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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 discussesthe 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

Attendance - 10%
Assignment & Design project - 20%
Examination - 70% (35% + 35%)

Textbook & References
Lecture Note : Composite Materials (Ed. By JH Han)
Composite Materials : Science & Engineering, K. Chawla (1987).
Composite Materials: Engineering & Science, Matthews, Rawlings (1994)
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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 ?

Tailorable

Tough Strong




Applications

Machine Tools ’

Composites



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 necessaryto 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)



Table 1.1 Comparison of room temperature properties of ceramics, metals and polymers

Density ~ Young's  Strength®  Ductility  Toughness  Specific Specific

(Mg/m?®)  modulus (M Pa) (%) Kic modulus strength
(GPa) (MPa m"?) [(GPa)/ [(MPa)/
(Mg/m®)]  (Mg/m*)]
CERAMICS
Alumina Al, O, 3.87 382 332 0 49 99 - 86
Magnesia MgO 3.60 207 230 0 1.2 58 64
Silicon Nitride Si3 Ny 166 210 0 4.0
Zirconia ZrQO, 5.92 170 900 0 8.6 29 152
fi-Sialon 3.25 300 945 0 7.7 92 291
Glass-ceramic Silceram 2.90 121 174 0 2.1 42 60
METALS
Auminium 2.70 69 17 47 26 29
Aluminium-3%Zn-0.7%Zr 2.83 72 325 18 25 115
Brass Cu-30%Zn 8.50 100 550 70 12 65
Nickel-20%Cr-15%Co 8.18 204 1200 26 25 147
Steel mild 7.86 210 460 35 27 59
Titanium-2.5% Sn 4.56 112 792 20 24 174
POLYMERS
Epoxy 1.12 4 50 4 1.5 4 36
Melamine formaldehyde 1.50 9 70 6 47
Nylon 6.6 1.14 2 70 60 18 61
Polyetheretherketone 1.30 4 70 3 54
Polymethylmethacrylate 1.19 3 50 3 1.5 3 42
Polystyrene 1.05 3 50 2 1.0 3 48
Polyvinylchloride ngid 1.70 3 60 15 2 35

“Strength values are obtained from the test appropriate for the material, e.g., flexural and tensile for ceramics and metals respectively.



composite

strain



Table 1.2 Comparison of the mechanical properties of fibres and
their monolithic counterparts

Young's Strength®

modulus (M Pa)
(GPa)

Alumina: fibre (Saffil RF) 300 2000
monolithic 382 332
Carbon: fibre (IM) 290 3100
monolithic 10 20
Glass: fibre (E) 76 1700
monolithic 76 100
Polyethylene: fibre (S 1000) 172 2964
monolithic (HD) 0.4 26
Silicon carbide: fibre (MF) 406 3920
monolithic 410 500

“tensile and flexural strengths for fibre and monolithic respectively.



1.3 Classification of Composites

Matrices

- polymer
- metals
- ceramics



== Examples of composite materials:

(a) Plywood is a laminar composite of layers of wood veneer
(b) FRP composite containing stiff, strong glass fibers in polymer matrix (x 175)
(c) Concrete is a particulate composite containing coarse sand or gravel in a cement matrix (reduced 50%).



continuous phase (matrix)

interface

composite material

discontinuous phase
(reinforcement)



Composites classified

(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)



TABLE 17-2 W Properties of selected reinforcing materials*

Tensile Modulus of Melting Specific Specific

Density (p) Strength (TS) Elasticity (E) Temperature Modulus Strength
Material (g/cm?) (ksi) (x 10° psi) (°C) (x107in.) (x10%in.)
Polymers:
Kevlar™ 1.44 650 18.0 500 34.7 12.5
Nylon 1.14 120 0.4 249 1.0 29
Polyethylene 0.97 480 25.0 147 | B 1 4
Metals: Low T, Low cost
Be 1.83 185 44.0 1277 775 2.8
Boron 2.36 500 55.0 2030 64.7 4.7
W 19.40 580 59.0 3410 8.5 0.8
Glass:
E-glass 2.55 500 10.5 <1725 11.4 56
S-glass 2.50 650 12.6 <1725 14.0 7.2
Carbon:
HS (high strength) 1.75 820 40.0 3700 63.5 13.0
HM (high modulus) 1.90 270 £710 3700 112.0 3.9
Ceramics:
Al>O3 3.95 300 58.0 2015 38.8 2T
B4C 2.36 330 70.0 2450 82.4 3.9
SiC 3.00 570 70.0 2700 47.3 53
ZrO5 4.84 300 50.0 2677 28.6 Lo
Whiskers:
Al>O3 3.96 3000 62.0 1982 43.4 21.0
Cr 7.20 1290 35.0 1890 134 49
Graphite 1.66 3000 102.0 3700 170.0 50.2
SiC 3.18 3000 70.0 2700 60.8 26.2
SizN4 3.18 2000 55.0 47.8 17.5

