PD CEN/TR 17603-32-06:2022

Space engineering — Structural materials handbook

Part 6: Fracture and material modelling, case studies and

design and integrity control and inspection

°
bSl. Documents

Document Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

PUBLISHED DOCUMENT

National foreword

This Published Document is the UK implementation of
CEN/TR 17603-32-06:2022.

The UK participation in its preparation was entrusted to Technical
Committee ACE/68, Space systems and operations.

A list of organizations represented on this committee can be obtained on
request to its committee manager.

Contractual and legal considerations

This publication has been prepared in good faith, however no
representation, warranty, assurance or undertaking (express or
implied) is or will be made, and no responsibility or liability is or will be
accepted by BSI in relation to the adequacy, accuracy, completeness or
reasonableness of this publication. All and any such responsibility and
liability is expressly disclaimed to the full extent permitted by the law.

This publication is provided as is, and is to be used at the
recipient’s own risk.

The recipient is advised to consider seeking professional guidance with
respect to its use of this publication.

This publication is not intended to constitute a contract. Users are
responsible for its correct application.

© The British Standards Institution 2022
Published by BSI Standards Limited 2022

ISBN 978 0 539 18739 7
ICS 49.140

Compliance with a British Standard cannot confer immunity from
legal obligations.

This Published Document was published under the authority of the
Standards Policy and Strategy Committee on 30 June 2022.

Amendments/corrigenda issued since publication

Date Text affected

Documents

Document Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

TECHNICAL REPORT CEN/TR 17603-32-06
RAPPORT TECHNIQUE
TECHNISCHER BERICHT January 2022

ICS 49.140

English version

Space engineering - Structural materials handbook - Part
6: Fracture and material modelling, case studies and
design and integrity control and inspection

Ingénierie spatiale - Manuel des matériaux structuraux Raumfahrttechnik - Handbuch zu Strukturmaterialien -
- Partie 6 : Modélisation des matériaux et de leur Teil 6: Modellierung von Briichen und Materialien -
rupture, études de cas, inspections et controle de Fallstudien, Design, Integritatskontrolle, Inspektionen

l'intégrité

This Technical Report was approved by CEN on 29 November 2021. It has been drawn up by the Technical Committee
CEN/CLC/]JTC 5.

CEN and CENELEC members are the national standards bodies and national electrotechnical committees of Austria, Belgium,
Bulgaria, Croatia, Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy,
Latvia, Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Republic of North Macedonia, Romania, Serbia,
Slovakia, Slovenia, Spain, Sweden, Switzerland, Turkey and United Kingdom.

CENELEC

CEN-CENELEC Management Centre:
Rue de la Science 23, B-1040 Brussels

© 2022 CEN/CENELEC All rights of exploitation in any form and by any means Ref. No. CENXT -32:-06. E
reserved worldwide for CEN national Members and for ﬁ&gﬂ)i‘ﬁEhzfgz
CENELEC Members. Document Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

Table of contents

European FOreWord.......... ..o rree s s rss s sm s s sma s s s mn s s en s s s nm s s nnnnnnns 25
INErodUCHION....... . 26
64 Behaviour of advanced cOmposites ..........ccccccceiimreeciiirreecc e 27
L g B 1o o Yo [T 4o o PP 27
64.2 Summary of material behaVvIioUr ..............oiiiiiii e 28
64.2.1 Metal matrix COMPOSILES........cuuuiiiiiiiiiic e 28
64.2.2 Inorganic ceramic matrix COMPOSItES .........coovviiiiiiiiiiii, 29
64.3 Significant behavioural characteristics ..............oevviiiiiiiiiiiiiiiis 29
64.3.1  GeNEIal...cccoeeeeeeeeeeeeeee 29
64.3.2 Modulus mMiSMatCh .........cooiiiiii e 29
64.3.3 Matrix-to-reinforcement interface...........ccccccooi i 30
64.3.4 In-situfibre strength ... 31
64.3.5 CTE MISMACN .ccooeieeeeeeeeeeeee 31
64.3.6 Thermal history and residual StreSses............ccccciiiiiii 32
L 3G T A V][9] o] 1= Yo = T3 (] [ [ 32
64.3.8 Thermo-mechanical fatigue (TMF) ..........ieiiiiiiieee e, 32
64.4 Basic fracture characteristiCs .........ooveiiiiiiiii e 32
B4.4.1  GENEIAL ... aeeeaanaa 32
64.4.2 Particulate reinforced MMC ..., 33
64.4.3 Fibre reinforced MMOC ..o 34
64.4.4 Fibre reinforced CMC.........ouuiiiiiii e 35
64.4.5 Defining design ValUES ..........ccoeiiiiiiiiiiiiiii e 35
64.5 Failure criteria for CIMC........oooiiiiiiiiiiiiiiieeee e eeensennennnnnnnnnnnes 36
B4.5.1  INtrOAUCLION ....ooiiii e 36
64.5.2 DeSIQN @SPECES . .ciiiii it 36
O G =Y =T =T g o7 39
B4.6.1  GENEIAl ... 39
65 Particulate reinforced metals ... 40
65.1 INTrOAUCHION ... s 40
B5.1.1  Materials .....coeeiieee e 40
._.._Documents
2 Document Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

65.1.2  COMPOSIEES ... ittt e e e e et eaeeeaaaaa 40
65.1.3 Particulate reinforcement ... 41

65.2 Damage MECNANISIMIS .....ceeiiiiiiiiiiiiiitiei ettt 42
65.2.1 Unnotched SPECIMEN .........ooiiiiiiii e 42
65.2.2 Notched SPECIMEN ... e 43
65.2.3 Influence of partiCles ... 43
65.2.4 Composite PErfOrMaNCE...........uuuiiiiiieiieecee e 44

65.3 Failure modes and fracture behaviour.................oooiiiiiiiiiiiiiiiiis 44
65.3.1 MatriX effeCtS. ... 44
65.3.2 Failure mode StUIES........coiiiiiiiii e 45
65.3.3 Particulate shape and aspect ratio ..........ccceovvviiiiiiiiiii 45
65.3.4 Particulate fracture............ooooiiiiiii e 47
65.3.5 Void nucleation and growth ... 47
65.3.6  Fracture toUghNESS ... .coceii i 48

65.4 Thermo-mechanical fatigue (TMF) and Creep ........cceeeieieiiiiiiiiieee e, 49
65.4.1 ReSIAUAI StrESSES....uuuiii i 49
TR =1 ¢ 4 01T =1 (=P 49
65.4.3  SUPErPlastiCity.....cc.uuuiiiiiii e 49
65.4.4  APPHCAtIONS... ..o 49

B85.5 REFEIENCES ....cceeiiiiii et e e e e e et eaaaaaraaa 49
B5.5.1  GeNEIal...ccooeeeeeeeeeeeeeee 49

66 Fibre reinforced metals........ccceeuiiiiiiiiii 52
66.1 INTrOAUCTION ... s 52
66.1.1  Materials ....ccooeieeeeeeeeee e 52

66.2 Damage MECNANISIMIS .......eiiiiiiiiiiiiiie ittt 53
B6.2.1  GENEIAL ...t aeaeaaaaa 53
66.2.2 Effect Of lay-Up ...cooviiiiii e 53

66.3 Failure MOUES.... ..o e et e e e e e e e et e e e e e e e eeennnnnns 54
B6.3.1  GENEIAL...ue e aaeeaanaa 54
66.3.2 Matrix dominated failure............ooooo i 54
66.3.3 Fibre-dominated damage ..........cooiiiiiiiiiiiiii e 54
66.3.4 Self-similar damage growth.............ooooiii 54
66.3.5 Fibre-matrix interfacial failures ...............ccc 55

66.4 Thermo-mechanical and Creep rESPONSE.........ccevviiuiiie e eeeennns 55
B6.4.1  GENEIAL ... e eaeaaaaa 55
66.4.2  APPICALION ... e 56

66.5 REFEIENCES ... s 56

.__Documents

Documert Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

B6.5.1  GeNEIAl ... 56
67 Inorganic ceramic matrix COMPOSIteS ...........uuuummmmmmmmmmmmmmnnnnnnnnnnnnnnnnnnnnnnnnnaaa——.. 58
671 INErOAUCHION .....eeiiiiiiiiiee s 58
B7.1.1  GeNEIAL ... 58
G 2 /- 1 ) GO 59
67.1.3 INterface......cooooeiiiiii 59
B7.1.4  FIDreS e 59
67.2 Damage MECNANISIMIS .....ceviiiiiiiiiiiiiiiiiie ettt aeaesenssnnennne 59
67.2.1 Material effeCtS....c.uuniii e 59
67.2.2 MICrOCIACKING .....coutttiii e et e e e e et e e e e e e e e e et e e e e e aeaeeanens 59
B7.2.3  POrOSItY ..o 61
67.2.4 Manufacturing and in-service effects...........cccc 62
67.2.5 Crack propagation............coooeuiiiiiiieeei e enans 62
67.3 Fracture DENAVIOUF...........ooiii et eeeeeenees 63
67.3.1  Toughness Parameters ..........oooooiiiiiiiiiii 63
B67.3.2 TSt SPECIMENS ...uuuiii i e e e e e enaa s 68
LG TG T o o1 | Y= SO 68
A (Y (=T =Y o= SRR 70
68 Modelling advanced materials..........cccuimmecniiiiiiiirrr e 71
68.1 INtrOAUCTHION ... s 71
68.1.1  Polymer COMPOSIES.......ccooiiiieiiieeieee e 71
68.1.2 Metal matrix COMPOSIHES......coouiiiiiiiii e 71
68.1.3 Inorganic ceramic matrix materials............cccoooeiiiiiiiiiii e 71
68.1.4 Summary of MOAEIS ........coooiiiiii 72
68.2 Particulate reinforced metals ... 73
68.2.1 Use of MOdEIS.....cccooeeeiieieeeee 73
68.3 Fibre reinforced MetalS ..........oooviiiiiiiiiiiiiiiiei e 73
68.3.1 UsSe Of MOEIS .....coeeeeiiiiee et e e 73
68.4 Inorganic ceramic matrix COMPOSIEES ......uuiiiiiiiiiiiiiie e 74
68.4.1 Use of MOdEIS.....cccooeiiiiiee 74
B8.5 ReEFEIENCES ... 77
B8.5.1  GENEIAI ... 77
69 High-temperature structures ... 79
L3 T B 1o o Yo [T 4o o PP 79
69.1.1  APPIICALIONS... ..o e 79
69.1.2 PerformancCe ..o 79
._.._Documents
4 Document Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

69.1.3 High-temperature materials.............ccccovviiiii i 79
69.1.4 Development approach ...........uuii oo i 80

L3 B2 0 T 4T o L= PP 80
89.2.1  GeNEIAl...co i 80
69.2.2 AerodynamiC heating ........cooooeiiiiiiii 81
69.2.3 Propulsive power generation............oooooiiiiiiii i 82

69.3 Operating ENVIFONMENTS. ........uiiiiiiii e e e e e e eeeaaeeeaees 83
B9.4 INtEGration ....coooeiiiii i e 83
69.5 Heat Management .........oooiiiiiiiiiiiiiiie e 84
69.6 Life @XPECIANCY ....eiiiiiiiiiiiiiiiiiii e 84
B9.6.1  GeNEIAl...cco oo 84
B89.6.2  LAUNCRNET ... ..ttt e e 84
B89.6.3 SPACEPIANE .....ceeieie e 84
69.6.4 Satellite ... 85

69.7 Materials SEIECHION ......ccoiii e 85
69.8 MaNUFACTUIING .....ceeiiiiiiiiiiiiiiiiii bbb 85
B89.9 APPICALIONS ... 86
69.9.1 Future reusable launch vehicles.............ccoooiiii e, 86
69.9.2 Flight-vehicle dependent ... 87
69.9.3 Non-vehicle dependent ............coooiiiiiiiiiiiii s 91
69.9.4 Summary of European capabilities..............cooooiiiiiiiiiii e, 94

1S B L0 Y =T =Y Lo =Y PRSPPI 95
B89.10.1 GENEIAl... .o 95

70 Thermo-structural designs ... e 97
740 2% B [ Yo [ T i) o 1R 97
40 Tt P B € 1= o =T | U 97
70.1.2  SiNGIE MUSSION....ciiiiiiii it e e e e e et e e e e e e eeaaaaas 97
70.1.3 Reusable VENICIES ........ooooi e 98

70.2 SPACEPIANES ... .o e ettt aa——a——————————————_ 98
70.2.1  HeIMIES e 98
70.2.2  HOPE. ... 98
70.2.3 Single- and two-stage-to-orbit ... 99

70 IR T =T 0 =T PSP 99
R ] Rt 100
70.5 HOTOL .. ittt e e et e e eeeaeessssesssssnnnnsnnnnnnes 104
70.6 SANGER ..ottt ettt ettt e e e ate e 106
70.7 National aerospace plane (NASP) ... 107

.__Documents

Documentt Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

70.8 Demonstrator PANEIS .......ccoooiiiiiii e 109
70.8.1 GENEIAl .o 109
T70.8.2  INASP .. 109

70.9 NOSE COMES.....ciiiiiieiii ettt ettt et ee et eeeeseessasaennnnnnnes 109
T70.9.1  GENEIAL ... e eaaaas 109
70.9.2 Shuttle Orbiter..... ... 109
70.9.3  HeIMIES oo 111
70.9.4 HOPE.. ... 113
70.9.5 NASP ..o 113
70.9.6  HOTOL i 113
70.9.7 SANGER.......c.o oottt 114
70.9.8  X-B8 . 114

