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1.1 Introduction to Composite Materials

1.2 Classification

How are composites classified?

Composites are classified by the geometry of the reinforcement, such as
particulate, flake, and fibers (Figure 1.8) — or by the type of matrix, such
as polymer, metal, ceramic, and carbon.

FIGURE 1.8
Types of composites based on reinforcement shape.

Particulate composites consist of particles immersed in matrices
such as alloys and ceramics. They are usually isotropic because the
particles are added randomly. Particulate composites have
advantages such as improved strength, increased operating
temperature, oxidation resistance, etc. Typical examples include
use of aluminum particles in rubber; silicon carbide particles in
aluminum; and gravel, sand, and cement to make concrete.

Flake composites consist of flat reinforcements of matrices.
Typical flake materials are glass, mica, aluminum, and silver. Flake
composites provide advantages such as high out-of-plane flexural
modulus,* higher strength, and low cost. However, flakes cannot
be oriented easily and only a limited number of materials are
available for use.



Fiber composites consist of matrices reinforced by short
(discontinuous) or long (continuous) fibers. Fibers are generally
anisotropict and examples include carbon and aramids. Examples
of matrices areresins such as epoxy, metals such as aluminum, and
ceramics such as calcium—alumino silicate. Continuous fiber
composites are emphasized in this lecture and are further discussed
in this chapter by the types of matrices. polymer, metal, ceramic,
and carbon. The fundamental units of continuous fiber matrix
composite are unidirectional or woven fiber laminas. Laminas are
stacked on top of each other at various angles to form a
multidirectional laminate.

Nanocomposites consist of materials that are of the scale of
nanometers (10° m). The accepted range to be classified as a
nanocomposite is that one of the constituents is less than 100 nm.
At this scale, the properties of materials are different from those of
the bulk material. Generally, advanced composite materials have
constituents on the microscale (10-° m). By having materials at the
nanometer scale, most of the properties of the resulting composite
material are better than the ones at the microscale. Not all
properties of nanocomposites are better; in some cases, toughness
and impact strength can decrease. Applications of
nanocomposites include packaging applications for the military in
which nanocomposite films show improvement in properties such
as elastic modulus, and transmission rates for water vapor, heat
distortion, and oxygen.

Body side molding of the 2004 Chewvrolet Impala is made of
olefinbased nanocomposites.9 This reduced the weight of the
molding by 7% and improved its surface quality. Generd
Motors™ currently uses 540,000 1b of nanocomposite materials
per year.

Rubber containing just a few parts per million of metal conducts
electricity in harsh conditions just like solid metal. Called Metal
Rubber®, it isfabricated molecule by molecule by a process called
electrostatic self-assembly. Awaited applications of the Metal
Rubber include artificial muscles, smart clothes, flexible wires,
and circuits for portable electronics.
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1.2.1 Polymer Matrix Composites

What are the most common advanced composites?

The most common advanced composites are polymer matrix composites
(PMCs) consisting of a polymer (e.g., epoxy, polyester, urethane)
reinforced by thin diameter fibers (e.g., graphite, aramids, boron). For
example, graphite/ epoxy composites are approximately five times
stronger than steel on a weight-for-weight basis. The reasons why they
are the most common composites include their low cost, high strength,
and simple manufacturing principles.

What are the drawbacks of polymer matrix composites?

The main drawbacks of PMCs include low operating temperatures, high
coefficients of thermal and moisture expansion,® and low elastic
propertiesin certain directions.

What are the typical mechanical properties of some polymer matrix
composites? Compare these properties with metals.

Table 1.4 givestypical mechanical properties of common polymer matrix
composites.

TABLE 1.4

Typical Mechanical Properties of Polymer Matrix Composites and
Monolithic Materials

Graphite!  Glass/
Property Lnits POy apoxy Steel  Aluminum

System of units: LISCS

Speciiic gravity 1.6 1.4 78 Lh
Young's modulus Msi 26.25 5598 300 [0
Lltimate tensile strenpgth hiad N7h 154.0 a4.0 400
Coefficient of thermal expansion  pin, finL/®F LIRLRRY 4778 f.5 121E

_I-n:-hlﬁh'_l_ﬁ' |:-l|-. MRS -I'H

Specific gravity 1.6 1.4 78 lh
Young's modulus Cil'a 1B1.0 386 20,8 8,05
Ultimate tensile strongth MPa 1500 1062 fulB.1 I7T5.8
Coefficient of thermal expansion  pm,/m/C .02 B.5 ns ]



Give names of various fibers used in advanced polymer composites.

The most common fibers used are glass, graphite, and Kevlar. Typical
properties of these fibers compared with bulk steel and aluminum are
givenin Table 1.5.

TABLE 1.5
Typical Mechanical Properties of Fibers Used in Polymoer Matrix Composites

Property Units  Graphite Avamid  Glass  Steel  Aluminum

-Fl:_l.#-'ﬂ'ﬂ:l of waits: LSS

Specific gravity — 18 14 ] 7.5 T h

Yowng s modulus Misi 3335 17.5% 12.3% Al 1.0

Liitimate tensile strength kesd B 20HLD el 94 400

Aaial covfficient of pin. i ~17% 7P 27 A5 12k
thermal expansion

Systom of wadta: Sl

Specific gravity 1.E 1.4 25 7R 25

Young's modulus Cal'ny 230 124 HE RILEE. £ 10

LIt tenesilis 5-¢|'|1|.HI|1 L 1L Hr 19m 1550 Ay | 175.H

Axial cocffictent of pLim g 13 .4 & 1n.z 23

therminl expansion




Give a description of the glass fiber.

Glass is the most common fiber used in polymer matrix composites. Its
advantages include its high strength, low cost, high chemical resistance,
and good insulating properties. The drawbacks include low elastic
modulus, poor adhesion to polymers, high specific gravity, sensitivity to
abrasion (reduces tensile strength), and low fatigue strength.

The glass used for making fibers is classified into five major types, explain each one.

The letter designation is based on the characteristic property of the glass:

(i) A-glassisahigh-akali glass; it has very good resistance to chemicals, but lower

electrical properties.

(i) C-glassisachemical grade, which offers extremely high chemical resistance.

(ili) E-glass has low akali content and it is electrical grade. It provides good
Insulation property and strong resistance to water.

(iv) S-glass has 33 % higher tensile strength than E-glass.

(v) D-glass has superior electrical properties with low dielectric constant.

The differencein the propertiesis due to the compositions of E-glass

and S-glass fibers. The main elements in the two types of fibers are
givenin Table 1.7.

TABLE 1.7

Chemical Composition of E-Glass
and S-Glass Fibers

% Weight
Material E-Glass  S5-Glass

Silicon oxide 54 64
Aluminum oxide 15 25
Calcium oxide 17 (.01
Magnesium oxide 4.5 10
Boron oxide 8 (.01
Others 1.5 0.8




Give a description of graphite fibers.

Graphite fibers are very common in high-modulus and high-strength
applications such as aircraft components, etc. The advantages of graphite
fibers include high specific strength and modulus, low coefficient of
thermal expansion, and high fatigue strength. The drawbacks include
high cost, low impact resistance, and high electrical conductivity.

Are carbon and graphite the same?

No, they are different. Carbon fibers have 93 to 95% carbon content, but
graphite has more than 99% carbon content. Also, carbon fibers are
produced at 2400°F (1316°C), and graphite fibers are typically produced
in excess of 3400°F (1900°C).

Give a description of the aramid fiber.

An aramid fiber is an aromatic organic compound made of carbon,
hydrogen, oxygen, and nitrogen. Its advantages are low density, high
tensile strength, low cost, and high impact resistance. Its drawbacks
include low compressive properties and degradation in sunlight.

Types: The two main types of aramid fibers are Kevlar 29®* and Kevlar
49®7+. Both types of Kevlar fibers have similar specific strengths, but
Kevlar 49 has a higher specific stiffness. Kevlar 29 is mainly used in
bulletproof vests, ropes, and cables. High performance applicationsin the
aircraft industry use Kevlar 49.

Give names of various polymers used in advanced polymer composites.
These polymers include epoxy, phenolics, acrylic, urethane, and
polyamide.

Why are there so many resin systems in advanced polymer composites?
Each polymer has its advantages and drawbacks in its use:

 Polyesters. The advantages are low cost and the ability to be made
tranducent; drawbacks include service temperatures below 170°F
(77°C), brittleness, and high shrinkage* of as much as 8% during curing.



* Phenolics: The advantages are low cost and high mechanical strength;
drawbacks include high void content.

* Epoxies. The advantages are high mechanica strength and good
adherence to metals and glasses; drawbacks are high cost and difficulty
In processing.

As can be seen, each of the resin systems has its advantages and
drawbacks. The use of a particular system depends on the application.
These considerationsinclude mechanical strength, cost, smoke emission,
temperature excursions, etc.

Epoxy isthe most common type of matrix material. Why?

Although epoxy is costlier than other polymer matrices, it is the most
popular PMC matrix. More than two-thirds of the polymer matrices used
In aerospace applications are epoxy based. The main reasons why epoxy
Isthe most used polymer matrix material are

* High strength

* Low viscosity and low flow rates, which allow good wetting of fibers
and prevent misalignment of fibers during processing

* Low volatility during cure

* Low shrink rates, which reduce the tendency of gaining large shear
stresses of the bond between epoxy and its reinforcement

* Available in more than 20 grades to meet specific property and
processing requirements.

Polymers are classified as thermosets and thermoplastics. What is the
difference between the two? Give some examples of both.

Thermoset polymers are insoluble and infusible after cure because the
chains are rigidly joined with strong covaent bonds; thermoplastics are
formable at high temperatures and pressure because the bonds are weak
and of the van der Waals type.

Typical examples of thermoset include epoxies, polyesters, phenolics,
and polyamide;

Thermosetting Plastic Advantages:

More resistant to high temperatures



. Highly flexible design
« Thick to thin wall capabilities
. Highlevelsof dimensional stability
o Cost-effective
Thermosetting Plastics Disadvantages.
o Can’t be recycled
« Moredifficult to surface finish

o Can’t be remolded or reshaped



Typical examples of ther moplastics include polyethylene, polystyrene,
polyether—ether—ketone (PEEK), and polyphenylene sulfide (PPS).

Thermoplastic Advantages.

« Highly recyclable

» High-Impact resistance

» Reshaping capabilities

» Chemical resistant

» Aesthetically superior finishes

« Hard crystalline or rubbery surface options
Thermoplastic Disadvantages:

. Expensive

« Canméltif heated.

What are Current Manufacturing Methods of Polymer Matrix Composites?

1) Hand Lay-up Technique:

Hand layup is an oldest open-mold process used for the composite manufacturing. This
process is simple, and it is a low-volume and labor-intensive process. Large
components, such as boat hulls, can be prepared by this technique. Reinforcing mat or
woven fabric or roving is placed manually in the open mold, and resin is poured,
brushed, or sprayed over and into the glass plies. Squeegees or rollers are used to
remove the entrapped air manually to complete the laminated structure as shown in
Fig.1.3. The most commonly used matrixes are polyesters and epoxiesthat can be cured
at room temperature. The time of curing depends on the type of polymer used for
composite processing. For example, for epoxy-based system, normal curing time at
room temperature is 24-48 h. A catalyst and accelerator are added to the resin, which
enables room-temperature curing of the resin. In order to get high quality part surface,

a pigmented gel layer is first applied on the mold surface. Hand layup is the most
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commonly preferred process for the manufacture of polymeric composites. Composites
were basically manufactured by hand lay-up process, using a fiber-to-resin ratio of
40:60 (w:w).

Dry Reinforcement
Fabric

Consolidation

Roller
\ Resin

Mold Tool

Fig. 1.3 Schematic of hand layup
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2) Vacuum Bag Molding

In vacuum bag molding, the entrapped air and excessresin are removed using vacuum.
After fabrication of the lay-up, a perforated release film or peel ply is placed over the
laminate. The bleeder ply, which is placed above the peel ply, is made of fiber glass
cloth, nonwoven nylon, polyester cloth, or other material that absorbs excessresin from
the laminate, followed by a breather ply of a nonwoven fabric. The vacuum bag is

placed over the entire assembly and sealed at the mold flange as shown in Fig. 1.4.

To vacuum To vacuum
um TAuge .
e e ﬁ\ Breather fabric
Vacuum bagging

film ] [ ] Peel ply/Release

film

Sealant
tape

WA 5% 750 7 7ot vl v e vt n e

\ Laminate

Bleader fabric

Release coated mold

Fig. 1.4 Schematic of vacuum bag molding

A vacuum is created under the bag, and thus the laminate can be merged by applying a

pressure up to one atmosphere. This process provides a high reinforcement, improved

adhesion between layers, and great control of fiber volume percent compared to the

hand lay-up.

Major advantages of vacuum bag molding are higher fiber content in the laminate,

lower void content, better fiber wet-out, and reduced volatile emissions as compared to
the hand layup. Large cruising boats and racing car components can be manufactured
by vacuum bag molding. Disadvantages of vacuum bag molding include expensive and
disposable bagging materials, labor intensive, inconsistent performance, trapped

air/volatiles, wrinkles, loss of seal, and requirement of higher level of operator skills.
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3) Pressure Bag Molding (or Autoclave)

Pressure bag molding or autoclave isidentical to the vacuum bag molding except that
the pressure, usually provided by compressed air or water, is applied to the flexible bag
that coversthe prepreg composite. The application of pressure forces out the entrapped

air, vapors, and excess resin. It also facilitates better wetting of fibers.

Autoclaves are basically heated pressure vessels. These are usually provided with the

vacuum systems. The bagged lay-up is cured inside the autoclave as shown in Fig.1.5.

/ Air pressure line

Part

Steam
coil

7\

Fig. 1.5 Schematic of
autoclave

The process of autoclave involves application of higher heat and uniform pressure on
the component during curing, which results in a denser and low void percentage
product. The autoclave equipment and tooling are expensive and it is only suitable for
high-end applications. The pressures required for curing are typically in the range of

one to six bars and takes several hours to complete the curing. This method

accommodates higher temperature matrix resins having properties higher than the
conventional resins, such as epoxies. Component sizeis limited by the autoclave size.
It is mostly used in the aerospace industry to manufacture high-strength/weight ratio

parts from pre-impregnated high-strength fibers for aircraft, spacecraft, and missiles.
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4) Filament Winding

This process consists of a rotating mandrel on which pre-impregnated fibers or
reinforcement iswound in the preset patterns. The method provides the best control of
fiber placement. The wet method is shown in Fig. 1.6. Here,the fiber is allowed to pass
through a bath containing low-viscosity resin. In the dry method, the pre-impregnated
reinforcing layers are wound on the mandrel, and then the component is removed and
postcured.

__ Angle of fiber warp controlled by ratio
/ of carriage speed to rotational speed

Rotating _/

Mandrel

Nip Rollers

S e

0

Resin Bath

Moving
Carriage

( ) / Fibers

To Creel

Fig. 1.6 Schematic of filament winding

Conventionally, this process is used to make pressure vessels, rocket motor cases,
tanks, ducting, golf club shafts, and fishing rods. Recently, non-cylindrical and
nonspherical composite parts are also produced by filament winding technology.
Polyesters, vinyl esters, epoxies, and phenolics are the typical thermoset resinsused in
the filament wound parts. Thisprocessis best suited for parts with rotational symmetry,
but itis possibleto wind odd-shaped parts using a robotized winding. It requires specia

13



equipment and may result in variation in the part thicknessin case of tapered parts. The

tooling and setup cost ishigh and it isonly suitable for alimited variety of components.

5) Resin Transfer Molding

Resin transfer molding (RTM) is alow-pressure closed molding process for moderate-
and high-volume production. This process basically invol ves placement of the dry stack
of reinforcement in the bottom part of the mold, and then the other half is clamped over
the bottom mold. For complex shapes, preforms are used. After closing the mold, a
low-viscosity resin containing catalyst is pumped in, which displace the air through
strategically located vents. The resin/catalyst ratios are controlled by metered mixing
equipment and injected into the mold port as shown in Fig. 1.8.

Press or clamps to hold
halves of tool together

Y

Mold Tool

RIS

— PO >
s K )
Resin Rost Optional
Injection % Vacuum
Under ] Assistance
Pressure ;ﬁ?

R TR R T R Ry Ry R T an ol
B R R R IR KR XAy
R AR SH]

Mold Tool

\ Dry Reinforcement
Preform

Fig. 1.8 Schematic of resin transfer molding

The commonly used matrix resins include polyester, vinyl ester, epoxy, and phenalics.
Both injection and curing can take place at either ambient or elevated temperature. In
order to have optimum surface finish, a gel coat is applied to the mold surface prior to

molding. High-quality parts such as automotive body parts, bathtubs, and containers
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are produced by this method. The variation in injection pressure has no effect on the
guality of moldings. A wide range of resin viscosities has been successfully molded by
this technique (RTM). It can produce laminates having high fiber volume with very
low void contents. It is safe for the health and environment due to the enveloping of
resin. Component prepared by RTM has molded surface on both sides. The
disadvantages of RTM process are need of heavy and expensive tooling to withstand
pressures, limitation in size of the components, and very expensive scrap parts due to

un-impregnated areas.
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1.3 Applications of Polymer Matrix Composites (PMCs)

Givetypical applications of polymer matrix composites.

It ishighly impossible to provide a complete list of PMC applications. However, some
applications classified according to major market segments are indicated here.
Aerospace and Aircraft: PMCs has wide applications in aerospace industry such as
construction of containers, gliders, control surfaces, and light aircraft, internal fittings,
window masks, partitions and floors, galley units and trolleys, satellite components,
aerials and associated enclosures, structural members, ground support equipment
components and enclosures, etc.

In commercial airlines, the use of composites has been conservative because of safety
concerns. Use of composites is limited to secondary structures such as rudders and
elevators made of graphite/epoxy for the Boeing 767 and landing gear doors made of

Kevlar—graphite/epoxy. Composites are also used in panels and floorings of airplanes.

Some examples of using compositesin the primary structure arethe al-composite L ear
Fan 2100 plane and the tail fin of the Airbus A310-300. In the latter case, the tail fin
consists of graphite/epoxy and aramid honeycomb. It not only reduced the weight of
the tail fin by 662 1b (300 kg) but also reduced the number of parts from 2000 to 100.

Skins of aircraft engine cowls shown in Figure 1.19 are also made of polymer matrix

composites for reducing weight.



FIGURE 1.19
Aircraft engine cowling. (Photo provided courtesy of Alliant Techsystems, Inc.)



With increasing competition in model airplane flying, the weight of composite
materias has been reduced. Figure 1.20 shows a World War |1 model airplane with
fuselage made of glass/epoxy, wings made of balsa-wood facings/Styrofoam core
sandwich construction, and wingspars made of graphite/epoxy.

FIGURE 1.20

Model BF109 WWII German fighter plane using glass/epoxy-molded fuselage and wing spars
of graphite/epoxy. (Photo courtesy of Russell A. Lepré, Tampa, FL.)

Helicopters and tiltrotors (see Figure 1.21) use graphite/epoxy and glass/ epoxy rotor
blades that not only increase the life of blades by more than 100% over metals but also
increase the top speeds.

FIGURE 1.1
Ihe BELL™ \-22 Osprey in combat configuration. {Courtesy of Bell Helicopter Textron Inc )



Space: Two factors make composites the materia of choice in space applications: high
specific modulus and strength, and dimensional stability during large changes in
temperature in space. Examples include the Graphite/ epoxy-honeycomb payload bay
doors in the space shuttle (see Figure 1.22). Weight savings over conventional metal
alloystrandate to higher payloads that cost as much as $1000/Ib ($2208/kg). Also, for
the space shuttles, graphite/epoxy was chosen primarily for weight savings and for
small mechanical and thermal deflections concerning the remote manipulator arm,

which deploys and retrieves payloads.

Boron/aluminum
mid-fuselage Lruss
members. High specific
strength & stifiness.

Nomex necdled felt,

Pressure vessels,
Fiberglass overwrapping.

Protection to 750°F, \\ Stowage
Saves 3501bs. Over boxes &
silica insulation. compartments.

Fiberglass sand-
wich face sheet,
Nomex core.
Saves 160 1bs
over aluminum.
Graphite/epoxy
payload bay doors.
High strength-to
weight ratio,

e ] Purge & vent lines.

Fiberglass cloth—

\\ CPOXY resin,
Sleeves—cryogenic

lines. Circular knil

fiberglass/polyurethane

resin. Lightweight,

flexible, non-flammable.

Graphite/epoxy OMS
pods. High strength-
Lo-weight ratio. \

Boron/epoxy
reinforced titanium
truss members.

FIGURE 1.22
Use of composites in the space shuttle. (Graphic courtesy of M.C. Gill Corporation,
hitp:/ /www.mcgillcorp.com.)