-1 8™ _ 0.0361-2
cm?3 in.3

High T, Rel. Low cost

High T, High Hardness



Advanced Composite Systems Other Than Fiberglass

Class

Fiber/Matrix

Polymer matrix

PMC

Para-aramid (Kevlar®)/epoxy

Para-aramid (Kevlar®)/polyester

C (graphite)/epoxy

C (graphite)/polyester

C (graphite)/polyetheretherketone (PEEK)
C (graphite)/polyphenylene sulfide (PPS)

Metal matrix

MMC

B/Al

C/Al
AlLO3/Al
AlLO3/Mg
SIC/Al

SiC/Ti (alloys)

Ceramic matrix

CMC

Nb/MoSi»

C/IC

C/SiC

SIC/ALLO3

SiC/SiC

S1C/S13Ny

SiC/Li-Al-silicate (glass-ceramic)

Trade name, Du Pont.




PMC (Strength, Modulus, Toughness )

Table 1.4 Properties of polymer matrix composites

Density Young's Tensile Ductility Flexural Specific Specific
(Mg/m?*)  modulus strength (%) strength modulus strength
(G Pa) (M Pa) (M Pa) [(GPa)  [(MPa)/
(Mg/m*)] (Mg/m?)]
Nylon66 + 40%carbon fibre 1.34 22 246 1.7 413 16 184
Epoxide + 70%glass fibres
unidirectional — longitudinal 1.90 42 750 1200 22 395
— transverse 1.90 12 50 6 26
Epoxy + 60% Aramid 1.40 77 1800 55 1286
Polyether imide + 52%Kevlar 54 253
Polyester + glass CSM 1.50 1.7 95 170 5 63
Polyester + 50%glass fibre
unidirectional — longitudinal 1.93 38 750 1.8 20 389
— transverse 1.93 10 22 0.2 3 11




o (MPa)

1,500

1,000

500

(E-glass) fiber modulus
=724 X 10° MPa

Composite (70 vol % fibers)
modulus = 52.8 X 10° MPa

(Epoxy) matrix modulus
= 6.9 X 10° MPa
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CMC  (Toughness, Strength, Modulus )

Table 1.5 Properties of ceramic matrix composites

Young's Strength Toughness
modulus (M Pa) K

(GPa) (MPa m''?)
Alumina (99%purity) 340 300 4.5
Alumina + 25%S1C whiskers 390 900 8.0
Borosilicate glass (Pyrex) 70 0.7
Pyrex +40%Al1,0,; CF* 305 3.7
LAS” glass-ceramic 86 160 1.1
LAS +50%81C CF 135 640 17.0
Mullite 244 2.8
Mullite + 20%S1C whiskers 452 4.4

“CF 1s continuous fibres
PLAS is lithiumaluminosilicate



MMC (Hardness, Modulus, Strength )

Table 1.7 Properties of metal matrix composites

Young's Yield Tensile Ductility
modulus stress strength (%)
(GPa) (M Pa) (M Pa)

Al-Cu-Mg (2618A) 74 416 430 2:5
Al-Cu-Mg+ 20%Al1,0; 90 383 0.8
Al-Zn-Mg ~ 70 273 11.5
Al-Zn-Mg+25%A1,0; 80 + 266 1.5
Titanium (wrought) 120 200 400 25
Titanium + 35%SiC 213 1723 <1
Ti-Al-V (wrought) 115 830 1000 8
Ti-Al-V 4 35%Si1C 190 1434 0.9
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Table 1.6 Some applications of ceramic and metal matrix composites

Industrial sector Application

Ceramic matrix Metal matrix

Aerospace afterburners, brakes, heat struts, antennae
shields, rocket nozzles
Automobile brakes piston crowns
Manufacturing thermal insulation, cutting
tools, wire drawing
dies
Electrical superconductors, contacts,

filaments. electrodes

Medical prostheses, fixation plates




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 causesthe adverse effects
- the defects in a composite depend strongly on the physical characteristics