70.10Wing leading €dges (WLE) ... 115
70.10.1 GENEIAL ... 115
70.10.2 Shuttle orbiter.........cooo i 115
40 T L0 T = U = o TP 115
A0 I L0 o 1= g =TSR 117
70.10.5 HOPE. ... 118
70.10.6 Others...ccccieieeeeee e 118

4O I N =0 ) Q==Y 1 [ 1= RPN 119
701101 NASP 119
A0 T B2 o 1= o0 =T 3PP 119

70.12Cry0geniC tanKS .......ccoiiiiiiiii it 120

70.13Heat shield deSIgNS .......cooiiiiii e 120

TOAAAIN INIEt-INTAKES ... e 123

70.15Earth re-entry CapsUIEs.........coooiiiiiii e 124

70.16Manned re-entry VENICIES........... e 126

70.17DEEP SPACE MISSIONS......cceiiiiiiiiiiie e eee et e e e ettt r e e e e e e e e e et a e e e e e e e e earaaaaeeeeees 127
70.17.1 CNSR ROSETTA: Earth return capsule ..............cccooeeeiieiiiiiiiiiee 127

A0 I 1Y, = = =T o =T RPN 128
T70.18.1 GENEIAL ... 128
70.18.2 NASA Pathfinder/MESUR network landers ...........cccccooiiiiiiiiiiiiiiieeeeeeees 128
70.18.3 MARSNET ..o 129

70.19CasSINI-HUYGENS ....eeeii e e e e aeeeenes 129
70.19.1 GENEIAL ... 129
70.19.2 C-C aerobrake (heat shield) ... 129
70.19.3 Nose cap front shield with AQBO .............eiiiiiiiiiii e 130

._.._Documents
6 Document Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

70.20PIanetary ProDES .....uuciii i 130
70.21Aerobrake designs.........coooiiiiiiiiiiii 130
40 I B B € 1= =T | SRR 130
70.21.2 NASA/ESA Cassini-Huygens mission .............ccccevvviiiiiieiccciiiice e, 130
70.22PRORA: USV — unmanned space VehiCle ..............ccccoiiiiiiiiiee 132
70.22.1 BaCKgroUNd.......ccoooiiiiieeeeieeee 132
70.22.2 USV PrOGramIMIE c..uuuu i eeeieeeiiiie e e e e e e eeettte e e e e e e e e eea s e e e e e s eeastaaaaaeeeaeeennnes 133
70.22.3 USV systems and flight test beds............cccoooiiii 134
70.22.4 External configuration of FTB_1and FTB_2.........ccccccoiiiiiiiiiiiiieeeeees 135
70.22.5 External configuration of FTB_3........ccooiiiiii 136
70.23X-38 BOAY flap ..ceeeeeeeeeeeeeeeeeeee e 138
70.23.1 BacCKground.........coooiiiiiiii 138
70.23.2 BOAY flaps ...cooeeeeeeeeeee e 140
70.23.3 Mechanical fasteners ... 141
70.23.4 CMC to metal attachment.................c 142
70.23.5 CeramiC DearingsS .......ccooviiiiiiiiiii i 143
70.23.6 CeramiC SIS ...ccceeieeee e 144
A R 1S T N[0T Y 7= o 145
70.24.1 BacCKgrouNd........cooooiiiiiiiiii 145

I B ©7o ] T =Y o AP 146
70.24.3 Thermal Profiles ......ccoi o e 146
70.24.4 Flexible insulation design ... 147
70.24.5 Integration and qualification testing .............cccc 148
70.24.8 SUMMAIY ....oiiiiiiiiie e e e e et e e e e e e e e e et a e e e e e e e eaabba e e eeeeeeeeraanans 150
70.25Aerobrake: Deployable CMC decelerator..............ooooiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee 151
70.25.1 BaCKGroUNd.......ccoooiiiieeeeeee e 151
70.25.2 Mars ISRU mission ‘in-situ resource unit’..............ccccooeeiiiiiiiiiiiiceecceeeee 152
70.25.3 Mars ISRU mission — CONCEPL ......coeeiiiiiiiieiieeiieiecee et 152
70.25.4 Mars ISRU mission — Environmental aspects..............cccceeeeeeeeiieenennnn. 155

A ST ] (=T (=] g [o RPN 155
70.26.1 GENEIAL ... 155

71 Thermal protection systems..........ccooccciii s 160
711 INtrOAUCHION....cc ettt aeeennennes 160
7111 APPHCAtION ... e 160
71.1.2 European development programmes ..........ccooeeiieeiiiiiieeeeeeeeiiee e 161

4 P R T @7 T =T o £ 7P 162
71.1.4 Nonload-carrying TPS ... e 164

.__Documents
Documertft Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

71.1.5 Load-carrying TPS ..o e e e e eaanes 164
71.1.6 Reusable StruCtUres ... 165
71.2 COO0lING MOUES. ...ttt e ettt e e e e e e e r e e eaae e s 166
7120 GENEIAL ... 166
T1.2.2 PasSiVe TP S ...t e e e eeaneas 166
71.2.3 Active Cco0liNg CONCEPLS......cceiiieiiieiiiii e 167
71.3 Early re-entry CapSUIES .......cooviiiiiii e 168
71.4 ADIAtIVE AESIGNS ..oovieiiii e aana 170
A T S B € 1= =T | PR 170
71.4.2  Programimes ......cooooiiiiieeieeeeeee e 171
7143 MaterialS ..o 171
71.5 Space Shuttle Orbiter ... e 174
A I Tt B € 1= o =T | USSR 174
71.5.2 Materials and configurations ..............ooiiiiiiii i 175
71.5.3 In-Service TPS Performance............ccccoeeeieieiiii 179
A LT = VT = o TSP 179
T71.6.1  GeNEIAl .o 179
71.6.2 Materials and configurations ..............ooouiiiii i 181
71.7 Advanced carbon reinforced COMpPOSIteS .........ccovviiiiiiiiiiiiiee e 181
71.7.1  Carbon-carbon COMPOSItES .......coiiiiiiiiiiicee e 181
71.7.2 ACC - Advanced carbon-carbon.............ccccoeeeeeiieieiiieeeee 181
71.7.3 Aerospatiale - AerotissS® 2.5D ........cccoveiiiiiiiii e 182
71.7.4 Carbon-silicon carbide COMpPOSIteS...........coviiiiiiiiiiiii e 183
71.8 Durable metallic TPS ... eenenees 185
7181 GENEIAl..ccci oo 185
71.8.2 Multiwall TPS ... 186
71.8.3 DeVelOPMENES ... e e 187
71.9 Titanium-based COMPOSItES ......uuiiiiiiieeecce e 189
71,91 NASP 189
71.10Internal multiscreen insulation (IMI) ... 189
4 0t L0 Tt B 0o Tt =Y o AP U PSPPI 189
71.10.2 Development and characterisation ..., 192
71.10.3 Potential applications ...........ouuiiiiiiiiee e 194
71.11Flexible external insulation (FEI).............iiiiiiii e, 195
71111 GENEIAL ... 195
71.11.2 DeSigN CONCEPL ... 195
71.11.3 Key featUreS ... 195
._.._Documents
8 Document Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

4 0 T o o Yo [0 T3 A = T T [ Y PO UUSUPPPPPPPNS 196
4 0 I R T o 1= o0 = 3R 197
71.11.6 MSTP ProgramiMe........coiiuuiiiiiiiieee ettt e et a e e e e e ennnee e eeeaeas 198
71.11.7 ARD PrOgramMe .......uiiieeeieeeieiei e ettt e e e e et e e e e e e e e aa e s e e eeeeeanees 201
71.11.8 Future reusable VEhiCles ...........cooi i 201
71.11.9 Verified performanCe..........oouuuiiiii e 202
71.11.10 IFI - Internal flexible insulation development.............................. 203
T1A2CMC ShINGIES ... e e e e e e e e e eeens 205
71.12.1 Hermes design CONCEPL .....coeeiieiiiiiiiieieee e 205
71.12.2 TETRA/X-38 programme PanelS .........couuuuiiiieeiiiiiiiiieieeeeeeeeeiiee e e e e e eeeeees 207
71.12.3 SPFI - Surface protected flexible insulation....................cciiiii, 209
A I B o 1T B oo =SSP 220
0 P T B € T= Y o =Y | PR 220
71.13.2 Shuttle-type heat pipe cooled wing leading edge ...........ccoovviiiiiiieeennnnn, 222
71.13.3 Sodium-Hastelloy-X heat pipe for advanced space transportation
531 (=] 0 £ TP PSPPI 222
71.13.4 Refractory metal-CMC heat pipe for NASP ..........cooiiiiiiiiiiiiieieeeeeee, 223
T1.14C00lEA PANEIS.....couiiiei it e e e e e e e e e e e e e e e e e e e aeeeeens 224
A P T B C 1= = | PP 224
71.14.2 Demonstrator UNItS.........oooiiiiiiiiii e 225
71.14.3 Active cooling ON NASP ..o e 226
T1.A6Beryllium TPS ...ttt 228
4 Pt o T B €= = | PP 228
71.15.2 Cassini-Huygens heat shield: Phase A configuration .............c...cc.......... 228
A I LT ANz o] o] = | (T RSP 230
A R A (T2 1= 1= o - RPN 230
TAATA GENEIAL ... 230
71.17.2 SEPCORE® TPS CONCEPL...covtuuiiiiieiiiiiiiie et eeanns 230
71.17.3 Ceramic heatshield assembly (CHA).........ccooiiiiiiiii e 231
71.17.4 MIRKA - Micro re-entry Capsule ..o 239
71.17.5 ALSCARP - Alternative low-cost, short-manufacturing-cycle ceramic
ASSESSMENT PrOGraMMIE ... .. e eeeeeeiiiie e e e et e e e e e e e e e eereeaaes 241
A I = Y= 0 1= o = | SRR 244
7181 GeNEIAL ... 244
71.18.2 Semi-integrated aeroshell TPS (S.LAT) oo, 244
71.18.3 Demonstrator aeroshell design...........cooooiiiii 244
71.19Cry0geniC taNnKS ......cooiiiiiiiiii e 250
71191 GENEIAL ... 250
.__Documents

Documer®t Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

71.19.2 EUropean ProgramiMeEsS ............ueiieeeeeeeuriiiieeeeeeeeeestiaaseeeesseesssnnaaaeeaaseennnes 251
71.19.3 Concepts: TPS panel array .........ccooeeeeeeiieiiieeeeeeeeeeeeeeeeeeeeeeeeeeeee 252
71.19.4 Concepts: LH tank cryogenic insulation...............cccooiviiiiiiiiieeen, 252
71.20TPS Mass bUAQELS .....coooeiiiieee e 254
71.20.1 AlIOCAtION ... 254
71.20.2 EXAMPIES -t e e 255
T1.21TPS VerifiCation ......cooiiiiiiieeeee ettt neeeeeenees 255
71.22Polymer foam cryogenic insulation ... 255
A 7 T € 1= = | PR 255
71.22.2 Polymer foam characteristiCs ... 255
71.22.3 PrOPEILES ... 256
T71.22.4 MALErAlS .....coeeeeeeeieee e 257
71.22.5 Ranking of polymer foam cryogenic insulation ...................ccco 259
71.22.6 FUMher WOrK ... ..o 261
71.23High temperature insulation (HT1) ..., 261
71.23.1 BaCKGroUNG ... ..o 261
71.23.2 Development factors ..........oouuiiiiii i 262
71.23.3 Development apoproach ...........cccceeuiiiiieiiiiicccccs e 263
71.23.4 MatErialS .....ccceeeeiiiie e 266
71.23.5 TeSHNG e 266
71.23.8 SUMMAIY ...t e e e e e et e e e e e e e e e e et e e e e e e eeeeraanans 270
I Y (=Y (=Y Tot Y RPN 270
72 SPF/DB titanium deSigns ..........uiiiiiiiiiiiecisiss s 280
72 B 11 Yo 18 o3 1T o PRSP RPRRRRPRRRPRN 280
470 B B € 1= =T | RSP 280
72.1.2  Aircraft cCOmpPONENtS .......ooiiii e 280
72.1.3 Space appliCatioNS .........ccooeviiiiiii e 280

72.2 BasSiC SPF/DB PrOCESS ....ccieeiiiiiiiiieeeeeeeeiiea e e e e ettt s e e e e e e e eeettaa e e e aeaeenaeannaaaeeeeees 281
72.2.1  Superplastic forming ........ccoooviiiiiiii 281
72.2.2 Diffusion boNAiNg ......cooieiiiiiiiee e 281

72.3 Process attributes ... 283
72.4 TitaNIUM @lIOYS......ooiiiiiiii ettt 284
72.5 AUMINIUM GlIOYS.....iieiii et a e e e e e e e e e 285
72.6 Access doors and dUCHNG..........ueiiiiiiiiiicce e 286
T2.6.1  GENEIAL ...t eaaeeaaaa 286
72.6.2 Slat track/Jack CanS .........cooooiiiiiiii 286
72.6.3 Underwing acCess dOOIS ........uuuiiiiieeiiiiiiiieeeeeeeeeeetee e e e e e e e e e e e e aaeenanes 287