Medical devices. Applications here include the use of glass—Kevlar/epoxy lightweight
face masks for epileptic patients. Artificial portable lungs are made of graphite—
glass/epoxy so that a patient can be mobile. X -ray tables made of graphite/epoxy facing
sandwiches are used for their high stiffness, light weight, and transparency to radiation.
The latter feature allows the patient to stay on one bed for an operation as well as x-

rays and be subjected to alower dosage of radiation.
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Building and Construction: External and internal cladding, permanent and temporary
formwork and shuttering, partitions, polymer concrete, prefabricated buildings, booth,
cabins and housing, structural and decorative building elements, bridge elements and
sections, quay facings, signposts and street furniture, staging, fencing and walkways,
efc.

Consumer Product Components. For domestic and industrial furniture, sanitary ware,
sporting goods, caravan components, archery and playground equipment, garden
furniture, notice boards, theme park requirements, swimming pools, aquatubes, diving

boards, seating and benches, skis and snowboards, etc.

Sporting goods. Graphite/epoxy is replacing metals in golf club shafts (see Figure)

mainly to decrease the weight and use the saved weight in the head. This increase in

the head weight has improved driving distances by more than 25 yards (23 m).

Corrosion-Resistant Equipment: Chemical plant, linings, oil industry components,
pipes and ducts, chimneys, grid flooring, staging and walkways, pressure vessels,
processing tanks and vessels, fume hoods, scrubbers and cooling tower components,
etc.

Electrical and Electronic: Interna and external aerial components and fittings, circuit
boards, generation and transmission components, insulators, switch boxes and cabinets,
booms, distribution posts and pylons, tel egraph poles, fuse tubes, transformer elements,
ladders and cableways, etc.



Marine Applications. PMC; are used in the manufacture of canoes and boats or (yachts,
see Figure), therefore most of these marine applications are made of fiber glass.

Furthermore, hybrids of Kevlar—glass/epoxy are now replacing fiber glassfor improved

weight savings, vibration damping, and impact resistance. Kevlar—epoxy by itself
would have poor compression properties.

Housings made of metals such as titanium to protect expensive oceanographic research
Instruments during explorations of seawrecks are cost prohibitive. These housings are
now made out of glass/epoxy and sustain pressures as high as 10 ks (69 MPa) and

extremely corrosive conditions.

Bridges made of polymer composite materials are gaining wide acceptance dueto their
low weight, corrosion resistance, longer life cycle, and limited earthquake damage.
Although bridge components made of composites may cost $5/Ib as opposed to
components made of steel, reinforced concrete may only cost $0.30 to $1.00 per pound,;
the former weighs 80% less than the latter. Also, by lifetime costs, fewer composite
bridges need to be built than traditional bridges.

Other marine applications. surf and sailboards, lifeboats and rescue vessels, buoys,

boat accessories and subassemblies, window masks and internal moldings and fittings
for ferries and cruise liners, work boats and trawlers, etc.



Transportation: Automotive (e.g., a body of car "Ford GT" made of carbon fibre
completely, see Figure), bus, camper and vehicle components generaly, both
underbody, engine and body panels, truck, rail and other vehicle components and
fittings, land and sea containers, railway track and signaling components, traffic signs,

seating, window masks and partitions, etc.

1.2.2 Metal Matrix Composites
What are metal matrix composites?
Metal matrix composites (MMCs), as the name implies, have a metal

matrix. Examples of matrices in such composites include aluminum,
magnesium, and titanium. Typical fibers include carbon and silicon
carbide. Metals are mainly reinforced to increase or decrease their
properties to suit the needs of design. For example, the elastic stiffness
and strength of metals can be increased, and large coefficients of thermal
expansion and thermal and electric conductivities of metals can be

reduced, by the addition of fibers such as silicon carbide.

What are the advantages of metal matrix composites?
Metal matrix composites (MMCs) are mainly used to provide advantages

over monolithic metals such as steel and aluminum. These advantages
include higher specific strength and modulus by reinforcing low-density
metals, such as aluminum and titanium; lower coefficients of thermal

expansion by reinforcing with fibers with low coefficients of thermal
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expansion, such as graphite; and maintaining properties such as strength
at high temperatures. MMCs have severa advantages over polymer
matrix composites. Theseinclude higher elastic properties; higher service
temperature; insengitivity to moisture; higher eectric and thermal
conductivities; and better wear, fatigue, and flaw resistances. The
drawbacks of MM Cs over PM Cs include higher processing temperatures

and higher densities.

Do any properties degrade when metals are reinforced with fibers?
Yes, reinforcing metals with fibers may reduce ductility and fracture

toughness. Ductility of auminum is 48% and it can decrease to below
10% with ssmple reinforcements of silicon carbide whiskers. The fracture
toughness of aluminum alloysis 18.2 to 36.4 (20 to 40) and it reduces by

50% or more when reinforced with silicon fibers.

What are the typical mechanical properties of some metal matrix
composites? Compare the properties with metals.

Typica mechanical properties of MMCs are givenin Table 1.11.

TABLE 1.11
I'vpical Mechanical Properties of Metal Matrix Composites

5y Graphite/
Property Linits aluminum  aluminum  Steel  Aluminum
System of anits: USCS
Specific gravity 2.6 2.2 7.8 Lh
Young's modulus Msi 17 18 30 10
Liltimate tongile strength k=i 175 o L 34
Coefficient of thermal pin. fin. f°F 64y i 65 128
EXPEnsim
System of unils: 5
Specific gravity — 2.6 2.2 FE 2.0
Young's modulus Gl 117.2 124.1 2.8 iRl
Ltimate tensile strength MFPa 126 4482 e | 23440
Coeticient of thermal Th | N T e 12.4 13 11.7 23

i rli-'||'|.=-14 k]




Show one process of how metal matrix composites (MMCs) are
manufactured.

Fabrication methodsfor MM Cs are varied. One method of manufacturing
them is diffusion bonding (Figure 1.28), which is used in manufacturing
boron/aluminum composite parts. A fiber mat of boron is placed between
two thin aluminum foils about 0.002 in. (0.05 mm) thick. A polymer
binder or an acrylic adhesive holds the fibers together in the mat. Layers
of these metal foils are stacked at angles as required by the design. The
laminate is first heated in a vacuum bag to remove the binder. The
laminate is then hot pressed with a temperature of about 932°F (500°C)
and pressure of about 5ksi (35 MPa) inadieto form the required machine

element.
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FIGURE 1.20

Schematic of diffusion bonding, for metal matrix composites. (Reproduced with permission
from Matthews, EL, andd Rawlings, R.D., Compusite Materialc Pagrmeenng and Sciemy, Chapman
& Hall, London, 1994, Figure 31, p. 81 Copyright CRC Press, Boca Raton, FL)

What are some of the applications of metal matrix composites? Or Metal
matrix composites applications are:

» Space: The space shuttle uses boron/aluminum tubes to support its
fuselage frame. In addition to decreasing the mass of the space shuttle by
more than 320 Ib (145 kg), boron/auminum also reduced the thermal
Insul ation requirements because of itslow thermal conductivity. The mast

of the Hubble Telescope uses carbon-reinforced aluminum.
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» Military: Precison components of missile guidance systems demand
dimensional stability — that is, the geometries of the components cannot
change during use Metal matrix composites such as SIC/ aluminum
composites satisfy this requirement because they have high micro yield
strength.* In addition, the volume fraction of SIC can be varied to havea
coefficient of thermal expansion compatible with other parts of the
system assembly.

* Transportation: Metal matrix composites are finding use now in
automotive engines that are lighter than their metal counterparts. Also,
because of their high strength and low weight, metal matrix composites

are the material of choice for gas turbine engines (Figure 1.30).

High strength, low weight and the ability to
perform at high temperatures make metal
matrix compaosites the material of choice for
gas lurbine engine components.

FIGURE 1.30
Gas turbine engine components made of metal mattix composites, (Photo courtesy of Spocialty
Materials, Inc., http:/ /www.specmaterials.com.)
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1.2.3 Ceramic Matrix Composites

What are ceramic matrix composites?

Ceramic matrix composites (CMCs) have a ceramic matrix such as
alumina calcium alumino silicate reinforced by fibers such as carbon or

silicon carbide.

What are the advantages of ceramic matrix composites?

Advantages of CMCs include high strength, hardness, high service
temperature limits* for ceramics, chemical inertness, and low density.
However, ceramics by themselves have low fracture toughness. Under
tensile or impact loading, they fail catastrophically. Reinforcing ceramics
with fibers, such as silicon carbide or carbon, increases their fracture
toughness (Table 1.12) becauseit causes gradual failure of the composite.
This combination of a fiber and ceramic matrix makes CMCs more
attractive for applications in which high mechanical properties and

extreme service temperatures are desired.

TABLE 1.12

Typical Fracture Toughness of Monolithic Materials and
Ceramic Matrix Composites

Fracture toughness  Fracture toughness

Material (MPa \,f': ) (ksi \.'"; )
Epoxy 3 2.73
Aluminum alloys 35 31.85
Silicon carbide 3 2.73
5iC/AlLO, 27 246
5iC/5iC 30 27.3

What are the applications of ceramic matrix composites?
Ceramic matrix composites are finding increased application in high-

temperature areas in which metal and polymer matrix composites cannot
12



be used. This is not to say that CMCs are not attractive otherwise,
especially considering their high strength and modulus, and low density.
Typica applications include cutting tool inserts in oxidizing and high-
temperature environments. Textron Systems Corporation® has
developed fiber-reinforced ceramics with SCS™ monofilaments for

future aircraft engines (Figure 1.32).

IGURE 2.392
Coramic maerix composites for high lessgoratumne and oxsdation sesistaot apphication. (Mo
consrtioy of Specialy Matonaly, ke, hitpe/ /www specmsterials com. |
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1.4 Recycling Fiber-Reinforced Composites
What types of processes are used for recycling of composites?

The two main processes are called chemical and mechanical processes.

Why isrecycling of composites complex?
Thisisbecause of the many variablesin material types— thermoset vs. thermoplastics,

long vs. short fibers, glass vs. carbon, etc.

What are the various steps in mechanical recycling of short fiber-reinforced
composites?

These are shredding, separation, washing, grinding, drying, and extrusion.

Why is chemical recycling not as popular as mechanical recycling?

Chemical processing is very costly. Processes such as pyrolysis (decomposing
materialsin an oxygen-free atmosphere) produce many gases, and hydrogenation gives
high filler content. However, General Motors has adapted pyrolysis to recycle
composite automobile parts. Gases and oils are recovered, and the residues are used as
fillers in concrete and roof shingles. One other problem is the chlorine content. The
scrap needs to be dehalogenated after separation, especially if carbon fibers were used
as reinforcement. Glass fibers in recycled composites also pose the problem of low

compressive strength of the new material.



What can one do if the different types of composites cannot be separated?
Incineration or use as fuel may be the only solution because metals, thermosets, and
thermoplastics may be mixed, and they may be soiled with toxic materials. The fuel
value* of polymer matrix composites is around 5000 BTU/Ib (11,622 kJKkg). Thisis
about half the value for coal.

Which chemical process; incineration or use as fuel showsthe most promise?
Incineration offers the most promise.

Its advantages include minimal cost, high-volume reduction, and no residual material.

It isalso feasible for low scrap volume.

1.4 M echanics Terminology

How isa composite structur e analyzed mechanically?

A composite material consists of two or more constituents; thus, the analysisand design
of such materialsis different from that for conventional materials such as metals. The

approach to analyze the mechanical behavior of composite structures is as follows
(Figure 1.35).



Fiber Maitrix

Micromechanics of
a lamina (chapter 3)

Macromechanics of a lamina
{chapter 2)

Homogeneous orthotr pic
layer

Macromechanics of a laminate
(chapter 4)

Analysis and design of laminated
structures (chapter 5)

Structural element

Laminale

FIGURE 1.35
Schematic of analysis of laminated composites,

1. Find the average properties of a composite ply from the individual properties of the
constituents. Properties include stiffness, strength, thermal, and moisture expansion
coefficients. Note that average properties are derived by considering the ply to be
homogeneous. At this level, one can optimize for the stiffness and strength
requirements of alamina. Thisis called the micromechanics of alamina.

2. Develop the stress-—strain relationships for a unidirectional/bidirectional lamina
Loads may be applied along the principal directions of symmetry of the lamina or

off-axis. Also, one develops relationships for stiffness, thermal and moisture
3



expansion coefficients, and strengths of angle plies. Failure theories of a lamina are
based on stresses in the lamina and strength properties of alamina. Thisis called

the macromechanics of alamina

A structure made of composite materias is generaly a laminate structure made of
various laminas stacked on each other. Knowing the macromechanics of a single
lamina, one develops the macromechanics of a laminate. Stiffness, strengths, and
thermal and moisture expansion coefficients can be found for the whole laminate.
Laminate failure is based on stresses and application of failure theories to each ply.
This knowledge of analysis of composites can then eventually form the basis for the
mechanical design of structures made of composites. Several terms are defined to
devel op the fundamentals of the mechanical behavior of composites. These include the

following.

What is an isotropic body? An isotropic material has properties that are the samein all

directions. For example, the Young’s modulus of steel is the same in all directions.

What is a homogeneous body? A homogeneous body has properties that are the same
at all pointsin the body. A steel rod is an example of a homogeneous body. However,
if one heats thisrod at one end, the temperature at various points on the rod would be
different. Because Young’s modulus of steel varies with temperature, one no longer
has a homogeneous body. The body is still isotropic because the properties at a

particular point are still identical in all directions.

Are composite materials isotropic and/or homogeneous? Most composite materials are
neither isotropic nor homogeneous. For example, consider epoxy reinforced with long
glass fibers. If one chooses a location on the glass fiber, the properties are different
from a location on the epoxy matrix. This makes the composite materia
nonhomogeneous (not homogeneous). Also, the stiffness in the direction parale to the
fibers is higher than in the direction perpendicular to the fibers and thus the properties
are not independent of the direction. This makes the composite material anisotropic
(not isotropic).



What is an anisotropic material?

At apoint in an anisotropic material, material properties are different in all directions.

What is a nonhomogeneous body?

A nonhomogeneous or inhomogeneous body has material propertiesthat are afunction

of the position on the body.

What isa lamina?

A lamina (also called a ply or layer) is a single flat layer of unidirectional fibers or

woven fibers arranged in a matrix.

What isalaminate?

A laminate is a stack of plies of composites. Each layer can be laid at various

orientations and can be made up of different materia systems.

What isa hybrid laminate?

Hybrid composites contain more than one fiber or one matrix system in a laminate. The

main four types of hybrid laminates follow.

* Interply hybrid laminates contain plies made of two or more different composite
systems. Examples include car bumpers made of glass/ epoxy layers to provide
torsiona rigidity and graphite/epoxy to give stiffness. The combinations also lower the
cost of the bumper.

* Intraply hybrid composites consist of two or more different fibers used in the same
ply. Examples include golf clubs that use graphite and aramid fibers. Graphite fibers
provide the torsional rigidity and the aramid fibers provide tensile strength and
toughness.

* An interply—intraply hybrid consists of plies that have two or more different fibers in
the same ply and distinct composite systems in more than one ply.

5



* Resin hybrid laminates combine two or more resins instead of combining two or more
fibers in a laminate. Generally, one resin is flexible and the other one is rigid. Tests
have proven that these resin hybrid laminates can increase shear and work of fracture

properties by more than 50% over those of all-flexible or all-rigid resins.
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Chapter Two: Objectives

* Develop concepts of volume and weight fraction (mass fraction) of fiber and matrix,

density, and void fraction in composites.

* Find the nine mechanical and four hygrothermal constants: four elastic moduli, five
strength parameters, two coefficients of thermal expansion, and two coefficients of
moisture expansion of a unidirectional lamina from the individual properties of the fiber

and the matrix, fiber volume fraction, and fiber packing.

» Discuss the experimental characterization of the nine mechanical and four
hygrothermal constants. The two main processes are called chemical and mechanical

processes.

2.1 Introduction

The stress-strain relationships, engineering constants, and failure theories for an angle

lamina were developed using four elastic moduli, five strength parameters, two

coefficients of thermal expansion (CTE), and two coefficients of moisture

expansion (CME) for a unidirectional lamina. These 13 parameters can be found

experimentally by conducting several tension, compression, shear, and hygrothermal

tests on unidirectional lamina (laminates).

However, unlike in isotropic materials, experimental evauation of these parametersis
guite costly and time consuming because they are functions of several variables: the
individual constituents of the composite material, fiber volume fraction, packing
geometry, processing, etc. Thus, the need and motivation for developing analytical

models to find these parameters are very important.



In thischapter, wewill develop simple relationships for the these parametersin terms
of the stiffnesses, strengths, coefficients of thermal and moisture expansion of the
individual constituents of a composite, fiber volume fraction, packing geometry, etc.
An understanding of this relationship, called micromechanics of lamina, helps the
designer to select the constituents of a composite material for use in a laminated
structure. Because this text is for a first course in composite materials, details will be
explained only for the simple models based on the mechanics of materials approach
and the semi-empirical approach. Resultsfrom other methods based on advanced topics
such as eladticity are also explained for completeness. As mentioned in a previous
chapter, a unidirectional lamina is not homogeneous. However, one can assume the
lamina to be homogeneous by focusing on the average response of the lamina to

mechanical and hygrothermal loads (Figure 3.1).

| 552 |//

Nonhomogeneous lamina Homogeneous lamina

FIGURE 3.1
A nonhomogeneous lamina with fibers and matrix approximated as a homogeneous lamina.
The laminais simply looked at as a material whose properties are different in various
directions, but not different from one location to another. Also, the chapter focuses on
a unidirectional continuous fiber-reinforced lamina. Thisis because it forms the basic
building block of a composite structure, which is generdly made of severd
unidirectional laminae placed at various angles. The modeling in the evaluation of the
parameters is discussed first. This is followed by examples and experimental methods

for finding these parameters.

2.2 Volume and Mass Fractions, Density, and Void Content
Before modeling the 13 parameters of a unidirectional composite, we introduce the
concept of relative fraction of fibers by volume. This concept is critical because

theoretical formulas for finding the stiffness, strength, and hygrothermal properties of
2



a unidirectiona lamina are a function of fiber volume fraction. Measurements of the
constituents are generally based on their mass, so fiber mass fractions must also be
defined. Moreover, defining the density of a composite also becomes necessary because
its value is used in the experimental determination of fiber volume and void fractions
of a composite. Also, the value of density is used in the definition of specific modulus

and specific strength in Chapter 1.
2.2.1Volume Fractions

Consider a composite consisting of fiber and matrix. Take the following symbol

notations;

T, i = Volume of composite, fiber, and matrix, respectively
Posw = density of compaosite, fiber, and matrix, respectively.

MNow defline the fiber volume [raction V;and the matrix volume fraction V,, as

and

v, =1, (3.1a, b)

Mote thatl the sum of volume fractions is
Vi+V, =1,
trom Equation (3.1) as

oD, =T



2.2.2 Mass Fractions

Consider a composite consisting of fiber and matrix and take the following symbol
notation: Wesm= mass of composite, fiber, and matrix, respectively. The mass fraction

(weight fraction) of the fibers (Wr) and the matrix (Wm) are defined as

]

W,=—, and
Tw,
W, =ZLm (3.2a, b)
i

Note that the sum of mass fractions is

W, + W, =1,

from Bquation {3.2) as
Wyt e, =W, -

Froan the definibion of the density of a single material,

w,=r.o,
We=Flypy and fﬂn';ﬂ{':l
I‘IIU = r:!r;ll.u'

Substituting Equation (3.3) in Equation (3.2), the mass fractions and vol-
ume fractions are related as

W= Pr v and
P
Wa=tuy (3.4a, b)
P,



in terms of the fiber and matrix volume fractions. In terms of individual
constituent properties, the mass fractions and volume fractions are related by

Pe
W= e Vi
_|r l‘rll"l ll"lll'r
i
i
wl:l = ILIIIIT 3 [‘3.511. b}
PLi-vy+v,

m

One should always state the basis of calculating the fiber content of a
compaosite, It is given in terms of mass or volume. Based on Equation (3.4),
it is evident that volume and mass fractions are not equal and that the
mismatch between the mass and volume fractions increases as the ratio
between the density of fiber and matrix differs from one.



