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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 informa-
tion 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
safety.

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.

o 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
data 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,

3.

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.

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.

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.

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 re-
flects 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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funding

provided by the handbook Secretariat, Materials Sciences Corporation. The primary source of
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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
standardization of engineering data development methodologies related to testing, data reduction, and
data reporting 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) methodologies 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
engineering 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 the 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
safety

o 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
comprehensive 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

data and methods

To provide guidance on references to proven standards and engineering practices

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

To provide information in formats best suited for user needs

To serve the needs of the international composites community through meetings and dialog

between member industries, which use teamwork and the diverse member engineering skills to

provide information for the handbook
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Every effort has been made to reflect the latest information on polymer (organic), metal, and
ceramic composites. The handbook is continually reviewed and revised to ensure it is complete
and current.

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.

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.

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, Wichita State
University, 1845 Fairmount, Wichita, KS 67260, by letter or email, info@cmh17.org.

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-

17) are

provided by the Handbook Secretariat, Wichita State University. The primary source of funding

for the current Secretariat contract is the Federal Aviation Administration.
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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
standardization of engineering data development methodologies related to testing, data reduction, and
data reporting 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) methodologies 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
engineering 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 the 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
safety

o 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
comprehensive 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

data and methods

To provide guidance on references to proven standards and engineering practices

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

To provide information in formats best suited for user needs

To serve the needs of the international composites community through meetings and dialog

between member industries, which use teamwork and the diverse member engineering skills to

provide information for the handbook
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Every effort has been made to reflect the latest information on polymer (organic), metal, and
ceramic composites. The handbook is continually reviewed and revised to ensure it is complete
and current.

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.

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.

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, Wichita State
University, 1845 Fairmount, Wichita, KS 67260, by letter or email, info@cmh17.org.

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-

17) are

provided by the Handbook Secretariat, Wichita State University. The primary source of funding

for the current Secretariat contract is the Federal Aviation Administration.
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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 informa-
tion 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
safety.

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
data 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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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.

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.

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.

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 re-
flects completeness, accuracy, and state-of-the-art composite technology.

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

17) are
funding

provided by the handbook Secretariat, Materials Sciences Corporation. The primary source of
for the current Secretariat contract is the Federal Aviation Administration.
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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 ¢) 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.

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

¢ 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-

17) are provided by the handbook Secretariat, Materials Sciences Corporation. The primary source of
funding for the current Secretariat contract is the Federal Aviation Administration.



CMH-17-4B

Volume 4, Table of Contents

PARAGRAPH PAGE
TABLE OF CONTENTS

FORBEWORD ...ttt ettt e e ettt e e sttt e e e ottt e e e aate e e e e amteeeeeamteeeeeamteeeesanteeeesanteeeesanseeaeaaneeeeeanns ii

SUMMARY OF CHANGES .......ooiiiiiiie ittt et s et e e e st e e e s steeesassbeeesansteeesansseeeeansseeesansseeesanses Xiii

T. GUIDELINES ...ttt ettt ettt et e e e ettt e e e e m bt e e e anbe e e e e aate e e e e anbeeeeenbeeeeennbeeeeansreeeeannneeeeannes 1

1.1 GENERAL INFORMATION ..ottt ettt ettt e et e e et e e e e et ae e e e sntae e e e asteeaeeanteeeeensteeeeennes 1

S P T N I 0 10 L I 1 RS 1

L O U | SRR 1

R T T T O | R PR 1

1.1.3.1 Section 1: GUIAEIINES ......ooii e e e 2

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

1.1.3.3 Section 3: Material property data..........coooeiiii e 3

1.1.4 USE OF THE DOCUMENT AND LIMITATIONS .....ooiiiiiiieeiiee ettt 3

1.1.4.1 Source of INfOrMation ...........ooiiii e 3

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

1.1.4.3 Strength properties and allowables terminology ..o, 4

1.1.4.4 USE Of FEfEIENCES ...ttt s e e e e nneeas 4

1.1.4.5 Use of tradenames and product Names ..o 4

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

1.1.4.7 Ozone depleting ChemiCals............cooiiiii e 4

1.1.5 APPROVAL PROCEDURES. ...ttt ettt ettt e e e 5

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

1.1.6.1 Symbols and abbreviations.............ccccceeeiiiiiiiiee e 5

1.1.6.1.1 Constituent properties ..o 1"

1.1.6.1.2 Laminae and [aminates ..........cccouiuiiiiiiiiiiii e 1"

1.1.6.1.3 SUDSCIIPES ..o 12

1.1.6.1.4 SUPEISCIIPES .. .uviiiiiieee ettt e e e e e e e e e et aee s 13

11,615 ACTONYMIS ... ittt e ettt e e e sbeeeeeaaes 13

1.1.6.2 Material SYStemM COUES ......coiiiiieieiiiee s 15

1.1.6.3 SyStem Of UNIS ....ooiiiiiie e s 15

L A B 1= | I 1 S SRS 17

REFERENGCGES . ......c oottt ettt e et e e e et e e e e et e e e e eate e e e e ste e e e eanteeeeanteeeeanseeeeeannes 31

1.2 INTRODUCTION TO MMC MATERIALS ........ooiiiiiiiie et eaee e neaeee s 32

1.2.1 INTRODUGCTION. .. .oiiiiiiiie ettt e st e e et e e e st e e e st e e e e nbeeesasteeeeansteeeseseeeesansseeesennes 32

