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Figure 16.7 Microstructure of an
aluminum casting alloy reinforced with
silicon carbide particles. In this case, the
reinforcing particles have segregated to
interdendritic regions of the casting

(x 125). (Courtesy of David Kennedy,
Lester B. Knight Cost Metals Inc.)
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FIGURE 16-36 The effects of the thermal expansion coefficient on the behavior of
bimetallics: (a) increasing the temperature increases the length of one metal more than
the other. (b) If the two metals are joined, the difference in expansion causes a radius of
curvature to be produced.
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Specific strength as a function of time of use of materials. (Source: Eager, TW., Whither advanced
materials? Adv. Mater. Processes, ASM International, June 1991, 25-29.)
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Table 2.4.1.7(a) Properties of quaritz fiber.

Specific gravity 2.20
Density, Ib/in® 0.0795
glem? 2.20

Tensile strength
Monofilament, ksi 870
GFa 6.0
Roving. ASTM D2343 Impregnated
Strand Test -

Astroquartz 11 9779, ksi 530.5
GPa 3.6
Modulus, Msi 10.0
GPa 72.0

Elongation, percent

Monofilament Tensile Strength x 100 8.7

Modulus
Thermal

Coefficient of expansion

10™ infin/*F 0.3
10™ crmfem/°C 0.54
Thermal conductivity
Calfsec/cm/*C 0.0033
Btu/hr/ft/°F 0.80
Bwu/hr/sq ft/in/*F 9.5
Specific heat
Joules/Kg/i°C 7500
Btu/lb/~F 1.80
Electrical
Dielectric constant, 10 GHz, 75°F (24°C) 3.78
Loss tangent, 10 GHz, 75°F (24°C) 0.0001
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Young's
Density Strength Modulus Diameter Temperature
Material (Mg m—3) (GPa) (GPa) (um) (°C)
Chrysotile asbestos 5:5 160 10 500
E-glass 2.54 3.4 72 5-25 550
S-glass 2.48 4.8 85 5-15 650
Silica (Astroquartz) 2.2 3.45 69 9 1070
:disL
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Comp

(Y g 202 KO0 TiY  Nad(C wpe Mol 2
Cr203 MnO P205 K20 TiO2 Na20 CaO0 MgO Fe203 osition

0.28 0.82 1.16 34 8.04 3.82 ). . TR Wt.%
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Material Break Specific Tensile Modulus, | Decomposition
Elongation, % Strength, in. psi Temperature, °C

Kevlar 24-36 (8.15-8.37)E6 (10.2- 472-482
16.3)E6

Steel 2 1E6 29EB 1500

Wire

Polyester 14.5 3.36E6 2E6 256
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TABLE 2.4.1.2(b) Nominal properties of aramid fiber.

Tensile )
Property Units Type of Kevlar™
29 49 149
Modulus Msi (GPa) 12 (83) 18 (124) 25 (173)
Strength ksi (GPa) 525 (3.6) 525-600 (3.6-4.7) 500 (3.4)
sl 3 g & el BUI o olgs
Low density

High tensile strength
High tensile stiffness
Low compressive properties (non linear)

Exceptional toughness chracteristics
Wi o 430 5--C lod 5 Lol 3945 03 g3 Ao
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Fig. 3.9 Surface of boron fiber on tungsten substrate showing a corncob structire
consisting of nodules (courtesy of Philips Co.).
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Fig. 3.11 Characteristic brittle fracture of a boron fiber and the radial crack.
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Table 3.6 Properties of some boron fibers [14]

Diameter Strength Relative
Fracture (average* ) cov™ fracture
(um) Treatment (GPa) (%) energy
142 As-produced 3.8 10 1.0
406 As-produced 2.1 14 0.3
382 Chemical polish 4.6 4 1.4
382 Heat treatment 5.7 4 22

plus polish

*Gage length =25 mm.
"Coefficient of variation =standard deviation/average value.
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Silicon Carbide Fibers:
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Fig. 3.36 Fracture surface of sigma CVD SiC fiber showing brittle fracture (cour
tesy of BP)
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TABLE 2.4.1.6(a) Material properties of silicon carbide materials.

Property Reported Values Reference Information
(ksi) (MPa)
FLEXURAL 100-1000  700-7000 single crystal, 99+% purity (1)
STRENGTH
10-60 70-400 polycrystalline materials, 78-99% purity, with
< 12+% tree silicon, sintered (1)
5-8 30-60 sintered SIC - graphite composites - epoxy,
imide, polyimide matrix. (2)
COMPRESSIVE 500-1000 3000-7000 single crystal, 99+% purity (1)
STRENGTH
10-25 70-170 polycrystalline materials, 78-99% purity, with
< 12+% ftree silicon, sintered.(2)
14-60 97-400 Sintered SiC - graphite composites - epoxy,
imicde, polyimide matrix. (2)
TENSILE -20 ~140 single crystal, 99+% purity (1)
STRENGTH
5-20 30-140 polycrystalline materials, 78-99% purity, with
< 12+% free silicon, sintered.(2)
2.5-25 17-170 sintered SIC - graphite composites - epoxy,
imide, polyimide matrix. (2)
MODULUS OF ~-9.5 -66 single crystal, 99+% purity (1)
ELASTICITY
~-7.0 -48 Polycrystalline materials, 78-99% purity, with
< 12+% ftree silicon, sintered.(2)




Ol o]y =5 o plisil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Sl 2S5 (56T lbcw;sv,wU/om 98

Syt 4 S 155 S35 i s iy 5185 (6 ppipbllan] <= i i 93 i (loMebgige 45 o lnL
oS (o0 o3l (6 peuly il (g, 5l SL A Wl

C SiC Jolis 5l olowis cuS 5 youdy (pl a5 A0S oo odlatol (g peuls (g03le Gl &S ol Cjgo cpl & gy o)

A oy F]ygw Slrins 1 g a8 o wgd Iy NicaION poldy oyl 45" a8 o oalazwl Nicalon sb & youly S 5

ol (Bl dlge S o 00d J 1S 3oy By (005 55 jlgym) 1S 0 g dn =S o CUME sy =

o350 OIC & pouy SOl oplply <= sile 0 (BLSIC § 39 00 oy

Polymeric Precursor
Melt or solution

spinning
Precursor Fiber

l Curing

Cured or Stabilized
Fiber

l Controlled Pyrolysis

Ceramic or Glass
Fiber
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Table 18.1. Properties and compositions of silicon carbide-based fibres.
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Strain to Young's
Diameter  Density  Strength  failure modulus
Fibre type Manufacturer Trade mark Composition (um) (g/em™)  (GPa) (%) (GPa)
Si-C based fibres Nippon Carbide  Nicalon 66wt Si 14 2.55 2.0 L.03 190
NL-200 A Twit% C
1. 7wt% O
Nippon Carbide  Hi-Nicalon 62 4wi% Si 14 274 2.6 1.0 263
371 wt% C
05wt O
Ube Industries Tyranno 54.0wt% Si 8.5 237 25 L.4 180
LOX-M .ewtts C
12 4wt% O
2.0wt% Ti
Ube Industries Tyranno S4.8wi% Si 11 2.39 2.9 1.45 199
LOX-E I 5wt% C
S8wt% O
1. 9wt% Ti
Near-stoichiometric  Nippon Carbon Hi-MNicalon 8 SIC+0+C 13 3.0 2.5 .hS 375
SiC fibres Ube Industries Tyranno SA SIC+CH+0+Al 10 3.0 2.5 0.75 330
Dow Corning Sylramic SIC+TiB,+C+0 10 31 3.0 0.7s 390

CVD s, 5 cdls ol 13 Sic Gl s 003,5 0J55 CVD s, 51 45 sl s 5 piciunss cdls ol 5 Sic LI

5o oA SIC 4 CVD ) 5

vy 00 SIC & s opl 13 yeul S 5l & il Ko 3 o ol e g 3y (LalBL S cul (¢ 4eul Nicalon

o3> i b Jgas 50 ol oled o canl sl canday pouly 51 45 SiC ix cowl ey SiC e <Nicalon Ul

Table 3.15 Typical properties of Nicalon SiC fiber

ol oM

Density (g cm ™ ?)

