising of these experimental
components are a typical automobile
drive shaft (Fig. 7), an automobile leaf
spring (Fig. 8), and a truck spring (Fig.
9).

The Ford GrFRP Concept Vehicle

This promising developmental experi-
ence with graphite fiber composite com-
ponents led Ford Motor Company in
1977 to undertake the building of an ex-
perimental car with body, chassis, and
power train components to be made of
graphite fiber composites to the maxi-

PRODUCTION INSTRUMENT
PANEL & INTERIOR

ALUM. PGM'S
FRT. & REAR

TIRES FR 78-14
(UNIQUE LIGHTWEIGHT)

mum extent possible. The 1979 Ford was
selected as the design to demonstrate the
potential of graphite fiber composite
technology for making a lightweight six-
passenger car with good fuel economy
while retaining the performance and
characteristics of larger vehicles. The
project was intended to demonstrate
concept feasibility and design and mate-
rials feasibility and to identify the critical
issues related to production feasibility
for future vehicles. Manufacturing and
cost feasibility were not program objec-
tives.

A schematic of the GrFRP vehicle is
shown in Fig. 10, where the shaded areas
represent the parts of the vehicle fabri-
cated in GrFRP. The completed experi-
mental vehicle with a 2.3-liter engine
weighed 2504 pounds—1246 pounds less
than 1979 production Ford LTD with the
standard 5.0-liter engine. The fuel econo-
my was projected to be 33 percent, or 6
miles per gallon, better than .the base
production car. Virtually all of the body,
frame, and chassis parts—about 160
parts—are made of graphite fiber-rein-
forced composites. Only the power train,
trim, and some chassis components were
not converted. However, most of these
(for instance, engine, brakes, transmis-
sion) were downsized or downgaged for
secondary weight reductions.

Some 600 pounds of graphite com-
posites was used, containing about 400
pounds of graphite fiber. The primary
weight saving—by direct materials sub-
stitution—was 706 pounds; the remain-
ing 540 pounds saved was the result of
secondary weight reductions. A sum-
mary of the weight savings achieved in
key components is given in Table 4. For

GrFRP FRONT SEAT
FRAME (BACK ONLY)

PRODUCTION QUARTER
PANEL EXTENSIONS

15 GAL. NYLON

GrFRP REAR SUSPENSION
ARMS — UPR. & LWR.

DOWNSIZED
BRAKE BOOSTER

DOWNGAGED UPPER
& LOWER CONTROL ARMS

GRAPHITE COMPOSITES
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the hood, front end, deck lid, bumpers,
and door, part weight savings ranged
from 61 to 69 percent—gratifyingly close
to our design expectations. For the
wheels and miscellaneous brackets, a 45
to 50 percent weight reduction was
achieved.

The weight and design targets were
successfully achieved and, in its prelimi-
nary evaluation, the experimental ve-
hicle exhibited an initial ride quality
equivalent to that of production vehicles
in the same stage of development.

The experience gained in this car pro-
gram underscored the two key issues
that will determine large-scale future ap-
plications: materials cost and manufac-
turing feasibility. The fiber industry in-
dicates that the price of graphite fibers
will come down dramatically as capacity
and markets increase. A price of $6 per
pound of fiber in the middle to late 1980’s
appears to be a reasonable projection,
compared with the current price of $20
per pound. However, on a materials
basis, all-graphite composites will not
approach the more favorable economics
of automotive materials such as steel or
aluminum. The automotive industry, to-
gether with the composites and resin in-
dustry, must develop hybrid composites
containing graphite, glass, and other fi-
bers, to improve the economic effective-
ness of such composites.

Equally important is the need for low-
cost manufacturing processes for pro-
ducing both preforms and components
compatible with automotive industry
practice. Hand-layup techniques obvi-
ously are not economically feasible.
High-speed manufacturing processes,
perhaps involving new resins and pro-
cessing techniques, are required.

The automotive industry needs to
have in hand well-characterized and test-
ed classes of materials, more under-
standing of performance characteristics
in service and failure modes, design
methodologies compatible with new ma-
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terials and manufacturing processes,
bonding and joining methods, and meth-
ods of nondestructive evaluation and
quality control.

One long-range issue critical to the fu-
ture automotive application of com-
posites is related to crashworthiness and
durability. The ability to design and in-
tegrate composite materials and com-
posite structures to ensure vehicle safety
and integrity must be fully demonstrated
before we can move toward large-scale
production considerations.

In our view, the graphite fiber com-
posite experimental car marks the end of
a phase in graphite fiber composite tech-
nology—a phase in which conceptual
feasibility was the predominant focus.
We now face the hard tasks of bringing
to reality the potential demonstrated to
date. Hybridization, formability, and
low-cost, high-rate manufacturing pro-
cesses emerge as the targets for the next
round of materials manufacturing R & D
programs.

Future

The future picture for composites will °

involve the aggressive pursuit of every
application where they are thought to be
of advantage. This spans a wide range of
materials and economics of application.
New product opportunities will continue
to be coupled to developments in the
technology of composite fabrication and
design. Larger-scale structural use of
composites will be constrained by the
challenges of rapid and automated pro-
cessing, the reliability of mass-produced
structures, material cost, and more effi-
cient design.

Aerospace use of composites will con-
tinue to be the proving ground for high-
performance and exotic fiber-matrix
combinations and for design methodolo-
gy. Such structures have been labor-in-
tensive handcrafted articles. But the de-

velopment of next-generation combat
aircraft; which could be 50 percent com-
posite materials, will also be more cost-
constrained and automation will be re-
quired to adequately fabricate the in-
creasingly larger and more complex
components while remaining competi-
tive in cost. ‘

The advantages of tailored high-per-
formance products will always support
specialized applications, as in sports
equipment and in certain advanced tech-
nologies. But composite use continues to
expand into more highly cost-con-
strained sectors. Perhaps the automobile
industry’s need for high-rate automated
processing will encourage development
of more know-how and the ability to con-
trol the compromises between perform-
ance and reliability. As in aerospace,
progress will likely include a tailoring of
material form and shape to an automated
industry, but it will take a different form
and include more variety. Optimized de-
sign will afford cost-effective use, which
will probably include hybrid composites
and composite structures of various
forms. Reliable prediction and control of
fiber distribution in complex structures
formed by machines will open new op-
portunities for optimal use of composite
materials.

If indeed the R & D activities during
the next decade realize the promise of
composite materials in consumer market
applications, we will have provided a
stimulus for a quantum increase in the
output of the plastics industry for the
1990’s and perhaps a realistic basis for
the coming of a second revolution in

plastics.
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