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FOREWORD

The Composite Materials Handbook, CMH-17, provides information and guidance necessary to design
and fabricate structural components from composite materials. Its primary purposes are a) the standardi-
zation of engineering data development methodologies related to testing, data reduction, and data report-
ing of property data for current and emerging composite materials, b) guidance on material and process
specifications and procedures for utilization of the material data presented in the handbook, and c) meth-
odologies for the design, analysis, certification, manufacture, and field support of composite structures. In
support of these objectives, the handbook includes composite materials properties that meet specific data
requirements. The Handbook therefore constitutes an overview of the field of composites technology and
engineering, an area that is advancing and changing rapidly. As a result, the document will be continually
revised as sections are added or modified to reflect advances in the state-of-the-art.

CMH-17 Mission

The Composite Materials Handbook organization creates, publishes and maintains proven, reliable engi-
neering information and standards, subjected to thorough technical review, to support the development
and use of composite materials and structures.

CMH-17 Vision
The Composite Materials Handbook will be the authoritative worldwide focal point for technical information
on composite materials and structures.

Goals and Objectives to Support CMH-17 Mission

e To periodically meet with experts from the field to discuss critical technical issues for composite
structural applications, with an emphasis on increasing overall product efficiency, quality and safe-

ty.

e To provide comprehensive, practical engineering guidance that has proven reliable for the design,
fabrication, characterization, test and maintenance of composite materials and structures.

e To provide reliable data, linked to control of processes and raw materials, thereby being a com-
prehensive source of material property basis values and design information that can be shared
within the industry.

e To provide a resource for composite material and structure education with examples, applications
and references to supporting engineering work.

e To establish guidelines for use of information in the Handbook, identifying the limitations of the da-
ta and methods.

e To provide guidance on references to proven standards and engineering practices.

e To provide for periodic updates to maintain the all-inclusive nature of the information.

e To provide information in formats best-suited for user needs.

e To serve the needs of the international composites community through meetings and dialogue be-

tween member industries, which use teamwork and the diverse member engineering skills to pro-
vide information for the handbook.
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Notes
1. Every effort has been made to reflect the latest information on polymer (organic), metal, and ce-
ramic composites. The handbook is continually reviewed and revised to ensure it is complete and
current.

2. CMH-17 provides guidelines and material properties for polymer (organic), metal, and ceramic
matrix composite materials. The first three volumes of this handbook currently focus on, but are
not limited to, polymeric composites intended for aircraft and aerospace vehicles. Metal matrix
composites (MMC), ceramic matrix composites (CMC) including carbon-carbon composites
(C-C), and sandwich composites are covered in Volumes 4, 5, and 6, respectively.

3. The information contained in this handbook was obtained from materials producers, industry
companies and experts, reports on Government sponsored research, the open literature, and by
contract with research laboratories and those who participate in the CMH-17 coordination activity.
The information in this handbook has undergone vigorous technical review and was subject to
membership vote.

4. Beneficial comments (recommendations, additions, deletions) and any pertinent data which may
be of use in improving this document should be addressed to: CMH-17 Secretariat, Materials
Sciences Corporation, 135 Rock Road, Horsham, PA 19044, by letter or email, hand-
book@materials-sciences.com.

ACKNOWLEDGEMENT

Volunteer committee members from government, industry, and academia develop, coordinate and review
all the information provided in this handbook. The time and effort of the volunteers and the support of
their respective departments, companies, and universities make it possible to insure the handbook reflects
completeness, accuracy, and state-of-the-art composite technology.

Support necessary for the development and maintenance of the Composite Materials Handbook (CMH-
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CMH-17-4B

Volume 4, Table of Contents

SUMMARY OF CHANGES
Chapter Section Title Change type / Proceedings
Cover and Foreword Ottawa Accelerated YPs
(8/08)
1 Guidelines
1.1.6.1 Figure 1.1.6.1 Mechanical Property Notation Ottawa Accelerated YP
(8/08)
147 Definitions: Batch (or lot), Lot New/Revised - Ottawa PMC
Accelerated YPs (8/08)
1.2:.3 Matrix materials Revision - Monterey (2/03)
Sections 1.2.3.3.2 and 1.3.3.3.4 are new
124 Reinforcement materials Revision - Monterey (2/03)
Section 1.2.4.3 is new
1.2.6.2.4 Squeeze casting and squeeze infiltration Revision - Monterey (2/03)
1.3.25 Data documentation requirements checklist Revision - Monterey (2/03)
1.3.4 Continuous fiber reinforced MMC constituent ma- New — 7/2013
terial properties
1.3.41 Screening New - Monterey (2/03)
1.34.2 Acceptance testing of composite materials Revised heading - Monterey
(2/03)
1.3.5.1 Screening New - Monterey (2/03)
1.3.5.2 Acceptance testing of composite materials New - Monterey (2/03)
1.3.5.2 Composite corrosion properties test New - Monterey (2/03)
1422 Compression Addition - Cleveland (7/02)
14.8 Environmental effects test methods New outline - Monterey
(2/03)
1.4.8.1 Corrosion and corrosion test methods Revised - Atlanta (11/05)
1.4.8.1.1 Static neutral spray salt
1.4.8.1.2 Corrosion testing, cyclic
1.6.2.1 Tensile tests Revision - Cleveland (7/02)
1.9.25 Fatigue crack growth New -7/2013
2 Design Guidelines for Metal
Matrix Composites
2.3.3.1.3 Residual stresses New - Atlanta (11/05)
2.3.3.14 Fiber-matrix bond strength New - Atlanta (11/05)
2.3.3:1.5 Overall inelastic strain New - Atlanta (11/05)
2333 Macromechanics New - Atlanta (11/05)
2.3.3.3.1 Effective elastic properties
2.3.3.3.2 Effective strength
2.3.3.3.3 Creep
3 Materials Properties Data
3.2.6.2 SCS-6 Fibers New - Cleveland (7/02)

xiii



CMH-17-4B
Volume 4, Table of Contents

Chapter Section Title Change type / Proceedings
3.2.6.3 SCS-6 Fibers New — 7/2013
3.8.1 Introduction Revision — 7/2013
3.8.2.2 TRIMARC-1/Ti-6Al-2Sn-4Zr-2MO wire/fiber Revision - Monterey (2/03)
wound plate
3.8.23 SCS-6/Ti-6Al-4V New — 7/2013
Appendix A Typical Pushout Test Data
Appendix B Raw Data Tables for Matrix Materials
Appendix C Raw Data Tables for Metal Matrix
Composite Materials
C4.2 TRIMARC-1/Ti6-2-4-2 (Section 3.8.2.2) Revision - Monterey (2/03)
C4.3 SCS-6/Ti-6Al-4V (Section 3.8.2.3) New — 7/2013

Xiv



CMH-17-4B

Volume 4, Table of Contents

PARAGRAPH PAGE
TABLE OF CONTENTS

FOREWORD.......cociiiiiiiie ettt ee et eeeeieiee e essteessaae e eesanae s esbase s e aamse s e e esa b et e e s bt e e bss e e e e s e s e amns e e bn e e enbe s e b es ii

SUMMARY OF CHANGES .......oooiotiieie ettt e et e e ettt e e st a e e st e e e eamae e e e e e e aanneeessmaeeeeeeneeeeeannnaes Xiii

T GUIDELINES :.cvusisisnusasumsassssnmnssssiosossssnassssrsnvoassassssansassssssnasasssss ios aisess sassissssaississsnssssosmsissssssssasossnasammas 1

1.1 GENERAL INFORMATION ......cccoummmmnnnsmmsmssanmosmussises ssisiasinnssesimes ssiassmesis s sisssdam s vasassavevions sssusssnss 1

1A INTRODUGTION..... ocoimsammmisssnssmimsssasmmss saniaisms sissiasn massssamss Siisssssmiiss sveuensssvisisss sossasaas 1

T2 PURPOSE. ... .cicscunsmnrmsunssmmssnsmmsssssasssasssssssss aisys o sioss e So s Foes s s eenssiss sioissas s SR e seusiesnas 1

VLB SCOPE . csmsmnvirmenmsmmnmsnammsis s nsis 454353 o505 5353 55 6365555756530 s0 ¥ s s PV S OSBRSS SR AT SR SHSR oSN TRa b 1

1181 ‘SECHON 1 GUILEIINES  rsuvserssrsvsnssimssasmenesms s s esidsm s54ss 5imssse a8 paes0s s BanagaDas 2

1.1.3.2 Section 2: Design Guidelines for Metal Matrix Materials ............ccocecivviiiiiiiinnnnn. 3

1.1.3:3 Section 3; Material property data. .o asssimmusrssisismsssssismssisavmissssassssissssss 3

1.1.4 USE OF THE DOCUMENT AND LIMITATIONS .....cooiiiiirieinieies e e enne e 3

1.:1:4.1 Source of iNFOrMALION «.:wmsmaravisisissimnsmsiniarimstsrosios i irmaseRevinsF e 3 FEsET9 6 S RSTE IR 3