Tensile strength (M Pa)

Young’s modulus (GPa)

Strain to failure

Coefficient of thermal
expansion (107K 1)

Volume resistivity (€2 cm)

Ceramic grade

2.55
2960

192

1.5

4

103

HV R* grade

LVR' grade

2:32, 2.45-2.55
2930 2960
186 192
1.6 1.5
=>10° 0.5-5.0

*Low dielectric fiber (high volume resistivi}y)_. )
'Higher conductivity fiber (low volume resistivity).
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Rato = (wt%) = (GPa) = (GPa) ° g H
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Fig. 3.13 Calculated tensile Young’s modulus E as a function of @ (angular
displacement from the a axis) for a single crystal of graphite.
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FIGURE 1.11
Stages of manufacturing a carbon fiber from PAN-based precursors.
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Fig. 3.14 Structural changes in PAN: (a) precursor fiber; (b) stretched precurso

without stabilization; (c) after stabilization.
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Fig. 3.15 Flow diagram of the PAN-based carbon fiber fabrication.
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Fig. 3.18 Elastic modulus and tensile strength of carbon fiber as a function of
high-temperature treatment (after [17]).
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Table 3.9 Properties of PAN-based carbon fiber (strand data) [29]

High Super high High
Characteristic strength® strength® modulus®
Filament diameter (um) 5.5-8.0 5.4-7.0 8.4
Density (g cm ™ ) 1.75-1.80 1.78-1.81 1.96
Carbon content (wt%) 92-95 99-99 + 99 +
Tensile strength (M Pa) 31004500 24002550 1865
Tensile modulus (GPa) 225-260 360395 520
Strain at fracture (%) 1.3—-1.8 0.6-0.7 0.38
Electrical resistivity (pQm) 15-18 9-10 6.5
Thermal conductivity (W(mK) 1) 8.1-9.3 64-70 — 120

aThornel T-300, T-500, T-600, T-700 (Union Carbide Corporation); Celion 3000, 6000, 120
(Celanese Corporation); AS2, AS4, AS6, IM6 (Hercules Corporation).

PThornel T-50, Celion G-50, HMS.

°Celion GY-70.

Slhns 8 Jgds b a4 Cans )] Caold a5l o o3l yLis pitch-based 1, BUI caols 15 Jgds 5
]

‘able 3.10 Properties of mesophase pitch-based carbon fiber [30]

T hornel T hornel T hornel
'roperty P555 P755 P200
‘ilament diameter (um) 10 10 10
density (g cm ™ 3) 2.02 2.06 215
‘arbon content (Wt%) 99 99 99 +
‘ensile strength (MPa) 1895 2070 2240
‘ensile modulus (GPa) 380 5157 690
train at fracture (%) 0.5 0.4 0.3
lectrical resistivity (uQm) TS 4.6 255

‘hermal conductivity (W(mK) ™ 1) 110 185 5 1 5



P B P . P 2 o . svie) W mw . 7 .
Ol sllissly -5 s plisil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

sl 005 Lo PItch 5 PAN 1 oy,8 GBI St al 3 Slads ) UK 50

PAN PITCH
Polymerization Pitch preparation
(isotropic/anisotropic)
Wet spinning Meit spinning
Stabilization Infusibilization
{oxidizing atm.) (oxidizing atm. }
Carbonization Activation Carbonization
(inert atm.} (reactive atm.) (inert atm.)
Graphitization Graphitization
(inert atm.} (inert atm.}
CARBON FIBER ACTIVATED CARBON FIBER
FIBEE

Scheme 1.1 The processes for making carbon fibers from PAN and pitch precursors.
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Figure 4.2 Relation between the tensile strength and fiber diameter: (a) Hercules
AS-4 (Type HT), (b) Torayca T-300 (Type HT), and {c) Torayca M40 (Type HM).

From Ref. 5.

o 015 1, Pitch 3 PAN bl $ G g5 93 (SilSo olss 5 s 5

TABLE 1.8
Mechanical Properties of Two Typical Graphite Fibers

Property Units PITCH PAN
System of units: USCS
Specific gravity — 1.99 1.78
Young's modulus Msi 55 35
Ultimate tensile strength ksi 250 500
Axdal coefficient of thermal expansion pin Sin/F 0.3 0.7
System of units: 51
Specific gravity — 1.99 1.78
Young's modulus GlPa 3792 241.3
Ultimate tensile skrength MTPa 1723 3447
Aodal coefficient of thermal expansion wm S —0.54 —1.26

145 3)S ol (g oM ©)g0d,

g4 AJss Polyacrylonitrile |, Pitch (PAN 1 klg5 oo 32,5 BUI
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Fig. 3.22 Catalyzed decomposition of acetylene to produce vapor-grown carbon
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Table 1.1 Properties of various fibers and whiskers.

Tensile Modulus of Melting  Specific Specific
Density* strength®  elasticity* Ductility temp.* modulus® strength®
Material (glem®)  (GPa) (GPa) (%) °C)  (10°m) (10°m)
E-glass 2.55 34 72.4 4.7 <1725 2.90 14
S-glass 2.50 4.5 86.9 5.2 <1725 3.56 18
SiO, 2.19 5.9 72.4 8.1 1728 3.38 27.4
AlLO, 3.95 21 380 0.55 2015 9.86 5.3
Z10, 4.84 2.1 340 0.62 2677 7.26 43
Carbon 1.50 5.7 280 2.0 3700 18.8 19
(high-strength)
Carbon 1.50 1.9 530 0.36 3700 36.3 13
(high-modulus)
BN 1.90 1.4 90 1.6 2730 4.78 7.4
Boron 2.36 3.4 380 0.89 2030 16.4 12
B.C 2.36 23 480 0.48 2450 20.9 9.9
SiC 4.09 2.1 480 0.44 2700 12.0 51
TiB, 4.48 0.10 510 0.02 2980 11.6 0.3
Be 1.83 1.28 300 0.4 1277 19.7 7.1
w 19.4 4.0 410 0.98 3410 2.2 2
Polyethylene 0.97 2.59 120 2.2 147 12.4 27.4
Kevlar 1.44 4.5 120 38 500 8.81 25.7
Al,O; whiskers 3.96 21 430 4.9 1982 11.0 53.3
BeO whiskers 2.85 13 340 3.8 2550 12.3 47.0
B4C whiskers 2.52 14 480 29 2450 19.5 56.1
SiC whiskers 3.18 21 480 4.4 2700 15.4 66.5
Si;N, whiskers 3.18 14 380 3.7 — 12.1 4.5
Graphite 1.66 21 703 3.0 3700 43 128
whiskers

Cr whiskers 7.2 8.90 240 3.7 1890 3.40 12
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Fibre Comparison: Stress-Strain

- Fibres only!
* No Matrix
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Qualitative Comparison

Typical Mechanical
Properties

Fibre Type
| Cabon | Aama | Glass

Tensile Strength Very Good Very Good
Modulus of Elasticity Very Good Adequate
Long Term Behaviour Very Good Good Adequate

Fatigue Behaviour Excellent Good Adequate

Bulk Density Good Excellent Adequate

Alkaline Resistance Good Adequate

Price Adequate Very Good

Fiber Fiber diameter Density ITensile Strength E-Modulus
(um) {g/cm®) (N/mm?) (N/mm?)