._.._Documents
10 Document Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

72.6.4 Other SPF/DB COMPONENTS.......ciiiiiiiiiiiieee e 288

72.7 Spars and stiffened panels ... 288
72.8 Struts @nd CYIINAEIS .....eeiiiiiiiiiee e e e e e e e 289
72.9 Leading edges and lateral fins ..........cooooiiiiiiiiii i 289
47 L0 1= 1,7 SRR 290
T2 ATPrESSUNE VESSEIS ...eeeiiii ettt e e ettt e e e e e e e e eeaean e e e e eeeeeees 290
T2.12C0St ASPECES.....oiiiiiiiii ittt e e e e e e e e aaaaaan 291
T2 A3EUropean faCilities .........coeiiiiiiiiee e 291
2 T (=T =Y g To RPN 291
47 T T C 1= =T | PR 291

73 Propulsion technologies............coueeiiiimimiiiiirici s nnnas 293
74 20 B [ Yo [ T i) o 1RSSR 293
73.2 Propulsion unit reQUIrEMENTES .......ccceeeiiiiiiiicee e 293
73.2.1  LauNCher €NQINES ......ccooieiiiiiiiiie et e e e et e e e e e eeaaaes 293
73.2.2 Shuttle engiNes .......ccoooiiiiii 293
73.2.3  Spaceplane ENGINES..........oouuiuiiiii et e e et a e e aeaaaes 293
73.24 TRIUSEEIS ..o 294
¢ T S T [0 7274 [ 1= T 294

5 TR T U 1= PP 294
73.3.1  GeNEIAl...cc i 294
73.3.2  Solid Propellants ..........coooeiiiiiiiii e 294
73.3.3 LH/ILOX e 294
73.3.4 MoNOPropellants .......cooooeriiiii e 295
73.3.5 Bipropellants .....ccooeeiiiie e 295

S T N 4 = 1= RPN 295
0 T T B € 7= o = | T 295
73.4.2 MPS solid rocket Motor............oooeeiiiiiii 295

73.5 VUICAIN ©NGINE .....coiiiiiiiiiiiiiie ettt aaaeansnnneane 296
73.5.1  GENEIal ..o 296
73.5.2  SPecCifiCation..........uuuoiiiiiiiic e 297
73.5.3 Materials ....coooeeeeeeeeee 297

73.6 HM 7 €NGINE ..ottt 298
73.6.1  GeNEIal ..o 298
73.6.2 NOZZIE EOMEIIY c.ovveeii e 299

737 MAGE 2 MOLOT ...ttt aeeeeneanes 299
S < T N\ [ 774 1Y RSP 299
73.9 Space Shuttle Main Engine (SSME) ......coovuiiiiiiiiicce e 300

.__Documents

Documénk Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

73.10Air breathing ENgINES.......c.ooiiiiiii e 300
73.10.1 GENEIAl ..o 300
73.10.2 NASP nozzle development...........ccoooiiiiiiiiiiiee 301
73.10.3 European ramjet technology .........ccoovieiiiiiiiiiiiie e 301

73 A1TCMC rocKet StatOr..... oo e e eeees 301

T3 A2Metal tNIUSEEIS ... e e e e e e e e e eeenes 303

T3 A3CMOC thIUSTEIS ...ttt e e eeeeeeeennnnes 303

% B 3 3 (Y (=T =g o= S PPSRSRRRRRRE 303
4 T X B € 1= o =T | PR 303

74 Protective Coatings ........ccociieeeeciiiiiiiiirrreessssss s s s e ss s s s s s s s s snnnssssssssssssnnnns 306

7 35 B [ Yo [ T i) o 1RSSR 306

74.2 Coating FUNCHIONS .......cooiiiiiiii et 307
T4.2.1  GENEIAL ... 307
74.2.2 Application reqUIremMeENts..........ccooiiiiiiiiiiiiec e 308

R T =TT 1V = 1T o U RSRPRN 308
TA.3.1  GENEIAL ... a e eaaaa 308
74.3.2 MaterialS ....coooeeeeeeeeeeeeeee 309
74.3.3 Coating adhesion .........cooooiiiiiii 309

74.4 BasiC COatiNg tYPES....ccoiiiiiii i 310
T4A4 1 GENEIAl..ccci e 310
74.4.2 DiffusSion COAtINGS......ciii i e 310
74.4.3 Overlay Coatings .....coooeeeeeieeeeeee 310

T4.5 COaliNG PrOCESSES ....uuiiiieiiieeitee ettt e e e e e e e e e e e e e e ab e e e eaaeas 311
T4.5.1  GENEIAL ... 311
74.5.2  SIUITY COAING ..o 311
74.5.3 Physical vapour deposition (PVD) ... 311
74.5.4 Enhanced physical vapour deposition (PVD).........cccccceeiiiiiiiiiiiiiiiieeeeeees 312
74.5.5 Thermal SPraying ......cooooeiiiiiiiiee e 312
74.5.6 Chemical vapour deposition (CVD) ..........coeiiiiiiiiiiiiiiiiiiieee e 312
74.5.7 Enhanced chemical vapour deposition (CVD) .......ccccceeviiiiiiiiiiiiiiiieeeeeee, 313
T4.5.8 Other PrOCESSES. ...uuuiiiieeii ettt e ettt et e e e e e et s e e e eaeeeaaees 313

74.6 Coatings: Titanium COMPONENTS.........coooiiiiiiiiiiiii e 314
T4.6. 1 NASP .. 314

74.7 Coatings: Superalloy COMPONENLES .........covviiiiiiiiiiiiiie e 314
£ S A T € 1= o = | PP 314
74.7.2 Aluminide diffusion coatings............coooiiii 315
74.7.3 MCrAlY overlay CoatingS..........ciiiiiiiiiiiice e 315

._.._Documents
12 Document Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

74.8 Thermal barrier coatings (TBC).......ocoiiiiiicii e 316
74.8.1 Ni-based superalloy COMPONENtS ........oouiuiiiiiieiiiiiiii e 316
74.8.2 Shuttle Main Engine HPFTP blades ... 316
74.8.3 Fibre-reinforced TBC'S ......ccooeiiiiiiiii 317
74.8.4 Coating technolOgY .....coooiiiiieie 317
T4.8.5 S€aAlS...cccii i 317

74.9 Carbon-Carbon: Oxidation protection...............coooviiiiiiiiiii e, 317
T4.9.1  GeNEIAl ..o 317
T74.9.2  APPICAtIONS. ... 317
74.9.3 Coating SYStEBMS ....coiiiiiiiiie 317
74.9.4 BasiC Problem .........coii i s 318

T4 10MURIPIEX COALINGS ..ottt neeennennes 318
£ 30 L0 T B C 1= o = | PP 318
74.10.2 ConStitUENES ..o 319
74.10.3 Application eXamples ........cooviiiii i 320

74.11Coatings: C-SiC and SiC-SiC ..o 321
£ I B C 1= T - | 321
T4.11.2 C-SiC i 321
T4.11.3 SIC-SiC ..o 321

74.12Carbon-Carbon: Surface coatings. ... 322
74.12.1 Dimensionally stable structures............ccooiiiiii i, 322

F B B 2T (=T (= [t RPN 326
£ 3 B T B C 7= = | PP 326

TR ST=T= 1R (=3 310 Lo e T )Y PRt 330

7 0 B [ Yo [1 T i) o 1SRRI 330
7501 USS it 330
75.1.2 Structural @ssemblies............ooooiiiiii 330
75.1.3 DynamiC SEalS.......ccooiiiiiiiii 331
7514 MaterialS .....cooeieee e 331

75.2 SHrUCHUral SEAIS.......coe ittt 331

75.3 Seal MaterialS.........coooi i 332
T75.3.1  GENEIAL ... 332
75.3.2 ElaStOmMers ... 332
75.3.3 Types Of €lastOmers..........coouiiiiiii i 335
75.3.4  ViSOCIASHCILY ..cooeeeeeeeeeeeeeee e 339
75.3.5 Physical Properties. .......ccoviiiiiiiiieie et 340
75.3.6  Chemical Properti€s ..........oouiiiiiiii e e e eaanes 347

.__Documents

Documért Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

75.3.7 Rubber-to-metal bonding..........cccooiiiiiiiiiiii e 350
75.3.8 Engineering design with elastomers............ccccc 351
75.3.9 Finite element @analysis. ... 354
75.3.10 APPIICAtIONS......ooeiiieii e e 356
75.3.11 Thermoplastic elastomers ..........cooo oo 357

75.4 Energised metal Seals ... 357
7541 GeNEIAL ... 357
75.4.2 MaterialS ...ccooeeeeeeeeee e 358

75.5 NASP engine developments ... 359
T75.5.1  GENEIAL ... 359
75.5.2 DeVelOpPMENTS ... 359

ST I o] o 10 LS T= = RSP 360
75.7 ElaStOMEriC SEAIS......oiiiiiiiiiiiiie et e e e e e e et e e e e e e eaees 361
7571 MaterialS ..o 361
75.7.2 DeSIQN @SPECES ...cieiii e 361
75.7.3 Causes of leakage .........ooooieiiiiiiiii 362
75.7.4 Aerospace appliCations ..........ccuiiiiiiiiii i 363

75.8 REfEIENCES ..o ittt eeeeeaennnnnnnnne 364
£ T B € 1= = | PSP 364
75.8.2 ECSS standards .........coooviiiiiiiiiii e 365
75.8.3 ASTM standards ........ccoooiiiiiiiiiei 366
75.8.4 1SO StANAArdS ......cvuuiiiiieiiieice et 366

76 Integrity control of high temperature structures ............cccmmmmiiininnennnnnnnnnes 367
76.1 INtrOAUCHION.....co ittt aeeennennes 367
76.2 MaLEIIAlS ... ..ottt e e et e e e e e eeane 367
76.2.1  Integrity CONTrol ......coooeee 367
76.2.2  Fracture Control..........ooooiiiiiiiiii 368

76.3 Failure characteristiCS.........couuiiiiii e 368
76.3.1 Advanced alloy SYyStEmMS.........ccooiiiiiiiiiii 368
76.3.2 Composite MaterialS .........oooviiiiiiii e 368

76.4 High temMpPerature..........cooo i aeeeens 369
76.5 C0@LINGS ....coiiiiiiiiiie ettt 369
76.5.1  GeNEIAl ... 369
76.5.2 ManUfaCtUNNG .......uuuiiiiiiiicc e e e e e e e eeaaaes 369
76.5.3 INSPECHON ... 369

4 I I @7 o] g 1= o (=T =1 Ao o L RSP 370
76.6.1 Mass optimisation .............oouiiiiiiiiiii e 370

._.._Documents
14 Document Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

76.6.2  APPrOACK ... e 370

76.7 Case study: Developments in integrity COntrol .............cccuviiiiiiiiiiiiiie s 371
76.8 Case study: Phase 1 - Material characterisation................cccccciii 373
76.8.1  GeNEIAl ... 373
76.8.2 Materials, manufacturing and NDT ..o 373
76.8.3 Defect detection by selected NDI methods..............coooooii, 374
76.8.4 Maximum applied SIreSSES.......ciiiiiiiiiiiiee e 375
76.8.5 High-temperature tests.........cccooeiiiiiiii e 376
76.8.6 Residual Strengths ... 377
76.8.7  ANAIYSIS ... 377
76.8.8 CONCIUSIONS ... 377

76.9 Case study: Phase 2 - Structural sub-component behaviour................cccceevvvvnnnn... 378
B4 T L0 =T =T (=Y To RPN 378
76.10.1 GENEIAl ... 378

A7 A8 =3 (=3 A8 7 1= PRt 379
74745 S L1 Yo 11 T i) o 1SRRI 379
77.2 Advanced metal alloys..........oouvuiiiiiiiiece e 380
A T € 1= =T | SRR 380
77.22 ODS AllOYS...cccoo oo 380
T7.2.3 SPF AllOYS.. .o e 380

77.3 Metal matrix COMPOSILES ......ooviiiiiii e 380
TT7.3.1  GENEIAL ...t e e et e e e e eeaanes 380
77.3.2 Standard product fOrmS..........uuuiiiiiiiiicec e 380
77.3.3 Near-net shape manufacture.............ccvviiiiii i, 381

77.4 Ceramic matriXx COMPOSITES......uuuiiiiiiiiiieicee e 382
TT.5 C0aAUNGS ...ttt n e nnnnnnne 382
A7 TN Lo £ 383
A0 T T € 7= = | PR 383

A T U L PP 383
77.6.3 Mechanical fastened JOINtS ........cccooiiiiiiiiiiii e 384
T7.6.4 FUSION JOINTS.....oooiiiiiii i e e e e e e e e e e eenanes 384

TT.7 SUCUral PArS ..o e e e e e e e e e e eeeees 385
TT.7 A GENEIAL ... 385
77.7.2 Composite MaterialS .........ooouiiiiiii e 385

