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Overview

The course provides a basic understanding of the underlying science as well as the engineering
applications of composite materials. First, it explains how composite materials, with their
advantages of high strength and stiffness, together with low weight and other desirable
properties are formed and discusses the nature of the different types of reinforcement and matrix
and their interaction . Methods of production, examples of typical applications and essential data
are all included .

Marks Distribution
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Assignment & Design project - 20%
Examination - 70% (35% + 35%)
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Chapter 1. Introduction



1.1. What is the Composite (definitions) ?

Components
a mixture of two or more distinct constituents or phases,

separated by a distinct interface with two phase microstructure.

Microstructure
the combination of reinforcement materials (such as particles or fibers)

in a surrounding material (such as matrix or binder)

Properties
a combination is chosen & produced intentionally to give an optimized

set of properties not achievable in monolithic materials



Why Composite ?



Applications



1.2 Properties of Composites

The properties of composite materials results from :

- properties of the constituents (chemical, mechanical, physical)

- their geometrical shape & distribution

- their interactions, etc.

To describe a composite material, it will be necessary to specify:

- the nature of the constituents & their properties

- the geometry of the reinforcement & its distribution

- the nature of the matrix-reinforcement interface

The properties are noticeably different from the properties of constituents ;

including performance reason (properties)

commercial reason (cost, easy processing)









1.3 Classification of Composites



(a) Plywood is a laminar composite of layers of wood veneer

(b) FRP composite containing stiff, strong glass fibers in polymer matrix (× 175)

(c) Concrete is a particulate composite containing coarse sand or gravel in a cement matrix (reduced 50%). 

Examples of composite materials: 





(1) by the nature of matrix

- PMC Polymer matrix composite (* FRP: Fiber reinforced Plastics)

- MMC Metal matrix composite

- CMC Ceramic matrix composite

(2) by the form of reinforcements

- Fiber composites

- Particulate composites

(3) by the purpose of composites

- Advanced composites ; for cost-effectiveness (called cost-performance materials)

(ex) Hybrid composites - use more than one type of fibers

- High performance composites ; for improved properties (dominant requirement)

Composites classified 



High T, High Hardness

Low T, Low cost

High T, Rel. Low cost



PMC

CMC

MMC



PMC (Strength, Modulus, Toughness )





CMC (Toughness, Strength, Modulus )



MMC (Hardness, Modulus, Strength )







1.4 Constituents of Composites

Major constituents
- matrix, which acts as a binder for the reinforcements

- reinforcements

Other constituents

- coupling agent

- coating

- fillers



(1) Role of Matrix (the greater quantity in composites, continuous phase)

- improves on incorporating another constituent to produce a composite

- transfers stressesbetween the fibers

- provides a barrier against an adverse environment

- protects the surface of the fibers from the mechanical abrasion

Other roles

- has a major influence on the inter -laminar shear

- provides lateral support against fiber buckling under compression

- plays a minor role in the tensile load-carrying capacity of composites

- the interaction between fibers and matrix may causes the adverse effects

- the defects in a composite depend strongly on the physical characteristics

of the matrix, such as viscosity, melting point, curing temperature .





(2) Reinforcements (discontinuous phase)

- the second constituent

- enhance the mechanical properties of the composite

- harder, stronger, & stiffer than the matrix

- various geometry

(one of the major parameters in determining the effectiveness of the reinforcement)

Mechanical properties of composites are a function of the shape & dimension of the

reinforcements .



(3) Coupling Agents and Coatings (are applied on the fibers )

- to improve their wetting with matrix as well as

- to promote a better load transfer between the fibers and the matrix.

(4) Fillers (are used with some polymeric matrices)

- primarily to reduce cost and

- to improve their dimension stability .



(*) Pre-pregs : Pre-impregnated fiber reinforced plastics (Fiber + Resin)

- roving( ), woven fabrics, continuous uni-directional fiber, etc.