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



Mechanical Properties of Common Matrix Materials

Compressive
Flexural strength Percent
E TS. strength (after 28 days) clongation K¢

Class Example [MPa (ksi)) [MPa (ksi)] [MPa (ksi)| [MPa (ksi)] at failure (MPa /m)
Polymer® Epoxy 6,900 (1,000) 69 (10) - — 0 0.3-0.5

Polyester 6,900 (1,000) 28 (4) — — 0 —
Metal® Al 69 x 10° (10 x 10%) 76 (11) — —_ — —_

Cu 115 x 10° (17 x 10%) 170 (25) - — - —
Ceramic® ALO: — — 550 (80) — — 4-5

SiC — — 500 (73) — — 4.0

Si13Ny (reaction bonded) — — 260 (38) - — 2-3
“From Tables 6.7 and 8.3,

®For high-purity alloys with no significant cold working from Metals Handbook, 9th ed.. Vol. 2, American Society for Metals, Metals Park, OH, 1979.
“Source: Data from A. J. Klein, Advanced Materials and Processes 2, 26 (1986).



(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 .

Table 2: Properties of some fibres

Property E-glass Carbon* | Aramid Bamboo
Stiffness [GPa] 70-80 160-440 60-180 10-15
Breaking strength [MPa] 2400 2000-5300 3100-3600 100-200
Failure strain [%] 2.6 1-1.5 1.7 -
Density [kg/m?] 2500-2600 1800-2000 1540 400-800
Fracture length** [km] 96 187 238 25




(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 prevall
- fiber materials: glass, carbon, aramid
- thickness ranges 0.125 ~ 0.250 mm

- resin content: 40 ~ 50 %




(*) Manufacturing process for pre-pregs 1) Fibres
- The most important component in composite materials
- High volume fraction
- Load transfer
2) Criteria of Selecting Fibres
- Specific Gravity
- Tensile Strength and Modulus
- Compressive Strength and Modulus
- Fatigue strength and fatigue failure mechanism
- Electrical and Thermal Conductivity

- Cost
oven f - EtC
metering rolls separation film

reinforcement fibers

matrice

separation film



1.5 Types of Composites

(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

(n) 3-D woven/stitched/braided composites
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Composite materials

| I
Fiber—reinforced composites Particle—reinforced composites
(fibrous composites) (particulate composites)
|
| |
Random Preferred
orientation orientation
| |
Single—layer composites Multilayered (angle—ply)
(including composites having composites
same orientation and properties |
in each layer) r | |
Laminates Hybrids
r |
Continuous—fiber—reinforced Discontinuous—fiber—reinforced
composites composites
| | ] |
Unidirectional Bidirectional Random Preferred
reinforcement " reinforcement orientation orientation

(woven reinforcements)

Figure 1.1. Classification of composite materials.



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 ( A/ dq-p times greater than steel or Al.
specific modulus ( E /; 8}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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Weight Thermal Stiffness Strength Fatigue
Expansion Resistance

Fig. 1.1 Comparison between conventional monolithic materials and composite materials [from
Deutsch (1978), used with permission]
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Micro -cracking & Crack deflection

Fiber bundle failure

¢

Fiber Breakin Fiber Pull-out

m = MONOLITHIC CERAMIC
c = COMPQOSITE

P

Strain

Figure 7 Stress—strain curves for a monolithic ceramic and ceramic matrix composite reinforced with
continuous fibers. (Source: Adapted from NASA Document ID: 19900030246.)
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Fiber pullout

Fiber bridging

Interface Debonding
&
Crack Deflection

- =

Crack Deflecti
AR R Crack Pinning

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



Table 23  Fracture toughness of structural alloys, monolithic ceramics and ceramic matrix composites

Matrix Reinforcement Fracture Toughness MPa-m!/?
Aluminum None 30-45

Steel None 40-654

Alumina None 3-5

Silicon carbide None 34

Alumina Zirconia particles” 6-15

Alumina Silicon carbide whiskers 5-10

Silicon carbide Continuous silicon carbide fibers 25-30

“The toughness of some alloys can be much higher.
bTransformation toughened.



Comparison between monolithic and composite materials

Materials




Specific strength (x 106 in.)
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Figure 17-26

The specific strength versus
temperature for several composites
and metals.
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Figure 17-28

A comparison of the specific strength
of various carbon-carbon composites
with that of other high-temperature
materials relative to temperature.