1.2.2  MMC SYSTEMS ...ttt e et e s et e e e e s e e e e anbe e e e ennreeeeennee 32

1.2.2.1 Systems definitioNS........oooiiiiii i 32

1.2.2.2 Distinction from other materials/COmMpOSIteS..........cccvvviiiiieiiiceee e, 32

1.2.3  MATRIX MATERIALS ... ..ottt et e e s e e e et e e s e nte e e s ennreeeeennes 32

1.2.3.1 Role of matrix materials............cccoiiiiiiiiii e 33

1.2.3.2 Forms of matrix materialS.............oooiiiiri e 33

1.2.3.3 Types of matrix materialS..........ccuvviiiiiiiii e 34

1.2.3.3.1 ATUMINUM ..ot e e e e e e e e e e e e e e e nneeeeeeas 34

LI TR B @70 o] o =Y PSR 36

B TR T T [ o o SRS PPRRPN 36

1.2.3.3.4 MagNESIUM .....ccoiiiiiiiiiiiieeeee e 36

1.2.3.3.5 NICKEI...oeiiiie e e e 36

1.2.3.3.6 THANIUM c.ooiiiie et e et e e et e e e snraeeeeanes 36

1.2.4 REINFORCEMENT MATERIALS ... ..ottt 36

1.2.4.1 Types of reinfOrCEMENT ..o 37



CMH-17-4B

Volume 4, Table of Contents

PARAGRAPH

1.25

1.2.6

1.2.7

1.2.8

1.2.9

PAGE

1.2.4.2 Role of reinforcement ... ... 37
1.2.4.3 Composition of reinforCemMEeNt...........cooiiiiiiiiiiie e 37
REINFORCEMENT COATINGS ...ttt ee e e e entee e s 37
1.2.5.1 ROIE Of COAtINGS ...t e e e e e e e s e e e aaeaean 37
1.2.5.2 TYPES Of COALINGS ...ttt 38
MANUFACTURING PROGCESSES ........ooi ittt 38
1.2.6.1 Overview and general information ... 38
1.2.6.2 Assembly and consolidation ...........ccoooiooiiioiiii 38
1.2.6.2.1 Powder blending and consolidation...............ccccoiuieiiiiiiiiiiiiiee e 38
1.2.6.2.2 Consolidation diffusion bonding..........cccccccoeeiiiiiiiiiiii e, 39
1.2.6.2.3 Vapor depoSitioN .......oooieieiiiie e 39
1.2.6.2.4 Squeeze casting and squeeze infiltration ................ccccccieiieiiiiccinnee. 39
1.2.6.2.5 Spray deposition .........oo i 39
1.2.6.2.6 Slurry casting (compocasting) .........c..ceeveeeiiiciiiiiiieee e 40
1.2.6.2.7 Reactive processing (in-situ COMPOSItES).......ccovuveeiiiiiieiiiiiieiiiieeeee 40

1.2.6.3 ThermomechaniCal ProCEeSSING..... ... eeeeenneeennnnnnnnes 40
1.2.6.4 Near net shape manufacturing proCeSSES.........couiiiiiiiiiiee i 40
PRODUCT FORMS ...ttt ettt sttt e e st e e e st e e e snneeeeannneeas 40
1.2.7.1 INtermMediate.....cooo oo e e e e e 40
LI S - T P-4 o PSSR 40
1.2.7.3 Selectively reinforced cOmponNents ..........occueiiiiiiiiiiiiii e 40
SECONDARY MANUFACTURING PROGCESSES.........cccco it 40
1.2.8.1 Overview and general information ..o 40
7228 S 20722 o ] 4 o 11T 40
1.2.8.3 MaACKINING ...eeiiiiiiei e 41
1.2.8.4 JOINING .. annnnnnnnnnnnnnnnnnns 41
1.2.8.4.1 Qualitative assessment for MMC joining methods .............ccccccovieens 41
1.2.8.4.1.1Qualitative performance assessment...........cccccceevvcieeeennnennn. 41

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

1.2.8.4.2 Potential issues in joining MMCS.........ccccoiiiiiiiiiieeecccceee e 42
1.2.8.4.2.1Solidification effects .........ooooeiiiii i 43
1.2.8.4.2.2Chemical reactions............coeiiueiieiiiiiie e 43

1.2.8.4.2.3Joint preparation ..o 43
1.2.8.4.2.4Post-joining heat treatment.............ccooiiiiiiiiiiiii, 43

1.2.8.4.3 Classification and discussion of selected joining methods................... 43
1.2.8.4.3.1Inertia friction (IF) welding........cccceoeviiiiiiiiiee e, 43
1.2.8.4.3.2Friction stir (FS) Welding ......ccccueviiiiiiiiiieec e 44
1.2.8.4.3.3Ultrasonic (US) welding.........coeeeeeeeiiiiiiiiiieeee e, 44
1.2.8.4.3.4Diffusion bonding (DFB).......ccccueiiiiiiiiiii e 45

1.2.8.4.3.5Laser beam (LB) welding .........cccoeveiiiiiiiiiiieec e, 45
1.2.8.4.3.6Electron beam (EB) welding........coocoeiiiiiiiiniiiiiecen 45
1.2.8.4.3.7Gas-tungsten arc (GTA) welding.........ccccveeeeeeiiiiiiiiieeiee e, 45
1.2.8.4.3.8Gas-metal arc (GMA) Welding........ccevviiiiiiiiniiieieee e 46
1.2.8.4.3.9Resistance spot (RS) welding ..........ccccovvieeeeiiiiiiiiiieeee e, 46
1.2.8.4.3.10Capacitor discharge (CD) welding ........ccccovvieviiiiieeeiniieeen 46
1.2.8.4.3.11Brazing (BZ) ....cccovueiiieie e 46
1.2.8.4.3.12S0lderiNg (SD)..cceiuveiiiiiiiiie et 47
1.2.8.4.3.13Adhesive bonding (AB) .......ccceeiiiiiiiiiiee e 47
1.2.8.4.3.14Mechanical fastening (MF)........coccooviiiiiiinec e, 47
1.2.8.4.3.15Cast-insert joining (Cl) .....cccvreieeieieicee e, 47
1.2.8.4.3.16Transient liquid phase (TLP) bonding ..........cccceviiiiiininnnn. 47
1.2.8.4.3.17Rapid infrared (RI) jOINING .......coeveiiiiiiiiiieeee e, 48

1.2.8.5 Thermal treatment ... .. ..o a e 48
1.2.8.6 Coatings and surface treatmentsS...........ccccviiiiii i 48
QUALITY ASSURANCGE ...ttt ettt e e stee e e e e tee e e e entae e e e sntee e e ennteeeeeneeas 48