1.1.4.2 Use of data and guidelines in applications ..........cccccccoiiiiiiiiiiiiiiciiiie e 3

1.1.4.3 Strength properties and allowables terminology ..........ccoocuviiiiriiiiciiciiiiiiree e <4

11.4:4 USE OF TETOTEMCES wruscuscsisssssssssmmismsnemusmvisnassssvsssmsessnt sssamvs susine SE5a s mei S5 a0 80355 HeES0HTTR 0SS 4

1.1.4.5 Use of tradenames and product NAMES .........cooiiiiiiiiiiiiiiiieiiniieee e 4

1.1.4.6 Toxicity, health hazards, and safety .........ccccoceiiiiniiiiniiciinicrc e 4

1.1.4.7 Ozone depleting ChEMICAIS ...« s smvssssnsasssrisissssessssssssssissssssssasssansuaissssssssissas sansss 4

1.1:6 APPROVAL PROCEDURES :::.scississwssissssmssinisinsesssosssssassassssssissssussssnssoesvainsdessessaassasossass 5

1.1.6 SYMBOLS, ABBREVIATIONS, AND SYSTEMS OF UNITS .......cociiiiiiiiieiimiieeeciie e 5

1.1.6.1 Symbols and abbreViations....:.:sssmmsssssssssmsssenmssemsamiassmmsssssssiessimssame srsmames 5

1.1.6.1.1 Constituent Properties ............ceieiieiririiiie e e 11

1.1.8.1.2 Laminae and laminales wuwmasammiesmemessmasssmansusssusivosiososs s 11

1:1611.3 SUDSEHPIS cosommmsemmsssimmusinmbesmumss s sssmendes s sladesdia s 12

1.1:6.1.4 SUPETSCIIPIS csissssuasimsnsnisssssssasssissssssnsessass ssasssrassniss sosassmass sasesasssmisniess 13

1:1.8.1.5 ACTONYITIS c.srvsssssnssnessssonamssssnssssssstsmesssssssisansssisissssssisssaasisssmnsasmost vases 13

1.1.6.2 Material SYSIEM COUES ........umiiiiiiiiiiieiiiie ittt e eeete e e e e e e e e eeeeeeaaeseaeeaaaaaaaaaenes 15

1.1.6.3 SyStem Of UNIES ...oeieeiiee et aee e e 15

1,17 DEFINITIONS ..ottt e e et e e e s e e e s e e s e ssnsaeessaneeeesnnseeennneeaemsnes 17

REFERENGCES.......coii ittt sttt e e e e e s s s e s st e e s ees s e s eaneeeenineas 31

1.2 INTRODUCTION TO MMC MATERIALS ......oooeiiiiit et ae e e e e e e se e e e samnneas 32

1.2.1  INTRODUCTION. ... .ooiiiieiieeiite ettt e e s e e ease s e e ssaseaeesnssaneseassneesenssnneseesnnseees 32

1.2.2  MMUC SYSTEMS ...ttt e e s e s et e e st e e e s s et baaaeaeannneesenesnnesesnnneeas 32

1.2.2.1 Systems definitioNS .........oiiiiiiiii et 32

1.2.2.2 Distinction from other materials/cCompoSHteS........cccociiiiiiriiiiiieiiiiiieeeeee e 32

1.2.3  MATRIX MATERIALS ... .ottt essiase s st e e e ibsa e s e s eabaa s e s st baae e e s asaseabsnaeee s bnnaans 32

1.2.3.1 Role of matrix Materials..........ccoeiiiieiieiiieie e e 33

1.2.3.2 Forms of matrix MaterialS...........ccooieiiiiiiiiiiiiiiciei it e e e 33

1.2.3.3 Types of MatriX MaterialS........ ..o 34

1.2.3.3.7 AIUMINUML o e e e e e e e e e e ee e e e e e e e e s asaeeaeaaesees 34

Pi2:BeBi 2 O PO s nimoowanins v s amiins sa 455544 5m 6655 i 5 i R b o s S 36

e P e I | o T L AR 36

1.:2.3.3:4 MAGINESIUNM :.xiiss0sssmmmsssssmimsssassisisses sssssmmssisssmmsassasssmmssss sassosiasso sassssansis 36

T2.3.3.8 INICKLc.cssssmisnsssssivssoimmsamrsssnussssssnasssssssisisussmesssosisdssssaissivsssanssivsamonsasiss 36

1.2.3.3.6 THANIUM oo e e e e e e e e e asasannees 36

124 REINFORCEMENT MATERIALS . uomvmanmssansmmmmsnsmamsisam st s ssinistoeaosis s sass 36

1.2.4.1 Types of reinforCemMent ............coiiiiiiiiiii e e 37



CMH-17-4B

Volume 4, Table of Contents

PARAGRAPH

1.2.5

1.2.6

1.2.7

1.2.8

1.2:9

PAGE

1.2.4.2 Role of reinforCemMENt .........cocuieiiiiiiiei i e s 37
1.2:4.3 ‘Composition of reinTorCEMENt.cu wmssmusmmmnnsasms it srscammmsmsasas sy 37
REINFORCEMENT COATINGS ...ttt s e e 37
1.2.5.1 ROI€ Of COALINGS ...ooeiiii it e 37
1.2.5.2 TYPES Of COALINTS .. ereiiiiiiiiiieeet et et 38
MANUFACTURING PROGCESSES ........cooiiiiiiii et e e enmns e 38
1.2.6.1 Overview and general information ............ccccooiiiiiiiiiiiiii e 38
1.2.6.2 Assembly and consolidation ... 38
1.2.6.2.1 Powder blending and consolidation.........ccccccoeeviiieniniiimnncaniinen. 38
1.2.6.2.2 Consolidation diffusion bonding.........ccccceeieiimmemimiiiiiei e 39
1.2.6.2.3 Vapor deposition ...........ceiiiiiiiiiiiiiiie e 39
1.2.6.2.4 Squeeze casting and squeeze infiltration ................ccocovviiil 39
1.2.6.2.5 Spray deposSition ..........ccoirieiiiiae e 39
1.2.6.2.6 Slurry casting (compocasting) .........cccuvueriiiiiiiiniiiiii e, 40
1.2.6.2.7 Reactive processing (in-situ COMPOSItES)......ccuveeeuieiiiiiieiriiiiiciiens 40

1.2.6.3 Thermomechanical ProCeSSING........ccuiiiuiriiiiiiaciiee et 40
1.2.6.4 Near net shape manufacturing ProCeSSES.......ccuiiiiiiiiiiiriiiiei e 40
PRODUCT FORMS ....ootiiiitiitiee et eesiteesieeemeeassseeessessamseesmsea e eeesaaeesnbeesssnessanesennessnasesnanees 40
1.2.7.1 INEEIMEAIALE........eeeeeeee et 40
LIV S =T 2 To F- T o O P 40
1.2.7.3 Selectively reinforced COMPONENTS ........ccoviiiiiimiiiiiii e 40
SECONDARY MANUFACTURING PROCESSES..........ccooiiiiiiitieeirec e saneas s 40
1.2.8.1 Overview and general information ... 40
1.2.8.2 FOIMUNG. ..oiiittieieie e eee ettt e ettt e et e eae e eae e s e me e e saeee e esae e sste e sseeensne e sreeemneaenanessinesns 40
1.2.8.:3 MACKINING -cvecreennererremserremansmmmsnmmoerssacnsssssnmsrmessnarsmsnensassssnoss s sabbesssiisasssninissonss sasssss 41
1.2 88 JOUMING +.enernsennrsemansonsnsrmemssonmsmmnnasinmsssoi sisins s5snsss 5355543 254504385 £37 004 TATRSHHS SR ERAR RS 41
1.2.8.4.1 Qualitative assessment for MMC joining methods ..........c.ccccceniirinnn. 41
1.2.8.4.1.1Qualitative performance assessment.............cccccccvvvvvereneninenns 41

1.2.8.4.1.2Joint adaptability, applications and selection.............c............ 41

1.2.8.4.2 Potential issues in joining MMCS..........cccooiiiiminiiiirierceeeeeecie e 42
1.2.8.4.2.1Solidification effects ..........ccsmmimmiermmimmmmmsmosie i 43
1.2.8.:4.2.2Chemical FeaCHONS v cuusum s siussssssivamm s vasassssssimssssasmevans sirssss 43

1.2.8:4.2.3J0Int PreParation sususrumisesmesissssassisssivissisasisisasamsiss s sdosessss 43
1.2.8.4.2.4Post-joining heat treatment ............ooooiiiiiiiniiiiiiiiiiiciie 43

1.2.8.4.3 Classification and discussion of selected joining methods.................. 43
1.2.8.4.3.1Inertia friction (IF) welding.........ccoccvieviiiiiiiiiiciec e 43
1:2.8:4.3.2Friction stir (FS)Welding ... sususssssmsmmssamssmmsussssssimiosassins 44