Polyamid 10....40 1.14 840 2'800
E-Glas 7...10 2.55 1'800....3'000 73'000
S-Glas 7...10 2.50 3'900 87'000
CIG 7.8 1.7.19 1'700...7'000 50'000...800'000
Aramid 12 1.44 2'500...3'600 70'000...130'000
Bor 100 2.60 3'000...4'000 420000
Steel 5...250 7.80 1'800...4'200 210'000




Single fiber tensile strength
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Carbon fiber
Kevlar fiber
E-glass fiber
Steel

Specific strength
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3.5 GPa
3.6 GPa
3.4 GPa
1.3 GPa

. .7 .
PWI 5 SOT e ol (u)y se9j8

Carbon fiber 2.00 GPa
Kevlar fiber 2.50 GPa
E-glass fiber 1.31 GPa
Steel 0.17 GPa

Single fiber tensile modulus

e Carbon fiber 230 GPa

* Kevlar fiber 60 GPa
* E-glass fiber 22 GPa
e Steel 210 GPa
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Sample name Tensile strength Tensile modulus Elongation (%)
(GPa) (GPa)

Thornel P-100 2.2 690 0.3
P-120 2.4 830 0.3
Carbonic HMS50 2.8 490 0.6
HMG60 3.0 590 0.5
HMBS0 3.5 790 0.4
Torayca M46 2.4 450 0.5




AT I o o da i) T 5T . .
Ol alllsly ~ 5 opllsl F Sljgs a1 (pUE 3T 098 (RAET 5 gy FWI 5 SOT e joul (v, o9/

SCS-6
Saphikon
HPZ
Nicalon
Tyranno
PRD - 166
Fiber FP
Nextel 480

d0m008’ )¢

¥
Ililllllllllllllll

. -
~
\\
Be-B
— 2
» T s n &
e R J®
e s U
L, ]
N 2]
1 | 1 . ! | 1 ! : . L :
400 800 1200 160¢

Temperature , °C

vs. temperature for some fiber reinforcements (after [711). I

Cawl 005 031> L young modulus e 1) tensile strength 5 jlges )

o

a

O 45 g

é‘ =

2 sl-

ud L

@ 2 Glass o T

g B Mullite

= ' I E]c-Pitch Al203
- isotropic 1

O | l ] L | I | l | I

O 100 200 300 400 500

Young’s Modulus, GPa

Fig. 3.48 Strength vs. modulus for some fibers.

o)l olgs 45 395 o oanlie dod cunes » SPECIFiC StrENgth jloges ci)lys 31 45 45 345 o samlie lajUT pygu 5



Py - e e s o s P )
Ol olliily -8 o plil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

el 698 ()8 - op)S SUI L

Wyl IS YU glod (o cdiiwn p)S 5l ST ooy jauelS

sl ¥ 3l T L )Y )l blusl gy

S o Iy oLl (S bl &8 ) elay Wi o &)y Y sS Bs

el 10 028 Gyl blasl oo

Sl Y/A S-glass gyl blusl cops

Sl 0 <E-glass g, blugsl co s

s g3 45 Canl £/0 Y48 L steel )l blugl oo

ion)S Sl s

(Y0905 ) sl YU slod BB s (o) Jto (olod BT 3,5 o 4,8 Lad 1 slad oSl a5 loj
oy tilas plas oSl cl 1l a1l (BLEI 5 blug] 51 S 0 pbie ) 4 |y SleMbl sl o s
29> (2

(18L o o CTE) il jio bl ()l blusl cu i o8 i8S Ol CgSuls cnl Giud (sl oz o 1L
S o ol 3, G ) 0S5 ) S ) &S o) el

il e Cojarels cn)S UL

O iy blusl o po g0 ol 53wl e (6,505 g ol bie ol 5]y blusl o po o jguals e 5o S oS

A Aalgs o CojarelS



Ol o)y = o4l SF ol i srun | pVE ST w09j8 @b 9 augd FUI S5 BT gl s 5098
b dnlgs yiio bl CTE g jgpmals’ )0 02,8 B39 L

255 301555 s Mol doyus 9 oS 31 3 el

ol 9,8 BUI 1 eadzwl (sblse 51 (S oyl

FS youky 4o Sl jpelS

1385 sl yarbily 5 45 ol s DNA Sy, U5 ol 55 )05 o DNA & ol yarly S5 5 S5

Dy de g by ylusl pled oy

ot (bl snd WSS Cuondd 93 31 IS Cygods yeuly

Sl ik

SR

ool 048 JSuts (3L ) (6ylemn 232 5145 (lodlo (dmy peudy domi ) Sl i (dme d po g Cunl o Glime 4



Py - e e s o s P )
Ol olliily -8 o plil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

Ay o> oy Jto 3L (68l b (alS jedy o] sadyy L (sl 5 LS Mo ezl ENCRWA LYo

L youly (Sad oS g ouiis
Aoy g 4wl ko e T J2o (aLS (ol poudy

Lloas A.Jy (SO09 52 sbals )l

Cooid 9 15,1 (295 jlw olgd g xS Gl Jlo 3 Wload g 9 38 labad I (6)lun (030l da ol b yaa

ol Caslin sl 35 bl

it ppas, Sl s 3 s slitollis slo JySlso dnyock

ol 0 St g (3955 «c)S Sladl 3l slaw 2 ]

ol cleaslls 4 wilg o aS 33 242 (alﬂ JKaly) olj g Dy S L"’O] P aS oyl Lol 600305 SO peuds
2yl repeat unit b o) ,SS asly 6 pouds ya

ol 0 SIS pogige S5l pesy 52 5

iz yogige b 0gd)SS soly (0 3,8

X rPye S C.H;, )y L)’1 2 Syl ) l L)L"‘ )§‘



Ol o)y = o4l SF ol i srun | pVE ST w09j8 @b 9 augd FUI S5 BT gl s 5098
ool pogige &S Cusl 5 Ky bl
23 iSly C LR Mis paie 5 g 398 o0k 5 1Sy ] 4553 (slabign in Sy Llg5 oo 55 )

1y 29500 s 1) UL (condg i (slaasly 5> pogige

Cuwl rEpEAt UNIt b 05 ,SG sy oy

ool CHL ol 13 bl 653,m cunl L 0digd ) S5 5y yosige (alonsd S 3
Wl Sglie bl odl Sl Jg

ol Juate 5y Sy yegige > ]

Sl yeuds 31 355 repeat unit s Lol

! | | ! | ! ! |
A

FHepeat unit
4 & Ll g e 550 b A8 oo Iy el 1801 5 395 0 (2STy 3yl K> sl S L R-CH,

M;u" (Cvan )