CMH-17-4B

Volume 4, Table of Contents

PARAGRAPH PAGE
L2 B B O 1] 110 1Y o | USRS 48
I B o = o] o o PSP 48
1.2.9.3 FINAl PrOAUCT ...t e et e e e e e e e e e e e aaeeean 48
1.2.9.4 Statistical process CONIIOl ............uviiiiiiiiiieeee e 48
T.2.10  REPAIR oottt ettt e et e e e ettt e e e et e e e e s ste e e e e nsteeeeansbeeesennaeeeaannreeeeannes 48
7220 1T T 1 o Yo = 48
2 O | B Y T SRR 48
REFERENGCGES ...ttt et e e ettt e e e ettt e e e eabe e e e e nbe e e e enteee e eneeeeeannee 49
1.3 TEST PLANS FOR MATERIALS CHARACTERIZATION .......uviiiiiiiie e 51
1.3.1 INTRODUGCTION. ... .ciiiiiiiiee ittt e et e e e s st e e s e st e e e ensbeeeeanbeeeeanneeeeeennee 51
1,311 ODJECHVE ... e 51
1.3.1.2 Classes Of Aata........occuiiiiiiiiii e 51
1.3.2 REQUIREMENTS ...ooiiiiiiii ittt ettt e ettt e e et e e e et e e s e nte e e e ennte e e s annteeesansreeeeennes 51
1.3.2.1 Test method SEIECHON ... 51
1.3.2.2 Test conditions SEIECHON.......... e 52
1.3.2.3 Specimen number and SAMPING ........cooiiiiiiiiiiee e 52
1.3.2.4 Specimen preparation........ ... e a e e e 53
1.3.2.5 Data documentation Requirements Checklist .............ccccoeeeiiiiiiiiieieiiiieeeee 58
1.3.3  MATERIALS PEDIGREE.........oiii ittt et 64
1.3.3.1 ReINfOrCEMENT .. ..o e e 64
1.3.3.2 ReinfOrcement SiZiNg .......oouiiiiiiiee s 64
1.3.3.3 Reinforcement COatiNgS .........occcuiiiiiii e 64
LG T B - 14 PRSI 64
1.3.3.5 Intermediate forms characterization ..............ccoccceeiiiii i 64
1.3.3.5.1 Metallized fiDers.......oooi e 64
1.3.3.5.2 MONOIAPES ....ccoviiiieeieeeeeee e 64
1.3.3.5.3 Lamina other than monotapes..........ccccvreiiiiiiiii e 64
1.3.3.5.4 Specialized fOrmMS ..ot 64
1.3.3.6 Composite MaterialS..........oooi e 64

1.3.4 CONTINUOUS FIBER REINFORCED MMC CONSTITUENT MATERIAL
PROPERTIES ..ottt ettt ettt ettt e st e e s st e e e s ssae e e snsaeeesnsaeeesnnaeeeannnaeas 65
1.3.4.1 Static property data ClasSES ...........eeiiiiiiiiiiiiiiiie e 65
1.3.4.1.1 Screening data ........oooueeiiiiiiie e 65
1.3.4.1.2 Mean data..........oooiiiiiiiiii s 65
1.3.4.1.3 Fully approved data ... 65
1.3.4.2 Composite fatigue properties tests .........cccvvuiiiiiiiiiciie e 67
1.3.4.3 Composite thermal mechanical testS...........ooiiiiiiiii e 67
1.3.4.4 Composite physical properties tests .........ccuveviiiiiiiiiiiiee e 68
1.3.4.5 Intermediate forms characterization ..............ccccoiiiii 68
1.3.4.5.1 Metallized fiIDErs........ocueiiiiiiiii e 69
1.3.4.5.2 MONOIAPES ... ettt e e e e e e e e e e eas 69
1.3.4.5.3 Lamina other than monotapes........cccccccvvvvivii 69
1.3.4.5.4 Specialized fOrmsS ... 69
1.3.4.6 Constituent characterization .............ccccoe i 69
1.3.4.6.1 Fiber properties tests..... ... 69
1.3.4.6.2 IMIATIIX c..eeiee ettt et e e e araeeeeanes 70

1.3.5 DISCONTINUOUS REINFORCED MMC & CONSTITUENT MATERIAL

PROPERTIES ...ttt ettt sttt e sttt e sttt e e st e e e snne e e e anneeeeeannneeas 71
1.3.5.1 SCIEENMING.....eeiiiiiiiii ettt e e e e e e 71
1.3.5.2 Testing requirements for fully approved data.............ccccceeveeiiiiiiiieeee e, 71
1.3.5.2.1 Composite static properties tests .......ccccoviiiiiiii i 71
1.3.5.2.2 Composite fatigue properties tests..........ccoeeuvriiiieeiiiiiciiee e, 71
1.3.5.2.3 Composite thermal mechanical tests ..o 71
1.3.5.2.4 Composite physical properties tests...........ccccvvvieeeeiiiiiiiiiiee e, 71

vi



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

PARAGRAPH

REFERENCES ..o oo

1.4 COMPOSITE TESTING AND ANALYTICAL METHODS ...
1.4.1  INTRODUCTION. ... e e

1.4.2 CONTINUOUS FIBER REINFORCED MMC MECHANICAL PROPERTY

TEST METHODS ...ttt e e et e e e e
2t B 1= o = T SR
1.4.2.2 COMPIESSION...coiiiiiiiiiiiieeee e e e ettt e e e e e e e e e e e e s et e e e e e e e e sanrareeeaaaeaaas
1.4.2.3 Shear (IN-Plan€) ......coouiiiiiii e e
14,24 FaliQUe ... s

Lt TS T o o1 SO
1.4.2.4.2 Specimen deSIgN .......cccccuviiiiiieee et
1.4.2.4.3 WaVefOrMS ...
1.4.2.4.4 Control MOAE ........ooiiiiiiieiiiiie e
1.4.2.4.5 Compressive 10ading .........ccoeeiiiieiiiiiieee e
T1.4.2.4.6 FailUre....ooooiiiie e
1.4.2.4.7 Data reporting.......ccoooiiiiiiiiiiieie e
1.4.2.5 Fatigue crack growth rate ..........ccoooioiiiiiiiiii
1.4.2.6 Creep/streSs rUPLUIE ......ooi i e e
1.4.2.7 Pin bearing te€NSION ......cooiiieeee e
1.4.2.8 Pin bearing COMPreSSiON .......ccoiuiiiiiiiiiie it
4.2.9 Filled Nole teNSION ...
.2.10  Open hole tension/notch sensitivity ...........cocceeviriiiiini e,
2.11Flexure (three-point bend) .........ccvvviiiieiiiiiee e
.2.12  Filled hole COMPIrESSION.....coiiiiiiiiiieee e
213 Fiber pushout testS ....cooeeeei e
1.4.2.13.1BacKground ..........cooiiiiiiiiiiie e
T.4.2.13.2GNETAN ... et
1.4.2.13.3 Description of the method ...
1.4.2.13.4 Significance and USE ..........ccceeeeeevciiiiieiie e
1.4.213.5APPAratUS ...
1.4.213.6INAENTET ..o
1.4.2.13.7Support Plate ........oooeriiiee e
1.4.2.13.8 ACOUSLIC €MISSION SENSON.....ciiiiiiiiiiiieiiee e
1.4.
14.
1.4.
14.
1.4.
1