1.2.8.4.3. 3Ultrasonic (US) Weldirig ... ccssmsmmsessssssssossmmsssemsssspspsaeysnsress 44
1.2.8.4.3.4Diffusion bonding (DFB)....c.c.ccovviiiiiiieiiiiciiieceeeee e 45

1.2.8.4.3.5Laser beam (LB) WeldiNg ..soesoessmonmismmmremmmsmusesssms svoas 45
1.2.8.4.3.6Electron beam (EB) welding.........ccouveeeieiiiciinieiee e 45
1.2.8.4.3.7Gas-tungsten arc (GTA) welding...........cccocvviiiniinciinninininnnens 45
1.2.8.4.3.8Gas-metal arc (GMA) welding..........oooevvieniiieiniieieiiieee e 46
1.2.8.4.3.9Resistance spot (RS) welding .......cccovvvviiiiiieniinninciiiee e, 46
1.2.8.4.3.10Capacitor discharge (CD) welding .........ccccccviiiennnivenencenen. 46
1.2.8.4.3.11BraziNg (BZ) ..covcveeveieereeeererseesieisesessssesessesssnssssesessessesessenseses 46
1.2.8.4.3.12S01deriNG (SD)...eeteiieieiiieieiceeee et 47
1.2.8.4.3.13Adhesive bonding (AB) .......cccciinmmmmmisinnmimnimnsmesmsiiessmes 47
1.2.8.4.3.14Mechanical fastening (MF).........c..ocooiiiiiiieeiiieieeeieeeeeeeeeees 47
1.2.8.4.3.15Cast-insert joining (Cl) ......coovieeiiiiiiiciiivrvie e 47
1.2.8.4.3.16Transient liquid phase (TLP) bonding ........cc.cccovcviviicinnnnen. 47
1.2.8.4.3.17Rapid infrared (RI) JOINING ......ccccviviriiiimniiiiiiiiiininiineieniienens 48

1:2:8.5 Thermal WeAtTONt «ueuesmsmsmsmississismusmmamassosmsvsonsrisvisssmss siea s s e 48
1.2.8.6 Coatings and surface treatments..........cccccooeiiiiiiiiiiiciiiicce e 48
QUALITY ASSURANCE ......coouiiiiitiitiie sttt ettt e saee s s e s ekaesesseesseessbeeaens e snnesabneans 48



CMH-17-4B

Volume 4, Table of Contents

PARAGRAPH PAGE
1.2.9.1 CONSHIUBNES ....coiiieeieee et e e e eae e e 48
2R I o = o] 1 o ORI 48
1.2.9.3 FiINAI PrOAUCT ......ceiiiieiie e ettt er e eae e e 48
1.2.9.4 Statistical proCess CONTIOl .......ccccviiiiiiiiiiiiiinie et et snean 48

12,10 REPAIR .ttt et e e e e eesae e e nne s e masaeesmsesaenneseesesenens 48
T.2.00.T  INmPIOCESS ...ttt et e e et e e s e s ae e s e e e e e e s e seeaeeeeeanneeens 48
T.2.10.2  IN=SEIVICE ..ottt e e e e e st e s an e s e e e e e e sneens 48

REFERENGES ...... ..ottt e et e e e e e e e s e s e s me e s e eam e s e samaesesanneseeneneeeenn 49

1.3 TEST PLANS FOR MATERIALS CHARACTERIZATION ........oooiiiiiiiieciiiee et cevee e e 51

1.3.1  INTRODUCGTION. ... .ottt et e e et e e et e e e et e e e s eaaeesesensaeeeetneeessnaeaeeenns 51
1230101 ODBJECHVE ...ttt e e ere e enn e 51
1.3.1.2 Classes Of AAla .......c.coiiiiiiiiii et 51

1.3.2 REQUIREMENTS ... .ottt s e et s e e s aaae e e s enstne e e e snmsessessnneneeean 51
1.3.2.1 Test method SEIECHON ........ccoiiiii e 51
1.3.2.2 Test conditions SEIECHON............ooieiiiiiiiii e e 52
1.3.2.3 Specimen number and SAMPIING .......ccooiiiiiiiiiieeceieee e e 52
1.3.2.4 Specimen PreParation...........ccociii it br s e s s e e enns 53
1.3.2.5 Data documentation Requirements Checklist ..............ccccoooviiiiiieeiiiiiiciiiiieee . 58

1.3.3  MATERIALS PEDIGREE.......ccciiiiiieiiiiiiiceiiiiiete s sssiaie e s s e sissaabess e s e s e s asnsasbrasssessanesnnsnes 64
LIRCTRC T I (=11 g1 o] o710 4 [T o | OSSR 64
1.3.3.2 ReiNforcement SIiZiNg ........ccoooiiiiiiiiiiiiiieie e e 64
1.3.3.3 Reinforcement coatings........c..ueiiieiiiiie e 64
LG TR R 1V = () SRS 64
1.3.3.5 Intermediate forms characterization ...............ccccovveiiiieiiiiiieeee e 64

1.3.3.5.1 Metallized fIDErS.......ceuvieieieeee e 64
1.3.3.5.2 MONOIAPES ...ccceiieii ittt ettt s 64
1.3.3.5.3 Lamina other than MoNotapes...........coccuieieeiieiee e 64
1.3.3.5.4 Specialized fOrmMS ......c.coviiiieiieecieece e e 64

1.3.3.6 Composite MaterialS.............cueueieieeieiiiieiieee e 64

1.3.4 CONTINUOUS FIBER REINFORCED MMC CONSTITUENT MATERIAL

PROPERTIES ......oooieieiieiitiie ettt eeeseaeeeae e e eassaee e e e e e s ssssase e eseeeseenesassnnnneeeeeseennnnes 65
1.3.4.1 Static property data ClasSeS.........cvuiviiiiiiiiiiiiiiiece e 65
1.3:4:1:1 SCreening Qatal ... iivuiwvomisiwemsnssassassism sasmmeesssmsssmsnmasmiossms s s smntnsnemmsensnmes 65
1:8:4:1:2) MEAMN AR :csissmammssvessmminssmsn cimsasass s sasmesssass s FA4HTHoT 0Fs s Fa0aR FHRFFAR 455 65
1.8:4.1.3: Fully approved data ... iuswisssmmssmenminmsssssmsms sessssivm i musismmiissss 65

1.3.4.2 Composite fatigue properties tests ..........coovviiieiiiii i 67
1.3.4.3 Composite thermal mechanical tests............ccocoiiriiiiiiiiii e 67
1.3.4.4 Composite physical properties tests............ooooiiiiiiiiciiiiiii e i 68
1.3.4.5 Intermediate forms characterization ..............ccccovieiiiiiiiciiieeeee e cvees:108
1:3:4:5:1 MetaliZed NDEFS cusuossmusnsssmmessssnsamamsssssssmsssimsssmssssmbatmasssw i s s 69
1:3:4:5:2 MONOIAPES iisssssunsssvsssivsnssvossnsssnsss isnimess st desssanasssasasvisoissmas it ssnssing 69
1.3.4.5.3 Lamina other than Monotapes..........cccoeoveiiiiiriiiiieinee e 69
1.3:4.5.4 SpPecialiZed TOIMMS ..o wmrimrmismsminrembsmvevesmiermsserrssrvsn s 69

1.3.4.6 Constituent characterization ... 69
1.3.4.6.1 Fiber properties testS.....ccviiiiiiiiiinieeir e 69
T.304.6.2 IMALTIX . ..eeeeeeeee ettt ettt e ettt e e e ee e et e e nnaen 70

1.3.5 DISCONTINUOUS REINFORCED MMC & CONSTITUENT MATERIAL

PROPERTIES ....oueusunsesnnmsmsamsnnsissssnissssssss s snsnsnssnsssssss mussisiss s isassns s smassinio s st sissss 71
V.38 SCIOOMIMG - vmenessvmsisnssississsns svarasssiminesss o5 555 wes s o5 58 53758 ¥ 565934 15 558155 F0003 SRR TS 50 RN RIE T0HST 71
1.3.5.2 Testing requirements for fully approved data............cccceeiiiiiiiiiiiiiiieeees 71
1.3.5.2.1 Composite static properties teStS ..........ceuvviiiimmiiiiririiiiiiieieeeeiiins 71
1.3.5.2.2 Composite fatigue properties tests.........ccccccverriiiiiiiiiiiiniiiiieic e 71
1.3.5.2.3 Composite thermal mechanical tests ..........cccccviiviiiiniiiniiinc, 71
1.3.5.2.4 Composite physical properties tests...........ccoomureiiiiiiiiiiiiciciee 71