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)
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Matrix

—CINT

Micromechanics

Lamina

Laminate

. Basic Building Blocks in
' Fiber-reinforced Composites |

_____________________________________________________

Constituents
matrix + fibers + etc.

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)

Structures



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

Al

LA™

T 7°77

F Beme it ew d

where E elastic modulus, | inertia of cross section, M bending moment, R is radius of curvature
(4) higher Young's modulus & tensile strength (x2 of the matri x)

B)bnl o shakd sgdql "k dwqurﬁ)hnm bndeehbhdms



Fig. 2.1 Decrease in strength
(o¢) of a carbon fiber with
increase in diameter [from

de Lamotte and Perry (1970),
used with permission]
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Fig. 2.2 Fiber diameter of different materials with flexibility equal to that of a nylon fiber of
diameter equal to 25 pm. Note that one can make very flexible fibers out of brittle materials such as
glass, silicon carbide, alumina, etc., provided one can process them into a small diameter



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 y 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.
_ a short single crystal fiber or filament, diameter from 1-25 , with aspect ratios between 100 to
Whisker
15,000.
Filament a single fiber. This is the unit formed by a single hole in the spinning process.
<Cord> rope, string
normally a bundle or group of untwisted filaments used as a unit, including slivers, tows, ends, y
{Strand}
arns, etc.
Sliver a continuous strand of loosely assembled fiber that has no twist.




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

Sk an individual warp yarn or cord in a woven fabric.
o 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.
a collection of parallel filaments (often made from tow) in which the filaments are held togeth
Tape 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.

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

SErEelng= 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 (3 fill).

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.
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Figure 7: From Fibre to textile ( based on [5])
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Figure 8: Weave patterns WOOF

Figure 3-7. Fabric construction forms: (a) plain weave, (b) basket weave, (c) crowfoot
satin. (d) long-shafi, and (e) leno weave.
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Figure 6: Definition of ply and laminate



Table 2.4 Advantages and Disadvantages of Reinforcing Fibers

Fiber

Advantages

Disadvantages

E-glass. S-glass

Aramid (Kevlar)

Boron

Carbon (AS4, T300, C6000Q)

Graphite (GY-70, pitch)

Ceramic (silicon carbide, alumina)

High strength
Low cost

High tensile strength
Low density

High stiffness
High compressive strength

High strength
High stiffness

Very high stiffness

High stiffness
High use tempcrature

Low stiffness
Short fatigue life
High temperature sensitivity

Low compressive strength
High moisturc absorption

High cost

Moderately high cost

Low strength
High cost

Low strength
High cost




Table Fibers and Matrices

Composite Fiber Matrix
E-glass epoxy
S-glass polyimide
PMC boron polyester
carbon (graphite) thermoplastics
aramid (Kevlar) (PEEK, polysulfone, etc)
boron Al
carbon (graphite) Mg
MMC SiC Ti
Al, O, Cu
R
. 2~3
CMC 2;324 glass-ceramic
C-C Composite carbon carbon




2.6. Fibers

A. Natural Fibers
Organic
- cellulous fibers : jute( ), hemp( ), sisal(cE n ® & Of+0 U:gny LB),
cotton( "l ), flax( ), ramie(® A) for textile industry, wood, straw for paper industry
- others : hair, silk, wool
Inorganic

- asbestos( ), basalt( I )

B. Synthetic Fibers

- polymeric fibers : aramid (Kevlar)

glass fibers  : E-glass, S-glass

carbon fibers : carbon, graphite
ceramics fibers : SIC SikN,, Al,O4
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 900°)
- Du Pont (1980s) : Aramid fiber (Kevlar )

1) Oriented polyethylene (PE) fibers

- in the mid of 1970s : melt drawing & crystallized PE(MW = 104-10°) E= 70 GPa

>10%) E = 200 GPa 0.97 g/cm?3

- 1980s : solution & gel spinning process of UHMWPE (MW
- melt @ 150 o

2) Aramid fibers

- is the generic name of aromatic polyamide fiber
- 1971 : Kevlar’ 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

Solution

Wet Filament

Cooling bath

Fig. 2.27 Gel spinning process for making the high-modulus polyethylene fiber concentration