1

1.4
1.4.
1.4
1.4

1.4.
1.4

4.2.15.6 Pre-test measurements ...
A4.215.7Starting the test........oo
1.4.2.15.8Data reporting......ccceveveeieiiiieeee
216 Residual strength and stiffntess .........ccccoviiii s
217 Bearing fatigue ..........uviiiiiii e
218  Open hole fatiQUe ..........eeiiiiiiii e
.2.19  Filled hole fatigue............uviiiieiiiie e

_—— A
shbn

Vii

.13.9Displacement SENSOF........cooiuuiiiiieee e
.13.10 Remote viewing using a microscope/camera..............
1311 Test specimen preparation...........ccocccoeeieeeiiiicieeeen.
13.12 Test procedure............uvveeieieieiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeees
2.13.13 Effects of environment ...
4.2.13.14 Analysis Of reSUltS .........cceveiiiiiiiiiiiiee e

P2 U |V o o) =T o | 1= R
.2.15 Thermomechanical fatigue (TMF) (in-phase/out-of-phase).................
L T IS T oo 1= S
1.4.2.15.28peCimen deSIgN ......ccoieviiiiiiiee et
1.4.2.15.3 Temperature control and measurement ..............cccccoeeiiineeen.
1.4.2.15.4WaVEfOIMS ...ooeiiiiiie et
1.4.2.15.5Phasing..c.cccuuiieiiiiee
1.4
1



CMH-17-4B

Volume 4, Table of Contents

PARAGRAPH PAGE
1.4.2.20  Corrosion fatiQUe ........coouiii i 96
1.4.2.21 Stress COrroSioN CracCKiNg ........uueeiieeiiiiiiiiiieie e e e seetteee e e e e e ee e e e e e e sernrereeaaeeeas 96
Ti4.2.22 W BN . eeiiie ettt et et e e et e e et e e e e n e e e e n b e e e e nte e e e e nteeeeenreeeeennes 96
72 T 10 1 - o 97
L D - 1 ] o o PRSPPI 97

1.4.3 DISCONTINUOUS REINFORCED MMC MECHANICAL PROPERTY
TEST METHODS ...ttt e e et e e e e et e e e e esta e e e e enbe e e e e nnteeeeennteeeeennes 97
L Tt B =10 1T o OO P PP PPPPPPPPR 97
T.4.3.2 COMPIESSION. ..ottt e ettt e e e e e e e et e e e e e e e e e e neeeeeeaeeeaaannnneeeaaeeeanns 97
1.4.3.3 Shear (iN-Plan@) .......c..uirieiiie e a e e a e e e 97
1.4.3.4 Fracture toUGNNESS.......coo i 97
L R T o= | (o [0 PSP 97
1.4.3.6 Fatigue crack growth ...........cooo i 97
1.4.3.7 Creep/StreSS FUPLUIE ......ccii ittt e e e e e e e e e e e seba e e eaaeeeaan 97
1.4.3.8 Corrosion fatiQUE .........cooiiiiii s 97
1.4.3.9 Stress COrroSion CraCKiNg ........cccuuviiiieeiiiiiiiieeee e e eeereee e e e e e e e e e e e s eeeaaeeean 97
R T O T SO PRR 97
R T T a0 7> T 97
R T 2 I - 1 T o T PP PP 98
1.4.4 PHYSICAL PROPERTY TEST METHODS.......cco it 98
R B I 1= o | PP PP PR 98
1.4.4.2 Fiber volume fraction ...........coiiiiiii it 98
1.4.5 MICROSTRUCTURAL ANALYSIS TECHNIQUES .........cooiiiiiiiiiiee e 98
1.4.5.1 Titanium mMatriX COMPOSITES ... ... 98
1.4.6 CHEMICAL ANALYSIS TECHNIQUES ...ttt e e 100
1.4.6.1 Analysis of carbon and SUIfUT..............ooiiiiiiiiiii e 100
1.4.6.2 Analysis for oxygen and nitrogen by inert gas fusion............cccoceeeiiiiiiieene 101
1.4.7 NONDESTRUCTIVE EVALUATION TEST METHODS .......ccteiiiiiiieeeieee e 102
1.4.8 ENVIRONMENTAL EFFECTS TEST METHODS ...ttt 102
1.4.8.1 Corrosion and corrosion test methods...........coooiviiiii i 102
1.4.8.1.1 Neutral salt spray (fOg) .....oooumiimiiiiii e 104
1.4.8.1.2 Corrosion testing, CYClIC........ccuveiiiiiiiiiiiiie e 105
1.4.9 INTERPHASES AND INTERFACES TEST METHODS........c.ccooiiiiee e 106
REFERENGCES ...ttt sttt e ettt e e e ettt e e e smbe e e e e anbaeeesanbaeeesanteeeean 107
1.5 INTERMEDIATE FORMS TESTING AND ANALYTICAL METHODS ..........coociiieiee e 112
151 INTRODUCGTION. ... .ottt ettt ettt e e e sttt e e e abee e e e abeeeeesnbeeeeeanteeeeeanreeeesanes 112
1.5.2 MECHANICAL PROPERTY TEST METHODS. ........ccoiiiiieeeee e 112
1.5.3 PHYSICAL PROPERTY TEST METHODS. ..o 112
1.54 MICROSTRUCTURAL ANALYSIS TECHNIQUES .........cooiiiiiiiiiiieeeieee e 112
1.5.5 CHEMICAL ANALYSIS TECHNIQUES ...ttt 112
1.5.6 NONDESTRUCTIVE EVALUATION TEST METHODS .......ccooiiiiiiieeeeeee e 112
1.6 FIBER TESTING AND ANALYTICAL METHODS ......ooiiiiiieiiee et 113
1.6.1  INTRODUGCTION. ... .oiiiiiiiee ittt et e e ettt e e e et e e e sttt e e e steeeessbaeeesssaeeeesnsaeeessnseneesanes 113
1.6.2 MECHANICAL PROPERTY TEST METHODS ........coiiiiiieiieee e 113
1.6.2.1 TeNSIlE tESTS ..o a e 113
1.6.2.2 Creep and Creep FUPLUIE..........uuiiiiieee ettt e e e e rae e e e e 114
1.6.2.3 Bend stress relaxation ... 114
1.6.3 PHYSICAL PROPERTY TEST METHODS. ..o 114
T.8.3.1 DBNSIY et 114
1.6.4 MICROSTRUCTURAL ANALYSIS TECHNIQUES ........coooiiiiiiieiiiieeeeee e 114
1.6.5 CHEMICAL ANALYSIS TECHNIQUES ...ttt e 114
1.6.6 ENVIRONMENTAL EFFECTS TEST METHODS ...ttt 115
REFERENCGES ... ..ottt ettt ettt e e sttt e e e st e e e et et e e e sntaeeeesntaeeeeansaeeesantaneesanteneeaas 116