Ol ollbsly -5 s lliil

a . e e . LS L .
F Sljgs a1 (pUE 3T 098 (RAET 5 gy Yl 5 ST locw joml (> se9 /4

||| ||| ||| ||| ||| ||| ||| |||
R7$—$ -+ {I:Z{I: = (l:' {T_," (l__f (l__
H H H H H H H H
||| |||
— CH, — CH, ¥ —‘i‘f—?%‘?
H H

Sedee oss Mol o] Capols da] jaie iz b g3 ad (oes b aS cul ol ol 5 350 (dls Cools K b yarly

n

2l 320 gl s ol 30,8 B F ol sl g 35 g0 laH plas sl o 51

2l 325 PVC s ol 15,5 )13 Cl ol sleray sl o loH 51 (S ST

H H H H
1|: 1|: | R
Lo B e
| M
F F H Cl H (I
35 )5 505 JoSUge b paic ;a R oty (g o b g
||| |||
ARG
H | ¥4

oS (oo 0dliie |y 090 ,SS slansly 51 elel D sl JSs o



Ol ollbsly - 5 e sllil,

B Sl ssrma | (pUE 5T 698 (@biis 5 sgy

T .7 .
FWI 5 SOT e joul (v, o9/

E F F E E F F F
_¢& & & & & ¢ ¢ &
r ¢ ¢ 2 1 F ¢ F
Repeat unit
(al
H H H H H H H H
—¢ & ¢ & & ¢ ¢ &—
U B &i CIt H &
Repeat unit
(5D
H H H H H H
_¢ & & & & ¢ &
M chs 4 chs M & chlig
Repeat unit
Polymer Repeat Unit
I
° Polyethylene (PE) —c—(l:—
|
H H
P
Poly(vinyl chloride) (PVC) =C—C=
|
H d
1
Polytetrafluoroethylene (PTFE) —le — CIT -
F F
1
Polypropylene (PP) s =
|
H CH,
1
Polystyrene (PS) e —

(Continued)



Ol ollbsly - 5 e sllil,

Polymer

B Sl ssrma | (pUE 5T 698 (@biis 5 sgy

P - . d .
FWI 5 SOT e joul (v, o9/

Repeat Unit

F

Phenol-formaldehyde (Bakelite)

Poly(hexamethvlene
adipamide) (nylon 6,6)

o

Poly(methyl methacrylate) (PMMA) | ]

O
OH

S -~

CH, I CH,
CII-12

H O H (”)

| | |
RN

H H J¢ H H l4
Poly(ethylene terephthalate) ﬁ b TI) T ll1
(PET, a polyester) —C Coiliia o O i (i
||
H H
b (IZH3 C”)
% Polycarbonate (PC) —0 O (IZO—C_
CH;
H
: /
* The svmbol in the backbone chain denotes C=C
an aromatic ring as - C/ \C—
N\ 7
C—C
/ \
H H

P g (G el dlwd N> 4y A5 o s yeuly

yoddigon

rocksS



Py - e e s o s P )
Ol olliily -8 o plil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

iz Ko yadly 2355 S5 slaisly plas) iasF o yadisan ey ol & 13l (Ko yark 53 23355 ST 251y 5

(sl

335 4 e syl o 81 3530 4231 0235355 S0y S e 51U

5505 laasly 4 wlg o ST Gl T ols sl JGaly cofkl Jlie olgicds youls G 48w a8 :functionality

(365 o functionality 1, e b1 L il o a5 slassl sluss) .4l functionality 1, o a5 swsu
Aady Blibl 4 wlgs o pesise S ool slass :functionality

ol ¥ functionality s cuws dw 9 cul G functionality e cuss 6 wp e pbcand b1y o] 28
il Sglise Slgi o youly Ky 3 Wil lass

Sl 5 S 5148 o LS )5 oo A 1> AS1g5 0 005981 ST (slanssly WS co (Gpamndl 1) youdyoS S0 0l S )

il o3 208 2 b yorlysS

)

Okerd S

Slodgs

Sl

ol b b &S oS g0 oanlie 05 JSS 55 b jardy )05 (gaiand
ks (

sl (o

cross link (z



Ol sllissly -5 s plisil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

AL Y functionality yeds S > o8y .cawl ol oSt 4S5 cunl Y fUNCtionality cdls oyl )5 <— glasias (o

Do o0 ol S lo>

— g
S o

R . et -

‘ar &)

W- & \ e l .'1—

— \ "‘ 2 > - \ o
27 N\ 19— Ve
i N ’
S COO o0 ‘L .

) (= 2]
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iURE 15-11

The effect of temperature on the structure and behavior of thermo-
tic polymers.
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FIGURE 15-34 The stress-strain curve for an elastomer. Virtually all of the
tion is elastic; therefore, the modulus of elasticity varies as the strain change:
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APPLICATION OF FIBRE COMPOSITES 1

Figure 1.6. Spray-up process: de
:Iil-::! ‘5»2;; e for making a bathtub. The robot is applying chopped fiberglass with taneously into a mould. (Courtesy
ObOtC spray-up process

position of resin and chopped rovings simul-
gel (Courtesy of Fanic Robotics )

of Pilkington Reinforcements Limited.)
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Bag Moulding
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Fig. 9.10 Bag moulding methods. (a) vacuum, (b) pressure, (c) autoclave. (Courtesy of
Fiberglas Canada, now Owens Corning.)
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Figure 1.8. General view of filament winding process. (Courtesy of Pilkington
Reinforcements Ltd.)
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1-Compression molding

2-Injection molding

3-Transfer molding

4-Pultrusion
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Figure 1.6. Influence of shear rate on the viscosity of
A-356-15vol% SiC. (Reprinted by permission from D. J.
Lloyd, 1991.)
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__ matrix: ‘as-deposited’ condition

1- MMCs with different types of second phase (i.e. Graphite + SiC + Chilled
iron)
which is called hybrid composite can be produced.
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Figure 16.9 (a) Schematic stress—strain curves for brittle fiber and ductile matrix
materials. Fracture stresses and strains for both materials are noted. (b) Schematic
stress—strain curve for an aligned fiber-reinforced composite that is exposed to a uniaxial
stress applied in the direction of alignment; curves for the fiber and matrix materials
shown in part (@) are also superimposed.
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Dynamic modulus of elasticity of a continuous tungsten fiber/copper

composite where the experimental results are shown by filled circles and the
prediction based on eq. (3.1) by solid line [1].
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Fi1G. 3.3 Transverse modulus (E;) of a BORSIC fiber/6061 Al composite as a

fu

nction of fiber volume fraction (V;) [4].