Vi



CMH-17-4B
Volume 4, Table of Contents

vii

PARAGRAPH PAGE
1.3.5.2.5 Composite corrosion properties tests........c.c.ccocveiiiiiiiiniiiniiiiis 71
REFERENUGES............cenmsorosarmesssonswrs snsmnsaninsssssss S5 5 5isassismisialsssd Eousaisassassts s siss e 60t 43385 0 0ivinan 72
1.4 COMPOSITE TESTING AND ANALYTICAL METHODS ...ttt ciiie e 73
141 INTRODUCTION.......cocneremsennemmsmnsmnmmmnnnsssssssssssssansis s insiins masissuss sraomavisssiassiissssassasasesnisse 73
1.4.2 CONTINUOUS FIBER REINFORCED MMC MECHANICAL PROPERTY
TEST METHODS...... .. ciminimnommmmnnnis smnassss shiacsss snisasinss i esvisns v russioisssissoss sss ssssibass s sassisess ivana 73
1427 TONSION ... ersmnmmmwnsmnnmmsmmmmnssrosom smaisss s 455 8 3 TS5 T4 G5 E6 T SS9 F A P RS SRR SRR S H ST R SNHE 73
1.:84: 2.2 COMPIESSION....«eneerrremsmmnnsmanmsis snrmmess s’ i555 45553 5558 w33 73 5 HE SIS HE AT SRAS S AP ER S SRS AT RS 73
1.:4.2.3 SHEAL (IN-PIANE) .cewonsmeronervermssnmmnsmnssseasssnsis satasmss s 5o sosasamaae RS (vssspeses FHaEFeasasassas 74
VA28 FAHQUE. «..mmnmneromecnomsmmmenssmmnmss s s smss 55454435555 50550 55 085S RV HIRH T SR O SRR S H O RORSHNA S S 0808 74
TiB.2.8.71 SCOPL ..vvvnresensmnronsnsansssnsussnsssisssssssns 4654xisi5 545 ENssFSHHTNTRTRE ST S oHAHISIRRIRTE IS NSRS 74
1.4.2.4.2 SPECIMeEn AESION ...c.csuuwisisssrmisssusssenssionsssspinsssassinsss susioss asississssssasssvsssas 74
1A.2.4.8 WAVETOTTINSG ... covcscsinsavasisonesvnsssedss s5555 505845 s eaiiss s 4u8s #6¥ (5 FoTsuuvassasomeswaaavans 74
14.2.4:4 CONOl MOAE...cuouommissmsmsnnism mnavasmavesssissmsiness s rovsissamesssessss s sssmsens 75
14.2.4:5 COMPIESSIVE I0AAING = susswsusssvmvsmnasivaissnyisns seseioms ssess i8558 0658 STes 05 b sty 75
1:8:2:4:6 FaIlUTrS:.. . comsveveisiersassmmsrmssimavavsnssanssimssnsss sinsamssosansssi s s5aseasmiases sssinasevs s 75
1:4.2.4.7 DatA TOPOTHNG civioussssnsvonsvsssmnssssasnvivsesssnss ssseueses ssaaasas sasesinsadidse misivsies eoiles 75
1.4.2.5 Fatigue crack growth rate ...:.; cesssimsmssssissrssmssisssss stpsossussassmamsssns sasmernsoasisverarass 75
14.2.6 Creep/SIeSS TUPLUIE wicvv.siissimsssrasssvissssssssasssssssssnssisnsosssssssssmssisstsnsssasssasssserassonans 80
14.2.7 Pin bearing 1eNSION «ssssiswissssssssssinisminsiomassssisassssstssssasmssssismssssssnasivisss sas sars fanes 81
1.4.2.8 Pin bearing COMPIrESSION «s-s::vsssmsweissssvscsssssssssssassss sirssssasssssssomsssnesiaasssssnsarsagonsss 81
1:4.2.9 Filled ROle TeNSION .cuisvinsssinssmmarsissnmassivsssmionsssstasessisaiossisasisieiasiaisisrasiassssnssiss atase 81
1.4.2.10 Open hole tension/notch SeNSItIVILY ........ccooooriiiiiiiiiiii e 81
1.4.2.11 Flexure (three-point DENd) .. :wsmssissmssmsssssmiassossvossssssupas savssssssasssssssssanvansss 81
1.4.2.12  Filled hole COMPIESSION.......cuimiiiiiiieieiee et e et ee e e e ee e e e 81
1.4.2.13  Fiber pUShOUL eSS .....oiiiiiiiie e 81
1.4.2.13.1Background .........cooiiiiiiieiiiiie et 81
TAA.2.13.2GENETAL.....ocoeiieiieeeieeeeeee e et e e eee s 82
1.4.2.13.3Description of the method ... 82
1.4.2.13.4SignificanCe and USE ..........oooiiiiiiiiiiiieecieee e 83
142135 APPATATUS ...t e e e 83
T4.2.13.6INAENEET ... e 85
1.4.2.13.7SUPPOIE PIALE ...ccoeeiieeiieeeeeeeeeee e 85
1.4.2.13.8 ACOUSLEIC EMISSION SENSON ..ccceiuiviieieieeeieiieee e e e et e e e s 86
1.4.2.13.9DiSplacemMeENnt SENSOT ........cciiiiiiiiiiiiiier it er e s e ssnree s 86
1.4.2.13.10 Remote viewing using a microscope/camera...........cccccceeenneee. 87
1.4.2.13.11 Test specimen preparation............ccoeeeiveeineee e 87
1.4.2.13.12 TeSt ProCEAUIE ......ooiiiiiieee e e 88
1.4.2.13.13 Effects of environment ... 89
1.4.2.13.14 Analysis Of reSUIS ..........oooiiiiiiiiieeec e 89
T.4.2.14  MiICTONAIANESS ....eeiieiiiieeieeeeee et e e et e e aneseaeeeeneeaaaaan s 92
1.4.2.15 Thermomechanical fatigue (TMF) (in-phase/out-of-phase)...........cccccceevvevnine 92
T2 15, TSCOPE ...t e e e e e e e e e e e s e e e ennnaeeae s 92
1.4.2.15.2 SPECIMEN AESIGN ..coierieeeriieieeecierie et s 93
1.4.2.15.3 Temperature control and measurement ...............ccoooiiiiiiiiiiieiiiiieeeean. 93
1.4 2. 15 AMNAVETOTING .ssssvwnsnssnvonawnss nsanavassssinsmsssssinsssssnmsssest o s 555 6 sas savavsEFaRssRISHS 93
14,2 15, 5 PRASING ..ottt et e e anae s 94
1.4.2.15.6 Pre-test measurements ........cccuuvieieiiiiiiiiiiices e s 94
1.4.216.7Starting the test ... 95
1.4.2.15.8Data repPOrting ...cccceerireiicciiicii bt e e e e e e e e e e aeanannena s 96
1.4.2.16 Residual strength and StiffNiess .......cccouiiiiiiii i 96
1.4.2.17  Bearing faliQUe ......cceiii i e 96
1.4.2.18 Open hole fatiQUe ......coooiiiiee e e 96
1.4.2.19 Filled hole fatiQUe.......ccooeeeeeeeeeeeeeee et e e 96



CMH-17-4B

Volume 4, Table of Contents

PARAGRAPH PAGE
1.4.2.20  CoOrrOSION fAIGUE ..ot e e e e e e ae e e e 96
1.4.2.21  Stress COrroSion CraCKING ......ocveeeuieriieeeieeeieeeeeeeeeetee s e eeeee e e e eeeaeeeeeeeeeereen 96
V222 WNBBI ciscuinssamsssmumsvsmss umisinss susaiasssivassnsns sssmonnnsansesnsrassmsns e mens waas esan sones sms it smaissssese 96
14223 IMPACL.ciusimisimnsmmrummimnomsssmassiim s rsmmsssrsrasenssassnsres sonssmms sxmsssns vesimssessmren 97
14224 DAMPING ciuoisussuriossssisossisesssovsssssmsisntsnmmsinmmmmesnessssersminsesssen smermsensrreasvsmmasesssasses 97