A4 T L T T= V7[R 385
AR T (=T (=) (o RPN 387
T7.9.1  GENEIAl..ccco i 387

.__Documents

Documémt Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

78 Damage tolerancCe...........ccoiirieeiiiiiieeiirrrne s s s s s s nss s s rnn s s nnn s e e nnnns 388

74 < 20 B [ 1o Yo [1 T i) o 1RSSR 388

78.1.1  MaterialS ... 388

78.1.2  SIUCIUIE . 388

78.1.3  Fracture MeChaniCs. .......coooiiiiiiii e 388

78.1.4 Initial material quality (IMQ)........cooeiiiii 388

78.2 MMC: Particulate and whisker reinforced..............ccccooiiriii 389

78.2.1 Fatigue behaviour ... 389

78.2.2  Fracture MEeCNANICS. .......coiiiiiiiiie e e e e e eeeeees 390

78.3 CMC: Whisker reinforced...........ooooviiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 391

78.4 MMC: Continuous fibre reinforced ............coooiiiiiiiiii e 391

7841 FatiQUe ..o 391

78.5 CMC: Continuous fibre reinforced..............ooooriiiiiiiiieeeeee 393

78.5.1 Failure characCteriStiCs ...........uuiiiii i 393

78.6 COALNGS ....coiiiiiiiiiie ettt 394

78.6.1 Coating performancCe. ... 394

78.6.2 Process and material selection ..............ccoooiiiiiiiiii e 395

78.6.3 Failure characteristiCs ...........oiviiiiiieice e 395

T8.7 REFEIENCES ...ttt e e e e e e e e e e e e ee it seeeaeeeennes 396

7871 GENEIAL ... . e 396

78.7.2 ECSS standards ........ccoooiiiiiiiiiii 396

79 Fracture control............ s 397

791 INtrOAUCHION.....cce ettt n e nennenennes 397

7911 APPHCAtION ... 397

A I A = (=1 (=) (o SRR 397

79.2.1  GeNEIAl .o 397

79.2.2 ECSSstandards ..o 397

80 NDT teChNIQUES ......cooiiiiiiieeecir s e e nnmmnnnas 398

80.1 INtrOAUCHION ... s 398

80.2 Advanced metal @llOYS ........cooeiiiiiiiiiiiiiiiiiiei e 399

80.2.1  GENEIAI ... a e 399

80.2.2 Brittle materials ..o 399

80.2.3 Multi-phase miCroStruCtUres ...........ccoiiviiiiiiiii e, 399

80.3 Metal MatriX COMPOSILES ......uuiii et e e e e eeaeees 399

80.4 Carbon-Carbon and ceramic matrix COMPOSItES ..........cccevviiiiiiiiiieeieiiiee e, 400

B0.5 C0atiNgS .. oot ra 403

80.6 JOINES ...ttt ea e e e e e as 403
— .__Documents

Document Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

80.6.1  GeNEral...ccco i 403
80.6.2 FuSed JOINES.....ccoeeiieeeee e 403
80.6.3 Mechanically fastened and interlock joints .............cccccoiiii, 404

80.7 FUSION JOINES oiiiiiiii e e et e e e e e e e e e e e e araaaaas 404
80.7.1  GENEIAI ... e 404
80.7.2 Thin-walled seam welded tubes ..o 404
80.7.3 Diffusion bonded jJOINtS..........ouuiiiiiiiiice e 405

80.8 REFEIENCES ... s 405
80.8.1  GENEIAI ... e e e 405

81 High-temperature testing..........ccomiiieeccciiiirrr e 408
0 g N 1 oY [T 4o o PR 408
81.2 PUrpoSE Of tE€STING....eeiiiiiiiiiiiiiieie s 408
81.3 Material DENAVIOU ...........oiiiiiii s 409
81.3.1 Basicfracture modes ... 409
81.3.2 Metal matrix COMPOSIHES........uuuiiiii i 409
81.3.3 Inorganic and ceramic matrix COMPOSItES ...........ccoeeeiiiiiiiiiiiiiiiiieee, 409

81.4 Degradation MeChaniSMS .......c.ccoiiiiiiiiii e 410
81.4.1 MaterialS .....ccoeeeeeeiee e 410
81.4.2 Degradation rate ..o 410

81.5 CoUPON TESHING ..oeviiiiii i e a e eaan 411
81.5.1  GeNEIAl ..o 411
81.5.2 Single-fibre tests ..o 411
81.5.3 Fibre push through ... 411
81.5.4 Net-shape COmMpPONENtS ........cccuuiiiiiiiii e 411
81.5.5 Flexural and ILSS testing .........oooiiiiiiiiii 411
81.5.6 Small COUPON tESES.. .o iiiiiiei e 412
81.5.7 MaCKhINING ..cceeiiii e e 412
81.5.8 EXtENSOMEIrY ..ccooiiiiieeeeee e 412
81.5.9 ENAtabs...cccciiiiiiiieee e 413
81.5.10 CoatiNgS.....cieeiiiiiiiee e 413
81.5.11 Material gradation .............ooouiiiiiii i 413
81.5.12 Specimen alignment.............ooo 413
81.5.13 Linear elastiCity .......cccooeviiiiiiiii e, 413

81.6 Mechanical ProPerti€S.........ouuuuiiiiieiiee e e eeens 413
81.6.1  GENEIAl ... 413

S LG T2 = 1= ][ 414
81.6.3  COMPIESSION.....ciiiiiiii i e e e e e e ee s 415

.__Documents

Documéht Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

81.6.4  ShEar ..o 416
81.6.5 Open-hole tensioN.........ccooiiiiiiiii 416
81.6.6 FatiQUe....cccoiiiieeeeeeee 416
81.7 Fracture tOUGNNESS ... ..o e e e e eaaaans 416
81.8 Physical Properties ........ooouiiiiiii e aeeaaaaes 417
81.8.1  GENEIAl ... e 417
81.8.2 Standards ........coooiiiiiiiii 417
81.9 Status of test Standards ...........ooeiiiiiiiiiiiii e 417
81.9.1  GENEIAl ... i 417
81.9.2 Metal matrix COMPOSIHES......c.uvuiiiiieiie et 418
81.9.3 Ceramic matrix COMPOSItES ......uciiiiiiiiiiiiiie e 418
81.10DemoNnStrator tESHING .......cuuiiiiiiiiiiiiiiii e 422
I I I oY =T =Y Tt PR 423
81.11.1 GeNEIAl ..o 423
Figures
Figure 64.4-1 - Representative stress-strain curve: Particulate reinforced MMC................... 33
Figure 64.4-2 - Representative stress-strain curves: Monofilament reinforced MMC ............ 34
Figure 64.4-3 - Representative stress-strain curves: Bidirectional SiC-SiC composite.......... 35
Figure 64.5-1 — Failure criteria: Comparison between predicted failure curves for................ 37
Figure 64.5-2 — Failure criteria: ‘Hour-glass’ test specimen for C-C/SiC composites ............ 38
Figure 65.2-1 - Relative stress-strain behaviours of optimised (good) and non-
optimised (Poor) MMCP COMPOSILES .......euviviiiiiiiiiiiiiiiiiieiiieieeieeeeeeeeeeeeeeeeeeeneeanenes 43
Figure 65.3-1 - Features of particles in MMCp materials ............coiiiiiiiiiiiiiiieee e, 46
Figure 65.3-2 - Possible crack propagation paths in MMCp materials .................ccooovninnnnnnn.. 47
Figure 67.2-1 - Glass matrix composite material: Microcracking sequence...............cccc........ 61
Figure 67.2-2 - Bidirectional glass-ceramic matrix composite: Schematic of tunnelling
Cracks iN 90 JAYEIS .....uui it e e e e 62
Figure 67.3-1 - Schematic representations of load-displacement (P/u) curves: (a)
Linear elastic DENAVIOUN .........cooe i 64
Figure 67.3-2 - Schematic representations of load-displacement (P/u) curves: (b)
Linear non-elastic behaviour ... 64
Figure 67.3-3 - Schematic representations of load-displacement (P/u) curves: (c)
Non-linear elastic behaviour ... e 65
Figure 67.3-4 - Schematic representations of load-displacement (P/u) curves: (d)
Non-linear non-elastic behaviour ... 65
Figure 67.3-5 - CMC materials: Possible fracture mechanisms .............cccooiiiiiiiiinnn, 66
Figure 67.3-6 - SENB and delamination test specimens..............ccoeiiiiiiiiiiiiiiiiii e 68
Figure 67.3-7 - Fracture energy (J, Rice) as a function of crack increment: Short
random fibre materials..........oooo i 69
.__Documents
18 Document Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

Figure 67.3-8 - Fracture energy (J, Rice) as a function of crack increment:

Multidirectional materials ... 69
Figure 70.4-1 - HOPE: Distribution of surface temperatures..............ccccccoviiiiiiiii i, 100
Figure 70.4-2 - HOPE: Distribution of TPS ......ccoi i 101
Figure 70.4-3 - HOPE structural materials to be applied...............ooeviiiiiiiiiiiiiiiiiiiiiiiiiiiiiines 102
Figure 70.4-4 - OREX structure and TPS ... 103
Figure 70.4-5 - HYFLEX: Structural Configuration................coooviiiiiiiiiiee e, 103
Figure 70.5-1 - HOTOL: Configuration 'g" ........cccooeiiiiiiiicie e 104
Figure 70.5-2 - HOTOL: Rear Fuselage and Aft LOX TankK ..........ccovviiiiiiiiiiiiiiiiiiiiiiiiiiiiinns 106
Figure 70.6-1 - SANGER: Surface temperatures at Mach 6.8.................ccccoeeveveeeeeucennnn. 107
Figure 70.7-1 - NASP: Basic configuration ..............ccccoiiiiiiiiiiieccee e, 108
Figure 70.9-1 - Shuttle: Nose cap system COMPONENtS.............eevereeieiiieiiieiiiiiiiiiieieiieninnennns 110
Figure 70.9-2 - Shuttle: RCC chin panel system components................oouuiiiiiiiiiiiiiiieiinninns 111
Figure 70.9-3 - Hermes: C-C INOX® nose cone (0.6 scale) .........cceeeeeeeeiiiiiiiiiieeeeeeeeeeienn, 112
Figure 70.9-4 - HOPE: Heat resistant structural configuration .................cccccooveeiii e, 113
Figure 70.9-5 - HOTOL: Nose cone and N0Se Shell..............ouiiiiiiiiiiiiiiiiiiiiiiiiieiiiiieiiieiiiines 114
Figure 70.10-1 - Shuttle orbiter: Wing leading edge system components ........................... 115
Figure 70.10-2 - Buran: Wing leading edge construction .............c.ccoviii i 116
Figure 70.10-3 - Buran: Temperature of wing leading edge with time..............ccccccccinnee. 117
Figure 70.10-4 - Hermes: Hot structure leading €dge ............cevviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiaes 118
Figure 70.11-1 - Hermes: C-SiC box for thermal structure.............cccooooiiiiiiiiiiiiee, 119
Figure 70.13-1 - Double wall heat Shield .................ouuiiiiiiiiiiiiiie 121
Figure 70.13-2 - Heat shield and stringer stiffened panels...............ccceevviiiiiiiiiiiiiiiiiiiiiiis 122
Figure 70.13-3 - MARSNET: Heat shield for planetary entry probe ..........cccccccooeeiiiiiinnnnnnnn. 123
Figure 70.14-1 - Air intake ramp in C-SiC ...........uuiiiiiiiiiiiiiiiiiiiiieeeeennnnes 124
Figure 70.15-1 - COMET reCOVEry SYSEM ......cciiiiiiiiiiiiiiiiee e 125
Figure 70.15-2 - MIRKA capsule: Exploded view of spherical heat shield........................... 126
Figure 70.16-1 - ACRV flight vehicle: General layout...............ccccoceiiiiiiiiiiiiee e, 127
Figure 70.17-1 - CNRS ROSETTA: Aerocapsule configuration ....................eeveeeeeeveeenennnnnns 128
Figure 70.19-1 - Huygens: C-C decelerator design...............euuuevveiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieennes 129
Figure 70.19-2 - Huygens: Nose cap front shield................coooriiiiiiiiee e, 130
Figure 70.21-1 - Cassini-Huygens: Stretched carbon skin decelerator ...................oevviiinee. 131
Figure 70.21-2 - Cassini-Huygens: Separation SEQUENCE...............eeuiriiiviieiiiiiiiiiiiiiiiiiniennns 131
Figure 70.22-1 - PRORA — USV: FTB_2 external configuration...............cccccceeeeeeiiiiieinnnnnnn. 136
Figure 70.22-2 — VEGA launcher: Large fairing ..........cccooeiiiiiiiiiiie e, 137
Figure 70.22-3 - PRORA — USV: FTB_3 external configuration.....................cuvvieiiiiiiiinnnnns 138
Figure 70.23-1 — X-38: TeSt VENICIE........cuiiiiiiiiiiiiiiiiie e 139
Figure 70.23-2 — X-38 body flap: Construction ............ccccoooiiiiiiiii e, 140