Table 2.5 Properties

. 1 Property Spectra 900 Spectra 1000

of polyethylene fibers" : 2

Density (g/cm”) 0.97 0.97

Diameter (pum) 38 27

Tensile strength (GPa) 2.7 3.0

Tensile modulus (GPa) 119 175

Tensile strain to fracture (%) 3.5 2.7

“Manufacturer’s data; indicative values
Table 2.6 Properties of Kevlar aramid fiber yarns®
Property K 29 K 49 K119 K 129 K 149
Density (gfcmjl 1.44 1.45 1.44 1.45 1.47
Diameter (pm) 12 12 12 12 12
Tensile strength (GPa) 2.8 2.8 3.0 34 2.4
Tensile strain to fracture (%) 3.5-4.0 2.8 4.4 3.3 1.5-1.9
Tensile modulus (GPa) 63 125 53 100 147
Moisture regain (%) at 25 °C, 65 % RH 6 4.3 - - 1.5
Coefficient of expansion (1!1]_'[:j K —4.0 —4.9 — — —

“All data from Du Pont brochures. Indicative values only. 25-cm yarn length was used in tensile
tests (ASTM D-885). K stands for Kevlar, a trademark of Du Pont



Fig. 2.31 The dry jet—wet Transfer line Coagulating

spinning process of producing Spinning block liquid Strong as-spun
aramid fibers Spinneret yarn

Filaments

(2) Fabrication of aramid fibers

Rotating

(3 R Transfer line
HzN-@— NHy + m—c—-@— C—Cl—= Spinneret Spinning block
— Layer of gas
Para-phenylene Terepht haloy! : _
diamine chloride Container

Coagulating liquid
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\ Return - .
C Co tube Spin tube
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Guide

Container O

Rotating bobbin
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Strong as-spun
yarn

Fig. 2.33 Chemical structure of aramid fiber Pump




Liquid crystal Conventional

| Solution
|
Nematic structure: Random coil:
low entropy high entropy
l Extrusion
!
Solid
state
Extended chain
structure: Folded chain structure:
high chain continuity and low chain continuity and
high mechanical properties low mechanical properties

Fig. 2.32 Comparison of dry jet—wet spinning of nematic liquid crystalline solution and conven-
tional spinning of a polymer [reprinted from Jaffe and Jones (1985), p 349, courtesy of Marcel
Dekker, Inc.]



Fig. 2.36 Knotted Kevlar aramid fiber showing buckling marks on the compressive side. The
tensile side is smooth [courtesy of Fabric Research Corp.]



2.6.2. Metallic Fibers:

1) Be - low density & high modulus ; nj= 1.8 g/cm3, E = 300 GPa A = 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/cm3, 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 GP3a)

- 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, A = 3.8 GPa

- commercially 142 um in diameter

Fig. 2.8 A boron filament
production facility

w (courtesy of AVCO
‘ Specialty Materials Co.)
L ——
S H2
W e
" (I
L [ Hp+BCly

2BXs + 3H . -> 2B + 6HX

where X denotes a halogen: Cl, Br, or | H_*j
|

H2 +BCl3+HCI

L-J*;

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



W

Exists it not
depleted during
production

Reaction zone
W285 + WBL

SiC B

Fig. 2.10 (a) Cross-section of a 100-um-diameter boron fiber. (b) Schematic of the cross-section
of a boron fiber with SiC barrier layer

Fig. 2.11 Characteristic corncob structure of boron fiber [from van Maaren et al. (1975), used
with permission]. The fiber diameter is 142 pum
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Fig. 3.44 Taylor process of making finc metallic wires.



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 polyacrylonitrilie (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 ()
- two crystalline forms  (diamond & graphite)
- amorphous carbon
- fibers : amorphous & graphite(anisotropic properties)
E:c 3- 1000 GPa covalent
c O- 35 GPag van der Waals
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Fig. 2.16 (a) Flexible polyacrylonitrile molecule. (b) Rigid ladder (or oriented cyclic) molecule



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 d

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

-> graphitization :improve properties 1500-2500 d



oxidation carbonisation post-processing

Application of sizing and
winding onto bobbins

ca. 2000 °C

Inert gas, e.g. N
PAN precursor g 8- T2

Figure 5: Overview of carbon fibre production
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up to 250°C 250...1500°C 1500...2500°C

Fig. 2.15 Schematic of PAN-based carbon fiber production [reprinted with permission from
Baker (1983)]
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Figure 3-3. Manufacture of carbon fibers.