1.4.3 DISCONTINUOUS REINFORCED MMC MECHANICAL PROPERTY
TEST METHODS - cicisicmsiamsmissssusiiassmsns sess dusmnsasmnnensasmmamsmmsmsssamons sessmansmimmamisssessass sosssssseses 97
- S5 o [ 11 11 O 97
1.4.3.2 COMPIESSION. ....ciiiuiiiiiiiuieiititeseeeereesseesseesseesesrsssesessbeessesssessssansesssessressnessressesene 97
1.4.3.3 ShEar (IN-PlANE) ...cc.euiiiieiiiieeieeee et e e e e eneeeeeeeane 97
1.4.3.4 Fracture t0UGNNESS......ccccciiuieriie et st s sabe s er s are s sbesenaes 97
1438 FAHQUE : s.umssncnsssrssssuussossssssiasssssas smmis snsvassmoansansonsive naswsssnmse smmsensso s on s susssmsssnaseseon 97
1.4.3.6 Fatigue crack growth ...........cooiiiiiiiiiiiei e 97
1.4.3.7 Creep/Stress FUPIUIE .....ccoiiiieiiiiiee ettt et e eeeae e e e 97
1.4.3.8 COrroSioN fAtIQUE ........cccveriviiimnirinmiesiniiisiinreinseereeessreressssssessssssnsesssssssmsesssssmseseeen 97
1.4.3.9 Stress COrrosion Cracking ........c..coceviieriieiieiiieiiieieeie e et e seeeeseeeneeeeee e seneeeeeses 97
TiBBiN0  WWIBAIE cusus0 vvmrsinsisseins o s sins daasusiism s easars s s sins i immensanemensn sreas s rasmeas mrrr v s mars SRR Oeen 97
LI <A 5] o= o O O OO 97
14.3.12  DAMPING sinvisissssvsssssimmnascnsisssssnssmosones ss5itsionsnnmesossnsemerssnsenssamsssnnsnmessasssssnnssmses see 98
144 PHYSICAL PROPERTY TEST METHODS........ccociiiiiiciiieiie e sesre s sseseesessaee s srenesenees 98
I 3 g B 1= (7S Sy s P 98
1.4.4.2 Fiber volume fraction ..........cccoeiiiiiiiiiir it s s s aae e s esrees 98
1.4.5 MICROSTRUCTURALANALYSIS TECHNIQUES .........oooiiiiiiieeecieeeceeeeeee e 98
1.4.5.1 Titanium matriX COMPOSIEES ....cccuuiiiiiiiiiiiiiiiiee et s e 98
1.4.6 CHEMICALANALYSIS TECHNIQUES .......cccooiiiiiiiiiieieice et 100
1.4.6.1 Analysis of carbon and SUIfUT...........ccc.ccoveiiiiiiiiiec e 100
1.4.6.2 Analysis for oxygen and nitrogen by inert gas fusion..............cccccevveeviieiicciiienens 101
1.4.7 NONDESTRUCTIVE EVALUATION TEST METHODS ........cccoieiiiectieeeeieeeeceeeesveecnveens 102
1.4.8 ENVIRONMENTAL EFFECTS TEST METHODS. .......cccooiiiiiieiiiieceieeciie e 102
1.4.8.1 Corrosion and corrosion test methods..........c.cccoceiviiiiiiieciiiie e 102
1.4.8.1.1 Neutral salt spray (fog) .....ccouueiiiiiiriiiiiir e e 104
1.4.8.1.2 Corrosion testing, CYClIC.........coovriiriiiieeiiiiieecce e 105
1.4.9 INTERPHASES AND INTERFACES TEST METHODS..........cccciviiiiiiieciiie e 106
REFERENCES ... ...ttt e et e e e e s e e e ass s e e e sanaa s eas e s eansseeesenneeeanes 107
1.5 INTERMEDIATE FORMS TESTING AND ANALYTICAL METHODS. .......ccccoooiiiieeicinieeeercrieeens 112
1.5.1  INTRODUCTION. ... .ooiiiiiiieeiie et ettt s e e e e s e e e s aae e esmeesensneesensneseeseamsnseseennsaeeean 112
1.5.2 MECHANICAL PROPERTY TEST METHODS.........ccoiiiiiiciiiii i e ce e s csisesesscnneas 112
1.5.3 PHYSICAL PROPERTY TEST METHODS. ...ttt 112
1.54 MICROSTRUCTURALANALYSIS TECHNIQUES ........ccoovciiiiiiiveerceeeiiiieees e cenienens 112
1.5.5 CHEMICAL ANALYSIS TECHNIQUES ...... .ottt 112
1.5.6 NONDESTRUCTIVE EVALUATION TEST METHODS .......ccooooiiieieeeiieieeecccieee e 112
1.6 FIBER TESTING AND ANALYTICAL METHODS ... 113
1.6.1  INTRODUGCTION. ....oeiiiieieieeeete e et eeee e e et eesases e e easeceesenseesessssasenessssaseeassnssesseanbes 113
1.6.2 MECHANICAL PROPERTY TEST METHODS........ooiiiiiiee e eeeeee e 113
156: 2.1 TENSIIE LESES uuvisivinsisssmunssssirs ssiseinst sasiassssissississ ssssosmvnmmsasasnsimmnnmnsnsnsras snssxsmnennssesns 113
1.6.2.2 Creep and Creep TUPLUIE. ... u..cvsasavssssmssansssnssiessimssans smaisionssisnmissisavsminaivre siss svpioaniss 114
1.6.2.3 Bend stress relaxation susmssasssssississsssissamsssssmsssssyss ssssssisissamesssvsissisasissrainios 114
1.6.3 PHYSICAL PROPERTY TEST METHODS....... oottt 114
18.3.1 DENSitY summsssmmmmuusrismesnsrsinsmapssasonsssssnsssens sansssanmissssismsssss5ag0msas sFaasss sss sosasanesiusss 114
1.6.4 MICROSTRUCTURALANALYSIS TECHNIQUES ........ccoiiiiiiiiiiieieeieie e 114
1.6.5 CHEMICAL ANALYSIS TECHNIQUES ..ot 114
1.6.6 ENVIRONMENTAL EFFECTS TEST METHODS ...t 115
REFERENGCGES ....... ..ottt ettt e et e e st e e e e aeee e e eannsneeeeeenneeeennes 116



CMH-17-4B
Volume 4, Table of Contents

PARAGRAPH PAGE
1.7 FIBER SIZING TESTING AND ANALYTICAL METHODS ........cccooiiiiiiiiiiiiin e 117
ToFA  INTRODUGC TION: sosesmssesssnsoissesmmsssnssssmssns sy mmisis s iy (155 5omnos sesssaasevsavasmmssas onnexsans 117
1.7.2 PHYSICAL PROPERTY TEST METHODS.........c.coiiiiiiiiciieeee i 117
1.7.3 CHEMICAL ANALYSIS TECHNIQUES ......c.cooiiiiiiiieiiieceecieceiee e 117

1.8 FIBER COATINGS, INTERFACES AND INTERPHASES TESTING AND ANALYTICAL METHODS118
1.8:1  INTRODUCTION: zsmsssmssssevsmmssassmsmsmmssamsmsm s s s s i sy e smsusios e s soserassass 118
1.8.2 MECHANICAL PROPERTY TEST METHODS.........ccoiiiiiiiiieieecieniec e e 118
1.8.3 PHYSICAL PROPERTY TEST METHODS........cccoiiiiiiiiiiiiecieicie et 118
1.8.4 MICROSTRUCTURALANALYSIS TECHNIQUES .......cccoiiiiiiiini e 118
1.8.5 CHEMICAL ANALYSIS TECHNIQUES ........cocuiiiiiiei e 118
1.9 MATRIX TESTING AND ANALYTICAL METHODS .......ccooiiiiiiiiieiiiiiicie s 119
1.9 INTRODUCTION cirusmississionssnssssssmsussssmms s ms s e s o s ss s 4 55555858 seossmsiiens 119
1.9.2 MECHANICALTEST METHODS ::ssmmmmessssssmssaisamnsseonssgssssssnessne ssms oy sseesss sosegysmsnnssues 119
D201 TOISION sxonsnsnenss usvnonssnsisseesmstmss s s s eSS AP e TR S A RS A SRSV S S AT 119
1.9.2.2 'CrEOP sississunsvasnsssvnnsves sovinsnsnusssssaiod s sisassusyasssosansssossssnassssass sisssnvsi e ssEsass s syassannssnn 119
1.8:2.3 SESE, TOIANATIONY, vuvsmssssssssnsnsnsinsssssinms o35Sy e S SRS S Y Sy it 119
VD28 FATIGNIG csnusismonsonnsnsnnnssnnsesesmsssmesssns s srs s i nma s s A 5 O S By S VSt s e 120
1.9.2.5 Fatigue crack growth ............ooooiiiiiiiiiiiiiiiii e 120
1.9.3 PHYSICAL TEST METHOD ......cciiiiiiiiiiiiiiieiiie i s s sbss s s s 120
RS TR T I B 1= 4T OSSP 120
1.9.4 MICROSTRUCTURALANALYSIS TECHNIQUES .........cooiiiiiieiiicei e 120
1.9.4.1 Microstructural analysis techniques titanium ............ccccoooiii 120
1.9.4.2 Microstructural analysis techniques aluminum .............cccconiiiiiiiniiiii . 120
1.9.5 CHEMICALANALYSIS TECHNIQUES ........ooiiiiiiiiiiiieiiie et s 120
1.9.6 ENVIRONMENTAL EFFECTS TEST METHODS ........cooioiiiiiiiiieiiere e 121
REFERENCES ......ccitiiititiitieeiitesisiesessseasseesaseeaesseeasseeaanssaesseassseeameeeamseeaaseeemeeess e e annessaneeaneeanneans 122
1.10 STRUCTURE SENSITIVE PROPERTIES CHARACTERIZATION ..o 123
1.10.1 INTRODUCTION... ..ottt etiee ettt e et e b e e e me et s ae e st emeenesaen e 123
1.10.2 MECHANICALLY-FASTENED JOINTS ...ttt 123
1.10.3 BONDED, BRAZED, AND WELDED JOINTS ..ottt 123
1.10.4 CURVED SHAPES....... oo ittt ettt e e bt aae e eae e 123
1.10.5 STRUCTURAL DESIGN DETAILS........ccootiiiiieriinimriiis s ssss s s s eenes 123
1.10.6 TRANSITION AND OTHER SPECIAL REGIONS........cccoiiiiiiiie e 123
1107 SIZE EFFECTS ..ottt et sb s s e et s s s st e s nne s nne e nre e 123
1.10.8 OTHER TOPICS ...t ettt ettt e ent e eiee e s e 123
1,11 ANALYSIS OF DATA ....ooiitiieiiitteiieesiiteaatt e sie s sbe e sae e asesaee s sse e e nteesbe e s ess e e eeesabeermbeeeaneenneeeresenes 124
1411 GENERAL ...ttt et b et e e e s e e b et e et ne e 124