.__Documents

Documé®t Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

Figure 70.23-3 — X-38 body flap: Mechanical fasteners............ccccccceeiiiiiiiiiiiei e, 141
Figure 70.23-4 — X-38 body flap: CMC to metal attachment ..............cccccooiiiiiiiiiiin. 143
Figure 70.23-5 — X-38 body flap: Ceramic bearing ..............cooiiiiiiiiiiiiiii e 144
Figure 70.23-6 — X-38 body flap: Ceramic dynamic seal............ccccceeeeieeiiiiiiiiiii e, 145
Figure 70.24-1 — X-38 NOSE @SSEMDIY .......ooiiiiiiiiiiiiiiiiiiiii e 146
Figure 70.24-2 - X-38 Nose assembly: Thermal profiles..................oouuiiiiiiiiiiiiiiiiiiiiiiiiiiies 147
Figure 70.24-3 — X-38 Nose assembly: Flexible insulation distribution ............................... 148
Figure 70.24-4 — X-38 Nose assembly: Flexible insulation assembly................................. 149
Figure 70.24-5 — X-38 Nose cap with insulation mounted on vehicle nose structure........... 151
Figure 70.25-1 — Deployable CMC hot structures - Mars ISRU mission................ccccccueeee. 154
FIQUre 71.2-1 - TPS CONCEPLS ..evvuuiiiieieiiece e ettt e e e e e e e 166
Figure 71.2-2 - Principal passive thermal control architectures..............cccccccceeiiiiiiiiiennnnnnen. 167
Figure 71.3-1 - Galileo entry Probe............uuiiiiiiiiiiiiiiiiii e 169
Figure 71.4-1 - Ablatives: Basic decomposition mechanisms ...........ccccoeeveviiiieeiiiiieceeiieneees 170
Figure 71.4-2 - CARINA: General [ayout ............coooiiiiiiiiiiieec e 172
Figure 71.5-1 - Orbiter: Design surface temperatures (°C) in ascent and re-entry

L= TT=Te3 (o] T 174
Figure 71.5-2 - Orbiter: TPS - Thermal protection systems............ccccooooiiiiiiiiiiiiiieeinne, 175
Figure 71.5-3 - Orbiter: RSI system configuration....................eeiiiiiiiiiiiiiiiiiiiis 178
Figure 71.6-1 - BURAN: External thermal protection ...................eueeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiees 180
Figure 71.7-1 - TPS: ACC multi-post stand-off concept...........cccoieiiiiiiiiiiie, 182
Figure 71.8-1 - TPS: Multiwall panel SChemMe .............ouiiiiiiiiiiiiiiiiiie s 186
Figure 71.10-1 - TPS: IMI deSignN CONCEPL ......eeviiiiiiiiiiiiiiiiiiiiiiiiiieieeeeieeb e 191
Figure 71.11-1 - TPS: Schematic of FEI blanket..............cccoooiiiiii e, 195
Figure 71.11-2 - TPS: IFI internal flexible insulation blanket ..................cccccoviiiiii e, 204
Figure 71.11-3 - TPS: IFI blanket configuration in X-38 nose cap..........cccccvveeiicniecenncinnnn. 205
Figure 71.12-1 - TPS: Hermes CMC shingle support cross-section............cccccceeeeeeeeerennnnee. 206
Figure 71.12-2 — SPFI surface protected flexible insulation panel ..............cccccoeeeiii. 210
Figure 71.12-3 — SPFI Surface protected flexible insulation: Design.................cccciininnnee. 211
Figure 71.12-4 — SPFI: Summary of thermal performance...................ovveiiiiiiiiiiiiiiiiiiiiiiinns 213
Figure 71.12-5 — SPFI: Thermal performance during vehicle re-entry and landing ............. 214
Figure 71.12-6 — SPFI: Structural performance - Shaker test ................cccvviiiiiiiiiiiiiiiiiiinns 216
Figure 71.12-7 — SPFI: Structural performance — spectral distribution and OASPL ............ 217
Figure 71.12-8 — SPFI: SHEFEX TPS demonstrator ............coooviiiiiiiiiiieicee e, 220
Figure 71.13-1 - Heat pipe: Operation principle for leading edge cooling....................c.ooe. 221
Figure 71.13-2 - Heat pipe: Wing leading edge design for advanced space

transpOrtation SYSTEM ..........ui i 223
Figure 71.13-3 - Heat pipe: NASP wing leading edge............coooiriiiiiiiiiiiiiiieeeceee e 224

.__Documents

20 Document Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

Figure 71.14-1 - Convective cooliNg SYStEMS ..........coviiiiiiii i 225
Figure 71.14-2 - Cooled structure: Design CONCEPLS.........uuiiiiiiiiiiiiiiiiiiiiee e 226
Figure 71.14-3 - NASP: SiC-Ti-Titanium aluminide D-groove panel...............ccccuuiieeeeeeenn. 227
Figure 71.15-1 - Cassini-Huygens: Exploded VIEW ...........c.coooviiiiiiiiiiiieiieeeeee e, 229
Figure 71.15-2 - Cassini-Huygens: Beryllium TPS design solution ..................ceevviiiiiiiiinnn. 229
Figure 71.17-1 - CHA - Ceramic heatshield assembly ... 233
Figure 71.17-2 — CHA: Insulation and bolt assembly .............ccccooiiiiiiiiie e, 234
Figure 71.17-3 — CHA-element: Temperature profiles during full mission testing................ 238
Figure 71.17-4 — MIRKA/FOTON: Configuration..................uuuuueimemieiiiiiiiiiiiiiiiiiiiiiiiiiiiiieaes 240
Figure 71.18-1 — Aeroshell: DesSign CONCEPL........uuuuuriiiiiiiiiiiiiiiiiie i 244
Figure 71.18-2 — Aeroshell: SIAT test model assembled cross-section .................c.ccoeun. 245
Figure 71.18-3 — Aeroshell: Down-scaled demonstrator design features.................ccccc....... 246
Figure 71.19-1 — TPS panel array concept: Cryogenic tanks..................eeeeveeiiiiiiiieiienennnnns 252
Figure 71.19-2 — Cryogenic insulation: LH tank concepts..........cccccceeeiiiiiiiiiieiee e, 254
Figure 71.23-1 - TPS: Flow diagram of HTI development testing for X-38 nose cap

ASSEIMDIY L.ttt s 265
Figure 71.23-2 - TPS: HTI temperature gradient test set-up, parameters and sample

Lot ] a1 {o [U T =11 o] o [P TPRRR 269
Figure 72.2-1 - SPF/DB: Two sheet configuration....................ueuuiiiiiiiiiiiiiiiiiiiiiiiiiieiieeee 281
Figure 72.2-2 - SPF/DB: Three sheet configuration ....................eeueiiiiiiiiiiiiiiiiiiiiiees 282
Figure 72.2-3 - SPF/DB: Four sheet configuration...............ccccooviiiiiiiiiiiiice e, 283
Figure 72.4-1 - Superplastic forming: Strain rate sensitivity in formability trials on Ti

AlIOY IMI B34 ...t e e 285
Figure 72.6-1 - SPF/DB titanium alloy: Slat track and jack for Airbus A310 ........................ 287
Figure 72.6-2 - SPF/DB Ti: A310 underwing access door locations............cccccceeeeeeeeeiinnnnn. 288
Figure 72.9-1 - SPF/DB: Principle of four-sheet technique for leading edge........................ 290
Figure 73.5-1 - Vulcain engine: Schematic diagram .............cccooviiiiii e, 296
Figure 73.6-1 - Ariane 4 HM 7 engine: Thrust chamber.............ccccccoooiiii e, 298
Figure 73.10-1 - NASP: Modified government baseline engine configuration .................... 301
Figure 73.11-1 - Rocket stator CMC COMPONENTS...........ouuiiiiiiiiiiiiiiiiiiiiiiiieiiiieeeeieeeees 302
Figure 74.3-1 - Coatings: Properties of coating, substrate and interface............................. 309
Figure 74.10-1 - Multiplex coatings: Basic configuration ......................euueiiiiiiiiiiiiiiiiiiiiiiinn. 319
Figure 74.10-2 - C-C multiplex coatings: Crack and sealing mechanisms .......................... 320
Figure 74.12-1 — Coatings: Dimensionally stable carbon-carbon — concept........................ 323
Figure 74.12-2 — Coatings: Dimensionally stable carbon-carbon — Potential materials ....... 324
Figure 74.12-3 — Coatings: Dimensionally stable carbon-carbon — Manufacturing

=Y T T RPN 326
Figure 75.3-1 — Elastomers: Schematic of crosslinked rubber molecular network............... 333
Figure 75.3-2 — Elastomers: Typical tensile strength at 23° ... 336

.__Documents

Documénk Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

Figure 75.3-3 — Elastomers: Typical tensile strength at 100°C...............cccooiiiiiiiiiiieeninnne, 337
Figure 75.3-4 — Elastomers: Viscoelasticity — hysteresis effect.............cccccciii. 340
Figure 75.3-5 — Elastomers: Creep of a weighted rubber strip...........ccccccieiiiiiiiiiiiiien, 346
Figure 75.3-6 — Elastomers: Creep of a weighted rubber strip (logarithmic time)................ 346
Figure 75.3-7 — Elastomers: Effect of sample thickness on oxidation rate at 110°C............ 347
Figure 75.3-8 — Elastomers: Arrhenius plot example ..., 350
Figure 75.3-9 — Elastomers: Simple rubber block in shear...............cccooiiiiie, 351
Figure 75.3-10 — Elastomers: Increasing compression stiffness by lamination ................... 353
Figure 75.3-11 — Elastomers: Elastomeric torsion diSC ...............uuuviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinns 354
Figure 75.4-1 - Metal seals: 'C' profile and serpentine ..............oooiiiiiiiiiiiiicie e, 358
Figure 75.5-1 - NASP: Ceramic wafer seal..............coouviiiiiiiiiiiiiccc e, 359
Figure 75.5-2 - NASP: Braided rope S€al ............uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeees 360
Figure 76.7-1 - Integrity control for high-temperature applications: Study logic................... 372
Figure 76.7-2 - Integrity control for high temperature applications: Approach ..................... 372
Figure 78.2-1 - Whisker and particle reinforced MMC: Fatigue response ........................... 390
Figure 78.4-1 - MMC potential failure mechanisms under cyclic loading...............ccccuueeeeee. 391
Figure 78.4-2 - Failure modes of MMC ...........ccoiiiiiiiiiii e 392
Figure 78.4-3 - MMC: Fatigue response showing matrix failure................cccccoviieei i, 393
Figure 81.5-1 - Coupon testing: Scanning laser extensometry system ............ccccccvvvvennnnes 412
Figure 81.6-1 - CMC high temperature tensile testing: CEN recommended sample

L3 1= T 415
Tables
Table 64.3-1 - Modulus mismatch in composites: Examples .............ccccooeiiiiiiiiiiiiiiiieeeeeees 30
Table 64.3-2 - CTE mismatch in composites: Examples.............ccooovviiiiiiiiiiiiieiiiicee e, 31
Table 65.1-1 - Particulate reinforced MMCS ... 40
Table 66.1-1 - Fibre reinforced MMC ... 52
Table 66.3-1 - Ti/SiC MMC: Calculated StreSSes ..........coooiiiiiiiiiiiiiee 55
Table 67.1-1 - Inorganic/ceramic matrix COMPOSItES..........cuuvuiiiiiiiiiiiiiie e 58
Table 69.9-1 — Summary of high temperature materials technologies: Flight-vehicle

Lo =T 0T=T o[- o | 89
Table 69.9-2 — Summary of high temperature materials technologies: Non-flight

Vehicle dependent ... 92
Table 69.9-3 — Summary of high temperature materials technologies: European

EXPEILISE et e e e e e a e ————————— 94
Table 70.23-1 — X-38 body flap: Mechanical fasteners — properties ...........ccccoeevvvvviineen..n. 142
Table 71.1-1 - TPS: Summary of candidate characteristiCs ............ccoveeiiiiiiiiiii 163
Table 71.1-2 - TPS and Thermo-structural designs: Material classes.................cccccooeeee. 164
Table 71.3-1 — Early re-entry capsules: TPS mass fractions ...........cccccovvieiiiiiiiiiiiccenee, 168

.__Documents

22 Document Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

Table 71.4-1 — Ablative TPS: ALS051 properti€s.......cccoeeviviiiiiiiiii e 173
Table 71.5-1 - Orbiter: TPS material temperature limits.............cooevvviiiiiiiiiiiiiiiiiiiiiiiiiiens 176
Table 71.5-2 - TPS: RSI Typical Properti€S ..........oouuviiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeaeenenennees 177
Table 71.7-1 — Aerotiss® 2.5D coated carbon-carbon: Properties...........ccccccoeveeecvveeecnnnnne. 183
Table 71.7-2 — CMC carbon-silicon carbide: Various TPS programmes and