Table 2.6 World-wide production capacity of carbon fibre

(Source: Lin, 1992)
Fibre Region Manufacturer Trade name Production
capacity (ton)

PAN Asia Toray Co® Torayca 2250
Toho Rayon® Besfight 2020
* Mitsubishi Rayon® Pyrofil 500
New Asahi Carbon Hicarbon 450
Taiwan Plastics Tairyfil 230
e Korea Steel Kosca 150
Mid East Afikim Carbon Acifl 100
America  Hercules Magnamite 1750
BASF* Ceilon 1485
Amoco Thornel 1000
S Akzo Fortafil 360
Courtaulds-Grafil¢ Grafil 360
BPAC® Hitex 40
Zoltek Panex 110
Textron Avcarb 100
+ Europe  Courtaulds-Grafil Grafil 350
Akzo* Tenax 350
(a) Sofica® Torayca 300
Sigri Sigrafil 25
R.K. Carbon - 230
Pitch  Japan Kurecha Chemical Kureha 900
Osaka Gas Donacarbo 300*
Mitsubishi Chemical Dialead 50*
Nippon Oil Granoc 50
New Nippon Steel — 12
Tonen Forca 12
3 Petoca Carbonic 12
(b) ©) America  Amoco Thornel 230

Fig. 3.14  Structural changes in PAN: (a) precursor fiber; (b) stretched precursor

without stabilization; (c) afier stabilization.

*Coal tar pitch, others are petroleum niteh
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Fig. 2.19 Schematic of pitch-based carbon fiber production: (a) isotropic pitch process,
(b) mesophase pitch process [with permission from Diefendorf and Tokarsky (1975)]
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Fig. 2.20 Scanning electron micrograph of PAN-based carbon fiber (fiber diameter is 8 pum). Note
the surface markings that stem from the fiber drawing process
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Fig. 2.14 (a) Graphitic layer structure. The layers are shown not in contact for visual ease. (b) The
hexagonal lattice structure of graphite



Fig. 2.22 Three-dimensional representation of PAN-based carbon fiber [from Bennett and John-
son (1978), used with permission]



Fig. 2.24 Vanation of
longitudinal Young’s
modulus for various carbon
fibers with the degree

of preferred orientation.

The value of the orientation
parameter, ¢, is 1 for perfect
orientation and zero for the
isotropic case [from Fourdeux
et al. (1971), used with
permission]
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Fig. 2.17 Strength and elastic modulus of carbon fiber as a function of final heat treatment
temperature [after Watt (1970), used with permission]|



Table 3-2

Carbon Fiber Mechanical Properties 1 ksi =7MPa

PAN-BASED FIBERS

Tensile Modulus (ksi)
Tensile Strength (ksi)
Elongation (%)
Density (g/ cc)
Carbon Assay (%)

PITCH-BASED FIBERS

Tensile Modulus (ksi)
Tensile Strength (ksi)
Elongation (%)
Density (g/cc)
Carbon Assay (%)

RAYON-BASED FIBERS

Tensile Modulus (ksi)
Tensile Strength (kst)
Elongation (%)
Density (g/cc)
Carbon Assay (%)

LOW MODULUS

33
0.48

1.4
1.8
92-97

HIGH MODULUS

56
0.35
0.6
1.9
100




Table 2.4 Comparison of properties of different carbon fibers

Electrical

Precursor Density (g/cmj] Young’'s modulus (GPa) resistivity (107*Q cm)
Rayon® 1.66 390 10
Pnl}-'acr}-'lm'litrileb (PAN) 1.74 230 18
Pitch (Kureha)

LT 1.6 41 100

HT* 1.6 41 50
Mesophase pitch®

LT 2.1 340 9

HT 2.2 690 1.8
-Sil'lgle-cr3-'5talf graphite 2.25 1,000 0.40

“Union Carbide, Thornel 50

®Union Carbide, Thornel 300

°LT low-temperature heat-treated

HT high-temperature heat-treated

“Union Carbide type P fibers

"Modulus and resistivity are in-plane values

Source: Adapted with permission from Singer (1979)



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 Pas. bushing diameter : 1-2 mm
- sol-gel techniques
sol : colloidal suspensions (no sedimentation)
gel : viscous suspension
viscosity for fiber drawing : 1 Pas

- spinning( )



sio,
AlLO,
CaO
MgQO
Na,O
K,O
B,O,
Tensile U (MPa)
E (GPa)

U (x10K-)

E Glass

55.2
8.0
18.7
4.6
0.3
0.2
7.3

3450
72.4
4.7

fiber diameter 8-14

C Glass

65.0
4.0
14.0
3.0
8.5

5.0

2800
65
6.0

S glass

65.0
25.0
10.0

0.3

4580
86.2
5.0
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