CMH-17-4B

Volume 4, Table of Contents

PARAGRAPH PAGE
1.7 FIBER SIZING TESTING AND ANALYTICAL METHODS ........ooiiiiiie et 117
171 INTRODUCGTION. ....coiiiiiiie ettt ettt e et e e e e st e e e e st e e e e snbe e e e e nnbeeeeannbeeeeennee 117
1.7.2 PHYSICAL PROPERTY TEST METHODS........co it 117
1.7.3 CHEMICAL ANALYSIS TECHNIQUES ...ttt 117

1.8 FIBER COATINGS, INTERFACES AND INTERPHASES TESTING AND ANALYTICAL
IMETHODS.......cc et e e e et e e e e et e e e e et aeeeesestseeeesassaeeesannsbaeeesssneeeas 118
1.8.1  INTRODUCGTION. ....ciiiiiiiie ettt e et e e e et e e e e st e e e e snbe e e e esnbeeeeannreeeeennee 118
1.8.2 MECHANICAL PROPERTY TEST METHODS. ........cooiiiii e 118
1.8.3 PHYSICAL PROPERTY TEST METHODS. ...ttt 118
1.8.4 MICROSTRUCTURAL ANALYSIS TECHNIQUES .........ooiiiiiiiee e 118
1.8.5 CHEMICAL ANALYSIS TECHNIQUES .........coiiiiieie ettt 118
1.9 MATRIX TESTING AND ANALYTICAL METHODS ..ottt 119
1.9.1  INTRODUCGTION. ....ciiiiiiie ettt e et e e e sttt e e e snbe e e e e anbe e e e e nnbeeeeannbeeeeennee 119
1.9.2 MECHANICAL TEST METHODS. ...ttt e et e e sraee e 119
IR T2 B =10 ] To ] o PO PP PPPP PR PPPPR 119
IR T2 O (==Y o TS 119
1.9.2.3 StreSS relaxation .......c.ueiii i e e 119
T.9.2.4 FAlQUE ... 120
1.9.2.5 Fatigue Crack growWth ... 120
1.9.3  PHYSICAL TEST METHOD .....ccciiiiiie ittt ettt ettt e st e e e staee e e snraeeeeanes 120
LSS TR B I 1= 4 T PSR 120
1.9.4 MICROSTRUCTURAL ANALYSIS TECHNIQUES .........cooiiiiiiiiiieieeeee e 120
1.9.4.1 Microstructural analysis techniques titanium .............oooooiiiiiiiiiiiii, 120
1.9.4.2 Microstructural analysis techniques aluminum .............cccooiiiee 120
1.9.5 CHEMICAL ANALYSIS TECHNIQUES ...ttt 120
1.9.6 ENVIRONMENTAL EFFECTS TEST METHODS .......ccviiii e 121
REFERENGCES ...ttt ettt ettt e ettt e e e sttt e e e snbe e e e e anbeeeesanbeeeesanteeaean 122
1.10 STRUCTURE SENSITIVE PROPERTIES CHARACTERIZATION ..o 123
1.10.1 INTRODUCGTION. ....coiiiiiiie ettt e et e e e e et e e e st e e e e snbeeeeennbeeeeannreeeeennee 123
1.10.2 MECHANICALLY-FASTENED JOINTS .....cciiiiiieiiiiie et sraee e sraee e 123
1.10.3 BONDED, BRAZED, AND WELDED JOINTS ...ttt 123
1.10.4 CURVED SHAPES...... .ottt e e e ee e e et e e e e s e e e e nteeeeennes 123
1.10.5 STRUCTURAL DESIGN DETAILLS..... ..ttt ettt seee e e sneee e 123
1.10.6 TRANSITION AND OTHER SPECIAL REGIONS.... ..o 123
P O A S Y 7 o o = O 1 USRS 123
1.10.8 OTHER TOPICS ...ttt et e e et e e et ee e e e e tee e e e ente e e e e enbee e e ennreeeeennes 123
L N N T A S R O I I RS RP 124
TA11 GENERAL ...ttt et e e et e e et e e e e st e e e e st e e e e nre e e e enreeeeennes 124

1.11.2 PROCEDURES OF CALCULATION OF STATISTICALLY-BASED

MATERIAL PROPERTIES ...ttt ettt et e et sentea e e s 124
1.11.3 SAMPLES OF COMPUTATIONAL PROCEDURES .........ccooiiiiiiiiiee e 124
1.11.4 STATISTICAL TABLES . ...ttt ettt ettt e e e st e e e st e e e staeeeesreeeeeanes 124
2. DESIGN GUIDELINES FOR METAL MATRIX MATERIALS ........oooiiiiieiiiee e 125
2.1 GENERAL INFORMATION ....ooiiiiiiiieiiiiiee ettt e ettt e ettt e e s sttt e e ssssaeeesnssaeeesensaeeesnssaeeesnnnseeeannnaeeean 125
211 INTRODUGCGTION. .. .ottt ittt e e e ettt e e e sttt e e e et e e e enbe e e e enreeeeanneeeeeennee 125
2.1.2 PURPOSE, SCOPE, AND ORGANIZATION OF SECTION 2 ... 125
2.2 USE OF DAT A .ottt ettt ettt e e ettt e e ettt e e e ettt e e e aabeee e e anbaeeeeantaeeesanteeeeeanteeeesanteeaeans 125
2.3 STRUCTURAL DESIGN AND ANALYSIS .....oooiiiiiiieeciiee ettt e e e s e e e e s nnnaeeesnnnaeee s 125
2.3.1  INTRODUCTION. .. .oiiittiite ittt e ettt e e e st e e s e be e e e e sbeeeeenteeeeenneeeeeennes 125
2.3.1.1 Analysis methodology classifications...........ccccooiiiii e 126