2.2.3 Density

The derivation of the density of the composite in terms of volume fractionsis found as
follows. The mass of composite w, is the sum of the mass of the fibers w; and the mass

of the matrix wy, as

= 1w+, (3.A)
Substituting Equation (3.3} in Equation (3.6) yvields

pl :!r = Pr{'r + Prn?jrn-'

and

Ff Fd}

=pr—=+p—, 3.
S e T (3.7)

© [

Uﬁing the definitions of fiber and matrix volume (ractions from F.L'iualirm
(3.1),

p=pVrtpuVm (3.8)

Now, consider that the volume of a composite 7, is the sum of the volumes
of the fiber v, and matrix (v, )

V=T + 0. (3.9)

The dc-:t-;il}r of thie -:rnm}msile in terms of mass bractions can be found as

(3.0



Example 2.1: A glass/epoxy lamina consists of a 70% fiber volume fraction. Use

properties of glassand epoxy from Table 3.1* and Table 3.2, respectively, to determine;

1. Density of lamina

2. Mass fractions of the glass and epoxy

3. Volume of composite laminaif the mass of the laminais4 kg

4. Volume and mass of glass and epoxy in part (3)

TABLE 3.1
Typical Properties of Fibers (51 System of Units)
Progrerty Umiits Giraphite Glass Aramid

Aucial moduhus GFa il Fa L34
Tramsverse masdulus GlFa 2 FG 8
Acxdal Poisson’s ratio 30 20 (L3
Franaverse Moisson's sato 135 02 037
Auial shoar modulis GPa 2 42 K|
Acdal coofficient of thermal expansion S A 13 5 5.0
Transverse coofficient of thermal expansion  pm/fm/2C K 5 4.1
Acial tensile strength M 07 1550 133
Axial compressive strength M L 1550 274
Tramswverse tensile strength MPa 7 1550 7
Trassverse compressive strengih M 42 1550 7
Lhesar strenpth " [ A5 B i |
Specific gravity 14 25 1.4
TABLE 3.2
Typical Properties of Matrices (51 Syvstem of Units)

Froparty Limits Epoxy  Aluminum  Palvamide
Aot meesdulus i LY 1.4 il | 35
Transverse modulus Gla 14 71 a5
Acddal Pokson™s ratsn 30 30 035
Trameworse Podsson’s rato - (30 nan 035
Acxial shear modulus LGl 130 r 13
Coefficient of thermal expansiaon pra o o il bk | L) |
Coedficient of fwistun ecpansion mdmd kg kg | % LR N {1714
Al tensile strengith P 72 s 54
Aial compressive strength M1a 102 27t 10
Trassverse ensile strength kA Fa 72 27h 54
Tramsvorse compresaive streng th fFPa 12 X {112
Lhear sbrength 81 34 L2H 54
Epecific gravity - 12 7 12



Solution:

1. From Table 3.1, the density of the fiber is

Py = 2500 ke f m

From Table 3.2, the density of the matrix is
P, =1200 ke /nr'.

Using Equation (3.8), the density of the composite is

p. = (25000(0.7}+ {1200)0.3)
=2110 kg / nr'.

2. Using Equation (3.4), the fiber and matrix mass fractions are



2500
X

=222 %03
72110
=0.8294
1200

W = #*0.3

"= 2110 _
= 0.1706

Note that the sum of the mass fractions,

W, + W, = 0.8294+.0.1706

= 1.000.

3. The volume of composite is

~ 2110

=1.806 %10 m" .

4. The volume of the fiber is

'{n"lr = Il'{}"{]‘.
= (0.7)(1.896 % 10")

=1.327 x 10 m" .

The volume of the matrix is

v, =V, v

i

~(0.3)(0.1896 % 10°")



=0.5688x 107" m* .

The mass of the fiber is
u’I = va’
=(2500)(1.327 x 10°*)

=3318 kg .

The mass of the matrix is
u’m - pmvm

= (1200)(0.5688 x 10*)

= 0.6826 kg .
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An E-gluss fiber reinforced vinyl ester composite has a fiber volume fraction
of 40%. Experimentally measured density of E-plass fiber and vinyl ester is
254 glem® and 1.3 glem?, respectively, What is the weight fraction of fibers?
Solution:

p=d0%; V. =(1- V) =560% p,=2.54 gfem?, p_ = 13 glem?
According o Equation (7.1)

. ¥P . 04x3se 016 _
TV +V,p, 0D4A%254X06%13 10164078

The zlass vinyl ester composite bas a fiber weéighi fmction of 57%.

A carbon fiber reinforced polyphenylene sullide (PPS ) composite has a resin
welght fraction of 48%. What is the volume froction of carbon fiber in this
composite? The density of carbon fiher is 1.8 glom? and the density of PPX is
1.48 pfemd,

Sofution:
W, =48%; W= (1 = W,) =52%; p;= L5 gfem’; p,, = 1.48 p/cm?
According 1o Equation (7.4

_ Wi iR, _ 052714 __0a8e
' W ip +W ip, +W /p, 052718+ 048/148 0.280+0324

The fiber valume fraction of the composite i 4745%

11
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1.1 Introduction to Composite Materials

Chapter One: Objectives

* Define a composite, enumerate advantages and drawbacks of composites over
monolithic materials, and discuss factors that influence mechanical properties of a
composite.

» Classify composites, introduce common types of fibers and matrices, and
manufacturing, mechanical properties, and applications of composites.

* Discuss recycling of composites.

* Introduce terminology used for studying mechanics of composites.

What isa composite?

A compositeisastructural material that consists of two or more combined constituents
that are combined at a macroscopic level and are not soluble in each other. One
constituent is called the reinforcing phase and the one in which it is embedded is called
the matrix. The reinforcing phase material may be in the form of fibers, particles, or
flakes. The matrix phase materials are generally continuous. Examples of composite
systems include concrete reinforced with sted and epoxy reinforced with graphite

fibers, etc.

Give some examples of naturally found composites:

Examples include wood, where the lignin matrix is reinforced with cellulose fibers and
bones in which the bone-salt plates made of calcium and phosphate ions reinforce soft
collagen.



What are advanced composites?

Advanced composites are composite materials that are traditionally used in the
aerospace industries. These composites have high performance reinforcements of athin
diameter in a matrix material such as epoxy and auminum. Examples are
graphite/epoxy, Kevlar/epoxy, and boron/ aluminum composites. These materials have

now found applicationsin commercial industries as well.

Combining two or more materials together to make a composite is more work
than just using traditional monolithic metals such as steel and aluminum. What

are the advantages of using composites over metals?

Monolithic metals and their aloys cannot aways meet the demands of today’s
advanced technologies. Only by combining several materials can one meet the
performance requirements. For example, trusses and benches used in satellites need to
be dimensionally stablein space during temperature changes between —256°F (-160°C)
and 200°F (93.3°C). Limitations on coefficient of thermal expansionj thus are low and
may be of the order of +1 x 107 in./in./°F (+1.8 x 10" m/m/°C). Monolithic materials
cannot meet these requirements; this leaves composites, such as graphite/epoxy, asthe
only materials to satisfy them.

In many cases, using composites is more efficient. For example, in the highly
competitive airline market, one is continuously looking for ways to lower the overal
mass of the aircraft without decreasing the stiffness and strength of its components.
Thisis possible by replacing conventional metal alloyswith composite materials. Even
If the composite material costs may be higher, the reduction in the number of partsin
an assembly and the savingsin fuel costs make them more profitable. Also, composites

offer several other advantages over conventional materials. These may include



improved strength, stiffness, fatigue and impact resistance, thermal conductivity,

corrosion resistance, etc.

* Stiffness is defined as the resistance of a material to deflection.

1 Strength is defined as the stress at which a material fails.

£ Fatigue resistance iSthe resistance to the lowering of mechanical properties such as

strength and stiffness due to cyclic loading, such as due to take-off and landing of a

plane, vibrating a plate, etc.

** |mpact resistance is the resistance to damage and to reduction in residual strength

to impact loads, such as abird hitting an airplane or a hammer falling on a car body.

7+ Thermal conductivity is the rate of heat flow across a unit area of a material in a

unit time, when the temperature gradient is unity in the direction perpendicular to the

area.

777 Electrical conductivity isthe ability of eectric current to flow through a material.

1+ Corrosion_resistance is the resistance to corrosion, such as pitting, erosion,

galvanic, etc.

* Young’s modulus of an elastic material istheinitial slope of the stress-strain curve.

7 Density is the mass of a substance per unit volume.

% A unidirectional _composite is a composite lamina or rod in which the fibers

reinforcing the matrix are oriented in the same direction.



How isthe mechanical advantage of composite measur ed?

For example, the axial deflection, u, of a prismatic rod under an axial load, P, is given
by

AE

i

; (1.1)

where
[. = length of the rod
F = Young's modulus of elasticity of the material of the rod

Because the mass, M, of the rod is given by

M =pAL , (1.2)

where p = density of the material of the rod, we have

Mssel o (1.3)

This implies that the lightest beam for specified deflection under a
specified load is one with the highest (E/p) value. Thus, to measure the
mechanical advantage, the (E/p) ratio is calculated and is called the

specific modulus (ratio between the Young’s modulus (E) and the

density (p) of the material). The other parameter is called the specific
strength and is defined as the ratio between the strength (eur) and the
density of the materia (p), that is



r

. E
specific modulus = —

P

LT
P

Specific strength

Thetwo ratios are high in composite materials. For example, the strength
of a graphite/epoxy unidirectional composite could be the same as sted,

but the specific strength is three times that of steel. What doesthis mean

to adesigner ? Takethe ssimple case of arod designed to take a fixed axial

load. The rod cross section of graphite/epoxy would be same as that of
the steel, but the mass of graphite/epoxy rod would be one third of the
steel rod. Thisreduction in masstrandatesto reduced material and energy
costs. Figure 1.1 shows how composites and fibers rate with other
traditional materials in terms of specific strength.3 Note that the unit of
specific strength is inches in Figure 1.1 because specific strength and

specific modulus are also defined in some texts as
Specific modulus = I 3
Ps

Hpt‘fiﬁf :'-'-“"l.."!'lﬂﬂ'l - £V uli _
PE

where g is the acceleration due to gravity (32.2 ft/s* or .81 m/s?).
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FIGURE 1.1

Specific strength as a function of time of use of materials. (Source: Eager, T.W., Whither advanced
materials? Ado. Mater. Processes, ASM International, June 1991, 25-249.)

Values of specific modulus and strength are given in Table 1.1 for typical
composite fibers, unidirectional composites,* cross-plyt and quasi-
isotropic} laminated composites, and monolithic metals. On a first look,
fibers such as graphite, aramid, and glass have a specific modulus several
times that of metals, such as steel and auminum. This gives a fase
impression about the mechanica advantages of composites because they
are made not only of fibers, but also of fibers and matrix combined;
matrices generally have lower modulus and strength than fibers. Is the
comparison of the specific modulus and specific strength parameters
of unidirectional compositesto metals now fair? The answer isno for
two reasons. First, unidirectional composite structures are acceptable
only for carrying simple loads such as uniaxial tension or pure bending.

In structures with complex requirements of loading and stiffness,



composite structures including angle plies will be necessary. Second, the
strengths and elastic moduli of unidirectional composites givenin Table
1.1 are those in the direction of the fiber. The strength and elastic moduli

perpendicular to the fibers are far less.

* A unidirectional laminate is a laminate in which all fibers are oriented

in the same direction.

7 A cross-ply laminate is alaminate in which the layers of unidirectional

lamina are oriented at right angles to each other.

Z Quasi-isotropic laminate, it behaves similarly to an isotropic material;

that is, the elastic properties are the same in all directions.



TAHLE 1.1
Spectc Modulus and Specific Strength of Typical Fibors, Composibes, and Bulk Motals

Voung's Ultimate  Spexific Specific
B agerial Speific  modules  srength modales glrenigth
UInits gravitg*  {Bdaid (ki) (Mai-in B (ksi-in k)
System of Lmids: LTS0S
Laraphate liber 1.5 AR5 HHE 5128 Al
Aramid [hr | 1748 AL jeirirhn Faa
Calasa fibasr h 1233 FMN 1305 i L
Umidirectiomal graphiie fepoay I.ls MEG o AN | Al
Ulnidirectiomal glass fopoxy 1./ by WK 15440 Bh(H EhA
Crms ply graphite Soposy L6 1z SO0 M0H Lt
Clrews ply plass fopoxy LB AAH 1250 LREA 194, 5
Qi itropic graphite/opoxy L6 1.1 IR T i w7
Chaasi initropiic glis, opaxy 1R 2750 e A2 [0
Stewl FE LK) Q4 AK LIRS AR%4
Alumbnum L 11K HAK 105 475N
Youmg's  Ulimate Speific Sjpedifc
Bdiberial Sperifc molules girengith moslules wlrwngth
Limlis gravity (G Fal iMPal G Paamhgh (M Pamig)

Symlem of Db 51
Ciraplite fibs 14 21K iy LN 1144
Aramicl Fher 14 e LI LK Rl LB
Class filser 15 EEL] 15501 LIRS (LA
LidMrectimal graplidio foposy 1.6 1510 15001 frH {19377
Limidiretoml gloss fepoxy 1.4 S0 Tk QA1 11,541
Cres-ply graplie S opoay Ly 45,48 an 1K) 233
Crmseply glass fepoxy I8 2358 HA 26 LI g
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A comparison is now made between popular types of laminates such as
cross-ply and quasi-isotropic laminates. Figure 1.2 shows the specific
strength plotted as a function of specific modulus for various fibers,
metals, and composites.
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FIGURE 1.2
Specific strength as a function of specific modulus for metals, fibers, and composites.

Are specific modulus and specific strength the only mechanical parameters used
for measuring thereative advantage of composites over metals?
No, it depends on the application. Consider compression of acolumn, whereit may fail

due to buckling. The Euler buckling formula gives the critical load at which a long

column buckles as:
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p,=—, (1.4)

where
P, = critical buckling load (Ib or N)
£ = Young's modulus of column (Ib/in? or N/m?)
I = second moment of area {in! or m¥)
[ = length of beam (in. or m)

If the column has a eircular cross secton, the second moment of area is

d-l
== 1.5
a {
and the mass of the rod is
2
M= —-r-—ﬂ L 2 (1.6}



where
M = mass of the beam (Ib or kg)
p = density of beam (Ib/in.* or kg/m7)
d = diameter of beam (in. or m)

Because the length, L, and the load, F, are constant, we find the mass of
the beam by substituting Equation (1.5) and Equation (1.6) in Equation
(1.4) as

212 P 1
M= - ! 1.
\I.FI'[' El.lel,.-p (1.7)

This means that the lightest beam for specified stiffness is one with the
highest value of E'2/p,

similarly, we can prove that, for achieving the minimum deflection in a
beam under a load along its length, the lightest beam is one with the highest
value of E'/p. Typical values of these two parameters, £'7/p and E'/p
for typical fibers, unidirectional composites, cross-ply and quasi-isotropic
laminates, steel, and aluminum are given in Table 1.2. Comparing these
numbers with metals shows composites drawing a better advantage for these
two parameters, Other mechanical parameters for comparing the perfor-
mance of composites to metals include resistance to fracture, fatigue, impact,
and creep.
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TABLE 1.2
Specific Modulus Parameters £/p, EV3/p, and E'2/p for Typical Materials

Young's
Material Specific modulus Efp E¥ip E¥p
Usits gravity  (Msid  (Msi-inb)  (psi'®-in k) (psi'-in b}
Syatem af Unils: ISCS
Craphite fiber 18 3335 5128 BH.Ria 44950
Kevilar tiber 14 17498 3555 3836 5,180
Class fiber 25 12.33 136.5 36,878 2,558
Unidirectional graphite/epoxy 16 2625 4541 BA,636 511
Linedirectional glass/epoxy 15 Boni) RoJl 36,384 2730
Cross-ply graphite/epoxy L& 1392 M08 64 545 4,162
Cross-ply glass/ epaxy 18 342 5254 284734 2n7
Chuasi-isotropic graphite fopoxy [ ¥id J LR LERN. I 54,5800 3,740
Cluasi-isotropic glass /epoxy 18 275 4229 25,501 2154
Steel 78 00 1065 15437 1,103
Aluminum 26 Tihk) 165 S5 660 2
Young's
Material Specific modulus Efp E¥ip E¥ip
Units gravity  {GPa}  (GPa-m¥kgl (Pa-m¥kg) (Pa'"®-mYkg )

System of Urnits: 5l
Craphite fiber 1.8 23000 (L1278 266.4 2404
Kevlar fiber 14 124,00 {LOBERT 2515 2.562
Class fiber 15 B5.00 (L34 1166 1.759
Unidirectional graphite /eposy 1.6 181060 (L1131 2654 2535
Unidirectional glass/epoxy 1.8 3860 (02144 1091 1.578
Cross-ply graphite/ epoxy 16 9548 iRl 193.5 2862
Cross-ply glass/epoxy L& 2358 (131 H5.31 1.593
Cluasi-isotropic graphite fepoxy 14 964 {4353 1649 251
Quasi-isotropic glass/epoxy 1.6 16,9 (LI5S 76,50 1.451
Steel 78 Hi6.54 (L2652 BH.3 {7582
Aluminum 2.6 G895 (02662 1010 1.577

The Well-Known, composites have distinct advantages over metals.
Arethere any drawbacksor limitationsin using them?

Y es, drawbacks and limitations in use of composites include:

* High cost of fabrication of composites is a critical issue. For example, a
part made of graphite/epoxy composite may cost up to 10 to 15 times the
material costs. A finished graphite/epoxy composite part may cost as
much as $300 to $400 per pound ($650 to $900 per kilogram).
Improvements in processing and manufacturing techniques will lower
these costsin the future. Already, manufacturing techniques suchas SMC
(sheet molding compound) and SRIM (structural reinforcement injection
molding) are lowering the cost and production time in manufacturing
automobile parts.



* Mechanical characterization of a composite structure is more complex
than that of a metal structure. Unlike metals, composite materials are not
isotropic, that is, their properties are not the same in all directions.
Therefore, they require more material parameters. For example, a single
layer of a graphite/epoxy composite requires nine stiffness and strength
constants for conducting mechanical anaysis. In the case of amonolithic
material such as steel, one requires only four stiffness and strength
constants. Such complexity makes structural analysis computationally
and experimentally more complicated and intensive. In addition,
evaluation and measurement techniques of some composite properties,
such as compressive strengths, are still being debated.

* Repair of composites is not a simple process compared to that for
metals. Sometimes critical flaws and cracks in composite structures may
go undetected.

Note:

* In a material with a crack, the value of the stress intensity factor gives the measure of stresses
in the crack tip region. For example, for an infinite plate with a crack of length 2a under a uniaxial

load o (Figure 1.3), the stress intensity factor is

K = G'q'lm'l' .

If the stress intensity factor at the crack tip is greater than the critical stress intensity factor of the
material, the crack will grow. The greater the value of the critical stress intensity factor is, the
tougher the material is. The critical stress intensity factor is called the fracture toughness of the

" T - . |II 1
material, Typical values of fracture toughness are 23,66 ksiyin, (26 MI’.'a\."'m,'l for aluminum and

25.48 ksiv/in. (28 MPaym) for steel,
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FGURE 1.3
A uniformly loaded plate with a crack.

« Composites do not have a high combination of strength and fracture
toughness* compared to metals. In Figure 1.4, aplot isshown for fracture
toughness vs. yield strength for a 1-in. (25-mm) thick material. Metals
show an excellent combination of strength and fracture toughness
compared to composites. (Note: The transition areas in Figure 1.4 will
change with change in the thickness of the specimen.)



400 _ -
Plastic/general i
ylelding, F H.‘,_.."rr], = 25in"

112

Fractare toughness, ksiin - =

Edastic-plastic/mixed mode

W) =

-

-

Y e 1/2
o 1-..;..'1:51., (L5 im,

A
Elastic/plane strain

100

=
=
=
—d
=
E
=
L

Cammposiles :
P Ceramics

1 ——

200 M &1

Palymeers %
Yield strength, =10 psi

FIGLURE 1.4

Frocture toughness as a funchon of vield strength for monolithic metals, ceramics, and
melal-ceramic composites. (Source: Eager, T.W., Whither advanced materials? Adv. Mater. Pro-
cesses, ASM International, June 19491, 25-29.)

* Composites do not necessarily give higher performance in all the
properties used for material selection. In Figure 1.5, Six primary material
selection parameters — strength, toughness, formability, joinability,
corrosion resistance, and affordability — are plotted. If the values at the
circumference are considered as the normalized required property level
for a particular application, the shaded areas show values provided by
ceramics, metals, and metal—ceramic composites. Clearly, composites
show better strength than metals, but lower values for other material
selection parameters.
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Primary material selection parameters for a hypothetical situation for metals, ceramics, and
metal-ceramic composites. (Source: Eager, TW, Whither advanced materials? Ado Maler, Pro-
cemees, ASM International, Jume 199], 25-34.)

Why are fiber reinforcements of a thin diameter?

The main reasons for using fibers of thin diameter are the following:

* Actual strength of materials is several magnitudes lower than the
theoretical strength. This difference is due to the inherent flaws in the
material. Removing these flaws can increase the strength of the material.
As the fibers become smaller in diameter, the chances of an inherent flaw
in the materia are reduced. A sted plate may have strength of 100 ksi
(689 MPa), while awire made from this steel plate can have strength of
600 ks (4100 MPa). Figure 1.6 shows how the strength of a carbon fiber
increases with the decrease in its diameter.
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Fiber strength as a function of fiber diameter for carbon fibers. (Reprinted from Lamotte, E. De,
and Perry, A.]., Fibre Sci. Technol., 3, 159, 1970. With permission from Elsevier.)