Yof



Py - e e s o s P )
Ol olliily -8 o plil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

ol JKE! 51 (S as o)y ez JKEl a5 cunl  S9ilB cbglee 58 S o g9y bglie ygilE jl aS wuild o
148 ol by ol 4 bglsee

Ec=EfVs + Em (1-V9)

1-V¢=Vn

Iy CojoeelS dipmciwV] Jodo lgi o (s yilo diuiio¥! Jodo 9 BUI oz S BUI gaionin] Jodo yiudld b
Al oo vty labglste i 5l a8 5l vy
51l 395 o0 0403 Job JS5 4y 45 2 jeuelS (clys Cansl Bolo 5 3,15 cillae MolS Wabglse g6 b o0 blis
labogbie 536 48 sl (552 5 5ipS 9 35 (553 ol lologlien (15 (ol e 3 1 (085 gy
Goob oy Gl 3 wudS (o0 |y ool (8)s Cygo & (B9 45 Canl cpl i i (LS S o0 G iy
ool bl hend S e Jad Sl i BU 4 S ke Juab Gk Sl dm 5 29000 2)ly S Juad 4y e
e ol phelSol 5 dtnzi¥l Jote ( Sl

O (S S pidie uad & oye Sy

olsags B g 3, )8 s o S e b sl 5l o lagins B o) o jopols onicS o Jsb (8 Lol
S o Soy bobre (98 5l a5 Canl cpl g ALS oo Yl Jadd Laghis

Gl 48,5 1,8

i Al gl oSy ki) |, UTS (51 Ll

w55 Sz ) el ) Cajgels STl ol UTS 2950 Siiar S oo puS (B cpgrizegll 5 S

Y0



P B P . P 2 o . svie) W mw . 7 .
Ol sllissly -5 s plisil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

Yoo JIYee 739» plSotiw] puily iy BUI wo > oo (89 aS pl (gl poilid CojarelS &S Cunl jingy (uuiSs

0l (s CujouolS ol L Gl ol JSWbSo Voo plSotinl (pud; BUI ao > Yoo S84 ¢ canl JSWL

ol Syidio Jad lod (il oS o 1) CojarelS oye Caa 0 (S8g Canl
Cojgrals Sile oled 055 o Cypo (Jylys Sldes Byl 09 0 plul &5 cunl Syl Slles T4 5 TS T6
el gl Sldas) 0gd (668 S i Juad dgu5 0 el )yl > SOldas 5 ol o (598 S o Juad 30 o yipo

(b c0 S yido Juab oo

400
©
a — —
= A As fabricated
' 0O T-6 condition
X
8 300 — e
= 0
w a
o
- — —
w cylindrical hole
5 Jmodel prediction
£ 200
w
-
w
w
o
w
>
w
2
- 100 S A
= TS
w Tl
-
<< =]
=
-
p |
b= |
| ) - e
10 20 30 40 50

VOLUME FRACTION OF BORSIC, V; (%)

FiG. 3.24 Transverse tcpsile strength o, of a continuous BORSIC fiber/2
aluminum comnosite as a function of fiher valume fractian IV 141

Ehhow Lol a1y BUI &S sl (pl Joo Canyd oS oo (dye S o 1y CujamalS 8g i ldlgin] slaglygw Jio
0ol )8 ploa j BUIALS (oo insd g W30 (B ]y (SSe (olgd Waglygw &5 18 plan e S HlaS
SHlle [olgd a5 ol polae b 54t E])gw D dx g AL 0 Dbl (Stwgal im0 el ]y (Sl
955) D9)cs0 YU jLid 9 390 o0 o5 alade graw ABL )5 Zligw By &S Cunl o a9 (93 dgud 0 Pidpms

g oo ASunS 4l g 3gu 0 3L 398 oo Jlesl &S i

Y.$



Py - e e s o s P )
Ol olliily -8 o plil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

Oled b o Hials  SWlKe oles il o il 8l by guw dlawi By .Cuwl du i BB dilgiul claglyaw Jao b
ol 033 i 1) TO el 34 o0 sdnlie 45 (4l
23,05 390 U duw oo 1)y o jowalS” madlgs Joaugly cdls 4 (3101 o L ol oo

Al o vty b3 gy 3z Job 340 =)

Oy

cos?Z O

(gdese Jlos! (Job caz y> (i) sl Jobo g )3 00 Jlosl (35 :0'L
ool Bl a9 9y Jlosl Cua o ugl) i Col 9 Jlesl suglj 0
Iy g0 Y
T
sin 8- cos 0

COSO SIN O p ity 005 Jlosl by (35 S

u.o/d‘— .)9.0 -y

sin2 @
T e odd Jlasl is 7O

O s 3 UTS 45 1S oo ol |y uyjouslS UTS 5 0,5 Jlas] srgly id JK5 3 b Amlgs 4355 £gazmo

Cowl 04 o )y

Y-V



Ol sllissly -5 s plisil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

800

600

400

200

ULTIMATE TENSILE STRENGTH (MPa)

ORIENTATION OF FIBER AXIS (degrees)

PR oS 4250 Su 4 & 42 i jlgd o Pk LO @9d Site gy Jlesl aglj 45705 4o pm i b 39

Do oo S OCOS 29 0 b ¢ (8g Dgus o

Sgbien b5 e ol g ) 5

cos? @
Cundy D gy )8l go & (230 o (55 (s 390 S5y L8l o0 Aol 5 3,5 pelgd (LS (ol 390 ailinlis

T
sin0-cos 0

(s 390 (59 Wl go 5 ks 420 Y=Vl aly By
Db hdS 00y 390 4 2l Sl g b Lialj8l &S cunl (BT 5y 090

Dgd oo A (poye 4 Dy (Ao dx b o bS5 Dy a4 Job 290 &S ABge

(450 duw U ni) .ol

Y-A



Py - e e s o s P )
Ol olliily -8 o plil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

294 13 dyglj 4 gl oo s |y dyly g med oo o o b alarly B 93 L g5 s0 ik (dye 4 by 290 CBg
.JJ‘_;A Cawdy 4> ¥

PadA Lasd ¥ jlg by g0 axd YO U ax ¥ 5l g puiwd Job 390 j3 dn oV U &S wad o ol opl ol
o (525 90

Gl )55l Jg0,8 b dgu 0 sdaliio &S oy blas

o5 ol 035l ety 935 Jlasl ygly cans gy (228 ISl 5 )l 18 posiagll e le SIS 3 il L
Aee T>5.\> Cuol 4Bl Co 5908 By a5 Cuwl 00l Calisre (sladsly; b g Cuwl iy puadiw dio)d B+ CojalS

SV 2930 53 posinagdl it ol oYL LS sae cpgrinegl] (ol JKWbEe Ar e g ol )] plSorinl JSwbKe

a3y Ve agly ST00d 0 Jlosl digljasyd dw Uy e oS cwl s o JKubKe Av e cpl bl conl JRWLIKs ¥ -
> 9 990 e s S g oo JBWLBL Y LY A oy B0y aggly 51098 0 LA VAT A 350

(A o Jas g Jto BUl (2 g (08 390 )3) 29850 Jikunss 53 posinogl] 355 |
JSllSe Av sl 00 abls g joualS ) askad ol 4 daglon 53 laskad Moo puly il Lolus (gaskad K, 5]
4wl 0gd Cojoels cnl crlple Wboe S (olsd g 42 Y 5l Gl 9 AT s agls ST Ll 5l plSouil
(gdn dw) A8 o odlaiw] Y i slacyjamels 1 00,5 )by SUio (pl &S pl (gl Al das 2 ¥ asely &S by
S 39800 Oygo (nl 4 gl) s plSotlul ©jso cpl 3 WS o e g WB3oe J18 e (55 ilisee Ly
e Wl cod i Se 87 05 95 Jlos! (gl a2 )3 Yo B 8T i 0l 00 4S5 Ty () YLy a3 ¥e 290 b

0,8 By 1y IS cpl (63505 U g 03,8 solatwl 40Y s Cu janelS

5 392y Cujorels glaasY wigd Jlasl & (laygly o )