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

PARAGRAPH PAGE
DA Tt B2 = 7= T3 (o oo Lo =Y o (= SR 126

2.3.2 GENERAL DESIGN GUIDELINES........coiiiiiiiieiiiee et 128
2.3.3 ANALYSIS APPROACHES (CONTINUOUS FIBER MMC) ... 129
2.3.3.1 MICrOMECNANICS ... ...uiiiiiiie e e e e e 129
2.3.3.1.1 General relationShips.......ccooio i 129

2.3.3.1.2 Effective elastic properties.........ccccvevieiiiiiiciiiiiie e 131

2.3.3.1.3 Residual StreSSeS .....uueiiiiiiie e 135

2.3.3.1.4 Fiber-matrix bond strength .................cccc 138

2.3.3.1.5 Overall inelastic strain ..o 141

2.3.3.2 Viscoplastic constitutive relations ................eeviiiiiiiiiiiiiiiiiiiiieeeeeeeeeee e 145
2.3.3.2.1 AXxial tensile reSPONSE.......cooi i 145

2.3.3.2.2 Axial compressive reSPONSE.......cccceveeeieieieeeeeeeeeeeeeeeee e 145

2.3.3.2.3 Transverse tensile reSPONSE ..........cooiiiiiiiiiiiiiiieae e 145

2.3.3.2.4 Transverse COMPresSive rESPONSE ......cccceeeeeeeeeeeeeeeeeeeeeeeaeeaeeeaeaaaaaaans 145

DARC TR TR TV F= Tor o3 g =1  F= T g o= SR 145
2.3.3.3.1 Effective elastic properties.........ccccveviiiiiiiiciiiiiiee e 145
2.3.3.3.1.1Types of laminates ..........cooiiiiiiiiiiiii e 150

2.3.3.3.1.1.1Symmetric laminates...........ccccccceevciriiieeee e 150

2.3.3.3.1.1.2Specially orthotropic laminates..........cccccccoviiiieneenn. 150

2.3.3.3.1.1.3Cross-ply laminates...........ccccceeeeeieciiiieeee e 150

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

2.3.3.3.1.1.5Balanced laminates............ccccceeiiiiiiiiiiiiieeeee 151

2.3.3.3.1.1.60ther specially orthotropic laminates.................ccccc..... 151
2.3.3.3.1.1.7Quasi-isotropic laminates.............cccoecuveeiiniieeiiiiienes 151

2.3.3.3.1.1.8Laminate effective elastic properties.............ccccccco..... 151

2.3.3.3.2 Effective strength...........oeeiiiiiiii e 152
2.3.3.3.2.1Maximum stress Criterion ...........ccoooiiiiiiiieieiiieeee e 153

2.3.3.3.2.2Maximum strain Criterion ..........cccccouiiiiiiieiie e 155

2.3.3.3.2.3Tsai-Hill Criterion ...........oo o 156

2.3.3.3.2.4T3ai-WU CItErION .....coviiiiiiiiiiieee e 158

2.3.3.3.2.5Hashin Criterion ...........coooiiiiiiiiie e 160

2.3.3.3.2.6Puck and LaRCO03 criteria..........ccccueeeriieieeeiiiee e 161

D TR G TR T O =Y Y o S 163

2.3.3.3.4 Multiaxial €ffECtS ......c.ueiiiiiiiiie e 166

2.3.3.4 Damage tolEranCe ..........cueeiiiiiiiie et 166

D G TR B 10 = o 111y SRS 166
2.3.3.6 Life prediCtion ... 166

2.3.4 DESIGN GUIDELINES (DISCONTINUOUS FIBER REINFORCED MMCQC).................... 166
2.3.4.1 MICrOMECNANICS ... .. i e e e e e e eeeae e 166
2.3.4.1.1 General relationShips........coeeeiiicciiiiiiie e 166

2.3.4.1.2 Effective elastic properties. ... 166

2.3.4.1.3 Fiber-matrix bond strength ...............cccc 166

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

2.3.4.2 Viscoplastic constitutive relations ................eueiiiiieiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeees 166
2.3.4.2.1 TenSile reSPONSE. .. ..t e e 166

2.3.4.2.2 COMPrESSIVE MESPONSE....eiiiieeiieiiiriiieeeeeeeititreeeeaeeeeeitarrreeaaeeessaareeeeeas 166

2.3.4.2.3 Shear rESPONSE ...t e e e e e e e e e e e nneeeeeeas 166

2.3.4.3 Crack growth bEhaViIOr..........c..uuiiiiiii e 167

D 3 B 1W - o 111§ PRSP 167
2.3.4.5 Life PrediCtion ..........oviiiiiie e 167
REFERENCGES ... ..ottt ettt ettt e e sttt e e e st e e e et et e e e sntaeeeesntaeeeeansaeeesantaneesanteneeaas 168
2.4 APPLICATIONS AND CASE STUDIES.........otiiieiiiie ettt a e nnenee s 171
241 COMPONENTS FOR STRUCTURAL APPLICATIONS ... .o 171
242 COMPONENTS FOR TRIBOLOGICAL APPLICATIONS ......ccoiiiiieiiieee e 171



CMH-17-4B

Volume 4, Table of Contents

PARAGRAPH PAGE
2.4.3 COMPONENTS FOR THERMAL MANAGEMENT APPLICATIONS ........ccoocveeviieeeenee, 171
244 COMPONENTS FOR THERMAL EXPANSION CONTROL ......cccveiiiiieeiiiee e 171
245 OTHER MISCELLANEOUS APPLICATIONS ......ooiiiiiie ettt 171