* For higher ductility* and toughness, and better transfer of loads from
the matrix to fiber, composites require larger surface area of the fiber—
matrix interface. For the same volume fraction of fibers in a composite,
the area of the fiber—matrix interface is inversely proportional to the
diameter of the fiber and is proved as follows.

Assume a lamina consisting of N fibers of diameter D. The fiber—
meatrix interface areain thislaminais
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Ar=NrDL. (1.5}

If one replaces the fibers of diameter, [, by fibers of diameter, d,
then the number of fibers, n, to keep the fiber volume the same
would be

:::N[”] . (1.9)
il

Then, the fiber-matrix interface area in the resulting lamina would be

Ay=nmndl.
NrD*L
d

4 (Volume of fibers)
i )

This implies that, for a fixed fiber volume in a given volume of
composite, the area of the fiber-matrix interface is inversely pro-
portional to the diameter of the fiber.

Note:

* Ductility is the ability of a material to deform without fracturing. It is
measured by extending arod until fracture and measuring the initial (A)
and final (As) cross-sectional area. Then ductility is defined as,

R=1- (AA).

* Fibers able to bend without breaking are required in manufacturing of
composite materials, especialy for woven fabric composites. Ability to
bend increases with a decrease in the fiber diameter and is measured as
flexibility. Flexibility is defined as the inverse of bending stiffnessand is
proportional to the inverse of the product of the elastic modulus of the
fiber and the fourth power of its diameter; it can be proved as follows.

Bending stiffness is the resistance to bending moments. According
to the Strength of Materias course, if a beam is subjected to a pure
bending moment, M,

(1.100)



(1.11)

where
v = deflection of the centroidal line (in. or m)
E = Young's modulus of the beam (psi or Pa)
| = second moment of area (in.* or m?")
x = coordinate along the length of beam (in. or m)

The bending stiffness, then, is EI and the flexibility is simply the
inverse of El. Because the second moment of area of a cylindrical
beam of diameter d is

nd’
— 1.12
P (1.12)
then
Flexibilit L (1.13)
- F E'Itfli . - L

For a particular material, unlike strength, the Young's modulus does
not change appreciably as a function of its diameter. Therefore,
the flexibility for a particular material is inversely proportional
to the fourth power of the diameter.

What fiber factors contribute to the mechanical performance of a
composite?

Four fiber factors contribute to the mechanical performance of a
composite are :

* Length: The fibers can be long or short. Long, continuous fibers are
easy to orient and process, but short fibers cannot be controlled fully for
proper orientation. Long fibers provide many benefits over short fibers.
These include impact resistance, low shrinkage, improved surface finish,
and dimensional stability. However, short fibers provide low cost, are
easy to work with, and have fast cycle time fabrication procedures. Short
fibers have fewer flaws and therefore have higher strength.
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* Orientation: Fibers oriented in one direction give very high stiffness
and strength in that direction. If the fibers are oriented in more than one
direction, such asin amat, there will be high stiffness and strength in the
directions of the fiber orientations. However, for the same volume of
fibers per unit volume of the composite, it cannot match the stiffness and
strength of unidirectional composites.

 Shape: The most common shape of fibers is circular because handling
and manufacturing them is easy. Hexagon and squareshaped fibers are
possible, but their advantages of strength and high packing factors do not
outweigh the difficulty in handling and processing.

* Material: The material of the fiber directly influences the mechanical
performance of a composite. Fibers are generally expected to have high
elastic moduli and strengths. This expectation and cost have been key
factorsin the graphite, aramids, and glass dominating the fiber market for
composites.

What are the matrix factors that contribute to the mechanical
per formance of composites?

Use of fibers by themselves is limited, with the exceptions of ropes and
cables. Therefore, fibers are used as reinforcement to matriceS. The
matrix functions include binding the fibers together, protecting fibers
from the environment, shielding from damage due to handling, and
distributing the load to fibers. Although matrices by themselves generally
have low mechanical properties compared to those of fibers, the matrix
influences many mechanical properties of the composite. These
properties include transverse modulus and strength, shear modulus and
strength, compressive strength, interlaminar shear strength, thermal
expansion coefficient, thermal resistance, and fatigue strength.

Other than the fiber and the matrix, what other factors influence the
mechanical performance of a composite?

Other factors include the fiber—matrix interface. It determines how
well the matrix transferstheload to the fibers. Chemical, mechanical, and
reaction bonding may form the interface. In most cases, more than one
type of bonding occurs.




* Chemical bonding is formed between the fiber surface and the matrix.
Some fibers bond naturally to the matrix and others do not. Coupling
agents* are often added to form a chemical bond.

* The natural roughness or etching of the fiber surface causing
interlocking may form a mechanical bond between the fiber and matrix.
Note: * Coupling agents are compounds applied to fiber surfaces to
improve the bond between the fiber and matrix. For example, silane finish
is applied to glass fibers to increase adhesion with epoxy matrix.

« If the thermal expansion coefficient of the matrix is higher than that of
the fiber, and the manufacturing temperatures are higher than the
operating temperatures, the matrix will radially shrink more than the
fiber. This causes the matrix to compress around the fiber.
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1.2 Classification
How are composites classified?

Composites are classified by the geometry of the reinforcement, such as
particulate, flake, and fibers (Figure 1.8) — or by the type of matrix, such
as polymer, metal, ceramic, and carbon.

Fiber composites

FIGURE 1.8

Types of composites based on reinforcement shape.
) ¥

e Particulate composites consist of particlesimmersed in matrices
such as aloys and ceramics. They are usually isotropic because the
particles are added randomly. Particulate composites have
advantages such as improved strength, increased operating
temperature, oxidation resistance, etc. Typical examples include
use of aluminum particles in rubber; silicon carbide particles in
aluminum; and gravel, sand, and cement to make concrete.

e Flake composites consist of flat reinforcements of matrices.
Typical flake materials are glass, mica, aluminum, and silver. Flake
composites provide advantages such as high out-of-plane flexural
modulus,* higher strength, and low cost. However, flakes cannot
be oriented easily and only a limited number of materias are
available for use.



Fiber composites consist of matrices reinforced by short
(discontinuous) or long (continuous) fibers. Fibers are generally
anisotropict and examples include carbon and aramids. Examples
of matrices areresins such as epoxy, metals such as aluminum, and
ceramics such as calcium—alumino silicate. Continuous fiber
composites are emphasized in this book and are further discussed
in this chapter by the types of matrices. polymer, metal, ceramic,
and carbon. The fundamental units of continuous fiber matrix
composite are unidirectional or woven fiber laminas. Laminas are
stacked on top of each other at various angles to form a
multidirectional laminate.

Nanocomposites consist of materials that are of the scale of
nanometers (10° m). The accepted range to be classified as a
nanocomposite is that one of the constituents is less than 100 nm.
At this scale, theproperties of materials are different from those of
the bulk material. Generally, advanced composite materials have
constituents on the microscale (10-° m). By having materials at the
nanometer scale, most of the properties of the resulting composite
material are better than the ones at the microscale. Not all
properties of nanocomposites are better; in some cases, toughness
and impact strength can decrease. Applications of
nanocomposites include packaging applications for the military in
which nanocomposite films show improvement in properties such
as elastic modulus, and transmission rates for water vapor, heat
distortion, and oxygen.

Body side molding of the 2004 Chevrolet Impala is made of
olefinbased nanocomposites.9 This reduced the weight of the
molding by 7% and improved its surface quality. Generd
Motors™ currently uses 540,000 1b of nanocomposite materials
per year.

Rubber containing just a few parts per million of metal conducts
electricity in harsh conditions just like solid metal. Called Metal
Rubber®, it isfabricated molecule by molecule by a process called
electrostatic self-assembly. Awaited applications of the Metal
Rubber include artificial muscles, smart clothes, flexible wires,
and circuits for portable electronics.
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1.2.1 Polymer Matrix Composites

What are the most common advanced composites?

The most common advanced composites are polymer matrix composites
(PMCs) consisting of a polymer (e.g., epoxy, polyester, urethane)
reinforced by thin diameter fibers (e.g., graphite, aramids, boron). For
example, graphite/ epoxy composites are approximately five times
stronger than steel on a weight-for-weight basis. The reasons why they
are the most common composites include their low cost, high strength,
and simple manufacturing principles.

What are the drawbacks of polymer matrix composites?

The main drawbacks of PMCs include low operating temperatures, high
coefficients of thermal and moisture expansion,* and low elastic
propertiesin certain directions.

What are the typical mechanical properties of some polymer matrix
composites? Compare these properties with metals.

Table 1.4 givestypica mechanical properties of common polymer matrix
composites.

TABLE 1.4

Typical Mechanical Properties of Polymer Matrix Composites and
Monolithic Materials

Graphite!  Glass/
Property Lnits POy apoxy Steel  Aluminum

System of units: LISCS

Speciiic gravity 1.6 1.4 78 Lh
Young's modulus Msi 26.25 5598 300 [0
Lltimate tensile strenpgth hiad N7h 154.0 a4.0 400
Coefficient of thermal expansion  pin, finL/®F LIRLRRY 4778 f.5 121E

_I-n:-hlﬁh'_l_ﬁ' |:-l|-. MRS -I'H

Specific gravity 1.6 1.4 78 lh
Young's modulus Cil'a 1B1.0 386 20,8 8,05
Ultimate tensile strongth MPa 1500 1062 fulB.1 I7T5.8

1

Coefficient of thermal expansion  pm,/m/C .02 B.5 ns }



Give names of various fibers used in advanced polymer composites.

The most common fibers used are glass, graphite, and Kevlar. Typical
properties of these fibers compared with bulk steel and aluminum are
givenin Table 1.5.

TABLE 1.5
Typical Mechanical Properties of Fibers Used in Polymer Matriz Composites
o Property . Uit Graphite ﬂl.r.:rnld. Clags .q-rHli- & lamin u:'ri

Eystim of waits: USCS

Specific gravity 1.8 1.4 ] 7.5 T h

Young s modulus L% T 3335 170 12.3% b 100

Llitimate lensile stremgth kosd 24 H 20HL FH i 1.0

Axial covflicient of i/ in AF “{1.7F e 2T .5 128
thermal expansion

Swetem of wadta: Sl

SpecifAc gravity 1.E 1.4 25 7R 25
Young's modulus Cal'ny 230 124 HE 20K £ 10
LIKimeatis tensilic st |=|I|| L 1L Hr 197 1550 Ay | 15 R
Axial cocffictent of pLim g 3 5 & 1.7 3

therminl expansion

Give adescription of the glass fiber.

Glass is the most common fiber used in polymer matrix composites. Its
advantages include its high strength, low cost, high chemical resistance,
and good insulating properties. The drawbacks include low elastic
modulus, poor adhesion to polymers, high specific gravity, sensitivity to
abrasion (reduces tensile strength), and low fatigue strength.

The glass used for making fibers is classified into five major types, explain each one.
The letter designation is based on the characteristic property of the glass:

(i) A-glassisahigh-alkali glass; it has very good resistance to chemicals, but lower
electrical properties.

(i) C-glassisachemical grade, which offers extremely high chemical resistance.
(ili) E-glass has low akali content and it is electrical grade. It provides good

insulation property and strong resistance to water.
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(iv) S-glass has 33 % higher tensile strength than E-glass.

(v) D-glass has superior electrical properties with low dielectric constant.

Thedifferencein the propertiesis due to the compositions of E-glass

and S-glass fibers. The main elements in the two types of fibers are
givenin Table 1.7.

TABLE 1.7

Chemical Composition of E-Glass
and S-Glass Fibers

% Weight
Material E-Glass  5-Glass

Silicon oxide H4 64
Aluminum oxide 15 25
Calcium oxide 17 (.01
Magnesium oxide 4.5 10
Boron oxide 8 (.01
Others 1.5 0.8

Give a description of graphite fibers.

Graphite fibers are very common in high-modulus and high-strength
applications such as aircraft components, etc. The advantages of graphite
fibers include high specific strength and modulus, low coefficient of
thermal expansion, and high fatigue strength. The drawbacks include
high cost, low impact resistance, and high electrical conductivity.

Are carbon and graphite the same?

No, they are different. Carbon fibers have 93 to 95% carbon content, but
graphite has more than 99% carbon content. Also, carbon fibers are
produced at 2400°F (1316°C), and graphite fibers are typically produced
in excess of 3400°F (1900°C).



Give a description of the aramid fiber.

An aramid fiber is an aromatic organic compound made of carbon,
hydrogen, oxygen, and nitrogen. Its advantages are low density, high
tensile strength, low cost, and high impact resistance. Its drawbacks
include low compressive properties and degradation in sunlight.

Types: The two main types of aramid fibers are Kevlar 29®* and Kevlar
49®7. Both types of Kevlar fibers have similar specific strengths, but
Kevlar 49 has a higher specific stiffness. Kevlar 29 is mainly used in
bulletproof vests, ropes, and cables. High performance applicationsin the
aircraft industry use Kevlar 49.

Give names of various polymers used in advanced polymer composites.
These polymers include epoxy, phenolics, acrylic, urethane, and
polyamide.

Why are there so many resin systems in advanced polymer composites?
Each polymer has its advantages and drawbacks in its use:

 Polyesters:. The advantages are low cost and the ability to be made
tranducent; drawbacks include service temperatures below 170°F
(77°C), brittleness, and high shrinkage* of as much as 8% during curing.

* Phenalics. The advantages are low cost and high mechanical strength;
drawbacks include high void content.

» Epoxies. The advantages are high mechanica strength and good
adherence to metals and glasses; drawbacks are high cost and difficulty
In processing.

As can be seen, each of the resin systems has its advantages and
drawbacks. The use of a particular system depends on the application.
These considerations include mechanical strength, cost, smoke emission,
temperature excursions, etc.

Epoxy isthe most common type of matrix material. Why?

Although epoxy is costlier than other polymer matrices, it is the most
popular PMC matrix. More than two-thirds of the polymer matrices used
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In aerospace applications are epoxy based. The main reasons why epoxy
Isthe most used polymer matrix material are

* High strength

* Low viscosity and low flow rates, which allow good wetting of fibers
and prevent misalignment of fibers during processing

* Low volatility during cure

* Low shrink rates, which reduce the tendency of gaining large shear
stresses of the bond between epoxy and its reinforcement

* Available in more than 20 grades to meet specific property and
processing requirements.

Polymers are classified as thermosets and thermoplastics. What is the
difference between the two? Give some examples of both.

Thermoset polymers are insoluble and infusible after cure because the
chains are rigidly joined with strong covalent bonds; thermoplastics are
formable at high temperatures and pressure because the bonds are weak
and of the van der Waals type.

Typical examples of thermoset include epoxies, polyesters, phenolics,
and polyamide;

Thermosetting Plastic Advantages:
« Moreresstant to high temperatures
. Highly flexible design
« Thick to thin wall capabilities
« Highlevelsof dimensional stability
o Cost-effective
Thermosetting Plastics Disadvantages.
o Can’t be recycled
« Moredifficult to surface finish

o Can’t be remolded or reshaped



Typical examples of ther moplastics include polyethylene, polystyrene,
polyether—ether—ketone (PEEK), and polyphenylene sulfide (PPS).

Thermoplastic Advantages.

« Highly recyclable

» High-Impact resistance

» Reshaping capabilities

» Chemical resistant

» Aesthetically superior finishes

« Hard crystalline or rubbery surface options
Thermoplastic Disadvantages:

. Expensive

« Canméltif heated.

What are Current Manufacturing M ethods of Polymer Matrix Composites?

1) Hand Lay-up Technique:

Hand layup is an oldest open-mold process used for the composite manufacturing. This
process is simple, and it is a low-volume and labor-intensive process. Large
components, such as boat hulls, can be prepared by this technique. Reinforcing mat or
woven fabric or roving is placed manually in the open mold, and resin is poured,
brushed, or sprayed over and into the glass plies. Squeegees or rollers are used to
remove the entrapped air manually to complete the laminated structure as shown in
Fig.1.3. The most commonly used matrixes are polyesters and epoxiesthat can be cured
at room temperature. The time of curing depends on the type of polymer used for
composite processing. For example, for epoxy-based system, normal curing time at
room temperature is 24-48 h. A catalyst and accelerator are added to the resin, which
enables room-temperature curing of the resin. In order to get high quality part surface,

a pigmented gel layer is first applied on the mold surface. Hand layup is the most
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commonly preferred process for the manufacture of polymeric composites. Composites
were basically manufactured by hand lay-up process, using a fiber-to-resin ratio of
40:60 (w:w).

Dry Reinforcement
Fabric

Consolidation

Roller
\ Resin

Mold Tool

Fig. 1.3 Schematic of hand layup



2) Vacuum Bag Molding

In vacuum bag molding, the entrapped air and excessresin are removed using vacuum.
After fabrication of the lay-up, a perforated release film or peel ply is placed over the
laminate. The bleeder ply, which is placed above the peel ply, is made of fiber glass
cloth, nonwoven nylon, polyester cloth, or other material that absorbs excessresin from
the laminate, followed by a breather ply of a nonwoven fabric.The vacuum bag is

placed over the entire assembly and sealed at the mold flange as shown in Fig. 1.4.

To vacuum To vacuum

um TAUCSE
PUmE Edu&t% Breather fabric

Vacuum bagg.mg Peel ply/Release
hlm\ | | J I v film

SRR S RS RTS

\ Laminate

Bleader fabric

Sealant
tape

Release coated mold

Fig. 1.4 Schematic of vacuum bag molding

A vacuum is created under the bag, and thus the laminate can be merged by applying a
pressure up to one atmosphere. This process provides a high reinforcement, improved
adhesion between layers, and great control of fiber volume percent compared to the
hand lay-up.

Major advantages of vacuum bag molding are higher fiber content in the laminate,
lower void content, better fiber wet-out, and reduced volatile emissions as compared to
the hand layup. Large cruising boats and racing car components can be manufactured
by vacuum bag molding. Disadvantages of vacuum bag molding include expensive and
disposable bagging materials, labor intensive, inconsistent performance, trapped

air/volatiles, wrinkles, loss of seal, and requirement of higher level of operator skills.
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3) Pressure Bag Molding (or Autoclave)

Pressure bag molding or autoclave isidentical to the vacuum bag molding except that
the pressure, usually provided by compressed air or water, is applied to the flexible bag
that coversthe prepreg composite. The application of pressure forces out the entrapped

air, vapors, and excessresin. It also facilitates better wetting of fibers.

Autoclaves are basically heated pressure vessels. These are usually provided with the

vacuum systems. The bagged lay-up is cured inside the autoclave as shown in Fig.1.5.

/ Air pressure line

Fig. 1.5 Schematic of
autoclave

The process of autoclave involves application of higher heat and uniform pressure on
the component during curing, which results in a denser and low void percentage
product. The autoclave equipment and tooling are expensive and it is only suitable for
high-end applications. The pressures required for curing are typically in the range of

one to six bars and takes several hours to complete the curing. This method

accommodates higher temperature matrix resins having properties higher than the
conventional resins, such as epoxies. Component sizeis limited by the autoclave size.
It is mostly used in the aerospace industry to manufacture high-strength/weight ratio
parts from pre-impregnated high-strength fibers for aircraft, spacecraft, and missiles.



4) Filament Winding

This process consists of a rotating mandrel on which pre-impregnated fibers or
reinforcement iswound in the preset patterns. The method provides the best control of
fiber placement. The wet method is shown in Fig. 1.6. Here,the fiber is allowed to pass
through a bath containing low-viscosity resin. In the dry method, the pre-impregnated

reinforcing layers are wound on the mandrel, and then the component is removed and
postcured.
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Fig. 1.6 Schematic of filament winding

Conventionally,this processis used to make pressure vessel's, rocket motor cases, tanks,
ducting, golf club shafts, and fishing rods. Recently, non-cylindrical and nonspherical
composite parts are also produced by filament winding technology. Polyesters, vinyl
esters, epoxies, and phenolics are the typical thermoset resins used in the filament
wound parts. This process is best suited for parts with rotational symmetry, but it is

possible to wind odd-shaped parts using a robotized winding. It requires specid
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equipment and may result in variation in the part thicknessin case of tapered parts. The

tooling and setup cost ishigh and it isonly suitablefor alimited variety of components.