¥4



Py - e e s o s P )
Ol olliily -8 o plil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

S el 03)8 sy Al (Sl (o S iy 1) SSb Jgdo pj SB35 Sy 5 loyd slace ol
33 5 Sy i Vsl acslo)s )l (igSebias 5 (555mg 28 (oSl (sl (Ko g ol glie (536 (o1,
S n it Ui, oS b Lgla (i

(255 o0 s e ) (Sl (ol 1o S o LI gz )3 (g B (slacyjorals 12 &5 (5500 2)

Stiffness

UPPER AND LOWER BOUND MODEL
Young's Modulus (GPa)

Ec‘ = E}H ) I/:.i: + E?" ) If}: 200
Rule of rn_i:-:tures _
£ E_ -V, +E, (p: + 1} 180 Spherical Particles
C .
Ei" ) p:?’l' + E?.ﬂ' : (Pri' + l} ISG_

140

120
YOUNG'S MODULUS versus
WOLUME PERCENT OF SiC isias
AND SIC artpee REINFORCEMENT 80

0 10 20 30 40 50
“olume Percent SIiC

100

SUI a3 plo & yob plod (ot o 1y AU Cojorals By 48 o 38 o] (0 pslie p3lSe &Syl bIS 4,
7 g0 4y S i B ) 4 g8 Jeo8 S 0 1y (6) Sy b loyd Cjgrals” g Lol S e |y g5 oo
D5dge ol (45 polie o (B L (sl o) (glacyjomsls 4 )05 p5olle A rgebo dr 50508 oSxine e
G loul (odindls sl )5 o jonels’ 515 Ty s By Lins sl b plouls gtaalsy (il tlap jilsn 5| S

0B 5] st 45 AS ed gy JeS Lot palplly (sl didy YU (Sl Jgde 5 ploil 5 casl 0 sl )]

oS oliw] b glsee
2,10 0959 S 901018 o Joe @l)d 3l yip b S 1y

s g S S5 Sy =)

Y-



Ol o)y = o4l S35 Soligy sgmms | pUE 5T 098 @i 5 4ugs FUI S5 BT gl s 5098
(ool &3 5 jige L3Sl olis o255 Lo Sonss)

o] Jsb —¥

ol o il i Cams opl 4 Aspect ratio=L/D cous

sl Ky 5l 553 dID Sy el 9l K b il Ly L/D o3 ol

ol yigy (Sl ol il §in LD 4z e

WSS o oo o ©lyd a4 s i Gl S 90 4 b Sy

Moy Yo g0 1o ez o) Cuwl 05 Cogdi 0,0 b aST 0 jaelS ) Cod Gl 00 Cu gl Sawg b &S 0 59008)

(5> s 50k pelst g ol S Conl 0d gl [y b a7 (0 5900l8" () plSoria

il 03,8 dunlio |y Conl 0auis o 59uolS 45T oguineg)l b 1) pouiiegll (caiie) Cojonels'st

D)1 calee gy S g blse (gm0 S

)3 e (85 el Vb glod ) =)

S g (sinle olgs =Y

ol 015 g5 oS posisagll & Cannd a0 o g5 posisegll Cujorals sblje 00 (o sblse o]
ole Ll

o S o sanlisls g uidls -\

Y\



7. g e s . s o . ™ - TR P ¢ ool .
Ol olliily -8 o plil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

LBl ge 0 PBlS g Canl Fodoma Mg sla g, Hlas 5l =Y
3,5 4uslis PMC L1, MMC

el SV (g yasdy dinj o jopels I (5315 ) Sy jorels (p0)s plSocil

Gl ying bl

WS o Cuglin i e lud blae )

e S yodly izej Syl | (G5 dinoj slac joralS g S 55 agb) o (g5 slaclus Llis

Ll

ol GV a5y (Sl colin Ll

S o JoS Bk 28 yorly dine) (slaaj5palS 5l 1) Lo (5318 die) (glacy joralS

16 youk dinj (Slacu jopelS A o (318 Ao sy jorelS cus Lol

sl 03,55 Cd iy (95 4 (S porly Ao SlBC0 jralS 4 Cunnd (6318 dio) (slan 5l (65,5 91ST
Gl 508 s318 saine (sloujeelS” Data base

el 5V (6 poaly o) o jorelS Sl (518 disnj (slacajopelS Canid

S 5o Ao (Solp dine) (Sl jorels L 1) (6318 dlej sloca jorels (95

sl YN sl

ol odlw ] WIgi i,

ol oS ol Cueid

Y\Y



Ol sllissly -5 s plisil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

tsSwel o dse) (B0 5900l A s (318 Ao (Slacy 9ol e Lol

el ilins YU slos Lolss Llsd

T 5 17 T PR R PR e TRy [ | T T s hk=tl=1"LLE T T

|
[

.%

100

I T T

o
Amorphous
Metals
10

Elp (GPal(Mg/md)

| III[IIII

10 100 1000
od/p (MPa/(Mg/m?3))

ol 0045 duslde (F00S5 b caliseo BUI oled 5wl 00 puy Jld50d YU jyguad )

o St gl §) halSoel L)

9 855 18 oalitl 390 (yyei (sboo (gl ol ond caely d)b CILS g IS il i jspelS &S 5 oles

oolatl WU (glod p> &S st (glacn jaulS 9 15,10 SYU (g4 0 @ Cuoglin )b amolinST bl )5 Cuoglis yolgs

g o0
g ol (658 (S g sl postagll SUT a0 45 548N SUT S ol ol sl gy B oS (i o] B e
L g ge ot JSwbKe Voo @ YAS 0gi 0 p,5 3L5 ol anyd Voo 8y cowl JSWbKe YA ] plSocl

Gl a8l ials sl dod i8]

6o b g ol JSollSe VYoo Lo clod 5 plSioxial conS Cujosels yr BUI ko ys FA L 1) $+5Y posipogll S

ol JEwbe Qv+ ralSovinl (1S oo p)5 1y o) 48 5 31,5 5l d>y200 +

YAV



Ol sllissly -5 s plisil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

A )8 eSlow 1y o] 3By ol cauns (LS oS ol (el possegll sl posinegd] SUWT o Scams a8 VY- U

ol 03wy JKwblBo Voo )] plSoinl 45 3945 o odmlive (453,5 4Bl s ylS oSl duo )Y+ ) 155,S" Cu s

Gl oo B0 ja00lS YU (slod yolos

TEMSILE STRENGTH MPa

1200 I COMTINUOUS FIBRES
L 6061 Al BOROM

|| (v,=048)

1100 Al SIC

=T (Micalon V, =0.30)
800 Al 2.5% Li- ot AlLO,
4 W Zoss C
- — .
*\ SHORT FIBRES
& OR WHISKERS
|| 6061 ALSIC

(v, =0.20)

|| AIOSIICU - o - ALO,
(V, =0.24)

L= o

400

6061 Al- & - ALO,
6061 Al (W, =0.20)

0 200 400 600  TEST TEMPERATURE °C
slod By Lol 39500 )1 4 (3 93V 58 lod amas Cojsals’ Lo 4 315 Mol w5L 5L 0505, 9 (Jgene 390 ]
39 15 Vb slos 5 0l S b 09 YU g ol Lolon by oo o8 39800 lae Mto (B 3950 5kae VL