= o] o[ To= 111 ] o 1= 184
Table 71.7-3 — CMC TPS: MAN carbon-silicon carbide - Properties.............cccccvvvvieeeneen. 185
Table 71.10-1 - TPS: IMI material candidates for different applications ............cccccccccoo.... 191
Table 71.10-2 — TPS: Summary - IMI characterisation test results ..............ccccociiiie 194
Table 71.11-1 - TPS: Mechanical loads and sources on FEI components........................... 196
Table 71.11-2 — FEI-TPS producCt range............ouuuiiiiiiieiieeeee et 197
Table 71.11-3 — TPS: FEI nominal flutter test envelopes ..........ccoooeiiriiiiiiiiiie 200
Table 71.11-4 — FEI-TPS: Summary of verified performances................ccccccon. 202
Table 71.12-1 — Hermes TPS REI-shingle mass breakdown ...............cccoociiiiiiiiiiiiiienennn. 207
Table 71.12-2 — TETRA/X-38 TPS: C-SiC panel qualification test matrix ........................... 208
Table 71.12-3 - TETRA/X-38 TPS: Shingle qualification test matrixX............cccccccvviiiiinnnnnnn. 209
Table 71.12-4 - SPFI: Thermal property evaluation ............cccccooooiiiiiiiiiii e 218
Table 71.17-1 — CHA: Subcomponents mass breakdown................ccoooviiiiiieiiiieeiiiceeeeen, 235
Table 71.17-2 - SEPCARB-INOX 272-01: Properties ... 236
Table 71.17-3 — CHA: Functional test matriX ..., 237
Table 71.17-4 — ALSCAP: Thermo-physical data for C/SiC ............ccccooviiiiiiiiiiiiieeee, 243
Table 71.18-1 - Aeroshell demonstrator: Predicted and actual temperatures...................... 247
Table 71.19-1 — Cryogenic insulation: Technical considerations for LH tank concepts ....... 253
Table 71.22-1 - Cryogenic insulation: Polymer foam candidate materials........................... 257
Table 71.22-2 - Cryogenic insulation: Polymer foam mechanical properties........................ 259
Table 71.22-3 — Cryogenic insulation: Ranking criteria and values............................ooo. 260
Table 71.23-1 - TPS: HTI development tests for X-38 nose cap assembly ......................... 264
Table 71.23-2 - TPS: HTI candidate materials..............cccoo oo 266
Table 71.23-3 - TPS: HTI thermal stability test results..............cc 267
Table 72.4-1 - Titanium alloys: Superplastic characteristics ...........cccccvviiiiiiiiiiice, 284
Table 75.3-1 — Elastomers: Typical glass transition temperatures.............ccccoooiviviiiiienn.n. 334
Table 75.3-2 — Elastomers: Summary of common materials and characteristics ................ 336
Table 76.6-1 - Integrity control parameters for new materials .....................cco, 371
Table 77.3-1 - MMC: Typical material defects .........cccoooiiiiiiiiii e, 381
Table 77.4-1 - CMC: Typical material defects.........ccooviiiiiiiiiiiie e, 382
Table 77.5-1 - Coating materials: Typical defects...........cccooiiiii 383
Table 77.6-1 - Fusion joints: Example of techniques and US€.............ccciiiiiiiiiieiiiiicceneen, 384
Table 77.6-2 - Fused joints: DefeCtS . ......ciii i 384

.__Documents

Documémt Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

Table 77.7-1 - Defects in composite materials after further processing..........cccccevvveeeee. 385
Table 77.8-1 - Typical in-service defects ..........ccuuiiiiiiiiii e 386
Table 78.2-1 - MMC: Effect of particle size on fatigue and fracture toughness ................... 390
Table 78.6-1 - Coatings: Damage tolerance aspects..........ccceeieeeviiiiiiiiiiie e e, 394
Table 80.3-1 - NDI techniques for MMCS .......oouiiiiii e 400
Table 80.4-1 - NDI techniques for defect detection and measurement of C-C and

L0 1Y [ 4 =1 (T = 401
Table 80.4-2 - Technical and economical aspects of NDI techniques...............ccovvveeeee... 402
Table 80.5-1 - Coatings: Inspection teChNiQUES............ooeviiiiiiii i 403
Table 80.7-1 - Fused joints: Inspection teChniquUes..............ciiiiiiiiiiiii e 404
Table 80.7-2 - Standards for inspection of welded tubes .............ccccciiiiiiii 405
Table 81.9-1 - Test methods: CEN standards for advanced technical ceramic

[o70] 1 0] 0T 1= 1 1= P 420
Table 81.9-2 - Test methods: CEN standards for advanced technical ceramics -

070 T 110 1o 421
Table 81.9-3 - Test methods: CEN standards for advanced technical ceramics -

(o7 Y= 111 T T UPTPPPRPRR 422
Table 81.9-4 - Test methods: CEN standards for advanced technical ceramics —

(o)1 1= = 422

.__Documents

24 Document Sharing Hub

Full document details: PD CEN/TR 17603-32-06:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-32-06-2022

CEN/TR 17603-32-06:2022 (E)

European Foreword

This document (CEN/TR 17603-32-06:2022) has been prepared by Technical Committee
CEN/CLC/JTC 5 “Space”, the secretariat of which is held by DIN.

It is highlighted that this technical report does not contain any requirement but only collection of
data or descriptions and guidelines about how to organize and perform the work in support of EN
16603-10-02.

This Technical report (CEN/TR 17603-32-06:2022) originates from ECSS-E-HB-32-20 Part 6A.

Attention is drawn to the possibility that some of the elements of this document may be the subject
of patent rights. CEN shall not be held responsible for identifying any or all such patent rights.

This document has been prepared under a mandate given to CEN by the European Commission and
the European Free Trade Association.

This document has been developed to cover specifically space systems and has therefore precedence
over any TR covering the same scope but with a wider domain of applicability (e.g.: aerospace).
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Introduction

The Structural materials handbook is published in 8 Parts.

A glossary of terms, definitions and abbreviated terms for these handbooks is contained in Part 8.

The parts are as follows:

TR 17603-32-01 | Part1 | Overview and material properties and applications Clauses 1-9

TR 17603-32-02 | Part2 | Design calculation methods and general design Clauses 10 - 22
aspects

TR 17603-32-03 | Part3 | Load transfer and design of joints and design of Clauses 23 - 32
structures

TR 17603-32-04 | Part4 | Integrity control, verification guidelines and Clauses 33 - 45
manufacturing

TR 17603-32-05 | Part5 New advanced materials, advanced metallic Clauses 46 - 63
materials, general design aspects and load transfer
and design of joints

TR 17603-32-06 | Part 6 | Fracture and material modelling, case studies and Clauses 64 - 81
design and integrity control and inspection

TR 17603-32-07 | Part7 | Thermal and environmental integrity, manufacturing | Clauses 82 - 107
aspects, in-orbit and health monitoring, soft
materials, hybrid materials and nanotechnoligies

TR 17603-32-08 | Part8 | Glossary
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64
Behaviour of advanced composites

64.1 Introduction

The fracture behaviour of metallic and ceramic matrix composites is more complex than that of
unreinforced alloys or monolithic ceramics. The fracture characteristics of the more isotropic
variants are now well understood and predictive models are widely accepted, e.g. Linear Elastic
Fracture Mechanics (LEFEM), [See also: ECSS-E-32-01 — Fracture control].

For newer composite materials, attempts have been made to describe and predict their behaviour by
extending the models for their more isotropic counterparts. Success has been limited by the
anisotropy of the composites, especially for those with continuous fibres. In reality, anisotropic
metallic and ceramic composites need to be considered as new classes of materials. Some CMC
materials, destined for use in TPS on reusable vehicles, have been investigated for appropriate
selection and use of failure criteria, [See: 64.5].

Metal matrix composites are particularly difficult as they show elastic-plastic deformation

characteristics, where the degree of plastic deformation is influenced by many factors.

Ceramic composites are elastic in behaviour, although accumulated matrix microcracking gives non-

linear deformation characteristics. These composites are desirable because of their high temperature
operating capabilities.

This chapter covers three discrete groups of composites:
o Particulate reinforced metals (MMCp).
o Fibre reinforced metals (MMCY).

o Inorganic ceramic matrix composites (ICMCY).

Whisker reinforced metals or ceramics are not explicitly covered because they are primarily of non-
European origin and in some European countries whiskers are thought to present health hazards.

The different fracture behaviours of each are described. In particular, the interrelation between
residual stresses and thermo-mechanical fatigue effects is highlighted. As materials are pushed
towards their physical and chemical limits, the shorter the period that they can sustain the combined
effects of thermal cycling, mechanical and thermal stresses and oxidation.
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64.2 Summary of material behaviour

64.2.1 Metal matrix composites

64.2.1.1 Particulate reinforced (MMCp)

This group consists mainly of aluminium matrix composites. The levels of particulate addition are
normally in the range of 10 vol.% to 20 vol.% in order to retain the ‘metallic characteristics’ of
ductility, fracture toughness and formability.

Features include:

] 10 vol.% to 20 vol.% particulate reinforcement

. Basically isotropic in macro composition and can be compared with conventional alloys, e.g.
LEFM

J Initially elastic materials at low strains, then elastic-plastic to plastic, with limited ductility

(4% to 8% maximum).

. Failure determined by particulate-to-matrix adhesion and matrix microstructure plus heat
treatment.
o High particulate contents (>20%) show very poor fracture toughness

64.2.1.2 Fibre reinforced (MMCf)

Composites are mainly based on aluminium and titanium, although copper, nickel (superalloy) and
magnesium variants have some space applications.

The fracture behaviour of continuous fibre MMCf materials is very different to those of MMCp and
conventional alloys. They are highly anisotropic, with very low failure strains. In this respect they
are more closely aligned to CFRP materials, but the matrix does display elastic-plastic characteristics
as opposed to elastic. High processing temperatures result in high residual stresses within the
composite.

Features include:
o 35 vol.% to 50 vol.% fibre reinforcement.
. No direct comparison with the fracture behaviour of conventional alloys can be made.

. Highly anisotropic, low strain to failure materials.

J Fully elastic to very low strains, then complex elastic-plastic behaviour.
) Failure characteristics closer to CFRP than alloys.
. Properties determined by in-situ fibre strength and modest transverse strengths between fibre

and matrix.
J Both matrix microstructure and heat treatment are important.

. The presence of reinforcement can change the microstructure of the matrix and alter the
matrix yield strength.

. Fibre to matrix adhesion is very important.
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64.2.2 Inorganic ceramic matrix composites

64.2.2.1 Fibre reinforced (ICMCf{)

The group of materials includes:

. GMC,

. GCMC

o CMC, and
. Cc-C.

These materials do not display the classic brittle, low strain-to-failure and catastrophic fracture
behaviour of monolithic ceramics. Instead they rely on multiple crack stoppers at the fibre-matrix
interfaces to avoid catastrophic failure. Such materials can function with high levels of
microcracking in thermo-structural roles, i.e. where thermal shock resistance and modest strengths
are required.

Features include:
J 30 vol.% to 50 vol.% fibre reinforcement.
o No direct comparison with monolithic ceramics can be made.

J Highly anisotropic with modest strength characteristics.

J Possess high temperature, insulative, thermal shock and thermo-cyclic capabilities.
J Benign fracture characteristics exhibited despite low overall strain to failure.
J Fibre to matrix interface is very important as poor bonding is essential and provides a de-

coupling mechanism.

[See also: 64.4; 64.5]

64.3 Significant behavioural characteristics

64.3.1 General

In order to understand the behaviour of metal and ceramic composites, the significance of some of
their basic characteristics has to be considered.

64.3.2 Modulus mismatch

In most composites, the matrix and reinforcement (particulate or fibre) have different moduli (E).
Table 64.3.1 shows some representative examples.

When external load is applied, the stresses sustained by the matrix and reinforcement respectively
are determined by the ratio of their moduli and their respective volume fractions.

The stress-strain response of composites is dependent on the combined contributions of the matrix
and reinforcement. The ‘Law of Mixtures” applies to the initial modulus of the composite provided
that all the constituents behave elastically.
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With MMC and CMC materials, true linear elasticity exists only at very low strain levels. As the

strain increases, one or more effects can occur:

) Plastic deformation of the matrix (MMC).

. Matrix failure, i.e. microcracking (CMC).
o Accumulation of microcracks with or without matrix-to-reinforcement interface failure (MMC
and CMC).

. Particulate fracture and plastic flow of matrix (MMCp).

) Ultimate fibre failure (MMCf and CMC).

With CMC materials, accumulated matrix microcracking can give apparent non-linear and non-

elastic behaviour, even though the constituent materials are themselves behaving elastically.

Table 64.3-1 - Modulus mismatch in composites: Examples

Composite
_ Em ] Mismatch ratio t
Matrix (GPa Vim Reinforceme Ef Vf En-Ven ELV
type ) (%) nt type (GPa) (%) m-Vim| Ef-V)
Al 72 80 SiC, 400 20 0.72
Al 72 60 Cy 240 40 0.45
Ti 110 60 S1Cy 390 40 0.42
S1C 400 60 SiCy 193 40 3.1
Glass 75 60 S1Cy 193 40 0.58
Key t  The lower the value, the greater the contribution by the reinforcement in sustaining stresses
under elastic conditions.
Also, the lower the value, the greater the compressive stresses retained in the reinforcement
on cooling. This, in turn, increases the residual stresses in the matrix when there is a CTE
mismatch between reinforcement and matrix.
The SiC-SiC composite is unlike the others in having a matrix with a modulus significantly
greater than the reinforcement.

64.3.3 Matrix-to-reinforcement interface

The effective strength of the interface bond between matrix and reinforcement is a critical factor in
determining the overall composite fracture behaviour, Ref. [64-1].

Conlflicting requirements exist between the need for ‘good, strong’ and ‘poor, weak’ bonding.

Good bonding in theory enables the maximum strength of the reinforcement to be utilised.
However, in MMC and CMC materials, good bonding is also synonymous with fibre surface
degradation through chemical diffusion mechanisms with the matrix. This causes a loss in
fibre strength.