5) Resin Transfer Molding

Resin transfer molding (RTM) is alow-pressure closed molding process for moderate-
and high-volume production. This process basically invol ves placement of the dry stack
of reinforcement in the bottom part of the mold, and then the other half is clamped over
the bottom mold. For complex shapes, preforms are used. After closing the mold, a
low-viscosity resin containing catalyst is pumped in, which displace the air through
strategically located vents. The resin/catalyst ratios are controlled by metered mixing
equipment and injected into the mold port as shown in Fig. 1.8.
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Fig. 1.8 Schematic of resin transfer molding

The commonly used matrix resins include polyester, vinyl ester, epoxy, and phenolics.
Both injection and curing can take place at either ambient or elevated temperature. In
order to have optimum surface finish, a gel coat is applied to the mold surface prior to
molding. High-quality parts such as automotive body parts, bathtubs, and containers

are produced by this method. The variation in injection pressure has no effect on the



guality of moldings. A wide range of resin viscosities has been successfully molded by
this technique (RTM). It can produce laminates having high fiber volume with very
low void contents. It is safe for the health and environment due to the enveloping of
resin. Component prepared by RTM has molded surface on both sides. The
disadvantages of RTM process are need of heavy and expensive tooling to withstand
pressures, limitation in size of the components, and very expensive scrap parts due to

un-impregnated areas.
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1.1 Introduction to Composite M aterials

1.2 Classification

How are composites classified?

Composites are classified by the geometry of the reinforcement, such as
particul ate, flake, and fibers (Figure 1.8) — or by the type of matrix, such
as polymer, metal, ceramic, and carbon.
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Particulate composites consist of particles immersed in matrices
such as aloys and ceramics. They are usually isotropic because the
particles are added randomly. Particulate composites have
advantages such as improved strength, increased operating
temperature, oxidation resistance, etc. Typica examples include
use of aluminum particles in rubber; silicon carbide particles in
aluminum; and gravel, sand, and cement to make concrete.

Flake composites consist of flat reinforcements of matrices.
Typica flake materials are glass, mica, duminum, and silver. Flake
composites provide advantages such as high out-of-plane flexural
modulus,* higher strength, and low cost. However, flakes cannot
be oriented easily and only a limited number of materials are
available for use.



Fiber composites consist of matrices reinforced by short
(discontinuous) or long (continuous) fibers. Fibers are generally
anisotropict and examples include carbon and aramids. Examples
of matrices areresins such as gpoxy, metals such as aluminum, and
ceramics such as calcium—alumino silicate. Continuous fiber
composites are emphasized in thislecture and are further discussed
in this chapter by the types of matrices. polymer, metal, ceramic,
and carbon. The fundamental units of continuous fiber matrix
composite are unidirectional or woven fiber laminas. Laminas are
stacked on top of each other at various angles to form a
multidirectional laminate.

Nanocomposites consist of materials that are of the scale of
nanometers (10° m). The accepted range to be classified as a
nanocomposite is that one of the constituents is less than 100 nm.
At this scale, the properties of materials are different from those of
the bulk material. Generally, advanced composite materias have
constituents on the microscale (10° m). By having materials at the
nanometer scale, most of the properties of the resulting composite
material are better than the ones at the microscale. Not al
properties of nanocomposites are better; in some cases, toughness
and impact strength can decrease. Applications of
nanocomposites include packaging applications for the military in
which nanocomposite films show improvement in properties such
as elastic modulus, and transmission rates for water vapor, heat
distortion, and oxygen.

Body side molding of the 2004 Chevrolet Impala is made of
olefinbased nanocomposites.9 This reduced the weight of the
molding by 7% and improved its surface quality. General
Motors™ currently uses 540,000 Ib of nanocomposite materials
per year.

Rubber containing just a few parts per million of metal conducts
electricity in harsh conditions just like solid metal. Called Metal
Rubber®, it is fabricated molecule by molecule by aprocess called
electrostatic self-assembly. Awaited applications of the Metal
Rubber include artificial muscles, smart clothes, flexible wires,
and circuits for portable electronics.
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1.2.1 Polymer Matrix Composites

What are the most common advanced composites?

The most common advanced composites are polymer matrix composites
(PMCs) consisting of a polymer (e.g., epoxy, polyester, urethane)
reinforced by thin diameter fibers (e.g., graphite, aramids, boron). For
example, graphite/ epoxy composites are approximately five times
stronger than steel on a weight-for-weight basis. The reasons why they
are the most common composites include their low cost, high strength,
and simple manufacturing principles.

What are the drawbacks of polymer matrix composites?

The main drawbacks of PMCs include low operating temperatures, high
coefficients of thermal and moisture expansion,* and low elastic
propertiesin certain directions.

What are the typical mechanical properties of some polymer matrix
composites? Compare these properties with metals.

Table 1.4 givestypical mechanical properties of common polymer matrix
composites.

TABLE 1.4

Typical Mechanical Properties of Polymer Matrix Composites and
Monolithic Materials

Graphite/  Glass/
Property Units epoxy epoxy  Steel  Aluminum

h'_vﬁll"" of units: LISCS

Specific gravity 16 1.8 78 26
Young's modulus Ms: 26.25 5508 X0 100
Ultimate tensile strength ksi 2176 154.0 9.0 40.0
Coefficient of thermal expansion — pin. /in./“F 0.01111 4778 6.5 128

Syslem of units: SI

Specific gravity 16 18 78 2.6
Young's modulus GPa 181.0 3.6 268 6895
Ultimate tensile strength MPa 150.0 1062 648.1 2758
Coefficient of thermal expansion  pm/m/°C (.02 8.6 11.7 23




Give names of various fibers used in advanced polymer composites.

The most common fibers used are glass, graphite, and Kevlar. Typical
properties of these fibers compared with bulk steel and aluminum are
givenin Table 1.5.

TABLE 1.5
Typical Mechanical Properties of Fibers Used in Polymer Matrix Composites

Property Units Graphite Aramid  Glass  Steel  Aluminum

Systenr of units: USCS

Specific gravity 18 14 25 78 2.6
Young's modulus Msi 3335 17.98 1233 R 10.0
Ultimate tonsitle strongth ksi 2098 200.0 2248 ug 40.0
Axwml coefficient of pin./in, /°F 0722 2778 2778 65 128

thermal expansion

Systenn of units: SI

Specific gravity 18 14 25 78 26
Young's modulus Cha 230 124 85 2068 6E.5
Ultimate tensile strength MPa 2067 1379 1550 648.1 2758
Axial coefficient of pum/m/oC -13 -5 5 n7z 23

thermal expansion




Give a description of the glass fiber.

Glass is the most common fiber used in polymer matrix composites. Its
advantages include its high strength, low cost, high chemical resistance,
and good insulating properties. The drawbacks include low elastic
modulus, poor adhesion to polymers, high specific gravity, sensitivity to
abrasion (reduces tensile strength), and low fatigue strength.

The glass used for making fibers is classified into five major types, explain each one.

The letter designation is based on the characteristic property of the glass:

(i) A-glassisahigh-akali glass; it has very good resistance to chemicals, but lower

electrical properties.

(i) C-glassisachemical grade, which offers extremely high chemical resistance.

(ili) E-glasshaslow alkali content and it is electrical grade. It provides good
insulation property and strong resistance to water.

(iv) S-glass has 33 % higher tensile strength than E-glass.

(v) D-glass has superior electrical properties with low dielectric constant.

Thedifferencein the propertiesis due to the compositions of E-glass

and S-glass fibers. The main elements in the two types of fibers are
givenin Table 1.7.

TABLE 1.7

Chemical Composition of E-Glass
and S-Glass Fibers

% Weight
Material E-Glass  S-Glass

Silicon oxide 54 64
Aluminum oxide 15 25
Calcium oxide 17 0.01
Magnesium oxide 4.5 10
Boron oxide 8 0.01
Others 1.5 0.8




Give a description of graphite fibers.

Graphite fibers are very common in high-modulus and high-strength
applications such as aircraft components, etc. The advantages of graphite
fibers include high specific strength and modulus, low coefficient of
thermal expansion, and high fatigue strength. The drawbacks include
high cost, low impact resistance, and high electrical conductivity.

Are carbon and graphite the same?

No, they are different. Carbon fibers have 93 to 95% carbon content, but
graphite has more than 99% carbon content. Also, carbon fibers are
produced at 2400°F (1316°C), and graphite fibers are typically produced
in excess of 3400°F (1900°C).

Give a description of the aramid fiber.

An aramid fiber is an aromatic organic compound made of carbon,
hydrogen, oxygen, and nitrogen. Its advantages are low density, high
tensile strength, low cost, and high impact resistance. Its drawbacks
include low compressive properties and degradation in sunlight.

Types: The two main types of aramid fibers are Kevlar 29®* and Kevlar
49®7+. Both types of Kevlar fibers have similar specific strengths, but
Kevlar 49 has a higher specific stiffness. Kevlar 29 is mainly used in
bulletproof vests, ropes, and cables. High performance applicationsin the
aircraft industry use Kevlar 49.

Give names of various polymers used in advanced polymer composites.
These polymers include epoxy, phenolics, acrylic, urethane, and
polyamide.

Why are there so many resin systems in advanced polymer composites?
Each polymer has its advantages and drawbacks in its use:

 Polyesters. The advantages are low cost and the ability to be made
tranducent; drawbacks include service temperatures below 170°F
(77°C), brittleness, and high shrinkage* of as much as 8% during curing.



* Phenolics. The advantages are low cost and high mechanical strength;
drawbacks include high void content.

* Epoxies. The advantages are high mechanical strength and good
adherence to metals and glasses; drawbacks are high cost and difficulty
In processing.

As can be seen, each of the resin systems has its advantages and
drawbacks. The use of a particular system depends on the application.
These considerations include mechanical strength, cost, smoke emission,
temperature excursions, etc.

Epoxy is the most common type of matrix material. Why?

Although epoxy is costlier than other polymer matrices, it is the most
popular PMC matrix. More than two-thirds of the polymer matrices used
In aerospace applications are epoxy based. The main reasons why epoxy
Isthe most used polymer matrix material are

« High strength

* Low viscosity and low flow rates, which allow good wetting of fibers
and prevent misalignment of fibers during processing

* Low volatility during cure

» Low shrink rates, which reduce the tendency of gaining large shear
stresses of the bond between epoxy and itsreinforcement

* Available in more than 20 grades to meet specific property and
processing requirements.

Polymers are classified as thermosets and thermoplastics. What is the
difference between the two? Give some examples of both.

Thermoset polymers are insoluble and infusible after cure because the
chains are rigidly joined with strong covaent bonds; thermoplastics are
formable at high temperatures and pressure because the bonds are weak
and of the van der Waals type.

Typical examples of thermoset include epoxies, polyesters, phenolics,
and polyamide;

Thermosetting Plastic Advantages:
More resistant to high temperatures



. Highly flexible design
« Thick to thin wall capabilities
« Highlevelsof dimensional stability
« Cost-effective
Thermosetting Plastics Disadvantages:
« Can’t be recycled
« Moredifficult to surfacefinish
« Can’t be remolded or reshaped



Typical examples of ther moplastics include polyethylene, polystyrene,
polyether—ether—ketone (PEEK), and polyphenylene sulfide (PPS).

Thermoplastic Advantages.

» Highly recyclable

« High-Impact resistance

» Reshaping capabilities

« Chemical resistant

« Aesthetically superior finishes

« Hard crystalline or rubbery surface options
Thermoplastic Disadvantages:

. Expensive

« Can médtif heated.

What are Current Manufacturing Methods of Polymer Matrix Composites?

1) Hand Lay-up Technique:

Hand layup is an oldest open-mold process used for the composite manufacturing. This
process is smple, and it is a low-volume and labor-intensive process. Large
components, such as boat hulls, can be prepared by this technique. Reinforcing mat or
woven fabric or roving is placed manually in the open mold, and resin is poured,
brushed, or sprayed over and into the glass plies. Squeegees or rollers are used to
remove the entrapped air manually to complete the laminated structure as shown in
Fig.1.3. Themost commonly used matrixes are polyesters and epoxiesthat can be cured
at room temperature. The time of curing depends on the type of polymer used for
composite processing. For example, for epoxy-based system, normal curing time at
room temperature is 24-48 h. A catalyst and accelerator are added to the resin, which
enables room-temperature curing of the resin. In order to get high quality part surface,
a pigmented gel layer is first applied on the mold surface. Hand layup is the most
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commonly preferred process for the manufacture of polymeric composites. Composites
were basically manufactured by hand lay-up process, using a fiber-to-resin ratio of
40:60 (w:w).

Dry Reinforcement
Fabric

Consolidation

Roller
_\ Resin

\

Mold Tool

Fig. 1.3 Schematic of hand layup
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2) Vacuum Bag Molding

In vacuum bag molding, the entrapped air and excess resin are removed using vacuum.
After fabrication of the lay-up, a perforated release film or peel ply is placed over the
laminate. The bleeder ply, which is placed above the peel ply, is made of fiber glass
cloth, nonwoven nylon, polyester cloth, or other material that absorbs excess resin from
the laminate, followed by a breather ply of a nonwoven fabric. The vacuum bag is

placed over the entire assembly and sealed at the mold flange as shown in Fig. 1.4.

To vacuum To vacuum

um vauge
pump t’duht[ﬁ Breather fabric

Vacuum bﬂg?‘:;:ﬁ \ ﬁl J / Peel ply/Release
" film

Sealant 5% !':’:’{"0' v
tape

8

S

)

Bleader fabric \ Laminate

Release coated mold

Fig. 1.4 Schematic of vacuum bag molding

A vacuum is created under the bag, and thus the laminate can be merged by applying a

pressure up to one atmosphere. This process provides a high reinforcement, improved

adhesion between layers, and great control of fiber volume percent compared to the

hand lay-up.

Major advantages of vacuum bag molding are higher fiber content in the laminate,
lower void content, better fiber wet-out, and reduced volatile emissions as compared to
the hand layup. Large cruising boats and racing car components can be manufactured
by vacuum bag molding. Disadvantages of vacuum bag molding include expensive and
disposable bagging materials, labor intensive, inconsistent performance, trapped

ar/volatiles, wrinkles, loss of seal, and requirement of higher level of operator skills.
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3) Pressure Bag Molding (or Autoclave)

Pressure bag molding or autoclave isidentical to the vacuum bag molding except that
the pressure, usually provided by compressed air or water, is applied to the flexible bag
that coversthe prepreg composite. The application of pressure forces out the entrapped

air, vapors, and excessresin. It also facilitates better wetting of fibers.

Autoclaves are basically heated pressure vessels. These are usually provided with the

vacuum systems. The bagged lay-up is cured inside the autoclave as shown in Fig.1.5.

/ Air pressure line

Fig. 1.5 Schematic of
autoclave

The process of autoclave involves application of higher heat and uniform pressure on
the component during curing, which results in a denser and low void percentage
product. The autoclave equipment and tooling are expensive and it is only suitable for
high-end applications. The pressures required for curing are typicaly in the range of
one to six bars and takes several hours to complete the curing. This method

accommodates higher temperature matrix resins having properties higher than the
conventional resins, such as epoxies. Component size is limited by the autoclave size.
It is mostly used in the aerospace industry to manufacture high-strength/weight ratio

parts from pre-impregnated high-strength fibers for aircraft, spacecraft, and missiles.
12



4) Filament Winding

This process consists of a rotating mandrel on which pre-impregnated fibers or
reinforcement is wound in the preset patterns. The method provides the best control of
fiber placement.The wet method is shown in Fig. 1.6. Here,the fiber is allowed to pass
through a bath containing low-viscosity resin. In the dry method, the pre-impregnated
reinforcing layers are wound on the mandrel, and then the component is removed and
postcured.
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Fig. 1.6 Schematic of filament winding

Conventionally, this process is used to make pressure vessels, rocket motor cases,
tanks, ducting, golf club shafts, and fishing rods. Recently, non-cylindrical and
nonspherical composite parts are also produced by filament winding technology.
Polyesters, vinyl esters, epoxies, and phenolics are the typical thermoset resins used in
the filament wound parts. This processis best suited for partswith rotational symmetry,
but it is possibleto wind odd-shaped parts using arobotized winding. It requires special
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equipment and may result in variation in the part thicknessin case of tapered parts. The

tooling and setup cost ishigh and it isonly suitable for alimited variety of components.

5) Resin Transfer Molding

Resin transfer molding (RTM) is alow-pressure closed molding process for moderate-
and high-volume production. This process basically involves placement of thedry stack
of reinforcement in the bottom part of the mold, and then the other half is clamped over
the bottom mold. For complex shapes, preforms are used. After closing the mold, a
low-viscosity resin containing catalyst is pumped in, which displace the air through
strategically located vents. The resin/catalyst ratios are controlled by metered mixing
equipment and injected into the mold port as shown in Fig. 1.8.
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Fig. 1.8 Schematic of resin transfer molding

The commonly used matrix resins include polyester, vinyl ester, epoxy, and phenolics.
Both injection and curing can take place at either ambient or elevated temperature. In
order to have optimum surface finish, a gel coat is applied to the mold surface prior to

molding. High-quality parts such as automotive body parts, bathtubs, and containers
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are produced by this method. The variation in injection pressure has no effect on the
quality of moldings. A wide range of resin viscosities has been successfully molded by
this technique (RTM). It can produce laminates having high fiber volume with very
low void contents. It is safe for the health and environment due to the enveloping of
resin. Component prepared by RTM has molded surface on both sides. The
disadvantages of RTM process are need of heavy and expensive tooling to withstand
pressures, limitation in size of the components, and very expensive scrap parts due to

un-impregnated areas.
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1.4 Recycling Fiber-Reinfor ced Composites
What types of processes are used for recycling of composites?

The two main processes are called chemical and mechanical processes.

Why isrecycling of composites complex?
Thisisbecause of the many variablesin material types— thermoset vs. thermopl astics,

long vs. short fibers, glass vs. carbon, €tc.

What are the various steps in mechanical recycling of short fiber-reinforced
composites?

These are shredding, separation, washing, grinding, drying, and extrusion.

Why is chemical recycling not as popular as mechanical recycling?

Chemical processing is very costly. Processes such as pyrolysis (decomposing
materialsin an oxygen-free atmosphere) produce many gases, and hydrogenation gives
high filler content. However, General Motors has adapted pyrolysis to recycle
composite automobile parts. Gases and oils are recovered, and the residues are used as
fillers in concrete and roof shingles. One other problem is the chlorine content. The
scrap needs to be dehalogenated after separation, especially if carbon fibers were used
as reinforcement. Glass fibers in recycled composites also pose the problem of low
compressive strength of the new material.



What can one do if the different types of composites cannot be separated?
Incineration or use as fuel may be the only solution because metals, thermosets, and
thermoplastics may be mixed, and they may be soiled with toxic materials. The fuel
value* of polymer matrix compositesis around 5000 BTU/Ib (11,622 kJKkg). Thisis
about half the value for coal.

Which chemical process; incineration or use as fuel showsthe most promise?
Incineration offers the most promise.

Its advantages include minimal cost, high-volume reduction, and no residual material.

It isalso feasible for low scrap volume.

1.4 Mechanics Ter minology

How isa composite structur e analyzed mechanically?

A composite material consists of two or more constituents; thus, the analysis and design
of such materialsis different from that for conventional materials such as metals. The

approach to analyze the mechanical behavior of composite structures is as follows
(Figure 1.35).
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FIGURE 1.35
Schematic of analysis of laminated composites,

1. Find the average properties of acomposite ply from the individual properties of the
constituents. Properties include stiffness, strength, thermal, and moisture expansion
coefficients. Note that average properties are derived by considering the ply to be
homogeneous. At this level, one can optimize for the stiffness and strength
requirements of alamina. Thisis called the micromechanics of alamina.

2. Develop the stress-strain relationships for a unidirectional/bidirectional lamina.
Loads may be applied along the principal directions of symmetry of the lamina or

off-axis. Also, one develops relationships for stiffness, thermal and moisture
3



expansion coefficients, and strengths of angle plies. Failure theories of alaminaare
based on stresses in the lamina and strength properties of a lamina. Thisis called

the macromechanics of alamina.

A structure made of composite materias is generaly a laminate structure made of
various laminas stacked on each other. Knowing the macromechanics of a single
lamina, one develops the macromechanics of a laminate. Stiffness, strengths, and
thermal and moisture expansion coefficients can be found for the whole laminate.
Laminate failure is based on stresses and application of failure theories to each ply.
This knowledge of analysis of composites can then eventually form the basis for the
mechanical design of structures made of composites. Several terms are defined to
develop the fundamentals of the mechanical behavior of composites. These include the

following.

What is an isotropic body? An isotropic material has properties that are the same in all

directions. For example, the Young’s modulus of steel is the same in all directions.

What is a homogeneous body? A homogeneous body has properties that are the same
at all pointsin the body. A sted rod is an example of a homogeneous body. However,
If one heats this rod at one end, the temperature at various points on the rod would be
different. Because Young’s modulus of steel varies with temperature, one no longer
has a homogeneous body. The body is still isotropic because the properties a a

particular point are still identical in all directions.

Are composite materials isotropic and/or homogeneous? Most composite materias are
neither isotropic nor homogeneous. For example, consider epoxy reinforced with long
glass fibers. If one chooses a location on the glass fiber, the properties are different
from a location on the epoxy matrix. This makes the composite materia
nonhomogeneous (not homogeneous). Also, the stiffnessin the direction parallel to the
fibers is higher than in the direction perpendicular to the fibers and thus the properties
are not independent of the direction. This makes the composite material anisotropic
(not isotropic).



