


Nikhilesh Chawla Krishan K. Chawla

Arizona State University University of Alabama at Birmingham
Tempe, AZ, USA Birmingham, AL, USA
ISBN 978-1-4614-9547-5 ISBN 978-1-4614-9548-2 (eBook)

DOI 10.1007/978-1-4614-9548-2
Springer New York Heidelberg Dordrecht London

Library of Congress Control Number: 2013955046

© Springer Science+Business Media New York 2013

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief excerpts
in connection with reviews or scholarly analysis or material supplied specifically for the purpose of being
entered and executed on a computer system, for exclusive use by the purchaser of the work. Duplication
of this publication or parts thereof is permitted only under the provisions of the Copyright Law of the
Publisher’s location, in its current version, and permission for use must always be obtained from
Springer. Permissions for use may be obtained through RightsLink at the Copyright Clearance Center.
Violations are liable to prosecution under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Cover Illustration: Cover image is a high speedway railroad coach bogey with four metal matrix
composite brake disks produced by SAB Wabco (courtesy of H. Ruppert).



Contents

L INAROUCHION. .., o 5 e e 5508 5 e 50 5 515 5005 5 5 567 0605 30 600 00 5 708 56 B 0§ 0% 6 i 3
1.1 Typesof MMCs ... ..o i
1.2 Characteristics Of MMUCs . ... ...t

2 Reinforcements. ..............oiiiiiemiiiiinereiiiareennnn.
2.1 FibrousMaterials: «w:uwssmsnocnsmiannisnns s e sasmsmsis
22 FiberFlexibility ......ccoviiiiiiiiii it
23 Catbon Fibers .. ... ...t

2.3.1 Fabrication of CartbonFibers........................
2.3.2 PAN-Based Carbon Fibers..........................
2.3.3 Pitch-Based Carbon Fibers..........................
2.3.4 Spinning and Rheology of Mesophase Pitch...........
2.3.5 Structure and Properties of Carbon Fibers.............
2.3.6 Structure of Carbon Fibers..........................
2.3.7 Carbon Nanotubes, Nanoparticles, and Graphene . . . . . .
24 Boron Fibers:..ssssis.cxissrmsmemiininsiasnisminsmndnisn
24.1 Residual Stresses ... .....oviiii ettt
25 Oxide Fibers ... ..o
2.5.1 Alumina-Type Oxide Fibers.........................
20 Nofox1de FIBETS ;s w:uismsmssnsmmsms i memeimepmsms sams s
2.6.1 SiliconCarbide Fibers.............ocoiiiiiviiinnnn.
2.6.2 Silicon Carbide Fibers Made by CVD................
2.6.3 Nonoxide Fibers via Polymer Precursors..............
2.6.4 Structure and Properties of Nicalon Fiber.............
2.6.5 Other SiC-Type Fibers...........ccoooiiiiiin..
DT WHISKETSou v oo v eoe v womre Bn e e o 85 i m o § 51 E 58 o 0% 306 5 BLE 2 0 5 B3 8 8
2.8  PartiCles ... i e e
2.8.1 Particulate Silicon Carbide . . ........................
2.8.2 Particulate Tungsten Carbide ........................
2.9 Comparison of Fibers. ... ... . ...ciiiiiiiiiiiiiiiiiiinnn,
2.10 Statistical Analysis of Fiber Strength ........................