1.11.2 PROCEDURES OF CALCULATION OF STATISTICALLY-BASED

MATERIAL PROPERTIES ...ttt e e 124
1.11.3 SAMPLES OF COMPUTATIONAL PROCEDURES .........cccooiiiieniinnieeniiesieeiee e 124
1.11.4 STATISTICAL TABLES........oooteiie ettt nre e se e e meeanneeanae e nens 124
2. DESIGN GUIDELINES FOR METAL MATRIX MATERIALS ......cooiiii e eea e 125
2.1 GENERAL INFORMATION ...ociiitiiimttiitiinneiisirassiresseieane e sseeeseeeesaeeeseeesssanssaesssssnsssssssnssnsssnnnsssnssnse 125
211 INTRODUCTION. ... ..ottt iee et seee et te s ese e s s e e ss e s enseaessaassssesae s sseeenssaeeesmeeeassenas 125
2.1.2 PURPOSE, SCOPE, AND ORGANIZATION OF SECTION 2 ......ccocciiiiiniieeiie e 125
2.2 USE OF DATA ..ottt ettt et e et e e st e s e sbee e same e eane e e s sensseeeaneeeenssensnassreseneeenneeens 125
2.3 STRUCTURAL DESIGN AND ANALYSIS .....oiiiiiiiiie ittt e e ee e enaaeanaeesnaeeene e 125
2.3.1  INTRODUGCTION. ...ttt ettt ettt e e e e e ae e e sae s s ne e sase e e esemeesneeens 125
2.3.1.1 Analysis methodology classifications.............cccccoiiiiiiiiiiiiii e 126



CMH-17-4B
Volume 4, Table of Contents

PARAGRAPH PAGE
PR T BV = = 1 [ o] o =T o < OO 126

2.3.2 GENERAL DESIGN GUIDELINES........cccocseitieiiieieteenie et 128
2.3.3 ANALYSIS APPROACHES (CONTINUQUS FIBERMMC) ........coooeeeeeiieeeeeeeeee 129
2.3:3.1 MiICromMeECRANICS: .. iisiismssimimrmasiniasmivsissonsssenssmmenssressssonsessesssanersvsmsesssssnsessasessesase 129
2.3.3.1.1 General relationships.........c.cccovierieeniee e, 129

2.3.3.1.2 Effective elastic properties............cccveeeveeeeeceeee e 131

2.3.3.1.3 ReSidual StreSSES ......uuiviciiiieieciiee e 135

2.3.3.1.4 Fiber-matrix bond strength ............cccoooiieiiiiiiiecieeeeee e 138

2.3.3.1.5 Overall inelastic Strain ...........ccccooieiiiieeire e 141

2.3.3.2 Viscoplastic constitutive relations .............cccooveeiieie i 145
2.3.3.2.1 Axial tensile reSPONSE.....cciiiiiieiiieiieie e ce et sbee e eae e 145

2.3.3.2.2 AXxial COMPreSsSiVe MESPONSE. ........cccureiireriureeetreerereeseeseeeeseeeenaeeeeneens 145

2.3.3.2.3 Transverse tensile reSPONSE .........ccoocuvueeeeieeeeeeeeeeeeeee e 145

2.3.3.2.4 Transverse COMPressivVe rESPONSE ........evveereeeeeeeereeeeieeeieeeeeeeeeeeseaeeaes 145

ARG G B T = Tor (o4 1o g o [ o e OO R 145
2.3.3.3.1 Effective elastic properties............ccccuieiiceireciece e 145
2.3.3.3.1.1Types of laminates .........cccccveririiiieieiinieiinceceeeeee e 150

2.3.3.3.1.1.1Symmetric laminates.......c..cc.ccvirvimmriniiniinneecenee e, 150

2.3.3.3.1.1.2Specially orthotropic laminates...............cccceccvveveeeennn. 150

2.3.3.3.1.1.3Cross-ply laminates...........cccecverriiinrrinnersnnssesssnennnes 150

2.3.3.3.1.1.4Angle-ply laminates.........ccccevevreereieiiiie e 150

2.3.3.3.1.1.5Balanced laminates...........ccccovevieiiiiiieeiiiieensiinnessennennn 151

2.3.3.3.1.1.60ther specially orthotropic laminates........................... 151
2.3.3.3.1.1.7Quasi-isotropic laminates............ccccccceciivvririciiiinnennnnn. 161

2.3.3.3.1.1.8Laminate effective elastic properties.............cccceureennn. 151

2:3.3.3.2 Effective Srength:...cuwswswmsemsssmavsssmvmssissmsi s s 162
2.3.3.3.2.1Maximum stress Criterion..........c.ccccceeeevvvvvriereieiecciiiieeee e 153

2.3.3.3.2.2Maximum strain Criterion............cccceeeeeriiiiiieieieeeeeeecirene e 155

2.3.3.3.2.3Tsai-Hill Criterion .........cccceeiieiiiiiiiie e 156

2.3.3.3.2.4T8ai-WU CrItEION ....cooiiiiiiiiieie e e e 158

2.3.3.3.2.5Hashin criterion ...........ccooeiiiieiiiiiiiiiiieieeeeeeeeeeeeeee e 160

2.3.3.3.2.6Puck and LaRCO3 criteria...........ccccoeveeeeieriieieieeieeeeeeeeeeeee 161

2.3.3.3.3 CrEP i uiiiiiiiie ettt e e st ree s e s e e e e s e s n e e ee e e s e e s babnraenenananns 163

2.3.3.3.4 Multiaxial €ffectS .......ccoeiiiieiiiiiiiec e 166

2.3.3.4 Damage tOIEranCe ...........coviiiiuiiiiiiiiiiie i e 166
2.3.3.5 DUFADIIEY ....oeeeeie e e e nare s 166
2.3.3.6 Life PrediCtion .........c.oveiiiiiieeceee e e 166

2.3.4 DESIGN GUIDELINES (DISCONTINUOUS FIBER REINFORCED MMC).................... 166
2.3.4.1 MICTOMECNANICS.......eveeeiiieaeeeiiiieie e e et te e e e e et aee e s e e b saeaeseeeeeaeeeasassanaeeeeeanaan 166
2.3.4.1.1 General relationships........ccooiiiieiiiiiee e 166

2.3.4.1.2 Effective elastic properties.........ccocoieeiieiieiiiiiiee e 166

2.3.4.1.3 Fiber-matrix bond strength ..........cccccoveiiiiieniiiieie e 166

2.3.4.1.4 Inelastic mechanisms and damage...........cccoevuieiniiiiniiiiniecie e 166

2.3.4.2 Viscoplastic constitutive relations ..o 166
2.34.2.1 TeNSIlE: rESPONSO ::uwusssssssmsissumsissmusnsvnsassessntsusanssshsss wssasuis ¥ svessavpsmsnsie e 166

2.3:4.2.2 COMPreSSIVE MOSPONSE s vssissssusssisavsosisssmss e s isas ssvss sssesasvissvgssasamissnmis 166

2.3 4.2.8 SNOAT TOSDOIGE suusomernsssss s ssssusisasss st s o548 S s oe s eass s 95553 166

2.34.3 Crack growth DeNaVION . usssosisssissssesasss svssssusasssssisssns sovivesasvs ssisssssvs svvpssmissanioiais 167
2.3.4.4 DUTADIIILY ....oeeeii et e e e e e e e e e s e snnraareeas 167
2.3.4.5 Life PrediCtion .....u.uuiciceiiiiiiieieies ettt 167
REFERENCES ........oooi oottt ettt e e e e 2t a2 e ans e e e s ns e e e eeataeaeeanssaseeennseesennsnseean 168
2.4 APPLICATIONS AND CASE STUDIES.......coii ittt ettt etaere e e e e e e e e e e e 171
241 COMPONENTS FOR STRUCTURAL APPLICATIONS.......cceeiiiiiniieiimee e 171
2.4.2 COMPONENTS FOR TRIBOLOGICAL APPLICATIONS .......ooviiiiiiiiiiierieeeeeee e 171