What is an anisotropic material?

At apoint in an anisotropic material, material properties are different in all directions.

What is a nonhomogeneous body?

A nonhomogeneous or inhomogeneous body has material propertiesthat are afunction
of the position on the body.

What isa lamina?

A lamina (also called a ply or layer) is a single flat layer of unidirectional fibers or

woven fibers arranged in a matrix.

What isalaminate?

A laminate is a stack of plies of composites. Each layer can be laid at various

orientations and can be made up of different materia systems.

What isa hybrid laminate?

Hybrid composites contain more than one fiber or one matrix systemin alaminate. The

main four types of hybrid laminates follow.

* Interply hybrid laminates contain plies made of two or more different composite
systems. Examples include car bumpers made of glass epoxy layers to provide
torsiona rigidity and graphite/epoxy to give stiffness. The combinations also lower the
cost of the bumper.

* Intraply hybrid composites consist of two or more different fibers used in the same
ply. Examples include golf clubs that use graphite and aramid fibers. Graphite fibers
provide the torsiona rigidity and the aramid fibers provide tensile strength and
toughness.

* Aninterply—intraply hybrid consists of plies that have two or more different fibers in
the same ply and distinct composite systems in more than oneply.
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* Resin hybrid laminates combine two or more resinsinstead of combining two or more
fibers in a laminate. Generally, one resin is flexible and the other one is rigid. Tests
have proven that these resin hybrid laminates can increase shear and work of fracture

properties by more than 50% over those of all-flexible or all-rigid resins.
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1.3 Applications of Polymer Matrix Composites (PM Cs)
Givetypical applications of polymer matrix composites.

It ishighly impossible to provide a complete list of PMC applications. However, some
applications classified according to major market segments are indicated here.
Aerospace and Aircraft: PMCs has wide applications in aerospace industry such as
construction of containers, gliders, control surfaces, and light aircraft, internal fittings,
window masks, partitions and floors, galley units and trolleys, satellite components,
aeriadls and associated enclosures, structural members, ground support equipment
components and enclosures, etc.

In commercial airlines, the use of composites has been conservative because of safety
concerns. Use of composites is limited to secondary structures such as rudders and
elevators made of graphite/epoxy for the Boeing 767 and landing gear doors made of

Kevlar—graphite/epoxy. Composites are also used in panels and floorings of airplanes.

Some examples of using compositesin the primary structure are the all-composite L ear
Fan 2100 plane and the tail fin of the Airbus A310-300. In the latter case, the tail fin
consists of graphite/epoxy and aramid honeycomb. It not only reduced the weight of
the tail fin by 662 Ib (300 kg) but also reduced the number of parts from 2000 to 100.

Skins of aircraft engine cowls shown in Figure 1.19 are also made of polymer matrix

composites for reducing weight.



FIGURE 1.19
Aircraft engine cowling. (Photo provided courtesy of Alliant Techsystems, Inc.)



With increasing competition in model airplane flying, the weight of composite
materials has been reduced. Figure 1.20 shows a World War Il model airplane with
fuselage made of glass/epoxy, wings made of balsa-wood facings/Styrofoam core
sandwich construction, and wingspars made of graphite/epoxy.

FIGURE 1.20

Model BF109 WWII German fighter plane using glass/epoxy-molded fuselage and wing spars
of graphite/epoxy. (Photo courtesy of Russell A. Lepré, Tampa, FL.)

Helicopters and tiltrotors (see Figure 1.21) use graphite/epoxy and glass/ epoxy rotor
blades that not only increase the life of blades by more than 100% over metals but also
Increase the top speeds.

FIGURE 1.21
The BELL™ \-22 Osprey in combat configuration. (Courtesy of Bell Helicopter Textron Inc.)



Space: Two factors make composites the material of choice in space applications: high
specific modulus and strength, and dimensional stability during large changes in
temperature in space. Examples include the Graphite/ epoxy-honeycomb payload bay
doors in the space shuttle (see Figure 1.22). Weight savings over conventional metal
alloys trandate to higher payloads that cost as much as $1000/1b ($2208/kg). Also, for
the space shuttles, graphite/epoxy was chosen primarily for weight savings and for
small mechanical and thermal deflections concerning the remote manipulator arm,

which deploys and retrieves payloads.

Boron/aluminum

‘ ressure vessels.
mid-fuselage truss P yensiin 2 :
members. High specific Fiberglass overwrapping

strength & stiffness.

Nomex needled felt. ™\

Protection o 750°F. N\ Stowage
Saves 3501bs. Ove boxes &
silica insulation. compartments.

Fiberglass sand-
wich face sheet,
Nomex core,
Saves 160 Ihs
over aluminum,

Graphite/epoxy
payload bay doors.
High strength-to-
weight ratio.

Graphitefepoxy OMS
pods. High strength-
to-weight ratio

Purge & vent lines.
Fiberglass cloth—

—_— CPOXY resin,
Sleeves—cryogenic
lines. Circular knit

fiberglass/polyurethane
resin. Lightweight,
flexible, non-flammable.

L

Boron/epoxy
reinforeed titanium
truss members.
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FIGURE 1.22
Use of composites in the space shuttle. (Graphic courtesy of M.C. Gill Corporation,
http:/ / www.mcgillcorp.com.)

Medical devices. Applications here include the use of glass-Kevlar/epoxy lightweight
face masks for epileptic patients. Artificial portable lungs are made of graphite—
glass/epoxy so that a patient can be mobile. X-ray tables made of graphite/epoxy facing
sandwiches are used for their high stiffness, light weight, and transparency to radiation.
The latter feature allows the patient to stay on one bed for an operation as well as x-

rays and be subjected to alower dosage of radiation.
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Building and Construction: External and internal cladding, permanent and temporary
formwork and shuttering, partitions, polymer concrete, prefabricated buildings, booth,
cabins and housing, structural and decorative building elements, bridge elements and
sections, quay facings, signposts and street furniture, staging, fencing and walkways,
etc.

Consumer Product Components. For domestic and industrial furniture, sanitary ware,
sporting goods, caravan components, archery and playground equipment, garden
furniture, notice boards, theme park requirements, swimming pools, agua tubes, diving

boards, seating and benches, skis and snowboards, etc.

Sporting goods: Graphite/epoxy is replacing metals in golf club shafts (see Figure)

mainly to decrease the weight and use the saved weight in the head. This increase in

the head weight has improved driving distances by more than 25 yards (23 m).

Shaft

Ciub Head
(Back Side)

Corrosion-Resistant Equipment: Chemical plant, linings, oil industry components,
pipes and ducts, chimneys, grid flooring, staging and walkways, pressure vessels,
processing tanks and vessels, fume hoods, scrubbers and cooling tower components,
etc.

Electrical and Electronic: Interna and external aerial components and fittings, circuit
boards, generation and transmission components, insulators, switch boxes and cabinets,
booms, distribution posts and pylons, tel egraph poles, fuse tubes, transformer elements,

ladders and cableways, etc.



Marine Applications. PM Csare used in the manufacture of canoes and boats or (yachts,
see Figure), therefore most of these marine applications are made of fiber glass.

Furthermore, hybrids of Kevlar—glass/epoxy are now replacing fiber glass for improved

weight savings, vibration damping, and impact resistance. Kevlar—epoxy by itself
would have poor compression properties.

Housings made of metals such as titanium to protect expensive oceanographic research
Instruments during explorations of seawrecks are cost prohibitive. These housings are
now made out of glass/epoxy and sustain pressures as high as 10 ksi (69 MPa) and

extremely corrosive conditions.

Bridges made of polymer composite materials are gaining wide acceptance dueto their
low weight, corrosion resistance, longer life cycle, and limited earthquake damage.
Although bridge components made of composites may cost $5/Ib as opposed to
components made of steel, reinforced concrete may only cost $0.30 to $1.00 per pound;
the former weighs 80% less than the latter. Also, by lifetime costs, fewer composite
bridges need to be built than traditional bridges.

Other marine applications. surf and sailboards, lifeboats and rescue vessels, buoys,

boat accessories and subassemblies, window masks and internal moldings and fittings

for ferries and cruise liners, work boats and trawlers, etc.



Transportation: Automotive (e.g., a body of car "Ford GT" made of carbon fibre
completely, see Figure), bus, camper and vehicle components generally, both
underbody, engine and body panels, truck, rail and other vehicle components and
fittings, land and sea containers, railway track and signaling components, traffic signs,

seating, window masks and partitions, etc.

1.2.2 Metd Matrix Composites
What are metal matrix composites?
Metal matrix composites (MMCs), as the name implies, have a meta

matrix. Examples of matrices in such composites include auminum,
magnesium, and titanium. Typical fibers include carbon and silicon
carbide. Metals are mainly reinforced to increase or decrease their
properties to suit the needs of design. For example, the elastic stiffness
and strength of metals can be increased, and large coefficients of thermal
expansion and thermal and electric conductivities of metals can be

reduced, by the addition of fibers such as silicon carbide.

What are the advantages of metal matrix composites?
Metal matrix composites (MMCs) are mainly used to provide advantages

over monolithic metals such as sted and aluminum. These advantages
include higher specific strength and modulus by reinforcing low-density
metals, such as aluminum and titanium; lower coefficients of thermal

expansion by reinforcing with fibers with low coefficients of thermal
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expansion, such as graphite; and maintaining properties such as strength
at high temperatures. MMCs have several advantages over polymer
matrix composites. Theseinclude higher elastic properties; higher service
temperature; insensitivity to moisture; higher electric and thermal
conductivities; and better wear, fatigue, and flaw resistances. The
drawbacks of MM Cs over PM Cs include higher processing temperatures

and higher densities.

Do any properties degrade when metals are reinforced with fibers?
Yes, reinforcing metals with fibers may reduce ductility and fracture

toughness. Ductility of aluminum is 48% and it can decrease to below
10% with simple reinforcements of silicon carbide whiskers. Thefracture
toughness of aluminum alloysis 18.2 to 36.4 (20 to 40) and it reduces by

50% or more when reinforced with silicon fibers.

What are the typical mechanical properties of some metal matrix
composites? Compare the properties with metals.

Typical mechanical properties of MMCs aregiven in Table 1.11.

TABLE 1.11
Typical Mechanical Properties of Metal Matrix Composites

Sidy Graphite/
Property Units aluminum  aluminaem  Steel  Aluminum

System of mnls: USCS
Specific gravity 2.6 2.2 78 2.6
Young's modulus Msi 17 18 30 10
Ultimate tensile strength ksi 175 65 04 M
Coefficient of thermal pin_/in_/°F 6.4 10 6.5 128

expansion
System of wnls: S1
Specific gravity 26 2.2 7.8 26
Young's modulus Gla 117.2 124.1 206.8 H8.95
Ultimate tensile strength MPa 1206 448.2 648.1 23440
Coefficient of thermal pm/m/C 124 18 1.7 23

expansion




Show one process of how metal matrix composites (MMCs) are
manufactured.

Fabrication methods for MM Cs are varied. One method of manufacturing
them is diffusion bonding (Figure 1.28), which is used in manufacturing
boron/aluminum composite parts . A fiber mat of boron is placed between
two thin auminum foils about 0.002 in. (0.05 mm) thick. A polymer
binder or an acrylic adhesive holds the fibers together in the mat. Layers
of these metal foils are stacked at angles as required by the design. The
laminate is first heated in a vacuum bag to remove the binder. The
laminate is then hot pressed with a temperature of about 932°F (500°C)
and pressure of about 5 ks (35 MPa) inadieto form the required machine

element.
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HIGURE 120

Schematic of diffusion bonding for metal matriy composites. (Reproduasd with pormission
from Matthows, EL and Rawlings, R0, Companite Materiahe Pugimeenng and Sclemy, Chapman
& Hall, London, 1994, Fpaeo 31, p. K1 Copyright CRC Press, Boca Raton, F1L)

What are some of the applications of metal matrix composites? Or Metad
matrix composites applications are:

e Space: The space shuttle uses boron/aluminum tubes to support its
fuselage frame. In addition to decreasing the mass of the space shuttle by
more than 320 Ib (145 kg), boron/aluminum also reduced the thermal
Insul ation requirements because of itslow thermal conductivity. The mast

of the Hubble Telescope uses carbon-reinforced aluminum.
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» Military: Precision components of missile guidance systems demand
dimensiona stability — that is, the geometries of the components cannot
change during use Metal matrix composites such as SIC/ auminum
composites satisfy this requirement because they have high micro yield
strength.* In addition, the volume fraction of SIC can be varied to have a
coefficient of thermal expansion compatible with other parts of the
system assembly.

* Transportation: Metal matrix composites are finding use now in
automotive engines that are lighter than their metal counterparts. Also,
because of their high strength and low weight, metal matrix composites

are the material of choice for gas turbine engines (Figure 1.30).

High strength, low weight and the ability to
perform at high temperatures make metal
matrix composites the material of choice for
gas turbine engine components.

FIGURE 1.30
Cas turbine engine components made of metal matrix composites. (Phote courtesy of Specalty
Materials, Inc., hitp:/ / www.specmaterials.com.)
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1.2.3 Ceramic Matrix Composites
What are ceramic matrix composites?
Ceramic matrix composites (CMCs) have a ceramic matrix such as
alumina calcium alumino silicate reinforced by fibers such as carbon or

silicon carbide.

What are the advantages of ceramic matrix composites?

Advantages of CMCs include high strength, hardness, high service
temperature limits* for ceramics, chemical inertness, and low density.
However, ceramics by themselves have low fracture toughness. Under
tensile or impact loading, they fail catastrophically. Reinforcing ceramics
with fibers, such as silicon carbide or carbon, increases their fracture
toughness (Table 1.12) becauseit causes gradual failure of the composite.
This combination of a fiber and ceramic matrix makes CMCs more
attractive for applications in which high mechanical properties and

extreme service temperatures are desired.

TABLE 1.12

Typical Fracture Toughness of Monolithic Materials and
Ceramic Matrix Composites

Fracture toughness  Fracture toughness

Material (MPa y/m ) (ksi \in. )
Epoxy 3 2.73
Aluminum alloys 35 31.85
Silicon carbide 3 2.73
SiC/ALO, 27 24.6
SiC/SiC 30 27.3

What are the applications of ceramic matrix composites?
Ceramic matrix composites are finding increased application in high-

temperature areas in which metal and polymer matrix composites cannot
12



be used. This is not to say that CMCs are not attractive otherwise,
especially considering their high strength and modulus, and low density.
Typica applications include cutting tool inserts in oxidizing and high-
temperature environments. Textron Systems Corporation® has
developed fiber-reinforced ceramics with SCS™ monofilaments for

future aircraft engines (Figure 1.32).

FIGURE 1.32
Ceramic matrix composites for high temperature and oxidation resistant application. (Photo
courtesy of Specialty Materials, Inc, hitp:/ / www.specmaterials.com.)
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Micromechanical Analysis of a Lamina

LECTURE 5: CHAPTER TWO
Print - April 2020.
Instructor: Dr. Ayad Albadrany.

E.mail. ayadaied@
uoanbar.edu.iq

Chapter Two: Objectives

* Develop concepts of volume and weight fraction (mass fraction) of fiber and matrix,

density, and void fraction in composites.

* Find the nine mechanical and four hygrothermal constants: four elastic moduli, five
strength parameters, two coefficients of thermal expansion, and two coefficients of
moi sture expansion of aunidirectional laminafromtheindividual propertiesof thefiber

and the matrix, fiber volume fraction, and fiber packing.

» Discuss the experimenta characterization of the nine mechanica and four
hygrothermal constants. The two main processes are caled chemical and mechanical

jprocesses.

2.1 Introduction

The stress-strain relationships, engineering constants, and failure theories for an angle

lamina were developed using four elastic moduli, five strength parameters. two

coefficients of thermal expansion (CTE), and_two coefficients of moisture
expansion (CME) for _a unidirectional lamina. These 13 parameters can be found

experimentally by conducting several tension, compression, shear, and hygrothermal
tests on unidirectional lamina (laminates).

However, unlike in isotropic materials, experimental evaluation of these parametersis
quite costly and time consuming because they are functions of several variables: the
individual constituents of the composite material, fiber volume fraction, packing
geometry, processing, etc. Thus, the need and motivation for developing analytical

models to find these parameters are very important.



In this chapter, we will develop simple relationships for the these parametersin terms
of the stiffnesses, strengths, coefficients of thermal and moisture expansion of the
individual constituents of a composite, fiber volume fraction, packing geometry, etc.
An understanding of this relationship, called micromechanics of lamina, helps the
designer to select the constituents of a composite material for use in a laminated
structure. Because this text is for a first course in composite materials, details will be
explained only for the simple models based on the mechanics of materials approach
and the semi-empirical approach. Resultsfrom other methods based on advanced topics
such as dadticity are also explained for completeness. As mentioned in a previous
chapter, a unidirectional lamina is not homogeneous. However, one can assume the
lamina to be homogeneous by focusing on the average response of the lamina to

mechanical and hygrothermal loads (Figure 3.1).

Nonhomogeneous lamina Homogeneous lamina

FIGURE 3.1
A nonhomogencous lamina with fibers and matrix approximated as a homogeneous lamina.

The laminais simply looked at as a material whose properties are different in various
directions, but not different from one location to another. Also, the chapter focuses on
a unidirectional continuous fiber-reinforced lamina. Thisis because it forms the basic
building block of a composite structure, which is generally made of severd
unidirectional laminae placed at various angles. The modeling in the evaluation of the
parameters is discussed first. This is followed by examples and experimental methods

for finding these parameters.

2.2 Volume and Mass Fractions, Density, and Void Content
Before modeling the 13 parameters of a unidirectional composite, we introduce the
concept of relative fraction of fibers by volume. This concept is critical because

theoretical formulas for finding the stiffness, strength, and hygrothermal properties of
2



a unidirectional lamina are a function of fiber volume fraction. Measurements of the
constituents are generally based on their mass, so fiber mass fractions must also be
defined. Moreover, defining the density of acomposite also becomes necessary because
its value 1s used in the experimental determination of fiber volume and void fractions
of a composite. Also, the value of density is used in the definition of specific modulus

and specific strength in Chapter 1.
2.2.1 Volume Fractions

Consider a composite consisting of fiber and matrix. Take the following symbol

notations;

0, = volume of composite, fiber, and matrix, respectively
Perw = density of composite, fiber, and matrix, respectively.

Now define the fiber volume fraction V, and the matrix volume fraction V_ as

and

Voallk, (3.1a, b)
D,

Note that the sum of volume fractions is
Vi+V, =1,
from Equation (3.1) as

U+, =10,



2.2.2 Mass Fractions

Consider a composite consisting of fiber and matrix and take the following symbol
notation: Wetm= mass of composite, fiber, and matrix, respectively. The mass fraction

(weight fraction) of the fibers (Wr) and the matrix (Wm) are defined as

w
w,
W, = ’z‘l’) ; (3.2a, b)

c

Note that the sum of mass fractions is

W,+W, =1,

from Equation (3.2) as

wy tw,=w, -

From the definition of the density of a single malerial,

w,=rv,
w,=rv.,and (3.3a-0)
w, =r0,.