- partially cured resin system

- epoxy resin system is prevail

- fiber materials: glass, carbon, aramid

- thickness ranges 0.125 ~ 0.250 mm

- resin content : 40 ~ 50 %



(*) Manufacturing process for pre-pregs



1.5 Types of Composites

(a) Uni-directional lamina with continuous fiber: high aspect ratio   

(b) UD lamina with discontinuous fiber

(c) Random orientation in a plane

(d) 3-D random orientation short fibers

(e) Laminate

(f) Woven fabric composites

(g) Hybrid -fiber composites

(h) 3-D woven/stitched/braided composites





1.6 Advantages & Disadvantages of Composites

Advantages

1) weight reduction (strength or stiffness to weight ratio)

2) tailorable properties (mechanical. thermal, electrical properties)

ex) specific tensile strength (Ǎ/ǌ); 4-6 times greater than steel or Al.

specific modulus (E/ǌ); 3.5-5 times greater than steel or Al

toughness

3) fatigue endurance limit is much higher than steel or Al.

4) design flexibility & can eliminate many joints

5) redundant load paths (fiber to fiber)

6) longer life (no corrosion)

7) lower cost

8) inherent damping
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Fiber Breaking Fiber Pull -out

Micro -cracking & Crack deflection

Fiber bundle failure

Matrix cracking





Fig. 7.16 Schematic of some toughness or energy-dissipating
mechanisms that can be brought to play in CMCs





Comparison between monolithic and composite materials



High Specific Strength



Thermal Stability



Disadvantages

1) cost of raw materials and fabrication

2) lack of well-defined & easy-to-employ design rules

3) lack of high productivity manufacturing methods

4) weak matrix

5) environmental degradation of matrix

(such as solvent, chemical, heat, weathering, etc.)

6) difficulty in attaching

7) difficulty with analysis



Chapter 2. Reinforcements



2.1. Classification

(1) Particulates: spherical, cubic, platelet, or any regular or irregular geometry

(2) Fibers: continuous (long) & discontinuous (short)

(3) Whiskers: short

Among the reinforcements,

fibers have higher strength & stiffness with low density than the other forms

2.2. Potential strengthening mechanisms in fiber - reinforced composites

(1) load transfer , (2) micro -cracking in matrix

(crack pinning & deflection, interface de-bonding, fiber bridging)

(3) fiber breaking (4) fiber bundle breaking (5) pull -out (interfacial sliding)







Lamina (ply, layer)
a) unidirectional continuous
b) bi-directional continuous
c) unidirectional discontinuous
d) random discontinuous

Laminates
a) lamination of the same matrix laminas
b) lamination of different matrix laminas (super-hybrid)

Constituents
matrix + fibers + etc.

Structures

Basic Building Blocks in
Fiber - reinforced Composites



2.3. Requirements of fiber for composites

(1) small diameter ( the order of the matrix grain size) 

: the smaller size, the lower the probability of having imperfections (size effect)

(ex) the strength of carbon fiber decreases as its diameter increases.

(2) high aspect ratio : allow load transfer via the matrix to fibers

(3) high flexibility ,
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where E elastic modulus, I inertia of cross section, M bending moment, R is radius of curvature

(4) higher Young's modulus & tensile strength (×2 of the matrix)
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2.4. Limitations of composite development with fibers

(1) limited number of available fibers

(2) chemically incompatible in many combinations

(ex) ceramic matrix + refractory metal wire ɣ improve fracture energy by plastic deformation

but, recrystallization, oxidation & consequent weakening & embrittlement of wires.



2.5. Fabrics and Other Reinforcement Forms

Fibers are sold and used in many different forms.

- single filament form (rarely used)

- arranged fibers (the method affects the mechanical properties of a composite)

[Fiber] a general term for a material which has a long axis that is many times greater than its radius.

Whisker
a short single crystal fiber or filament, diameter from 1-25 , with aspect ratios between 100 to

15,000.

Filament a single fiber. This is the unit formed by a single hole in the spinning process.

<Cord> rope, string

{Strand}
normally a bundle or group of untwisted filaments used as a unit, including slivers, tows, ends, y

arns, etc.