Poor bonding is essential in CMC materials to promote de-coupling between the fibre and
matrix in order to achieve benign fracture behaviour, i.e. acceptable fracture toughness.

A compromise Should be sought to meet the specific features of each composite.
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64.3.4 In-situ fibre strength

All reinforcing fibres have attractive tensile strengths before being incorporated into composites
(2000MPa to 7000MPa). In reality, it is extremely difficult to fully utilise this potential in MMC and
CMC composites. The actual in-situ strength contribution made by the fibres is influenced by:

o Fibre to matrix adhesion (interface).
J Fibre degradation caused by:
—  composite manufacturing,
— chemical diffusion, or
— attack by aggressive environmental exposure, e.g. oxidation.

The fibre's in-situ tensile strength can be reduced to 20% to 70% of theoretical strength. This level
can be even lower in poorly constituted composites (poor materials selection) or composites with
severe environmental degradation, e.g. thermo-oxidative.

64.3.5 CTE mismatch

The coefficient of thermal expansion (CTE) for matrix and reinforcement are different. For a metallic
matrix with a ceramic reinforcement the difference is considerable. The matrix usually has the
higher expansion, as shown in Table 64.3.2.

Reinforcement fibres possess higher CTEs in the transverse than in the longitudinal direction.

The significance of the CTE mismatch centres on the residual stresses induced on cooling because
the matrix is contracting more than the reinforcement. The matrix experiences retained tensile
stresses whilst the reinforcement is under compression. Composites with significant mismatches
between their constituents CTE and moduli are particularly susceptible to high residual tensile
stresses in the matrix phase.

Table 64.3-2 - CTE mismatch in composites: Examples

Composite CTE mismatch t Process

Matrix | CTEm | Reinforceme CTEr (CTEm-CTEyp) temperature
type (10-600-1) nt type (10-6oc-1) (OC)
Al 23 SiC, 5 18 650
Al 23 Cs -1 24 650
Ti 9 S1Cy 3.5 5.5 900

C (PG) 2 Cy -1 3 1100 - 2000
SiC 5 S1Cy 3.1 2.9 1200
Glass 8 S1Cy 3.1 4.9 800

Key t Ideally the CTE mismatch should be as small as possible.

Aluminium alloys have very high CTE values and combining them with carbon fibres creates a
significant CTE mismatch. The residual tensile stresses in the aluminium on cooling
are compounded by this and the low E,,V,./ E/Vyvalue, [See: Table 64.3.1].

Where CTE mismatch is smaller, e.g. SiC/SiC and C/C, this compensates for the large
temperature range between processing to ambient.
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64.3.6 Thermal history and residual stresses

The thermal history of a composite is important in determining fracture behaviour, Ref. [64-1]. The
processing or forming temperature establishes the level of residual stresses when cooled to ambient.
Sub-ambient temperatures induce greater residual stresses. Exceeding the processing temperature of
ceramic composites reverses the stressing to compression in the matrix and tension in the
reinforcement.

With metals, the use of heat treatments can alter the matrix microstructure and alleviate residual
stressing. Residual stresses can influence the creep behaviour of MMC materials. Excessive thermal
shock, persistent thermal cycling and uneven heating are further mechanisms of relieving internal
stresses through the formation of microcracking, matrix yielding and delaminations.

64.3.7 Multiple cracking

64.3.7.1 Fibre reinforced materials

The majority of MMC and CMC materials experience multiple cracking phenomena during
progressive fracture in the unnotched condition. Matrix microcracks, ply cracking, voidage and
delamination can reach high population densities with the composite still sustaining useful applied
loads.

64.3.7.2 Particulate reinforced materials

Only particulate MMC materials show fracture behaviours close to the single crack mechanism of
alloys conforming to the LEFM philosophy. Where notched specimens are used to characterise
toughness, cracking becomes more localised at the point of maximum stress.

64.3.8 Thermo-mechanical fatigue (TMF)

For MMC and CMC materials, potential uses are applications experiencing both mechanical loading
and thermal cycling.

As temperature excursions affect residual stresses within the composite, they can have a
compounding effect when coupled with external mechanical loads, Ref. [64-2], [64-3] [64-4].
Material behaviour can be strongly influenced depending on whether thermal stresses and applied
stresses are in-phase or out-of-phase with each other, [See: 47.9 for an example of TMF of titanium-

matrix composites].

64.4 Basic fracture characteristics

64.4.1 General

An example from each group of composites demonstrates their basic fracture characteristics because
they affect tensile stress-strain behaviour. The stress-strain curves are idealised representations and
cannot be used for design data.
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64.4.2 Particulate reinforced MMC
Figure 64.4.1 represents the stress-strain behaviour of a particulate reinforced aluminium alloy, with

17 vol. % silicon carbide particles.
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debonding or ™~ Y\ Excessive matrix

o
=3 particle fracture ) i
— plastic deformation
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i Silicon Carbide Particulate
i (17% by volume).
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o
-
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Figure 64.4-1 - Representative stress-strain curve: Particulate reinforced MMC

The material is elastic at very low strain levels with both matrix and particles elastically deforming
in unison. Overall linear elasticity is only exhibited to strain levels as low as 0.2% to 0.4%, whereas
an unreinforced alloy can be expected to be elastic to approximately 0.5%. Above the elastic limit,
permanent deformation and plastic behaviour of some form is shown. The initial deformation
process can be difficult to establish. As strain levels exceed 0.5%, a massive accumulation of
deformation features makes the picture very confusing. However, important features are:
The particles themselves have an individual strain to failure less than approximately 0.2%. It
is therefore impossible for them to continue straining elastically beyond this level.

°
Consequently they either fracture or debond from the matrix enabling the matrix to continue

deforming.
J The matrix retains residual stresses due to CTE mismatch before any external load is applied.
The matrix can therefore be expected to start yielding (plastically deforming) at lower overall
applied strain, i.e. less than the 0.5% of unreinforced alloys. Matrix behaviour is dominant in

MMCp materials.
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This behaviour is important when stating mechanical properties:
J Tensile modulus: quoted as the initial, secant or tangential value.

] Yield strength. For conventional alloys, the 0.2% offset yield value is used against the initial
linear elastic portion of the stress-strain curve.

[See: Chapter 65 for further details of MMCp materials]

64.4.3 Fibre reinforced MMC

Figure 64.4.2 uses continuous silicon carbide monofilament reinforced titanium as the example to
represent the MMCf group.

1600 -

g [Os
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14001 ~—
©
1200 ™~ Matrix yielding
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800 Elastic [0190]
600 /7~ Y\ Fibre/matrix debonding
and matrix yielding
400 - Material: Ti Alloy
Silicon Carbide
1 Monofilament
20 (35% by volume).
Room Temperature
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0 0.2 0.4 0.6 0.8 1.0 1.2 114
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Figure 64.4-2 - Representative stress-strain curves: Monofilament reinforced
MMC

The overall composite failure strains are low because they are fibre dominated. Both unidirectional
and bi-directional materials exhibit initial linear elastic behaviour. The UD composite shows a
gradual reduction in modulus as the overall failure point is approached. This modulus reduction
can be explained by the onset of matrix yielding and low level individual fibre failure. The 0°/90°
composite shows a reduction in modulus at a much lower strain level. It corresponds to transverse
ply failure through debonding of the fibre-matrix interface. This equates to the first-ply failure (FPF)
phenomenon seen in CERP materials where the 90° plies fail first.
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For Ti/SiC materials, the FPF weakness is particularly sensitive to the residual matrix stresses and
brittle nature of the fibre-matrix interface.

64.4.4 Fibre reinforced CMC

With ICMCf materials, the generic grouping covers brittle elastic matrices combined with brittle
elastic fibres. The stress-strain curve in Figure 64.4.3 depicts a multidirectional SiC-SiC material. The
composite modulus is therefore very high. If a glass or carbon matrix were used, an appreciably
lower composite moduli results.

©
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- Fibres
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Microcracking in all
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Onset of Matrix Microcracking

100 Linear Elastic Limit

| Material: Bidirectional
SiC-SiC Composite
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Figure 64.4-3 - Representative stress-strain curves: Bidirectional SiC-SiC
composite

This group of composites are always used in with multidirectional (3D or nD) reinforcements
because transverse tensile strengths are very low.

The composite tensile strength is very much dependent on the in-situ fibre strength and the ability
to de-couple fibre and matrix. The truly linear elastic region of these composites is very small. The
majority of the stress-strain curve depicts the accumulation of a massive microcracking population
with the modulus contribution by the matrix diminishing as ultimate failure is approached.

64.4.5 Defining design values

64.4.5.1 General

With all the metal and ceramic matrix composites, the issue of defining design values for modulus,
strength and permissible strain needs close examination.
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A compromise is applied between attainable modulus and strength demands. Stiffness realisation
against strength retention is an important issue as significant overall stiffness loss can be
experienced at higher stress levels. The loss of stiffness results from some form of permanent
deformation or damage in the matrix phase.

64.4.5.2 Failure criteria

Compared with polymer-based composites, confidence in establishing and the use of failure criteria
for metal- and ceramic-based composites is lower.

The problem arises because the MMCs and CMCs are not as widely-used in space structures as
fibre-reinforced polymer composites. Consequently, the knowledge-base is much reduced and tends
to be limited to a small number of organisations. The material applications usually have more
hostile conditions than for fibre-reinforced plastics, e.g. hot structures made of CMCs. The materials
themselves are complex and their overall characteristics are highly processing-dependent, Ref. [64-

5].

Design guidelines have been established for the appropriate use of failure criteria during space
structure design as part of an ESTEC-funded study on failure criteria for non-metallic materials,
conducted in Germany by HPS and DLR, Ref. [64-7].

The ESTEC study covered FRP, [See: 11.8] and CMC, [See: 64.5].

64.5 Failure criteria for CMC

64.5.1 Introduction

As part of an ESTEC-funded study on failure criteria for non-metallic materials, conducted in
Germany by HPS and DLR, design guidelines have been established for the appropriate use of
failure criteria during the design phases of space structures, Ref. [64-5], [64-6], [64-7].

64.5.2 Design aspects

64.5.2.1 General

Design guidelines have been established based on structural configuration examples from the
TETRA/X-38 nose cap design-development. This used C-C/SiC grades of CMC material developed
by DLR, Ref. [64-7].

[See also: 70.24]

64.5.2.2 Materials

The C-C/SiC composite materials investigated are produced by DLR using the LSI (liquid silicon
infiltration) process. Grades of material, with different characteristics, are produced by varying the
fibre preconditioning and processing parameters. For TPS-type applications, the main grades are
designated as XB or XT. A further grade of XT is used for mechanical fasteners (bolts), Ref. [64-7].
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64.5.2.3 Failure loads

Although some specifically-derived failure criteria for CMCs exist, the criteria applied to polymer
composites are also used. Of these, either maximum stress or maximum strain tends to be the first
choice. Classical criteria based on continium mechanics are not always appropriate for CMCs, Ref.

[64-6].

Various failure criteria used for polymer composites were applied to CMC materials. Of these, some
performed better than others, e.g. ZTL-hypothesis provides more realistic values than Tsai-Wu.
Puck appears inappropriate for CMCs because of the difference in failure modes exhibited by CMCs
compared with FRPs, Ref. [64-6]. An example of a comparative failure curve, with high-temperature
experimental data is shown in Figure 64.5.1, Ref. [64-6].

2D C/C-SiC, 1600 °C

failure curve based on ZTL hypothesis
- TSALWU failure curve

flat specimens

small tubes
large tubes

shear stress T12 (MPa)

>0 e

®

-150 -‘IED 5'3 0 ;J 100
normal stress S1 (MPa)

g ——
¥ R22es
8

Figure 64.5-1 — Failure criteria: Comparison between predicted failure curves for

C-C/SiC composites with experimental data

Since CMC material properties tend to improve with temperature, the use of RT-generated data can
provide a conservative estimate of the performance of hot structures, Ref. [64-6].

Based on the evaluation of DLR’s materials, a practical approach to estimate the failure loads
appears to be the maximum stress criterion, which is similar to that used for monolithic ceramics.
The significant difference is that the Weibull modulus is completely different. This means that
designers need reliable strength values rather than the statistically-derived probability values used
for monolithic ceramics, Ref. [64-6], [64-7].

64.5.2.4 Test and analysis
A new test approach was developed and evaluated to confirm the assumption about failure load
data, Ref. [64-6], [64-7].

The outcome of this phase of the work was an “hour-glass’ shaped test specimen, as shown in Figure
64.5.2, Ref. [64-6]. The results using this showed reasonable consistency with the maximum stress
criterion and enabled combinations of tension and shear load interaction, such as the conditions
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found at load introduction points. Hence, it enables a full set of test data to be generated within the
range (+c1/+112), Ref. [64-6], [64-7].

FEM model of ‘hour-glass’ Fractured ‘hour-glass’ test specimen
test specimen in high-temperature test rig

Figure 64.5-2 — Failure criteria: ‘"Hour-glass’ test specimen for C-C/SiC composites

64.5.2.5 Load introduction points

To meet the NASA stipulation of avoiding damage to the X-38 CMC shell, joint-related designs were
studied in detail. This enabled a series of design guidelines to be established, Ref. [64-7]:

J Permanent joints:

—  castable, which is a combination of an adhesively bonded and potted connection, using
a high-temperature ceramic-based compound; an approach used in the CETEX
programme.