3. MATERIALS PROPERTIES DATA ..ottt ettt et ettt e e et e e et e e e ente e e e e neee e e ennee 172

3.1 GENERAL INFORMATION ....coiiiiiieiiiiie e eeteee ettt estt e et e e e st e e e steeeeesntaeaessnteeeessnsseeessnsaneeeanes 172
3.1.1  INTRODUGCTION. ...ttt e e e ettt e e e e st e e e e st e e e enbeeeeennbeeeeeneeas 172
3.1.2 PURPOSE, SCOPE, AND ORGANIZATION OF SECTION .....cccccveiiiiieeeeiee e 172
3.1.3  PRESENTATION OF DATA. ..ottt ettt et e et e e e e nbe e e e e nbee e e e neeas 172

3.1.3.1 Properties and definitions ....... ... 172
3.1.3.1.1 SigN CONVENLION .....ouiiiiiiie e e e 172

3.1.3.2 Table fOrmMats ... e e 172
3.1.3.3 Fatigue data.......ccoovviiiiiiiieeee 183
REFERENCGES ... ..ottt ettt ettt e e sttt e e e st e e e et et e e e sntaeeeesntaeeeeansaeeesantaneesanteneeaas 183

3.2 REINFORCEMENT PROPERTIES.......coo ottt ettt e ettt e e snteee e e snnaeeeeanes 184
3.2.1  INTRODUCTION. ...ttt ettt ettt e e st e e s et e e e et e e e e st e e e esteeessnseeeeenseeeeanneeas 184
3.2.2  ALUMINAFIBERS..... ..ottt ettt ettt ettt e st e e s nae e e e snseeeeannneeas 184

1 0222 T 1 1 4o Yo L8 o 1T o T 184
3.2.2.2 Virgin NEXtel ™ 610 fIDET ...ttt s et n e 185
3.2.3 BORON FIBERS ..... .ottt ettt e e st e e st e e e s nnae e e snneeeeanneeas 188
3.24 BORON CARBIDE FIBERS .......oooiiiitiiieiee ettt e 188
3.25 CARBON AND GRAPHITE FIBERS ........ccutiiiiiiiee ettt 188
3.2.6 SILICON CARBIDE FIBERS........oottiiiiiiiiiie et e e st e e e 188
3.2.6.1 Virgin SCS-6 fIDEI™ .....cccieeiie ettt 189
3.2.6.2 Virgin and extracted SCS-6 fiDErs ........cccceeeiiiiiiiiiie e 192
3.2.8.3 SCS-6 FIDEI ... eeiiiiiiiiie ettt e nees 200
3.2.7 STEELFIBERS .......co oottt ettt e e e e e et e e e e eare e e e e are e e e ennes 205
3.2.8 TUNGSTEN FIBERS ......cctiiie ittt ettt et a e st e e e ennre e e e ensaea e e e 205
3.2.9 OTHER FIBERS. ...ttt ettt e e e e ea e e e e ate e e e e nrea e s enaeaeeennes 205
3.2.10 OTHER REINFORCEMENTS .......ooiiiiiiiie ittt ettt nae e 205

3.3 PROPERTIES OF MATRIX MATERIALS. ..ottt steee e e saeee e 206
3.3.1  INTRODUCTION. ... ittt ettt ettt ettt e s e s et e e e et e e e e st e e e e steeesenteeeeesbeeeeeneeas 206
3.3.2  ALUMINUMS ...t e ettt e ettt e e s ab et e e s nae e e e s naeeeeanseeeeannneeas 206
3.3.3  COPPERS ...ttt e e e e e et e e et e e e anraaeeannaes 206
3.3.4  MAGNESIUMS ... ettt e e s st e e s ne et e e s nte e e e snteeeeaneeeas 206
3.3.5  TITANIUMS ...ttt e e e s e e s e e e e e e aste e e e e nteeeeansteeeeenneeeeeansteeesannees 206

3.3.5.1 Ti-15V-3Cr-3AI-3SN (NASA-GRC) ....ciiiiiiiiieiiee et 206
G T T O B I |1 0 PSR 219

3.4 FIBER COATING PROPERTIES ...ttt ettt st e et e ettt e e e smtee e e e sntneeeeanes 220
3.4.1  INTRODUCTION. ...ttt ettt ettt e e st e s et e e e et e e e e ste e e e esteeesenteeeeesteeeeanneeas 220
K 07 L ] = 1 | PSR 220
3.4.3  TITANIUM DIBORIDE .......cotiiiiiiiiieeceieee et e et e e et e e s e stee e s et e e e e st e e e e nbeeeeeneeas 220
K (N I 1 PSR 220
T O B I |1 o PSSP 220

3.5 ALUMINUM MATRIX COMPOSITE PROPERTIES.......ccoiiiiieiiee e 221
3.5.1  INTRODUCTION. ...ttt ettt e s e e et e e e et e e e e st e e e esteeeesnteeeeenseeeeeneeas 221
3.5.2  ALUMINA/ALUMINUDM ...ttt sttt e e e e e st e e e e s 221

3.5.2.1 Nextel 610/pure Al PANE.........ooo oo 221
3.5.3 BORON/ALUMINUM .....ooiiiiiiiiiite ettt e et e e e e e st e e e snteeeeanneeas 226

Xi



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

PARAGRAPH PAGE
3.5.4 BORON CARBIDE/ALUMINUM ..ottt aee et snee e e e smeee e 226
3.5.5 GRAPHITE/ALUMINUM. .....octtiitiiiiit ittt 226
3.5.6 SILICON CARBIDE/ALUMINUM ... ..ottt 226
3.5.7  STEEL/ALUMINUM......coitiiiiiiitie ittt ettt eeneas 226
3.5.8  TUNGSTEN/ALUMINUDM ... ..ottt ettt e e e sneeesnee e aneeeeneeeenns 226
3.5.9  OTHERS/ALUMINUM ...ttt et 226

3.6 COPPER MATRIX COMPOSITE PROPERTIES.......coo i 227
3.6.1  INTRODUGCTION. ....cottiiititeittte ittt e bt nab et et e sbe e sre e nnreenans 227
3.6.2  GRAPHITE/COPPER....... .ottt ettt e e et e e et e e sneeeaneeeeeas 227
3.6.3  OTHERS/COPPER ......ooitiiiitie ittt 227