CMH-17-4B

Volume 4, Table of Contents

PARAGRAPH PAGE
2.4.3 COMPONENTS FOR THERMAL MANAGEMENT APPLICATIONS .........ccocieiiiiiinnnne 171
244 COMPONENTS FOR THERMAL EXPANSION CONTROL .....coooooiiiiiiiiiiiiiiecciineee 171
245 OTHER MISCELLANEOUS APPLICATIONS .....ooiiiiiieiiie et 171

3. MATERIALS PROPERTIES DATA ...oooiioiittieeiietaesiii e eeasiteeaesaee s senaae e s ensae s smne e s smee e sane e sbanessaeaeeeanes 172

3.1 'GENERAL INFORMATION :csuscisssissiviviasssissssssingssonssssssasssssvssssessssssisisass s aisssss s snmmse isasas s 172
311 INTRODUC TION ssisnmmsassonmssmsrivesissinemes somssosses s viss s s s a0 A5 50 005 St s v asswy 172
3.1.2 PURPOSE, SCOPE, AND ORGANIZATION OF SECTION ......ccccouemmiiiiireniicriicniienanns 172
3:1:3 PRESENTATION OF DATA s ssimiiossvimsusssiesssnsesas v sees oo mssmss s saessiasa1ss s s3s5ssessasssonins 172

3.1.3.1 Properties and definitioNS ..........cooieiiiiiiiiiiiieee e 172
3:1.3:1.1 Sign CONVENHION ::isusssssssmssismsumussinsenssssssnsaasvimssmsissrmsisesisamsor 172

18 (NG 2 S -1 o] T30 (o7 5 1 1= | N PO S RS 172

3: 1,33 FatiGUEdalalvicuss s sovnrvsnsssssammsesss s sises i assssss assasssss e sme sy s iaaispavstnssvasess 183
REFERENCES ... ..ottt et et e et e e s e e ta e e ssae e s hmbe s sba e shsbeshmaeeaneeanseesaneseneenneeeas 183

3.2 REINFORCEMENT PROPERTIES.: s msissnmsissessssussusnss mssusinsvimisnsssmisnsvsas s ianss sssssasssinissrriaonsass 184
3.2  INTRODUGTION isuiscusssussssnss sssavonsnen sasssons ssiassenss s ssssnss s s sosinsssoss s sviess asmsssissassanso sesnon 184
3:2:2  ALUMINAFIBERS isuissssssssnsssuvsnsisssssmsssssiss s isss asss 6455 65555550 5559554585638 rE543 493 84 5ama 455859 184

3221 INITOOUCHION . ooossisssmssmsssnmmmssmsnsuonnisisisemss ssiswss s iasassass doississasaissssds isveshwvs sisasmas eaBasaTs 184
3.2.2.2 Virgin NEXIEl ™ 610 fIDEI ......verieeeee oo 185
3.2.3 BORON FIBERS .......oooiiiiieiiieiiieeitieeeiiee et eeieeeesieeemteessaeeeseesmse s asssesssaesanseannaeessaeesasaenns 188
324 BORON CARBIDE FIBER S smsssisenusssmmsivnsyissssissssss i sismsmsamsssisssiarssos s o s inmags 188
3.25 CARBONAND GRAPHITE FIBERS ........c.ooiiiiiiiiieeieciiee ettt s s 188
3.2.6 SILICON CARBIDE FIBERS. .......ccciiiiiiiiiiieciieesiie ettt s svae et san e aesasa e nae e 188
F. 261 WVHEIN BB 0 [IBET™ cavommusssnnmassnisarsnnsas sy e s s Es s s A SR 189
3.2.6.2 Virgin and extracted SCS-6 fiDErS .......ccceiiiiiiiiiiiiiiiee e 192
REFERENCE ..ottt ettt aasa e s e e e ba e e s s emae s e e s abe s e e ebabe e e bnbe e esbneeannae s nanns 199
3.2.6.3 SCS-6 FIDBI ...t e e e s e e e e 200
REFERENGE ... ..ttt ettt e e ea e e st e e saata e e s nae s e e s nse e e s esnbs s esbneeeessseseatssesbnns 204
STEEL FIBERS ...ttt ean e e et e e e an e s e s na e e s e s e easaesssnneeennnees 205
3.2.7 TUNGSTEN FIBERS ...ttt e et e e ana e e s e e s mne e s enmae s enaes 205
3.2.8 OTHER FIBERS.......ooiiiiiiiiii sttt et ettt e e ane e sre e saa e e re e naea e nne e 205
3.29 OTHER REINFORCEMENTS........oiiiiiiii ittt et e e e e ae e e e 205

3.3 PROPERTIES OF MATRIX MATERIALS..........ooi ettt ettt e s s eressnasasanneeenaneas 206
3.3.1  INTRODUCGTION......oeiiiiiiiieitee ettt ettt e e e e ese e e esae e asase s s s aease e sesesssennaeesnseanns 206
3.3.2  ALUMINUMS ... .ottt ettt eaa e e e s s eese e e s sae s abnseeaseeaneesseesnsneesnaaenneesanns 206
3.3.3  COPPERS ...ttt e e e e e e e s abte e e ae e e aaaeeananeaeeernreaanns 206
3.3:4  MAGNESIUMS ... ..ottt e e st e s amas e rae e s asseerneeesaeeasseennnas 206
3.3.5  TITANIUMS ...ttt ettt ettt e s e e s ebn e e e s e e se s e s eeasaenseenns 206

3.3.5.1 Ti-15V-3Cr-3AI-3SN (NASA-GRC) ....ccuiiiiiiiiiieeiie e 206
3.3.8  OTHERS ...t et e e etne e e s e e e e e se e e s eraane s essse s neeenesnaeseennneeens 219

3.4 FIBER COATING PROPERTIES .......oicociiiiiiiiiei i et e e e e et e e s enas e eans e e e ennneeennns 220
341 INTRODUCGTION. .. ..oiiiiiiitieeieeete et e e i e s e e s sae s e eas s e asseennsesmaesarnsasansesenns 220
B N ©F N ] = 1@ ] N USROS 220
3.4.3  TITANIUM DIBORIDE ......ccoieiiiiiieitie ettt e e e e e e e e ee s e e e ennaneas 220
344 YT T RIA ettt ettt e et e et ettt aeeen e e eaneeateeeaeeenneneaneeenn 220
B OTHERS siisiiscinssssssiarses sus suresasass srmmsrsrnssnssnsasssssasssssnrassssnss sarssns sssmmesnsnsassesassmmn samss ermesonsssvss 220

3.5 ALUMINUM MATRIX COMPOSITE PROPERTIES........cccoiiiiieeeeeieeeeeeeeece e 221
3.5.1  INTRODUGCTION. . ....cciiiiiiiiiee et e et e e e e et e e e st e e e s e e e eaeseeenesneeseeanseeeenseeeeeanes 221
3.5.2  ALUMINA/ALUMINUM .....ooiiiiiiiiiiiiiiieieee sttt et e et a e eaeeeaeaeneaeennaseneeennnenns 221

3.5.2.1 Nextel 610/pure Al PANEL..........cccooiiiiiiiiiieiiee e ee e e s ereaeee s 221
3.5.3 BORON/ALUMINUM ......oiiiiiiiiitiieiite ittt e e eaae e s saeae s et e e eessseesasnsesenneeanns 226

Xi



CMH-17-4B

Volume 4, Table of Contents

PARAGRAPH PAGE
3.54 BORON CARBIDE/ALUMINUM .......ccocuiiiiiiiieiiiee et e s e e e eeaese e e e evane s e e eeanns 226
3.56.8 GRAPHITE/ALUNMINUINL . ccinssimsonsrssssssnussosmusisssnisos oo nss nbns i snssnbsionse s i4isisnssnsisnssss nsss 226
3.5.6 SILICON CARBIDE/ALUMINUM........ccmtiieitieeiieieceieeeeiereeaseetseeee e sessnnesessesnesenesnsesesssnns 226
3.5.7 STEEL/ALUMINUDM.........oooieieeieieieee et tetmee e mee e aeeesesseesseesansseneessassnnessnseeesnes 226
3.5.8 TUNGSTEN/ALUMINUM ...ttt e e e e e e e e e e e e e annns 226
3.5.9 OTHERS/ALUMINUM ......ooootieiee ettt et sreae e e ebaae e e e esnee e e e e mnasneaeseennseeeas 226

3.6 COPPER MATRIX COMPOSITE PROPERTIES ..ot ee e e eneaee e 227
3.6.1  INTRODUCTION. ....ooiiiitie ettt ettt ee e e et e e et e e s emae e e eanae e e emaeaeeesnnesennsnnes 227
3.6.2 GRAPHITE/COPPER........oooieeee ettt et s e ee e s rsbe e e enmaean s ennee e e nneas 227
3.6.3 OTHERS/COPPER. ....... oottt e e et e e e e e e sn e e e ennsaee smees 227