—  bolted joints, where the component parts of the mechanical fasteners were made of
CMC.

J Non-permanent joints, i.e. ceramic rivet-type, which enable inspection, maintenance and
repair of the TPS on RLVs.

J Elastic joints, e.g. CMC stand-off concept developed under the FESTIP programme. These
connections retain some flexibility in order to cope with thermal mismatch between the CMC
TPS and the proposed CFRP or Al-Li alloy cryotank structures.

o Kinematic joints, e.g. X-38 nose cap attachment, which needed to cope with thermal mismatch
between the TPS and the aluminium alloy substructure, but which was not feasible using the
FESTIP elastic joint (stand-off) configuration.

In the design of elastic and kinematic joints, the aim is to obtain a suitable compromise between the
thermal expansion properties of the CMCs and the support structure, usually made from light alloy
(flexibility), whilst retaining sufficient mechanical performance (stiffness) under mechanical loading.
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65
Particulate reinforced metals

65.1 Introduction

65.1.1 Materials

65.1.1.1 General

The most common materials are shown in Table 65.1.1.

Table 65.1-1 - Particulate reinforced MMCs

Matrix Particulate Sources
) A217 and A817 (BP Composites)
Al SiC Duralcan (Alcan)

[See: 46.13 for material properties]

65.1.1.2 Microstructure

The accepted microstructural features which can influence fracture behaviour are:

J In-situ matrix yield strength (for solution heat-treatable alloys with precipitation hardening
mechanisms)

. Dispersion strengthening, e.g. ODS with particles sub-micron in size, 0.01um to 0.1um.

. Small particulates in the 2um to 3um range.

. Large particulates in the range 10um to 20um range.

65.1.2 Composites

65.1.2.1 Matrix

Matrix selection can affect the composite behaviour. Composites can be prepared that out-perform
the base alloy, providing that some basic guidelines are followed.

The composite modulus, yield strength and UTS reflect that at least 80% by volume of the composite
is matrix.

An aluminium matrix is likely to be a 2XXX, 7XXX series, aluminium-lithium, ODS, wrought or cast
alloy, [See: Chapter 46]. Heat treatments and mechanical working are also influential.
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The matrix options are equally considerable for copper or magnesium.

[See: Chapter 45 for copper, Chapter 44 for magnesium].

The matrix metal or its alloying elements can react chemically with the particulate, e.g. aluminium
reacts with SiC but not with Al20s.

The microstructure and hence properties of an alloy in a selected heat-treated and mechanically
worked condition can be disrupted by the presence of particulates acting as nucleating agents, Ref.

[65-1].

65.1.3 Particulate reinforcement

65.1.3.1 Types

Types of particulate materials investigated include:
) Alumina (Al20s), Ref.[65-2], [65-3],

o Silicon carbide (SiC), Ref.[65-4] to [65-10],

o Titanium diboride (TiB2), and

. Boron carbide (B4C).

SiC is the most widely used particulate reinforcement with aluminium, not least because good
bonding can be achieved between matrix and particle by chemical interaction.

65.1.3.2 Size

The size of particulate reinforcement is important, Ref. [65-11]. Very small particles are the most

efficient for achieving high strengths. This is reflected in oxide dispersion strengthened alloys,
where oxide phases are 0.0lum to 0.1um but their volumetric percentage is small. The deliberate
addition of significant volumetric quantities of discrete particles has the effect of raising both
modulus and strength. Again, smaller sizes are preferable given cost and other practical constraints.

An evenly distributed dispersion is desirable for reproducible behaviour. Particulate sizes in the
range 2um to 3um are preferable for high strengths, but expensive powder-metallurgy routes are
used. Larger, 15um+, particles are less efficient, giving lower strength, but are cheaper to incorporate
using casting processes.

Some of the factors influencing particle-reinforced composite fracture behaviour are, Ref. [65-5], [65-

6], [65-9], [65-10]:
o Aspect ratio,
° Size distribution, and

o Particle shape. Particles can be slightly:
— elongated,
— rounded,
— angular,
— faceted, and

—  pre-cracked.
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All particles are ceramic, which have high moduli but with low strain to failures of approximately
0.2%.

Particulate MMC materials always have an initial, low-strain tensile modulus which is higher than
the base alloy. The strength characteristics, i.e. 0.2% YS, UTS, fracture toughness and ultimate
elongation are not always as good because particles have been added.

It is possible to prepare ‘good’, ‘indifferent’ or even ‘poor’ composites from similar constituents.
Only composites which are better in performance than their unreinforced counterparts are used
where strength requirements prevail, because of the additional cost. If stiffness is the prime
requirement, then MMCp materials can be attractive.

65.2 Damage mechanisms

65.2.1 Unnotched specimen

For particulate MMC, the overall fracture behaviour can be closely related to that of the
unreinforced base alloy with some additional features. The base alloy undergoes elastic deformation
to the elastic limit, after which irreversible plastic deformation accumulates. The plastic deformation
is a result of dislocation growth and grain boundary slippage. Ultimately, the combined elastic and
plastic deformation gives rise to excessive yielding, necking and failure. This broadly describes the
behaviour of an unnotched alloy and is translated to the stress-strain curve in Figure 65.2.1.
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Figure 65.2-1 - Relative stress-strain behaviours of optimised (good) and non-
optimised (poor) MMCp composites

65.2.2 Notched specimen

A single crack forms with the plastic deformation occurring ahead of the crack as it propagates until
the critical size is reached. Whereupon the energy stored in the loaded specimen is sufficient to

cause rapid crack growth and catastrophic failure.

65.2.3 Influence of particles

The inclusion of a large population of particles, whilst of small size, each influences the local 'matrix'
volume. Their presence does not affect the gross mode of failure for loaded unnotched or notched
material. This is ultimately a single propagating crack. However, the accumulated local events
around each particle fashions the overall composite behaviour both before and after the elastic limit,

Ref. [65-12].

The particles are there to provide reinforcement, i.e. sustain load that would otherwise be carried by
the matrix. However, the strain capacity of the particles is much lower than that of the surrounding
matrix. The matrix can deform to 5%, 10% or 20% extension, whilst the particle can only manage
approximately 0.2%. A point is therefore reached at a very low strain when the two can no longer
strain elastically together and relative movement between the two occurs. The ideal behaviour is for
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the adjacent matrix to remain adhering to the particle, whilst the remainder plastically deforms and
ultimately begins to flow until the overall strains are in the 4% to 8% region. Whilst this is occurring,
the particle is still performing a function because it is elastically deformed but its ultimate strength
and strain to failure have not been reached. Something close to this can be achieved in optimised
composites.

Other behaviour can also occur in varying degrees, which lowers the overall composite strength and
strain to failure:

o Particles are over-stressed and fracture, Ref. [65-1]. The two parts no longer act in unison and
have a gap between them which can grow as a crack in response to plastic deformation
around it.

. The particle separates from the matrix through lack of adhesion. Again, an interface forms

which can grow into a crack. The particle loses some of its ability to sustain elastic
deformation and becomes less efficient as a reinforcing medium. In the worst case, the particle
acts as a solid inclusion which is a hindrance rather than a benefit.

65.2.4 Composite performance

A 'performance envelope' exists [See: Figure 65.2.1], which describes that exhibited by a composite
in comparison with the unreinforced alloy.

The top portion, designated 'Good', represents an optimised composite whilst the lower portion,
occupied by MMC (b) and MMC (c), represent a composite that does not achieve the baseline
performance of the unreinforced alloy.

The ‘Good’ position, MMC (a), is achieved by having:

J Good particle dispersion

o Good particle to matrix adhesion

o Optimum particle shape and size distribution

. Matrix microstructure and heat treatment optimised for the presence of particles in the
composite.

The composite matrix microstructure or heat-treatment processes used can vary from those of an
unreinforced alloy.

65.3 Failure modes and fracture behaviour

65.3.1 Matrix effects

65.3.1.1 General

MMCp composites cannot be viewed simply as an accepted alloy containing solid phases whose
addition is aimed at achieving some form of reinforcement.

The presence of the particles alters the accepted microstructure of the isotropic alloy before any
external load is applied. In effect, the accumulation of dislocations in the matrix is modified. The
basic strengthening mechanisms prevailing in the composite are an accumulation of, Ref. [65-13]:
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. High dislocation densities in the matrix, due to dislocation generation as a result of
differences in coefficient of thermal expansion.

J Small subgrain size, as a result of the generation of high dislocation density.

. Residual elastic stresses.

. Differences in texture.

. Dispersion strengthening in the matrix, by the formation of intermetallic particles that

otherwise do not form in the unreinforced alloy.

J Classical composite strengthening, through load transfer to the particles.

As such the matrix cannot be viewed as truly isotropic. The macro-yielding of the composite is
controlled by the inhomogeneous matrix which is a mixture of high and low dislocation regions.
This accounts for the difficulties experienced in modelling MMCp materials beyond their initial,
very low strain elasticity.

65.3.1.2 Duplex microstructures

Understanding MMCp behaviour is further complicated by deliberately produced duplex
microstructures as a means of improving fracture toughness by:

. Larger particles which, provided they do not exceed an upper critical size, give resistance to
unstable crack propagation.

. Finer particles, equivalent to dispersions of less than a lower critical size (no longer classified
as particle additions), which provide matrix strengthening and crack initiation toughness.

65.3.2 Failure mode studies
For MMCp materials, differences are recognised between:
) straightforward macro-behaviour of simple tensile tests on unnotched specimens, and

J localised micro-behaviour more prevalent in single crack (notched) propagation studies
which are defining fracture toughness.

Most studies attempt to explain composite behaviour by following the slow progression of a single
crack and identifying deformation of fracture features in and around the crack tip.

65.3.3 Particulate shape and aspect ratio

No introduced particles are truly spheroid in shape nor elliptical as hypothesised by models, e.g.
Eshelby. In reality they are of variable size distribution, usually angular and possess some aspect
ratio exceeding unity.

] Aspect ratio >3: Alignment through mechanical working influences the directional properties.

. Aspect ratio >10: Implies that the reinforcement is a whisker or very short discontinuous fibre.

Figure 65.3.1 shows a schematic representation of the features found in MMCp materials.
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Figure 65.3-1 - Features of particles in MMCp materials

As a single crack propagates, the crack tip can follow a path which is influenced by the features

around it, e.g.

. An even particulate distribution is essential for reproducible material behaviour and is an

assumption for all models.

. Larger particles ( >15um) do not hinder crack progress in the same way as a population of
smaller particles of the same volumetric contribution.

J The angularity of particles influences the presence of stress concentrations in the adjacent
matrix. End-effects of sharp tips and whisker or fibre ends influence crack propagation
depending on their orientation.

Figure 65.3.2 shows the effect of weak interfaces and cracked particles on crack propagation. The
random fracture path is indicative of a gopod MMCp material where no apparent points of weakness
have influenced the propagation of the crack.
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Figure 65.3-2 - Possible crack propagation paths in MMCp materials

65.3.4 Particulate fracture
A particle's fracture behaviour is influenced by:
J Shape, particularly if its surface is recessed.

J The inherent fracture toughness of the particle itself, where the particle can be weakened or
cracked during mechanical working of the composite.

[See: Figure 65.3.2 for crack propagation through fractured particles]

65.3.5 Void nucleation and growth

When a single crack propagates, evidence suggests that the crack path is attracted towards particles
adjacent to the fracture plane. The ductile fracture of the matrix is characterised by void nucleation
and growth (VNG). The spacing between the void nucleating particles is generally considered to be
a critical microstructural parameter that, taken together with the tensile properties, controls the
toughness of a given composite.

The toughness of Al/SiC composites can be improved when the size of the SiC particles is increased,
provided that at least one of the assumptions is met:

. Voids are nucleated by SiC particles.
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. The response of the Al/SiC system to the change in centre-to centre particle spacing remains
the same regardless of whether this change is caused by varying the volume fraction or size of
particles.

65.3.6 Fracture toughness

65.3.6.1 General

Toughness tests are governed by the principles of LEFM or elastic-plastic fracture mechanics
(EPEM).

. LEFM: The plastic zone associated with the developing crack is restricted to a small region at
the crack tip.

. EPFM: Gross yielding can occur across the whole of the uncracked portion of the specimen.

The implication being that initial crack growth comes under LEFM whereas EPFM is applicable
when the crack has grown appreciably, Ref. [65-14].

65.3.6.2 Common terms

The testing of MMCp materials is complicated by the difficulties in obtaining stable crack growth. It
is generally accepted that these composites have lower fracture toughness values than their
unreinforced counterparts.

Plane strain fracture toughness, a measure of a
material's resistance to unstable crack extension when
the stress state at the crack tip is plane strain and the
opening mode () load i1s applied. The opening mode
corresponds to a load applied perpendicular to the crack
plane.

Kic

Ko A provisional value of Kic, not confirmed until checks
made on Pma/Pg, thickness B, and ligament width W-a,
are compared with validity criteria in standards.

Measure of resistance to stable crack growth.

Continuous record of toughness, Kr, plotted against
stable crack extension.

R- curve

K. Plane stress fracture toughness. The value of K., is an
instability condition determined by the tangent between
the R-curve and the applied K-curve of the specimen.

G Critical strain energy release rate : for plane stress
Ge=KZIE.
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