Substituting Equation (3.3) in Equation (3.2), the mass fractions and vol-
ume fractions are related as

Py
W,=—V, .and
P,

Waw="Vuw (3.4a, b)



in terms of the fiber and matrix volume fractions. In terms of individual
constituent properties, the mass fractions and volume fractions are related by

Pr
W_( = p_-L V{ ’
-”L V} + Vw
P
1
W, = V,. (3.5a, b)

PLa-vysv,

One should always state the basis of calculating the fiber content of a
composite, It is given in terms of mass or volume. Based on Equation (3.4),
it is evident that volume and mass fractions are not equal and that the
mismatch between the mass and volume fractions increases as the ratio
between the density of fiber and matrix differs from one,



2.2.3 Density

The derivation of the density of the composite in terms of volume fractions is found as
follows. The mass of composite w; isthe sum of the mass of the fibers w; and the mass

of the matrix w,, as

w, =W, +10,,. (3.6)
Substituting Equation (3.3) in Equation (3.6) yields
P0, = p‘l 7", + pmrm'

and

L Fa)

pﬁ:p/?+pwf- (37)

Using the definitions of fiber and matrix volume fractions from Equation
(3.1),

P =PVt PuV (3.8)

Now, consider that the volume of a composite @, is the sum of the volumes
of the fiber v, and matrix (o, ):

V.=V 4+0,. (3.9)

The density of the composite in terms of mass fractions can be found as

1 W W (3.10)

P. P Pa



Example 2.1: A glass/epoxy lamina consists of a 70% fiber volume fraction. Use

propertiesof glassand epoxy from Table 3.1* and Table 3.2, respectively, to determine:

1. Density of lamina

2. Mass fractions of the glass and epoxy

3. Volume of composite laminaif the mass of the laminais 4 kg

4. Volume and mass of glass and epoxy in part (3)

TABLE 3.1

Typical Properties of Fibors (SI System of Units)

Property Units Graphite  Class  Aramid

Axial modulus GPa 230 RS 124
Transverse modulus Gla 22 RS 8
Axial Poisson's ratio — .30 020 0.36
Transverse Poisson’s ratio ~ .35 020 0.37
Axial shear modulus Gl'a 22 RoE 3
Axial coefficient of thermal expansion pm/m/C 13 5 5.0
Transverse coefficient of thermal expansion pm/m/C 7.0 5 4.1
Axcal tensile strength MI'a 2067 1550 1379
Axial compressive strength MPa 194 1550 276
Transverse tensile stromgth MPa 77 1550 7
Transverse compressive strength Ml'a 42 1550 7
Shaar strimgth MPa 36 35 71
Specific gravity - 18 25 14
TABLE 3.2
Typical Properties of Matrices (SI System of Units)

Property Units Epoxy  Aluminum  Polyamide
Axial modulus Gha 34 n 35
Transverse modulus GPa 34 n i5
Axial Poisson’s ratio — .30 130 035
Trnsverse Poisson’s ratio — (130 030 035
Axial shear modulus GPa 1.308 27 13
Coefficient of thermal expansion pmy/m/“C 63 23 90
Coefficient of motsture expansion  m/m/kg/kg 033 0400 033
Axctal tenstie strength MPFa 72 76 54
Axtal compressive strength MPa 102 276 108
Transverse tensile strength MPa 72 276 54
Transverse compressive strength MPa 102 276 108
Shastr strongth MPa M 138 Bt |
Spocific graviey — 12 27 12



Solution:

1. From Table 3.1, the density of the fiber is

p,=2500kg / m’.

From Table 3.2, the density of the matrix is
P, =1200 kg /",
Using Equation (3.8), the density of the composite is

p, = (2500)(0.7) + (1200)(0.3)
=210 kg / m’.

2. Using Equation (3.4), the fiber and maltrix mass fractions are



2500

W, =——x0.3
I 2110
=0.8294
1200
Wm = m x(.3 '
=0.1706

Note that the sum of the mass fractions,

W, + W, =0.8294+0.1706
=1.000.

3. The volume of composite is

_ W

P.

4
© 2110

=1.806 x10*m* .

4. The volume of the fiber is
U, = Vjv‘.
=(0.7)(1.896x107")

=1.327x10"*m” .

The volume of the matrix is

v, =V,0.

=(0.3)(0.1896x10°%)



=0.5688 %10 m".

The mass of the fiber is
Wi=PsPt
=(2500)(1.327 x 10°*)

=3318 kg .

The mass of the matrix is
zl,"l = p"lv”l

= (1200)(0.5688 x 10*)

= 0.6826 kg .
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An E-glass fiber reinforced vinyl ester composite has a fiber volume fraction
of 400, Experimentally measured density of E-glass fiber and vinyl ester is
254 glem?and 1.3 glem?, respectively, What is the weight fraction of fibers?
Solution:

Vi= 40%: V= (1 — V) = 60% p,=2.54 g/em?; p,, = 1.3 g/em?
According to Equation (7.1)

W = Vi, 04%2.54 _ e
"oVp,+Vop, 04x254x06x13  1016+078

The glass vinyl ester composite has a fiber weight fraction of 57%.

A carbon fiber reinforeed polyphenylene sulfide (PPS) composite has aresin
weight fraction of 48%. What is the volume fraction of carbon fiber in this
composite? The density of carbon fiber is 1.8 g/lem? and the density of PPS is
| 48 g/em’,

Solution:
W, =48%;, W= (| - W) =52%; p,= | 8 pfem’; p, = | 48 g/cm’
According to Equation (7.4)

o W 7o, __ bs2/18 0289
"W ip, + W p W, rp,  052/184048/148 028940324

The liber volume lraction of the compos:te is 47%.,
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Introduction to Composite Materials

LECTURE : 1: CHAPTER ONE
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Instructor: Dr. Ayad Albadrany.

E.mail. ayadaied@
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1.1 Introduction to Composite Materials

Chapter One: Objectives

» Define a composite, enumerate advantages and drawbacks of composites over
monolithic materials, and discuss factors that influence mechanical properties of a
composite.

» Classify composites, introduce common types of fibers and matrices, and

manufacturing, mechanical properties, and applications of composites.
* Discuss recycling of composites.

* Introduce terminology used for studying mechanics of composites.

What isa composite?

A compositeisastructural material that consists of two or more combined constituents
that are combined at a macroscopic level and are not soluble in each other. One
constituent is called the reinforcing phase and the onein which it isembedded is called
the matrix. The reinforcing phase material may be in the form of fibers, particles, or
flakes. The matrix phase materials are generally continuous. Examples of composite
systems include concrete reinforced with steel and epoxy reinforced with graphite
fibers, €tc.

Give some examples of naturally found composites:
Examples include wood, where the lignin matrix is reinforced with cellulose fibers and
bones in which the bone-salt plates made of calcium and phosphate ions reinforce soft

collagen.



What are advanced composites?

Advanced composites are composite materials that are traditionally used in the
aerospace industries. These composites have high performance reinforcements of athin
diameter in a matrix material such as epoxy and aluminum. Examples are
graphite/epoxy, Kevlar/epoxy, and boron/ aluminum composites. These materials have

now found applicationsin commercial industries as well.

Combining two or more materials together to make a composite is more work
than just using traditional monolithic metals such as steel and aluminum. What

are the advantages of using composites over metals?

Monolithic metals and their alloys cannot always meet the demands of today’s
advanced technologies. Only by combining several materials can one meet the
performance requirements. For example, trusses and benches used in satellites need to
be dimensionally stablein space during temperature changes between —256°F (—160°C)
and 200°F (93.3°C). Limitations on coefficient of thermal expansionj thus are low and
may be of the order of +1 x 10 in./in./°F (+1.8 x 10" m/m/°C). Monolithic materials
cannot meet these requirements; this leaves composites, such as graphite/epoxy, as the
only materials to satisfy them.

In many cases, using composites is more efficient. For example, in the highly
competitive airline market, one is continuously looking for ways to lower the overall
mass of the aircraft without decreasing the stiffness and strength of its components.
Thisis possible by replacing conventional metal alloys with composite materials. Even
If the composite material costs may be higher, the reduction in the number of partsin
an assembly and the savingsin fuel costs make them more profitable. Also, composites

offer severa other advantages over conventional materials. These may include



Improved strength, stiffness, fatigue and impact resistance, thermal conductivity,

corrosion resistance, etc.

* Stiffness is defined as the resistance of a material to deflection.

1 Strength is defined as the stress at which a material fails.

I Fatigue resistance is the resistance to the lowering of mechanical properties such as
strength and stiffness due to cyclic loading, such as due to take-off and landing of a

plane, vibrating a plate, etc.

** |mpact resistance is the resistance to damage and to reduction in residual strength

to impact loads, such as abird hitting an airplane or a hammer falling on a car body.

11 Thermal conductivity is the rate of heat flow across a unit area of a material in a
unit time, when the temperature gradient is unity in the direction perpendicular to the
area.

171 Electrical conductivity is the ability of electric current to flow through a material.

Z£ Corrosion resistance is the resistance to corrosion, such as pitting, erosion,
galvanic, etc.

* Young’s modulus of an elastic material istheinitial slope of the stress-strain curve.

1 Density is the mass of a substance per unit volume.

ZA unidirectional composite is a composite lamina or rod in which the fibers
reinforcing the matrix are oriented in the same direction.



How isthe mechanical advantage of composite measured?

For example, the axial deflection, u, of aprismatic rod under an axial load, P, isgiven
by

_PL
AE’

i

(L.1)

where
L = length of the rod

E = Young's modulus of elasticity of the material of the rod

Because the mass, M, of the rod is given by

M = pAL, (1.2)

where p = density of the material of the rod, we have

Pl 1
M = : 1.3
4 E/p e

This implies that the lightest beam for specified deflection under a
specified load is one with the highest (E/p) value. Thus, to measure the
mechanica advantage, the (E/p) ratio is calculated and is called the
specific modulus (ratio between the Young’s modulus (E) and the
density (p) of the material). The other parameter is called the specific
strength and is defined as the ratio between the strength (ou) and the
density of the materia (p), that is



Specific modulus = —,

Oult

Specific strength =
p

The two ratios are high in composite materials. For example, the strength
of a graphite/epoxy unidirectional composite could be the same as stedl,
but the specific strength isthreetimesthat of steel. What doesthis mean
to adesigner? Takethesimple caseof arod designed to take afixed axia
load. The rod cross section of graphite/epoxy would be same as that of
the steel, but the mass of graphite/epoxy rod would be one third of the
steel rod. Thisreduction in masstrand ates to reduced material and energy
costs. Figure 1.1 shows how composites and fibers rate with other
traditional materials in terms of specific strength.3 Note that the unit of
specific strength is inches in Figure 1.1 because specific strength and

specific modulus are also defined in some texts as

Specific modulus = :
Pg

O ult

Specific strength =
Ps

where g is the acceleration due to gravity (32.2 ft/s* or Y.81 m/s?).



10

| | | | |
Aramid fibers,
carbon fibers

8 o
g
'
o Composites /
5
o
[ =]
p
»
o 4 - —
¥ )
0
@D
(=W
v

2|~ =

Wood,
stone Bronze Cast iron Aluminum
0 } t t |
1400 1500 1600 1700 1800 1900 2000
Year
FIGURE 1.1

Specific strength as a function of time of use of materials. (Source: Eager, T.W., Whither advanced
materials? Ado. Mater. Processes, ASM International, June 1991, 25-29,)

Values of specific modulus and strength aregivenin Table 1.1 for typical
composite fibers, unidirectional composites,* cross-plyt and quasi-
isotropici laminated composites, and monolithic metals. On a first look,
fibers such as graphite, aramid, and glass have aspecific modulus severa
times that of metals, such as steel and aluminum. This gives a false
Impression about the mechanical advantages of composites because they
are made not only of fibers, but also of fibers and matrix combined;
matrices generally have lower modulus and strength than fibers. IS the
comparison of the specific modulus and specific strength parameters
of unidirectional composites to metals now fair? The answer isno for
two reasons. First, unidirectional composite structures are acceptable
only for carrying simple loads such as uniaxial tension or pure bending.
In structures with complex requirements of loading and stiffness,



composite structures including angle plies will be necessary. Second, the
strengths and elastic moduli of unidirectional compositesgivenin Table
1.1 arethose in the direction of the fiber. The strength and elastic moduli

perpendicular to the fibers are far less.

* A unidirectional laminate is a laminate in which all fibers are oriented
in the same direction.

1A cross-ply laminate is alaminate in which the layers of unidirectional
lamina are oriented at right angles to each other.

Z Quasi-isotropic laminate , it behaves similarly to an isotropic material;

that is, the elastic properties are the samein all directions.



TABLE 1.1
Spectiic Modulus and Spectfic Streagth of Typical Fibers, Composites, and Bulk Motals

Young's Ultimate  Specific Specific
Material Specific  modulus  strength  modulus wirength
Units pravity* (M) (ksi)  (Msicinb)  (ksicin V)
Syviten of Hmits: USCS
Craphite fibor s nas 28 5129 Al
Aramic fber 1A 17 98 200 FAS 050
Class fiber 25 123 JUR 1305 2459
Unidiroctional graphite /opoxy b .25 2746 ol I
Unidiroctional plass /opoxy L5 ] 1540 Bhin 2uN
Croon ply graphite /opoxy 16 1392 S0 208 Lty
Crons ply plass/opoxy 18 14 12% 0% 1968
Quasi motropic graphite/epoxy Lh 1010 00 1747 w7
Queast imotropiie glass/opoxy I8 279 1044 “ax 1610
Steol 7R 3000 R LUUNE [ s
Aluminum pA 1040 A 1S 425K
Young's  Ultimate Specific Specific
Material Specific  modules  wirength modules wirength
Undtw pravity  (GPa) (MPa) (GPamYkgl  (MPam'iy)
Suntem of mits: SI
Craphite fiber 14 23 2067 01278 1144
Araeic Bber 1K 12400 13/ (.(m857 (985
Glases fiber 15 H5.00 1550 0050 AL
Unddirectionsd graplite /epoxy Lo 1810 1500 01nmn 09377
Unidirectional gloss /epoxy I8 M 1062 00214 (150
Cromseply graphite /opoxy 16 0594 SOkl LUEEELLY 02331
Crons ply plass/epary N 23 HH25 0Mm3In (04
Quessd imotropic graphbe/vpoxy Lo W e Q053 01728
Qussi- isotropic glases/epoxy 18 15 9% 7A08 001053 00806
Steed 78 LT (2R 0642 (¥
Aluriiism 0 6405 ZI5A 0mas2 (L1061

b Specific gravity of a matorial & the ratio betwoeen its density and the dersity of water

A comparison is now made between popular types of laminates such as
cross-ply and quasi-isotropic laminates. Figure 1.2 shows the specific
strength plotted as a function of specific modulus for various fibers,
metals, and composites.
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Specific strength as a function of specific modulus for metals, fibers, and composites,

Are specific modulus and specific strength the only mechanical parameters used
for measuring therelative advantage of composites over metals?

No, it depends on the application. Consider compression of a column, where it may fail
due to buckling. The Euler buckling formula gives the critical load a which a long

column buckles as:
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Por=""03" 4 (1.4)

when
Pg = critical buckling load (Ib or N)
| =Y oung’s modulusof column(Ib/in.zor N/m')
| = second moment of area (in.'or m’)
1 = len$ttr of beam (In. or m)

If the column has a cixular cmss mdon, the bond moment of area 1s

I=mn (1.5

and the mass of therod 1s

(1.6)



where
M = mass of the beam (Ib or kg)
p = density of beam (Ib/in." or kg /m?)
d = diameter of beam (in. or m)

Because the length, L, and the load, P, are constant, we find the mass of
the beam by substituting Equation (1.5) and Equation (1.6) in Equation
(1.4) as

M_zL’JE 1 i
Jr EV/p’ '

This means that the lightest beam for specified stiffness is one with the
highest value of £'7/p.

Similarly, we can prove that, for achieving the minimum deflection in a
beam under a load along its length, the lightest beam is one with the highest
value of L' /p. Typical values of these two parameters, E'/2/p and E'/p
for typical fibers, unidirectional composites, cross-ply and quasi-isotropic
laminates, steel, and aluminum are given in Table 1.2. Comparing these
numbers with metals shows composites drawing a better advantage for these
two parameters. Other mechanical parameters for comparing the perfor-
mance of composites to metals include resistance to fracture, fatigue, impact,
and creep.,

13



TABLE 1.2
Specific Modulus Parameters E/p, E172/p, and E'2/p for Typical Materials

Young's
Material Specific modulus Elp E*%fp E%p
Units gravity  (Msi)  (Msi-inlb) (psi'®inb) (psi*®-in./1b)
System of Units: USCS
Graphite fiber 18 3335 5128 88,806 4,950
Kevlar tiber 14 1798 3555 83,83 5,180
Class fiber 25 1233 1365 38,878 2,558
Unidirectional graphite /epoxy 16 2625 4541 88,636 5111
Unidirectional glass/epoxy 18 5.60 86.09 36,384 2,730
Cross-ply graphite/epoxy 16 1392 2408 64,545 4,162
Cross-ply glass/epoxy 18 342 5259 28 438 2317
Quasi-isotropic graphite/epoxy 16 1000 1747 54,980 3,740
Quasi-isotropic glass/epoxy 18 275 4229 25,501 2,154
Steel 78 3000 1065 19,437 1,103
Aluminum 26 10,00 1065 33,666 2294
Young's
Material Specific modulus Elp E¥ip E%ip
Units gravity (GPa) (GPa-m¥kg) (Pa-m'kg) (Pa'"m'kg)
System of Unils: 51
Graphite fiber 18 230.00 0.1278 266.4 3.404
Kevlar fiber 14 124.00 0.08857 2515 3.562
Class fiber 25 8500 0.034 116.6 1.759
Unidirectional graphite /epoxy 1.6 181.00 0.1131 2659 3.535
Unidirectional glass/epoxy 18 38.60 0.02144 1091 1878
Cross-ply graphite/epoxy 16 05,98 0060 1936 2862
Cross-ply glass/epoxy 18 2358 0.0131 8531 1.593
Quasi-isotropic graphite /epoxy 1.6 69.64 0.04353 1649 2571
Quasi-isotropic glass/epoxy 18 18.96 001053 76.50 1.481
Steel 78 20684 0.02652 583 0.7582
Aluminum 26 68.95 0.02662 1010 1577

The Well-Known, composites have distinct advantages over metals.
Arethereany drawbacksor limitationsin using them?

Y es, drawbacks and limitations in use of composites include:

* High cost of fabrication of compositesisacritical issue. For example, a
part made of graphite/epoxy composite may cost up to 10 to 15 timesthe
material costs. A finished graphite/epoxy composite part may cost as
much as $300 to $400 per pound ($650 to $900 per kilogram).
Improvements in processing and manufacturing techniques will lower
these costsin the future. Already, manufacturing techniquessuchas SMC
(sheet molding compound) and SRIM (structural reinforcement injection
molding) are lowering the cost and production time in manufacturing
automobile parts.



» Mechanical characterization of a composite structure is more complex
than that of ametal structure. Unlike metals, composite materials are not
isotropic, that is, their properties are not the same in al directions.
Therefore, they require more material parameters. For example, asingle
layer of a graphite/epoxy composite requires nine stiffness and strength
constants for conducting mechanical analysis. In the case of amonolithic
material such as steel, one requires only four stiffness and strength
constants. Such complexity makes structural analysis computationally
and experimentally more complicated and intensive. In addition,
evaluation and measurement techniques of some composite properties,
such as compressive strengths, are still being debated.

* Repair of composites is not a simple process compared to that for
metals. Sometimes critical flaws and cracks in composite structures may
go undetected.

Note:

* In a material with a crack, the value of the stress intensity factor gives the measure of stresses
in the crack tip region. For example, for an infinite plate with a crack of length 2a under a uniaxial

load o (Figure 1.3), the stress intensity factor is

K=oyJma .

If the stress intensity factor at the crack tip is greater than the critical stress intensity factor of the
material, the crack will grow. The greater the value of the critical stress intensity factor is, the
tougher the material is. The critical stress intensity factor is called the fracture toughness of the

material. Typical values of fracture toughness are 23.66 ksivin. (26 Ml’n\fm) foraluminum and

25.48 ksiv"in. (28 Ml’a\/m) for steel,
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HGURE 1.3
A uniformly loaded plate with a crack.

« Composites do not have a high combination of strength and fracture
toughness* compared to metals. In Figure 1.4, aplot is shown for fracture
toughness vs. yield strength for a 1-in. (25-mm) thick material. Metas
show an excellent combination of strength and fracture toughness
compared to composites. (Note: The transition areas in Figure 1.4 will
change with change in the thickness of the specimen.)
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Fracture toughness as a function of yield strength for monolithic metals, ceramics, and
metal-ceramic composites. (Source: Eager, T.W., Whither advanced materials? Adve. Mater. Pro-
cesses, ASM International, June 1941, 25-29))

» Composites do not necessarily give higher performance in al the
properties used for material selection. In Figure 1.5, six primary material
selection parameters — strength, toughness, formability, joinability,
corrosion resistance, and affordability — are plotted. If the values at the
circumference are considered as the normalized required property level
for a particular application, the shaded areas show values provided by
ceramics, metals, and metal—ceramic composites. Clearly, composites
show better strength than metals, but lower values for other material
selection parameters.
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Primary material selection parameters for a hypothetical situation for metals, ceramies, and
metal-ceramic composites. (Source: Eager, TW., Whither advanced materials? Adv. Mater. Pro
cesses, ASM International, June 1991, 25-29,)

Why are fiber reinforcements of a thin diameter?

The main reasons for using fibers of thin diameter are the following:

» Actua strength of materials is severa magnitudes lower than the
theoretical strength. This difference is due to the inherent flaws in the
material. Removing these flaws can increase the strength of the material.
Asthe fibers become smaller in diameter, the chances of an inherent flaw
in the materia are reduced. A steel plate may have strength of 100 ksi
(689 MPa), while awire made from this steel plate can have strength of
600 ksi (4100 MPa). Figure 1.6 shows how the strength of a carbon fiber
increases with the decrease in its diameter.
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Fiber strength as a function of fiber diameter for carbon fibers. (Reprinted from Lamotte, E. De,
and Perry, A.)., Fibre Sci. Technol., 3, 159, 1970, With permission from Elsevier.)