Sliver a continuous strand of loosely assembled fiber that has no twist.



End
a single fiber, strand, roving, or yarn being or already incorporated into a product.

an individual warp yarn or cord in a woven fabric.

Tow
an untwisted bundle of continuous filaments, usually with a specific count

(such as 12,000 filaments)

Yarn a twisted bundle of continuous filaments; often used for weaving.

<Roving> a number of yarns or tows, collected into a parallel bundle w/o twisting.

Tape

a collection of parallel filaments (often made from tow) in which the filaments are held togeth

er by a binder (composite matrix).

The length of the tape in the direction of the fibers is much greater than the width and the wi

dth is much greater than the thickness.

<Woven Fabric> a planar material made by interlacing yarns or tows in various specific patterns.

<Braiding>
the interlacing of yarns or tows into various shape(tubular, square, etc.)

instead of a flat fabric.

<Mat>
a planar form consisting of randomly oriented chopped fibers or swirled continuous

fibers which are held together loosely by a binder.

<Warp> the longitudinal oriented yarn in a woven fabric (ßfill).

coupling agent
any chemical substance designed to react with both the reinforcement and matrix

phases of a composite material to form or promote a stronger bond at the interface.



Filament

Tow / Yarn in Strand

Roving





Rovings: Continuous, Bulk

Continuous Strand Mat

Chopped Strand Mat
Surface Veils







Composite Fiber Matrix

PMC

E-glass

S-glass

boron

carbon (graphite)

aramid (Kevlar) 

epoxy

polyimide

polyester

thermoplastics

(PEEK, polysulfone, etc)

MMC

boron

carbon (graphite)

SiC

Al2O3

Al

Mg

Ti

Cu

CMC
SiC

Si3N4

Al2O3

SiC

Al2O3

glass-ceramic

Si3N4

C-C Composite carbon carbon

Table Fibers and Matrices 



2.6. Fibers

A. Natural Fibers

Organic

- cellulous fibers : jute( ), hemp( ), sisal(↔ἒה╥ ▀ꜙ╬ Ợ╪ủ Ừ: ḡת╥ ∟ᴮ),

cotton( Ἳ ), flax( ), ramie(ᶛᾎ ) for textile industry, wood, straw for paper industry

- others : hair, silk, wool

Inorganic

- asbestos( ), basalt( ᶴ )

B. Synthetic Fibers

- polymeric fibers : aramid (Kevlar)

- glass fibers : E-glass, S-glass

- carbon fibers : carbon, graphite

- ceramics fibers : SiC, Si3N4, Al2O3

- metallic fibers : B, W, Mo



2.6.1. Synthetic Fibers: low temperature applications

- Allied Corp. (1980s) : extended chain UHMWPE (ultra high molecular weight polyethylene)

fiber (Spectra 900ᶸ)

- Du Pont (1980s) : Aramid fiber (Kevlarᴜ )

1) Oriented polyethylene (PE) fibers

- in the mid of 1970s : melt drawing & crystallized PE (MW = 104-105) E = 70 GPa

- 1980s : solution & gel spinning process of UHMWPE (MW = > 106) E = 200 GPa, 0.97 g/cm 3

- melt @ 150 ɒ

2) Aramid fibers

- is the generic name of aromatic polyamide fiber

- 1971 : Kevlarᴜ produced by Du Pont

- Nylon is the generic name for any long chain polyamide .



Kevlar : use as rubber reinforcement for tires (belt or radial tires & mechanical rubber goods)

Kevlar 29 : for ropes, cables, coated fabrics for inflatables, architectural fabrics, & ballistic

protection fabrics, vests .

Kevlar 49 : for reinforcement of epoxy, polyester, & other resins for use in aerospace, marine,

automotive, & sports industries .

- undergoes photo degradation (discoloration, strength) under light



(1) Fabrication of polyethylene (PE) fibers





(2) Fabrication of aramid fibers







2.6.2. Metallic Fibers:

1) Be - low density & high modulus ; ǌ= 1.8 g/cm 3, E = 300 GPa, Ǎ= 1300 MPa

- but toxic & high cost

2) W - originally developed for lamp filaments .