A58 o o3l o 59508 51 (oilolowlen g Ladlon mluo jo oo Cpmed 4 wCal YU 55 s ] plSoul
Dod oo oo LB oled dacujeelS ) YL sled ol cou p
agliee ol loj & S 1y ) l3me da VU b (slod 5 ouiS' oo Jlos ! |y 2B S 1835

] Al o dw )3

SoeS o Creeprate |y Jgl (sals o s

v\¥



Ol ollbsly -5 s lliil

B Sl ssrma | (pUE 5T 698 (@biis 5 sgy

. .7 .
Gl 5 SOT e jonl g,y 5698

ol Steady- state cals o pg> (sal> yo

POy s BUI S S o sdaliio 1) ou500lS K6 )0 cCunlying Sl oS i35 &y )38 4o : Creep rate

SO oled 45 g5 o odnlive sl 03,5 gy sdd Jlosl i sy |, Steady- state creep g wuyl> i yile

T T T T T T T = & LT
N /
'f: 10° >4 3
= /
o /
w /
< 72
i -4 4
& 10 J .
o« /
o O— — —matrix
S ®—_composite
10° W< S PR [ BT ] A 1 1201 =T K 151
2 1 5 10

sl il Sl g Cojouels

sl gyl Sl e ool )3 Vb glod elss g (555 ol

STPESS O, (MPa)

Creep rate (steady-state creep rate) vs. applied stress for a tungsten
fiber/Ag matrix composite tested at temperature 600 °C. [18].

oS ol S5 ol PIN-ON-AISK 1 (595 o5 Jolisie a8 ol il (sl alisce sla 3o, g piwilSe 1yl

Standard Wear Test

l

Y\0

DyS o0 )8 o Sund g9



Py - e e s o s P )
Ol olliily -8 o plil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

9 NS Ui A b Swnd 59y ol 4BS L > yn leis 4 1) SO DY 8 Sy g CujerelS WS 1058

Candy 5 (salatly 1 oad oatplu poms sl S o sl 4 Caoglio il St odd oaile ()59 4o S e
V=kNS/H
PRVIFAW WIPC N Vv

(S has] g ) 315 Ky Sl & 85 sl gy K

8908 00 Jlosl (5955 :N

(.C;w:‘ ERVCSCS Sawwd $9y O Jde ax ) ] oo calold S
ol diged e :H

Oygo 4> & S (6505101 00 o Jlasl &5 sl g9y Hlade Canl (e N 56 5wl cops S &S Kl ol
Ui 2 Ol olSiwd 18 > o (B .l uate (oS S 4 ol olSiwd (pl ieuiS (605 03Il ) ablgze By i

Al oo Candy o oSl po Cols el Cands 35 i3 kol plply bl e sty o33 calold (oS

539 02k |y Kz ¢ oy w501 plosil 1) s s B9 5 dizgud oo Cansd plool 51 B Mol gl b ) Saasd 5

oo bl =0 dluw X lasre

$58> e ol Sl ulis 3l 5 (539 Al &5 58 azym imd o ol i y2eskSY b (A5 el

Cawl

Y\#



7. g e s . s . ™ - TR P ¢ ool .
Ol sllissly -5 s plisil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

12,10 Dgag ST Wi 0l odSlus (39 )0 D Jlged 4y axgi

6 a
I I [
® 2024 Al,O, =
2.0
i k] f ek //. 2 wt%, 5 Mm
A 2024 24 Matrix =
=) Load: 50 g S/ € Alloys cé
R v 1.5 g
>3 &
Q@ / 5 wi%, 5 Mm &
ear] A 5
= 3 — A ]
5 . Pl
] 5 wi%, 16 Mm «
it vyl o o
5 :
; 2z 20 wi%, 16 um 0.5
g s 2 20 wi%, 63 Mm
20 wi%, 142 Mm
< > t !
500 1000 1500 2000
SLIDING DISTANCE (m)
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This Figure shows that the wear resistance of the composites are better
than the matrix alloy. The wear resistance of composites is improved by
(1) using coarser particles and (2) increasing the volume percent of the
reinforcing particles.
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Aluminum matrix

Graphite fiber

FiG. 444 Depleted aluminum in a Gr/Al composite that was subjected to
seawater splash/spray test for 30 days [78].
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Fi1G. 4.42 The weight loss of the matrix (DU-0.75 Ti), fiber (W), and 50% Ve

W /DU composite due to loose corrosion products in distilled water and 3.5%
NacCl solutions [76].

v



Py - e e s o s P )
Ol olliily -8 o plil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

by el 5l oolawl Jlos 4 Lid Sy5 slo SleS YU cuodd 2959 L Lyl 5 i dlge plio 5l CojauslS Cuasd

1459y

ol plotinl 5 (S oy

5 Wjlogge S |y lopdle jobs Sl )3 &5 wloe iy o Cugj bame (So9ll 5 o9 (i Coxy i inegil 0

Db oo oS Bpan g b oo (R g By
Gl )S,5 50,8 Jigeld |y olSKiws JS b 0gd Jaygl Ll )L S ole ds o a8 Wby Sl )8 gam (4SS
O )b S ole dw (gl 4 A o oLl WolSiwd jd (50 jarelS Glakad 5 (31.5,8" peai 1y WaolSiwd g dbuwyd aas yo
ly i855 jo) o ST oojls olyen 4y )05 (IS 398 fidaad SIS &S ol shas &y 398 oo plol gl Jl S5 ole

20,5 oy CujaralS 3l odlatul s (b Eals Gl 50 el (aBey dlaad g oS oS

Ol ool b Cad (Sl saab e (il LS oo Gl by janels jleslinal Ce 115 53 aiegd con
g s

Ol o j50lS 5l eolatul diy o cide 3153 50 ¢ 4GS salain] o jarelS &S Mt pols WS o Sy o5 g Slaidl
D9 50

L,

J& g Joo mlio jo .l ool HLas Voo ¥ VAR Jlo 5 (o5 aiej (slacs 5008 5l oolanl jlade 3D lged po

Yy



Ol sllissly -5 s plisil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

3500+

m1999 |—
3000

2004

:

1500

() lom WYl O pune
»
-
2

g

500

1999: 2.5 Mio kg, 103 Mic US-§
2004; 4.9 Mio kg, 173 Mio US-§

JB g Jo> plio
oSanls )3 zlgel 0aiS Cylin st IS

whad sl s

0Pl edioe pag (piale (ol & W3S ool (G5 iej Sl jorslS I Jegs] (g 3 el o

Sxuej oty oS | jailu (gl Uggs Jio oS pb [ gy 25 5 SVsb oo )l 295 (YL Lo

2 Jb 539 39 2 5l (o8 slagpdle bl (5318 dinej slacojoels I jaidow Sobi /55,8 eolitul (518

Saad | .363,8 o3kl lac jorelS 5| JSiie ol > (6l g )85 095 (Sl (oled posmagll Lol conl posinagll ;|

S o 9 20 (58 & JUES] g 15 o 457 163, 030t posiagll e (sloajoelS 1) o5 ¢z anlS g o5

D) e 253 (ohale oled b e 53 g Cunl

...\3.))5 odléziul U w)ywlf o> )1 LS’LQ’W"'“’ )] as BX JLQ»' L;me 9)4.: JLQ;.)‘ Caxivo

Yy

Pl Sl 1)l Caxivo



Py - e e s o s P )
Ol olliily -8 o plil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