Xiii



Xiv Contents
3 MatrixMaterials .. ... ... e 37
3.1 Bonding and Crystalline Structure inMetals . ................. 37
3.2 Crystalline DefectsinMetals............ ... ... ... ... ... 38
3.3 Strengthening MechanismsinMetals......................... 41
3.3.1 Dislocation Strengthening............................ 41
3.3.2 Grain Boundary Strengthening ........................ 41
3.3.3 Solute and Precipitation Strengthening ................. 42
334 FractureinMetals.................. ... 44
34 Common Matrix Materials .................. oo i .. 45
34.1 Aluminum and Aluminum Alloys..................... 45
342 Titanium AlloyS . ..ot e 46
3.4.3 Magnesium and Its Alloys...........cooiiiiii... 47
344 Cobalt.. ... .o 47
345 COPPOT - - vt 47
FAD SUVEr e vormenimisminems:rs v mess: rasmesginas i 48
BAT Nickel . o.n i smisminsimesmismitms mes s nis@an 48
348 Niobium................... P 48
349 Intermetallics. ... ... i iiiiii 48
3.5 Superconductivity .. ....... . i 49
3.5.1 Types of Superconductors.................coovvinn... 50
352 Fluxand Flux Pinning. . ......... ... ... it 51
3.5.3 Ductile Alloys: Niobium-Titanium Alloys.............. 52
3.5.4 A-15 Superconductors: NbsSn........................ 53
B ProOCESSING ;s :umsweansmns me et pasm: s pesms Fiipissimeives@ermsn 55
4.1 Liquid-State Processing ............cooiiviiiiiiiiiiiii... 55
4.1.1 Casting or Liquid Infiltration .. .. ..................... 56
4.1.2 Spray Co-deposition.............ccooiveiiiiinnenn.n.. 62
413 InSituProcesses..........oviiiniiiiiii .., 64
4.1.4 Infiltration Mechanics............. .. ... 65

4.1.5 Miicrostructure Evolution During Liquid-Phase
Processing . ......comtiiiiit it i i, 68
4.1.6 Casting .. ...t 71
4.2 Solid-State Processing .. ..ottt it iiiiaaneeana 75
4.2.1 Powder Metallurgy Processing . ....................... 76
422 ExXtrusion ... .....c.ooeoiioiiiiiii i 78
423 FOorging..........ooiuiiiiii i 83
424 Pressingand Sintering . ..., 84
4.2.5 Roll Bonding and Co-extrusion....................... 85
426 DiffusionBonding................. ... oL 89
4.2.7 Explosive Shock Consolidation. ...................... 91
4.3 Gaseous-State Processing .. .......cuoeiiiiiiinnineeeninnen. 91
4.3.1 Physical Vapor Deposition. .......................... 91
S INEERTACE:. . ooy 550 5 5.0 0 5 685 8 GBS ¢ R WSS A S B Bed 99
5.1 Crystallographic Nature of the Interface...................... 100

5.2 Wettability . . ..ottt 101



Contents

53 Typesof Bonding...........coooviiiiiiiiiiiiieeniannn.
5.3.1 Mechanical Bonding ................ ... ...l
532 Chemical Bonding................cooiiiiiiiiiii,
5.3.3 Interactions at the Interface due to Thermal Mismatch. . .

5.4 Measurement of Interfacial Bond Strength....................
541 Bend Tests . ...vureintiie i
5.4.2 Fiber Pullout and Pushout Tests . ......................

6 Micromechanics................ ... i
6.1 Elastic Constants of a Fiber Reinforced Composite . ...........
6.1.1 Strength of Materials Approach.......................
6.1.2 Micromechanical Approaches.........................
6.1.3 Semiempirical Expressions.............. ...

6.1.4 Eshelby Method or Equivalent Homogeneous
Inclusion Technique . . ....... ...,
6.1.5 Numerical Methods . ....... ... ... ...t
6.2 Physical Properties . ...
6:2:) DenSItY s:imsmsimssmssmismimesmismssnsememe o v wm s
6.2.2 Coefficient of Thermal Expansion (CTE) ...............
6.2.3 Thermal Conductivity ... ......coovreuriininienaaaa..
6.2.4 Electrical Conductivity . ..........coviiiiniii..
6.3 Thermal Stresses in Composites .. ............coviiiiiinnn..
6.3.1 Thermal Stresses in Particulate Composites............
6.3.2 Thermal Stresses in Fiber Reinforced Composites.. ... ...