3.7 MAGNESIUM MATRIX COMPOSITE PROPERTIES. ..ottt 228
371 INTRODUGCTION. ...ceiitititet ettt ettt ettt b e e b sbe e sre e nnreenens 228
3.7.2  GRAPHITE/MAGNESIUM......ooiiiiit ettt e e snee e e 228
3.7.3  ALUMINA/MAGNESIUM ...cooitiiiiiiiitii ettt 228
3.7.4  OTHER/MAGNESIUM ...ttt ettt e et e e e e see e e eneeeenns 228

3.8 TITANIUM MATRIX COMPOSITE PROPERTIES ..ot 229
3.8.1  INTRODUGCTION. ...ttt ettt ettt etee e e ee e e ae e e sate e s aeeeaseeeameeeeaseeeaneeeaneeeanseeanns 229
3.8.2  SILICON CARBIDE/TITANIUM ....coiitiiiiiiiitit ettt 229

IR I BT O E 7 I I T SRR 229
3.8.2.1.1 SCS-6/Ti-15-3 TENSION ...ccrviiiiiiiiiiiiiie et 229

3.8.2.1.2 SCS-6/Ti-15-3 FatiQUe......ccueieiiieiiei e 253

3.8.2.2 TRIMARC-1/Ti-6Al-2Sn-4Zr-2Mo wire/fiber wound plate®.............ccccovveeeeeeeeinns 260
3.8.2.3 SCS-6/Ti-BAI-4V fIDEI/POWAET ... i 279
3.8.2.3.1 StatiC Properti€s .......uueviiieiiiiiieieiie ettt 279

3.8.2.3.2 SCS-6/Ti-6Al-4V fiber/powder...........ccoiiiiiiiiiiie e 283

3.8.2.3.3 FaliQUE.....oiiiiiiieie s 314

3.8.2.3.4 Fatigue crack growth ............occuiiiiiiiii i 320

3.8.3  ALUMINA/TITANIUM ...ttt 326
3.8.4  OTHER/TITANIUM ... ..ottt ettt e et e e te e e saeeesee e e te e e sneeeeneeaneeas 326

3.9 OTHER MATRIX COMPOSITES ...ttt ettt sttt 326

APPENDIX A. TYPICAL PUSHOUT TEST DATA ...ttt eesaee e eaeeeneeeas 327
AT, FIBER PUSHOUT ...ttt sttt et et s et e s e e nne e 327

APPENDIX B. RAW DATA TABLES FOR MATRIX MATERIALS ... 330
BT, ALUMINUNMS . ...ttt et b ettt sa e e nan e naneeeaneas 330
S O1 @ T o =y S 330
B3. MAGNESIUMS ...ttt ettt sa e nne e s e eaneas 330
27 S I N AN 1Y S 330

B4.1 Ti 15V 3Cr 3AI-3SnN (SeCtion 3.3.5.1) .eouiiiiiiiiiii e 331

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

C1. ALUMINUDMS L.ttt bttt b e et sb et st e e s e e e nar e e naneeeaneas 335

C1.1 Nextel 610 / SP Al (SeCtion 3.5.2.1) ...eii i 336

C2. COPPER.....c ettt b ettt b et ea e e 346

C3. MAGNESIUMS ...ttt e et e e st e e e e te e e ae e e saee e amteeesaeeeemeeesmseeeanseeanneeannan 346

CA. TITANIUMS ...ttt b ettt b e e b e st e b et e et e st e e e ann e e saneesaneas 347

C4.1 SiC/TI-15-3 (Section 3.8.2.1.1 and 3.8.2.1.2) .....ooiiiiiiieiie e 347

C4.2. TRIMARC-1/Ti 6-2-4-2 (SeCtion 3.8.2.2)......ceiiiiiiiiiiiiieniee ettt 369

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

o= OO PSP ST PP PTOPI 432

Xii



GOMPOSITE MATERIALS HANDBOOK Volume

B

grami

COMPOSITE M uﬁu

——8F | \WICHITA STATE
: UNIVERSITY
:: NATIONMAL INSTITUTE

FOR AVIATION RESEARCH INTERNATIONAL-




NOT MEASUREMENT
SENSITIVE

CMH-17-5A
Volume 5 of 6
1 JUNE 2017

Superseding
MIL-HDBK-17-5
17 JUNE 2002

COMPOSITE MATERIALS HANDBOOK
VOLUME 5. CERAMIC MATRIX COMPOSITES

&8 | WICHITA STATE %
mSu  university

i NATIONAL INSTITUTE INTERNATIONAL-
i FOR AVIATION RESEARCH

Copyright 2017 - Composite Materials Handbook — 17 (CMH-17). All rights reserved. Un-
authorized duplication or distribution may violate the Copyright Laws of the United States
and of other jurisdictions

Published by SAE International on behalf of CMH-17,
a division of Wichita State University



CMH-17-5A
Volume 5, Foreword / Table of Contents

FOREWORD

The Composite Materials Handbook, CMH-17, provides information and guidance necessary to design and
fabricate structural components from composite materials. lts primary purposes are a) the standardization
of engineering data development methodologies related to testing, data reduction, and data reporting of
property data for current and emerging composite materials, b) guidance on material and process specifi-
cations and procedures for utilization of the material data presented in the handbook, and ¢) methodologies
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 require-
ments. The Handbook therefore constitutes an overview of the field of composites technology and engi-
neering, 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 safety.

o 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 compre-
hensive 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.

o To establish guidelines for use of information in the Handbook, identifying the limitations of the data
and methods.

o 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 ma-
trix 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 com-
posites (MMC), ceramic matrix composites (CMC), and sandwich composites are covered in Vol-
umes 4, 5, and 6, respectively.

3. The information contained in this handbook was obtained from materials producers, industry com-
panies and experts, reports on Government sponsored research, the open literature, and by con-
tract 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 mem-
bership 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, Wichita State
University, 1845 Fairmount, Wichita, KS 67260, by letter or email, info@cmh17.org.

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 com-
pleteness, accuracy, and state-of-the-art composite technology.

Support necessary for the development and maintenance of the Composite Materials Handbook (CMH-17)
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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 infor-
mation 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
safety.

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
data 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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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.

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.

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.

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 re-
flects completeness, accuracy, and state-of-the-art composite technology.

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

17) are

provided by the handbook Secretariat, Materials Sciences Corporation. The primary source of

funding for the current Secretariat contract is the Federal Aviation Administration.
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