« For higher ductility* and toughness, and better transfer of loads from
the matrix to fiber, composites require larger surface area of the fiber—
matrix interface. For the same volume fraction of fibers in a composite,
the area of the fiber—matrix interface is inversely proportional to the
diameter of the fiber and is proved as follows.

Assume a lamina consisting of N fibers of diameter D. The fiber—
matrix interface areain thislaminais

19



A=NnDL. (1.8)

If one replaces the fibers of diameter, D, by fibers of diameter, d,
then the number of fibers, 1, to keep the fiber volume the same
would be

)\
n-N[l—) . (1.9)
d

Then, the fiber-matrix interface area in the resulting lamina would be

Ay=nndl.
NrD*L
d

4 (Volume of fibers)
d :

This implies that, for a fixed fiber volume in a given volume of
composite, the area of the fiber-matrix interface is inversely pro-
portional to the diameter of the fiber.

Note:

* Ductility is the ability of a material to deform without fracturing. It is
measured by extending arod until fracture and measuring the initial (A)
and final (Ay) cross-sectional area. Then ductility is defined as,

R=1-(AdA).

« Fibers able to bend without breaking are required in manufacturing of
composite materials, especially for woven fabric composites. Ability to
bend increases with a decrease in the fiber diameter and is measured as
flexibility. Flexibility is defined as the inverse of bending stiffnessand is
proportional to the inverse of the product of the elastic modulus of the
fiber and the fourth power of its diameter; it can be proved as follows.

Bending stiffness is the resistance to bending moments. According
to the Strength of Materials course, if a beam is subjected to a pure
bending moment, M,

(1.10)



dv M

where
v = deflection of the centroidal line (in. or m)
E = Young's modulus of the beam (psi or Pa)
second moment of area (in.* or m?)
x = coordinate along the length of beam (in. or m)

The bending stiffness, then, is EI and the flexibility is simply the
inverse of El. Because the second moment of area of a cylindrical
beam of diameter d is

nd’ ,
=, 112
A (1.12)
then
Plasbilify oc —r (1.13)
YCE -

For a particular material, unlike strength, the Young's modulus does
not change appreciably as a function of its diameter. Therefore,
the flexibility for a particular material is inversely proportional
to the fourth power of the diameter.

What fiber factors contribute to the mechanical performance of a
composite?

Four fiber factors contribute to the mechanical performance of a
composite are :

* Length: The fibers can be long or short. Long, continuous fibers are
easy to orient and process, but short fibers cannot be controlled fully for
proper orientation. Long fibers provide many benefits over short fibers.
These include impact resistance, low shrinkage, improved surfacefinish,
and dimensional stability. However, short fibers provide low cost, are
easy to work with, and have fast cycle time fabrication procedures. Short
fibers have fewer flaws and therefore have higher strength.
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* Orientation: Fibers oriented in one direction give very high stiffness
and strength in that direction. If the fibers are oriented in more than one
direction, such asin amat, there will be high stiffness and strength in the
directions of the fiber orientations. However, for the same volume of
fibers per unit volume of the composite, it cannot match the stiffness and
strength of unidirectional composites.

 Shape: The most common shape of fibers is circular because handling
and manufacturing them is easy. Hexagon and squareshaped fibers are
possible, but their advantages of strength and high packing factors do not
outweigh the difficulty in handling and processing.

* Material: The material of the fiber directly influences the mechanical
performance of a composite. Fibers are generally expected to have high
elastic moduli and strengths. This expectation and cost have been key
factorsin the graphite, aramids, and glass dominating the fiber market for
composites.

What are the matrix factors that contribute to the mechanical
per for mance of composites?

Use of fibers by themselves is limited, with the exceptions of ropes and
cables. Therefore, fibers are used as reinforcement to matrices. The
matrix functions include binding the fibers together, protecting fibers
from the environment, shielding from damage due to handling, and
distributing theload to fibers. Although matrices by themselves generaly
have low mechanical properties compared to those of fibers, the matrix
influences many mechanical properties of the composite. These
properties include transverse modulus and strength, shear modulus and
strength, compressive strength, interlaminar shear strength, thermal
expansion coefficient, thermal resistance, and fatigue strength.

Other than the fiber and the matrix, what other factors influence the
mechanical performance of a composite?

Other factors include the fiber—matrix interface. It determines how
well the matrix transfersthe load to the fibers. Chemical, mechanical, and
reaction bonding may form the interface. In most cases, more than one
type of bonding occurs.



* Chemical bonding is formed between the fiber surface and the matrix.
Some fibers bond naturally to the matrix and others do not. Coupling
agents* are often added to form a chemical bond.

 The natural roughness or etching of the fiber surface causing
interlocking may form a mechanical bond between the fiber and matrix.
Note: * Coupling agents are compounds applied to fiber surfaces to
improvethe bond between the fiber and matrix. For example, silanefinish
is applied to glass fibers to increase adhesion with epoxy matrix.

* [f the thermal expansion coefficient of the matrix is higher than that of
the fiber, and the manufacturing temperatures are higher than the
operating temperatures, the matrix will radially shrink more than the
fiber. This causes the matrix to compress around the fiber.
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1.2 Classification
How are composites classified?

Composites are classified by the geometry of the reinforcement, such as
particul ate, flake, and fibers (Figure 1.8) — or by the type of matrix, such
as polymer, metal, ceramic, and carbon.

Fiber composites

HGURE 1.8

Types of composites based on reinforcement shape.

e Particulate composites consist of particles immersed in matrices
such as aloys and ceramics. They are usually isotropic because the
particles are added randomly. Particulate composites have
advantages such as improved strength, increased operating
temperature, oxidation resistance, etc. Typical examples include
use of aluminum particles in rubber; silicon carbide particles in
aluminum; and gravel, sand, and cement to make concrete.

e Flake composites consist of flat reinforcements of matrices.
Typica flake materials are glass, mica, duminum, and silver. Flake
composites provide advantages such as high out-of-plane flexural
modulus,* higher strength, and low cost. However, flakes cannot
be oriented easily and only a limited number of materials are
available for use.



Fiber composites consist of matrices reinforced by short
(discontinuous) or long (continuous) fibers. Fibers are generally
anisotropict and examples include carbon and aramids. Examples
of matrices areresins such as egpoxy, metals such as aluminum, and
ceramics such as calcium-alumino silicate. Continuous fiber
composites are emphasized in this book and are further discussed
in this chapter by the types of matrices. polymer, metal, ceramic,
and carbon. The fundamental units of continuous fiber matrix
composite are unidirectional or woven fiber laminas. Laminas are
stacked on top of each other at various angles to form a
multidirectional laminate.

Nanocomposites consist of materials that are of the scale of
nanometers (10° m). The accepted range to be classified as a
nanocomposite is that one of the constituents is less than 100 nm.
At this scale, theproperties of materias are different from those of
the bulk material. Generally, advanced composite materias have
constituents on the microscale (10° m). By having materials at the
nanometer scale, most of the properties of the resulting composite
material are better than the ones at the microscale. Not all
properties of nanocomposites are better; in some cases, toughness
and impact strength can decrease. Applications of
nanocomposites include packaging applications for the military in
which nanocomposite films show improvement in properties such
as elastic modulus, and transmission rates for water vapor, heat
distortion, and oxygen.

Body side molding of the 2004 Chevrolet Impala is made of
olefinbased nanocomposites.9 This reduced the weight of the
molding by 7% and improved its surface quality. General
Motors™ currently uses 540,000 Ib of nanocomposite materials
per year.

Rubber containing just a few parts per million of metal conducts
electricity in harsh conditions just like solid metal. Called Metal
Rubber®, it isfabricated molecule by molecule by aprocess called
electrostatic self-assembly. Awaited applications of the Metal
Rubber include artificial muscles, smart clothes, flexible wires,
and circuits for portable electronics.
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1.2.1 Polymer Matrix Composites

What are the most common advanced composites?

The most common advanced composites are polymer matrix composites
(PMCs) consisting of a polymer (e.g., epoxy, polyester, urethane)
reinforced by thin diameter fibers (e.g., graphite, aramids, boron). For
example, graphite/ epoxy composites are approximately five times
stronger than steel on a weight-for-weight basis. The reasons why they
are the most common composites include their low cost, high strength,
and simple manufacturing principles.

What are the drawbacks of polymer matrix composites?

The main drawbacks of PMCs include low operating temperatures, high
coefficients of thermal and moisture expansion,* and low elastic
propertiesin certain directions.

What are the typical mechanical properties of some polymer matrix
composites? Compare these properties with metals.

Table 1.4 givestypical mechanical properties of common polymer matrix
composites.

TABLE 1.4

Typical Mechanical Properties of Polymer Matrix Composites and
Monolithic Materials

Graphite/  Glass/
Property Units epoxy epoxy  Steel  Aluminum

h'_vﬁll"" of units: LISCS

Specific gravity 16 1.8 78 26
Young's modulus Ms: 26.25 5508 X0 100
Ultimate tensile strength ksi 2176 154.0 9.0 40.0
Coefficient of thermal expansion — pin. /in./“F 0.01111 4778 6.5 128

Syslem of units: SI

Specific gravity 16 18 78 26
Young's modulus GPa 181.0 3.6 268 6895
Ultimate tensile strength MPa 150.0 1062 648.1 2758

Coefficient of thermal expansion  pm/m/°C 0.02 8.6 1.7 23




Give names of various fibers used in advanced polymer composites.

The most common fibers used are glass, graphite, and Kevlar. Typical

properties of these fibers compared with bulk steel and aluminum are
givenin Table 1.5.

TABLE 1.5

Iypical Mechanical Properties of Fibers Used in Polymer Matrix Composites

Property Units Graphite  Aramid  Class  Steel  Aluminum

System of units: USCS

Specitic gravity 18 14 25 78 2.6
Young's modulus Msi 335 17.98 1233 R 10.0
Ultimarte tomsitle strongth ks 298 200.0 2248 04 40.0
Axial coefficient of pin/in, /OF 0722 2.778 2778 65 128

thermal expansion

Systene of units: SI

Specific gravity 18 1.4 25 78 26
Young's modulus GPa 230 124 85 2068 6H.95
Ultimate temsile strongth MPa 2067 1379 1550 H48.1 2758
Axial coefficient of pm/m/oC 13 S5 5 1.7 23

thermal expansion

Give a description of the glass fiber.

Glass is the most common fiber used in polymer matrix composites. Its
advantages include its high strength, low cost, high chemical resistance,
and good insulating properties. The drawbacks include low elastic
modulus, poor adhesion to polymers, high specific gravity, sensitivity to
abrasion (reduces tensile strength), and low fatigue strength.

The glass used for making fibers is classified into five major types, explain each one.
The letter designation is based on the characteristic property of the glass:

(i) A-glassisahigh-alkali glass; it hasvery good resistance to chemicals, but lower
electrical properties.

(i) C-glassisachemica grade, which offers extremely high chemical resistance.
(ili) E-glasshaslow alkali content and it is electrical grade. It provides good

insulation property and strong resistance to water.
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(iv) S-glass has 33 % higher tensile strength than E-glass.

(v) D-glass has superior electrical properties with low dielectric constant.

The differencein the propertiesis due to the compositions of E-glass

and S-glass fibers. The main elements in the two types of fibers are
givenin Table 1.7.

TABLE 1.7

Chemical Composition of E-Glass
and S-Glass Fibers

% Weight
Material E-Glass  S-Glass

Silicon oxide 54 64
Aluminum oxide 15 25
Calcium oxide 17 0.01
Magnesium oxide 4.5 10
Boron oxide 8 0.01
Others 1.5 0.8

Give adescription of graphite fibers.

Graphite fibers are very common in high-modulus and high-strength
applications such as aircraft components, etc. The advantages of graphite
fibers include high specific strength and modulus, low coefficient of
thermal expansion, and high fatigue strength. The drawbacks include
high cost, low impact resistance, and high electrical conductivity.

Are carbon and graphite the same?

No, they are different. Carbon fibers have 93 to 95% carbon content, but
graphite has more than 99% carbon content. Also, carbon fibers are
produced at 2400°F (1316°C), and graphite fibers are typically produced
in excess of 3400°F (1900°C).



Give a description of the aramid fiber.

An aramid fiber is an aromatic organic compound made of carbon,
hydrogen, oxygen, and nitrogen. Its advantages are low density, high
tensile strength, low cost, and high impact resistance. Its drawbacks
include low compressive properties and degradation in sunlight.

Types. The two main types of aramid fibers are Kevlar 29®* and Kevlar
49®7+. Both types of Kevlar fibers have similar specific strengths, but
Kevlar 49 has a higher specific stiffness. Kevlar 29 is mainly used in
bulletproof vests, ropes, and cables. High performance applicationsin the
aircraft industry use Kevlar 49.

Give names of various polymers used in advanced polymer composites.
These polymers include epoxy, phenolics, acrylic, urethane, and
polyamide.

Why are there so many resin systems in advanced polymer composites?
Each polymer has its advantages and drawbacks in its use:

 Polyesters. The advantages are low cost and the ability to be made
tranducent; drawbacks include service temperatures below 170°F
(77°C), brittleness, and high shrinkage* of as much as 8% during curing.

* Phenolics. The advantages are low cost and high mechanical strength;
drawbacks include high void content.

» Epoxies. The advantages are high mechanical strength and good
adherence to metals and glasses; drawbacks are high cost and difficulty
In processing.

As can be seen, each of the resin systems has its advantages and
drawbacks. The use of a particular system depends on the application.
These considerations include mechanical strength, cost, smoke emission,
temperature excursions, etc.

Epoxy is the most common type of matrix material. Why?

Although epoxy is costlier than other polymer matrices, it is the most
popular PMC matrix. More than two-thirds of the polymer matrices used
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In aerospace applications are epoxy based. The main reasons why epoxy
Isthe most used polymer matrix material are

* High strength

* Low viscosity and low flow rates, which allow good wetting of fibers
and prevent misalignment of fibers during processing

 Low volatility during cure

» Low shrink rates, which reduce the tendency of gaining large shear
stresses of the bond between epoxy and itsreinforcement

* Available in more than 20 grades to meet specific property and
processing requirements.

Polymers are classified as thermosets and thermoplastics. What is the
difference between the two? Give some examples of both.

Thermoset polymers are insoluble and infusible after cure because the
chains are rigidly joined with strong covalent bonds; thermoplastics are
formable at high temperatures and pressure because the bonds are weak
and of the van der Waals type.

Typical examples of thermoset include epoxies, polyesters, phenolics,
and polyamide;

Thermosetting Plastic Advantages:
. Moreresistant to high temperatures
. Highly flexible design
« Thick to thin wall capabilities
. Highlevelsof dimensional stability
« Cost-effective
Ther mosetting Plastics Disadvantages.
« Can’t be recycled
« Moredifficult to surfacefinish
« Can’t be remolded or reshaped



Typical examples of ther moplastics include polyethylene, polystyrene,
polyether—ether—ketone (PEEK), and polyphenylene sulfide (PPS).

Thermoplastic Advantages.

» Highly recyclable

« High-Impact resistance

» Reshaping capabilities

« Chemical resistant

« Aesthetically superior finishes

« Hard crystalline or rubbery surface options
Thermoplastic Disadvantages:

. Expensive

« Can médtif heated.

What are Current Manufacturing Methods of Polymer Matrix Composites?

1) Hand Lay-up Technique:

Hand layup is an oldest open-mold process used for the composite manufacturing. This
process is smple, and it is a low-volume and labor-intensive process. Large
components, such as boat hulls, can be prepared by this technique. Reinforcing mat or
woven fabric or roving is placed manually in the open mold, and resin is poured,
brushed, or sprayed over and into the glass plies. Squeegees or rollers are used to
remove the entrapped air manually to complete the laminated structure as shown in
Fig.1.3. Themost commonly used matrixes are polyesters and epoxiesthat can be cured
at room temperature. The time of curing depends on the type of polymer used for
composite processing. For example, for epoxy-based system, normal curing time at
room temperature is 24-48 h. A catalyst and accelerator are added to the resin, which
enables room-temperature curing of the resin. In order to get high quality part surface,
a pigmented gel layer is first applied on the mold surface. Hand layup is the most
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commonly preferred process for the manufacture of polymeric composites. Composites
were basically manufactured by hand lay-up process, using a fiber-to-resin ratio of
40:60 (w:w).
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Fig. 1.3 Schematic of hand layup



2) Vacuum Bag Molding

In vacuum bag molding, the entrapped air and excess resin are removed using vacuum.
After fabrication of the lay-up, a perforated release film or peel ply is placed over the
laminate. The bleeder ply, which is placed above the peel ply, is made of fiber glass
cloth, nonwoven nylon, polyester cloth, or other material that absorbs excess resin from
the laminate, followed by a breather ply of a nonwoven fabric.The vacuum bag is

placed over the entire assembly and sealed at the mold flange as shown in Fig. 1.4.
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Fig. 1.4 Schematic of vacuum bag molding

A vacuum is created under the bag, and thus the laminate can be merged by applying a
pressure up to one atmosphere. This process provides a high reinforcement, improved
adhesion between layers, and great control of fiber volume percent compared to the
hand lay-up.

Major advantages of vacuum bag molding are higher fiber content in the laminate,
lower void content, better fiber wet-out, and reduced volatile emissions as compared to
the hand layup. Large cruising boats and racing car components can be manufactured
by vacuum bag molding. Disadvantages of vacuum bag molding include expensive and
disposable bagging materials, labor intensive, inconsistent performance, trapped
ar/volatiles, wrinkles, loss of seal, and requirement of higher level of operator skills.
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3) Pressure Bag Molding (or Autoclave)

Pressure bag molding or autoclave isidentical to the vacuum bag molding except that
the pressure, usually provided by compressed air or water, is applied to the flexible bag
that coversthe prepreg composite. The application of pressure forces out the entrapped

air, vapors, and excessresin. It also facilitates better wetting of fibers.

Autoclaves are basically heated pressure vessels. These are usually provided with the

vacuum systems. The bagged lay-up is cured inside the autoclave as shown in Fig.1.5.
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Fig. 1.5 Schematic of
autoclave

The process of autoclave involves application of higher heat and uniform pressure on
the component during curing, which results in a denser and low void percentage
product. The autoclave equipment and tooling are expensive and it is only suitable for
high-end applications. The pressures required for curing are typicaly in the range of
one to six bars and takes several hours to complete the curing. This method

accommodates higher temperature matrix resins having properties higher than the
conventional resins, such as epoxies. Component size is limited by the autoclave size.
It is mostly used in the aerospace industry to manufacture high-strength/weight ratio
parts from pre-impregnated high-strength fibers for aircraft, spacecraft, and missiles.



4) Filament Winding

This process consists of a rotating mandrel on which pre-impregnated fibers or
reinforcement is wound in the preset patterns. The method provides the best control of
fiber placement.The wet method is shown in Fig. 1.6. Here,the fiber is allowed to pass
through a bath containing low-viscosity resin. In the dry method, the pre-impregnated

reinforcing layers are wound on the mandrel, and then the component is removed and
postcured.
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Fig. 1.6 Schematic of filament winding

Conventionally,this processis used to make pressure vessel s, rocket motor cases, tanks,
ducting, golf club shafts, and fishing rods. Recently, non-cylindrical and nonspherical
composite parts are also produced by filament winding technology. Polyesters, vinyl
esters, epoxies, and phenolics are the typical thermoset resins used in the filament
wound parts. This process is best suited for parts with rotational symmetry, but it is
possible to wind odd-shaped parts using a robotized winding. It requires special
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equipment and may result in variation in the part thicknessin case of tapered parts. The

tooling and setup cost ishigh and it isonly suitable for alimited variety of components.

5) Resin Transfer Molding

Resin transfer molding (RTM) is alow-pressure closed molding process for moderate-
and high-volume production. This process basically involves placement of thedry stack
of reinforcement in the bottom part of the mold, and then the other half is clamped over
the bottom mold. For complex shapes, preforms are used. After closing the mold, a
low-viscosity resin containing catalyst is pumped in, which displace the air through
strategically located vents. The resin/catalyst ratios are controlled by metered mixing
equipment and injected into the mold port as shown in Fig. 1.8.
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Fig. 1.8 Schematic of resin transfer molding

The commonly used matrix resinsinclude polyester, vinyl ester, epoxy, and phenolics.
Both injection and curing can take place at either ambient or elevated temperature. In
order to have optimum surface finish, a gel coat is applied to the mold surface prior to
molding. High-quality parts such as automotive body parts, bathtubs, and containers
are produced by this method. The variation in injection pressure has no effect on the



guality of moldings. A wide range of resin viscosities has been successfully molded by
this technique (RTM). It can produce laminates having high fiber volume with very
low void contents. It is safe for the health and environment due to the enveloping of
resin. Component prepared by RTM has molded surface on both sides. The
disadvantages of RTM process are need of heavy and expensive tooling to withstand
pressures, limitation in size of the components, and very expensive scrap parts due to

un-impregnated aress.
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