7 Monotonic Behavior............. ... ... i i
7.1 Strengthening Mechanisms . ...........ooiiiiiieniiniinnn.
7.1.1 Direct Strengthening ...............cooiiiiiiiiiinnnn.
7.1.2 Indirect Strengthening . ............. ... .ot
7.2 Monotonic Behavior of Continuous Fiber Reinforced MMCs. . .
7.2.1 Criteria for Debonding and Crack Deflection
atanInterface...........o.o i
7.2.2 Work Done in Fiber Pullout..........................
7.2.3 Effect of Interfacial Reactions on Monotonic Behavior. . .
7.2.4 Modeling of Monotonic Behavior of Continuous
.Fiber Reinforced MMCs . .......... .. ..ot
7.3 Monotonic Behavior of Discontinuously Reinforced MMCs . . . .
7.3.1 Modeling of Monotonic Behavior
of Particle-Reinforced MMCs. ... ... ... ...,
7.4 In Situ Metal Matrix Composites............................
7.5 Fracture Toughness...........coviiiiiiiiiiiiiiiiiiiinnnn..

8 CyclicFatigue. .:.......souimcemsnisisasmsinimsniniimirisminss
8.1 Stress Versus Cycles (§S—N) Fatigue .. ........................
8.1.1 Continuous Fiber-Reinforced MMCs..................

8.1.2 Stiffness LoSS . ..ot e

8.1.3 Particle-Reinforced MMCs . ............... .o,

XV

102
102
104
111
112
112
113

121
121
124
129
133

135
138
139
139
140
150
152
153
154
157

163
163
164
171
175

179
182
184

187
191



XVi Contents
82 Fatigue Crack Growth..... ... ... .. ... ... ... ..o, 249
8.2.1  Continuous Fiber-Reinforced MMCs . ........ ... .. 249

8.2.2  Particle-Reinforced MMCs .. .........coovvvino... 260

8.2.3 Hybrid and Laminated Composites.................. 269

83 Thermal Fatigue .« :v:osimisn nsinsonimammsmosninsinsens s 272

L O - + 2 283
9.1 Continuous Fiber Reinforced MMCs ........................ 284

9.2  Discontinuously Reinforced MMCs................ ... ... 290

9.3  Superplasticity ............. R R BN R R R B I e 304

10 Wear and Corrosion . ............c..oiiiiiiieeneiineneiinannnn. 311
10.1  INtrodUCtiOn . . ..o vttt e et et et e 311

10.2  Particle Reinforced Aluminum Matrix Composites............ 314

10.3 Tungsten Carbide/Cobalt Composites....................... 317
10.3.1 Hardness and Strength of Cemented Carbides........ 317

10.3.2 Double Cemented Carbide ... ...................... 318

10.4 Wear in Braking Materials . ....................... L. 321

10.5 Corrosion of MMOCS . ... oottt i eeenn 322

1T APPHCAIONS . :vvw i mssmimipmsmesmsmetmimes bimms Bosms oo onsngs 325
111 ACTOSPACE . c:vs.mssmsamemosmssasmmsmaimes s snsmasaiiassmis 325
11.1.1  Aircraft Structures . .......c..oivriiiiiiinneeannnn. 325

11.1.2 Fiber Metal Laminates............................. 328

11,13 Missiles . .o e i 332

11.1.4  Space SUUCIULES . .- vwsmenssmsnisniasivsasssines 333

11.2  Transportation (Automotive and Railway)................... 335
1121 Railroad Brakes.........couiiiiinrieniininnnnn. 339

11.3 Electronics and Thermal Management....................... 342
11.4 Filamentary Superconducting Magnets...................... 344

11.5 Power Conductors . ... ..ottt ot ee e eeaaenns 348

11.6 Recreational and Sporting Goods .. ......................... 350

1177 Wear-Resistant Materials........... ... ... .oiiiiiieine... 352
Author Index . . ... i e 357

Subject Index .......... .. .. e 367