3.7 MAGNESIUM MATRIX COMPOSITE PROPERTIES......c.ueiiiiiie e 228
371 INTRODUCTION. ..ottt ettt e e e et e e et rnee e sasa e e e e baaees s assanaee e samnesaseamsnneesannns 228
3.7.2 GRAPHITE/MAGNESIUM. ......oooiitiiiaiiiee ettt e e e s eeaaae s e e snnaeaeens 228
3.7.3  ALUMINA/MAGNESIUM ...ttt e e e s e e ba e e eanneesanes 228
3.7.4 OTHER/MAGNESIUM ..ottt ettt e ae s et s s e e eeae e e e s aaeeemnseeeaanes 228

3.8 TITANIUM MATRIX COMPOSITE PROPERTIES ........ooiiiiiiieiii e 229
3.8.1  INTRODUCTION. ... .ottt e e e ettt et e e ee e et se e e e e e smba e eeaee s e sasnsaaeeeeseneenasnnenenees 229
3.8.2 SILICON CARBIDE/TITANIUM .......ooiiiieieieeee ettt ee e e nsae e anneeseens 229

IR T2 B T 05 I T OSSR 229
3.8.2.1.1 SCS-6/Ti-15-3 TENSION ....eoviiiiiiieciiii et e e e 229

3.8.2.1.2 SCS-6/Ti-15-3 FAtiQUE.....ceeeiieiiiiiiiiiieie et 253

3.8.2.2 TRIMARC-1/Ti-6Al-2Sn-4Zr-2Mo wireffiber wound plate™...........ccccvveiiieieenieenne 260
3.8.2.3 SCS-6/Ti-BAI-AV fIDEI/POWAET.......c..veeiiiiieiecrrirere e etiee s e s e s 279
3.8.2.3.1 Static Properties ............eeeeuuiuimiiiieiieiiiieiieieieeeieee e e eeeeeeeeeeeaassenesaaeannees 279

3.8.2.3.2 SCS-6/Ti-6Al-4V fiber/poOwWder® ............oooeriiiiiieeiiiiiieeeieeeeeeee e 283

3.8.2.3.3 FaliQUe......eeiiiiiiii e s 314

3.8.2.3.4 Fatigue crack growth ..........c..oouiiiiiiiii e 320

3.8.3  ALUMINA/TITANIUM L...ooiiiiieiieeiee ettt e esme s e e e sae e e sen e e e e eanneaeens 326
3.84 OTHER/TITANIUM. ... ..ottt e e et e e e e e e e e e e e eeasneeeeeenbeaa e e s snneaeenn 326

3.9 OTHER MATRIX COMPOSITES .....ooiiieiieieie ettt e ettt 326

APPENDIX A. TYPICAL PUSHOUT TEST DATA ...ttt ee s 327
AT, FIBER PUSHOUT ..ottt ittt e st e e i e e e e ee s e e e e e smee s e e s e e e e e s e ean e e e e s e e e bane s 327

APPENDIX B. RAW DATA TABLES FOR MATRIX MATERIALS ..o 330
B1. ALUMINUDMS . ...t cieeee e et ee e e e e e e eate e esaae s e snseae e ssnaeaessmee s e aneaeannenn e e e e e s aee s emanaeesnees 330
= 2 @ ] = = = P 330
B3. MAGNESIUMS ...ttt eeeee e e etae e et eae e esae e e e e aebe e e e bt e e e ses e e e e s ae e e s s banene e aannneeesaaeeean 330
B4, TITANIUMS ... ..ottt et ee e oo et e st hab e e e bebe e e s be e e ek sb e e e e b be e s e sabmb e e e smrene s armn e s e nen s 330

B4.1 Ti 15V 3Cr 3AI-3Sn (Section 3.3.5.1) ..eeiiiiiei e 331

APPENDIX C. RAW DATA TABLES FOR METAL MATRIX COMPOSITE MATERIALS................... 335

C1. ALUMINUDMS ..ottt et e et e e e e s e e e e eeeesmee e e e esmeeee s e ne s e e e e esn b e ee e e nbmee e e seeeennes 335

C1.1 Nextel 610 / SP Al (SeCtion 3.5.2.1) cccuviviiireiieeiee e screes e e s 336

B2, COPPER.......ccommicamiressssssassssnesenssmesmsssmmsansssssssunesmensssnsnssnss sssssfs s 55 0GTH5HE8 5454 TS T nssmaTa A avTE 346

C8. MAGNESIUMS ...v.veivusvererencaransonrmanerssasanasssnnsasssnsnssosimssass s 5558558556 5565 5594 Snas 58 4548 5455 AT T pEARSHERIETSS 346

CA. TITANIUMS. ...o..ccvvsvionersmnesmsssomasssnssmsnnsssniss s sssissssissssss 5865 sssHis8ss Fo5H 85858 80 aRE s LSRR ATE S AR TSRS 347

C4.1 SiCITI-15-3 (Section 3.8:2.1.1 and 3:8:2:1:2) cusisssssasssnsumssimssssnssisasanivassssesconssaass 347

C4.2. TRIMARC-1/Ti 6-2-4-2 (SeCtion 3.8.2.2)....cccccuueiiiiiiiiiiiiiiiisiiiieeesiiines e ssvee e cininnees 369

C4.3 Titanium Matrix Composite Panels (Section 3.8.2.3) .......cccccciniiiiiiiinnininiiine, 383

TG R v s ssssasisans cxmsais s us smsn e wmieswamassas o mmes samnmnsssssms o5 aSHTRTS FHEEETHA i 4HHE R0 R4S TS O MO AN S SRR 432

Xii



CMH-17-4B
Volume 4, Section 1 Guidelines

1. GUIDELINES
1.1 GENERAL INFORMATION

This handbook documents engineering methodologies for the development of standardized, statisti-
cally-based material property data for continuous and discontinuous metal matrix composite (MMC) mate-
rials. Also provided are data summaries for a number of relevant composite material systems for which
available data meets specific CMH-17 requirements for publication. Additionally, supporting engineering
and manufacturing technologies and common practices related to composite materials are summarized.

1.1.1 INTRODUCTION

It is generally understood that standardized, statistically-based, material property data are essential to
an efficient engineering development process; such data are needed by material suppliers, engineering
users, and system end-users alike. Since the inherent properties of materials are independent of specific
applications, data development methodologies and material property data are applicable to a wide variety
of industries; they also form much of the technical basis for establishment of statistically-based design
values acceptable to procuring or certifying agencies.” This evaluation of the inherent properties of com-
posite materials, as shown in Figure 1.1.1, is the focus of CMH-17.

1.1.2 PURPOSE

The primary purpose of CMH-17 Volume 4 is the standardization of engineering data development
methodologies related to characterization testing, data reduction, and data reporting of properties for
metal matrix composite materials. In support of this objective CMH-17 Volume 4 publishes properties on
composite material systems for which data meeting specific requirements is available. In addition, CMH-
17 provides selected guidance on other technical topics related to composites, including material
selection, material specification, material processing, design, analysis, quality control, and repair of typical
metal matrix composite materials. Thus, CMH-17 is published in three major sections, and serves as a
source for the following:

e Section 1 - Guidelines: Documents material characterization data development methodology
guidelines adaptable to a wide variety of needs, as well as specific requirements to be met by data
published in the handbook. Most procuring and certifying agencies prefer, and some may require,
that composite material systems used in critical applications either be characterized in accord-
ance with Section 1 guidelines or selected from material systems published in Section 3.

e Section 2 — Design Guidelines for Metal Matrix Materials: This section provides guidance on sta-
tistical analysis of metal matrix composite data. In addition, methodologies and recommendations
for design, modeling, joining, structural reliability, and repair are given.

e Section 3 - Material Property Data: Provides a repository of potential design data. The docu-
mented property summaries for material systems provide data meeting the criteria for any of the
two CMH-17 data documentation classes, screening and fully approved.

1.1.3 SCOPE

Volume 4 of CMH-17 serves as a general Reference source for technical information on metal matrix
composites, including:

'An example of a procuring agency is a branch of the U.S. Department of Defense (DoD). An example of a certifying agency is an
office of the Federal Aviation Administration (FAA).
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FIGURE 1.1.1 Focus of CMH-17 Volume 4 indicated by shaded block.

1.1.3.1 Section 1: Guidelines

This Volume contains guidelines for determining the properties of composite material systems, their
constituents, and generic structural elements, including test planning, test matrices, sampling, condition-
ing, test procedure selection, data reporting, data reduction, statistical analysis, and other related topics.
Special attention is given to the statistical treatment and analysis of data. Section 1 contains guidelines for
general development of material characterization data as well as specific requirements for publication of
metal matrix composite material data in CMH-17.

It must be emphasized that this handbook differentiates between material basis values (material al-
lowables) and design allowable values. Material basis values, being an intrinsic property of a composite
material system, are the focus of this handbook. Design allowable values, while often rooted in material
basis values, are application dependent, and consider and include specific additional considerations that
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