- used in some Ni - & Co-based superalloys , in Cu-based composite for electrical

contacts

- high modulus & refractory ; ǌ= 19.3 g/cm 3, E = 360 GPa

- but easy oxidation & volatilization

3) Steel wire

- common commercial reinforcement material for concrete, tires .

- very fine (0.1 mm diameter) and high carbon (0.9%) steel wire : high strength ( ~ 5 GPa)

- production of fine metallic fiber is expensive (due to drawing process - Taylor process)



4) B - low density & v. high tensile strength ; ǌ= 2.34 g/cm 3, E= 380 Gpa, Ǎ= 3.8 GPa

- commercially 142 um in diameter

Fig. 2.7 Schematic of boron (B) fiber production by
halide decomposition on a tungsten (W) substrate
[from van Maaren et al. (1975)]

2BX3  + 3H 2 -> 2B + 6HX
where X denotes a halogen: Cl, Br, or I



Fig. 2.9 Temperature (T) vs. wire speed (V) for a series of boron filament
diameters. Filaments formed in the gray region (above the dashed line)
contain crystalline regions and are undesirable [from van Maaren et al.
(1975), used with permission]







Chapter 3. Ceramic Fibers



3.1. Carbon Fibers

3.1.1. History of Continuous Carbon Fibers

Thomas Edison (1879) - patent on carbon fibers
- used for filaments in light bulbs, prior to the introduction of W filament
- from precursors based on cellulose (bamboo)
- not sufficiently strong

Wright -Patterson Air Force Base (in the late of 1950s) prepared using viscose Rayon
Union Carbide Corp. (later) further developed
Shindo in Japan (1961) prepared from polyacrylonitrile (PAN) , E = 170 GPa
Rolls Royce Ltd in Britain from PAN, E = 600 GPa
Otani in Japan (1965) from pitch

3.1.2. Characteristics of Carbon & Carbon Fibers
- high temperature stability (sublimes @ 3500 ɖ)
- two crystalline forms (diamond & graphite)
- amorphous carbon
- fibers : amorphous & graphite(anisotropic properties)

E : cß- 1000 GPa, covalent
cÒ- 35 GPa, van der Waals





3.1.3. Fabrication of Carbon Fibers

- fibers made from organic precursor (long chain molecules 0.1-1 ) such as PAN

(polyacrylonitrile ), Rayon, Pitches, PVA (polyvinylalchohol ), Polyimides, Phenolics , etc

-> stabilization : prevents the fiber from melting (oxidation), up to 250 ɖ

-> carbonization : transforms mono carbon elements, 250-1500 ɖ

-> graphitization : improve properties 1500-2500 ɖ























1 ksi = 7 MPa





3.2. Glass fibers

Classification of Glass Fibers

E glass : stands for electrical since it is a good electrical insulator

& good strength, reasonable E. (about 90%/ total production)

C glass : stands for corrosion since it is a better resistance to chemicals

S glass : stands for the higher silica content .

it can withstand higher temp . than other glasses.

Process of Glass Fibers

- drawing from high temperature melts (conventional method)
viscosity for drawing : 100 Pa.s. bushing diameter : 1-2 mm

- sol-gel techniques
sol : colloidal suspensions (no sedimentation)
gel : viscous suspension
viscosity for fiber drawing : 1 Pa.s

- spinning( )



E Glass C Glass S glass

SiO2

Al2O3

CaO

MgO

Na2O

K2O     

B2O3

55.2

8.0

18.7

4.6

0.3

0.2

7.3

65.0

4.0

14.0

3.0

8.5

-

5.0

65.0

25.0

-

10.0

0.3

-

-

Tensile ů(MPa) 

E (GPa)

Ŭ ( x10-6 K-1)

3450

72.4

4.7  

2800

65

6.0 

4580

86.2

5.0

fiber diameter 8-14
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