Do oo S g didy YU s yuo 165l laslad Crio

WSS o odlatwl (638 ae) (i jalS I il pilae Lible (ols &S LK

39 plee

g oo 0dlatwl laidle wdize > oS al B

vy



Py - e e s o s P )
Ol olliily -8 o plil, F Sljgs a1 (pUE 3T 098 (RAET 5 gy Wl iy SOT oew 9wl () so9js

[2)/l9) wuls

W0/ 1e/+0 1 /50

(Sl pow 405 (SC 59015

sl Wlgs oo bbb (S5 (ol Lol oSl oo

i b ol oplplo A3l (g pate (oSl p b g anil Sl il b g oy b aiil on)lS (sla ol oo
Hgd o 4 s S O )j90 ) I Syal

B ass eVl slod Loles S g m5ls Lasd il olsd )b osd Sl olsd b Suol s

dgub oo ol i3 JS5 13 4S sl lad oamd )8 uyy dyse |y ] (85 Gurg iy (glod 4 publyse 45 48T (58
SIVee 0p S5 aVg8 g sl uly (Bl 2D gy (slod 45 parinegll S Bl a3 Fer BYee yy lajendy a5

Al o 33 lo as Ve e clod B WU pagu (6l g sl ] 23 g (slod 31,5 ke anyd Ae e

ol &8 WS 2 g lgi o 31,8 Sl s 3 VO JIWWer gled U g st s s opl 5l Sl o Lol

ROWEISE SR IP IO B¢

g5 e ool b duolie )3 g o Cgmome el pur ;500 (oo jo 45 Miwd Saw g Canl 15 ool juo (il

Yo



Ol ollbsly - 5 e sllil,

SF ol i srun | pVE ST w09j8 @b 9 augd

T .7 s
FWI 5 SOT e joul (v, o9/

=

= =

2= =

== =

= o3 -—

=

SO0 - = = =

= =41=

= .52 3

= = |=2

=35

*s5

==

=5

£3

=~ =3
= ,
= OO B— £3
— =
= =3
=3 =3
— =3
—_— =3
= = =
E Z
= 5
SO0 - = E =
= =23
§ = £ =
£ = 54
= S 5
> £ =4
== =4
=
S5
=1

=
=
FPolymers Ceramics
Figz. 1.3 Scrvice tempoerature limit (indicativer of polymers. mctals and cocramics

oS S ol e bl coys g cadl o5 bl Ll blasl co i o8 cal ol bSealp (gday ot

bluil coypo olb o yKio g Cul Vo poripogl] &5 Syg0 )3l (ilo (> b g o Sl blugl (o

Thermal Expansion Coefficient, o, 10K ™

g —
Fig. 1.6

ToceeeeoMO WO aulite

)l bl 6yl g cunl YL (LS )l >

Thermal expanston cocfiiceent of some materials

\Aid




Ol alllily ~ 5 oplll SF ol i srun | pVE ST w09j8 @b 9 augd FUI S5 BT gl s 5098
(s 35 ki 1y ol sl (Seyix jl (g)lire a5 Kic ST .l Lmdi 0092 608 g 9090 Dy (b Kol puo Sl Lol

At 00585 ¢ 3,5 ol pl ol ol Jles b )] cansls (S yis 5 (ob oled Sl pus

Table 1.2 Typical fracture toughness (K,.)
values for some materials

Material K, MPam'’?
Polymers

Polyethylene 1-2

Nylon 3

Epoxy, polyester 0.5

Metals

Pure metals 100-300

(copper, nickel, aluminum)

Aluminum alloys 20-50

Titanium alloys 50-100

Low carbon stecl 50

Cast iron 4-10
Ceramics

Sodalime glass 0.5-1

Magnesium oxide 3

Alumina 1-3

Silicon carbide 2-4

Silicon nitride 3-5
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Table 2.2 Physical and mechanical characteristics of some ceramic materials

Coefficient

Young’s of thermal Fracture
Density, Melting modulus expansion, toughness
P point E oL K,
(gem ) EE) (GPa) (T2 K1) (MPam'‘?)
Al,O5 3.9 2050 380 7-8 1-3
SiC 3.2 420 4.5 22-34
SisNyg 3.1 310 3.1 2.5-3.5
MgO 3.6 2850 210 3.6
Mullite 3.2 1850 140 5.3 3.0-4.0
Borosilicate Z3 - 60-70 3.5 0.5-2
glass
Soda-lime 25 60-70 8.9 0.5-1
glass
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TABLE 1.12

Typical Fracture Toughness of MMonolithic Miaterials and
Ceramic Matrix Composites

Fracture toughness Fracture toughness
MMaterial (WIPa ~fam ¥ (esi ~fime )
Epo»xyw = 273
A luvmnmdnuarm allows a5 31:8'—3
Silicon carbide = 273
S /AL 27 Z24.6
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Fig. 45 Flow diagram of fabrication of SiC,,/Si; N, composite by hot pressing and
dry processing (after [23]),
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Fig. 42 (a) An optical micrograph of a cross-section of a umidirectional alumina
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» In-situ chemical reaction techniques (CVD & CVI)

» So0l-Gel and polymer pyrolysis
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Fig. 413 An isothermal chemical vapor impregnation (ICVI) reactor in its simple:
form.
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Table 14.7 Ceramic materials formed by CVI

processes?

Matrix Reactant Reaction

ceramic gases temperature (°C)
TiC TiC,~-CH,-H, 900-1000
SiC CH 81C1 -H, 1000-1400
B,C BCI CH H 1200-1400
TiN T1Cl -N, H 900-1000
Si.N, SiCl —NH H 1000-1400
BN BCl NH —H, 1000-1400
AIN AICI NH H 800-1200
ALO, AICL-CO,-H, 900-1100
Si0, 51H£O H 200-600
TiO, TiCl, HO 800-1000
ZrO, ZrCl CO -H, 900-1200
TiB, TiCl, BCl -H, 800-1000
WB WCI BBr H 1400-1600
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* Glass - Ceramic
— SiC in Lithium alumino silicate (LAS) glass (<1200C)

— C fibres in glass ceramic; oxidation above 400C, OK
in inert atmosphere
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— C-SiC

— Alumina-SicC
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Typical Mechanical Properties of Carbon—Carbon Matrix Composites

Property Units Cc-C Aluminum
Specific gravity — l.e8 2.6
Young's modulus GlPa 13.5 68.95
Ultimate strength MPa 357 2344
Coefficient of thermal expansion pm,/m/~C 2.0 23
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Fig. 14.15 SEM photograph of fracture path in SiC
whisker—Al O, composite.
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TABLE 1
Comparison of toughening mechanisms for different ceramic composites (@, probable major factors of toughening;
O, other expected important mechanisms)

Second phase Long fibres Particles Whiskers Particles and whiskers
Example of composites C/C Glass/C AlLO;/ZrO, Si;N,/TiC Al 0,5/SiC, Al,0;/Zr0,/SiC,,
Expected toughening mechanism

Load transfer 9 o O O
Prestressing O (©) ©) (©) ©)
Phase transformation ? ®
Microcracking (©) ® ]
Crack deflection or

Crack impediment 2 ® O ® ® e
Crack bridging (6] (@] [ ] ®
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Fig. 14.16 Increment in fracture toughness of SiC
whisker composites with various matrices®.
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