SLOVENSKI STANDARD
SIST-TP CEN/TR 17603-32-06:2022

0l1-marec-2022

Vesoljska tehnika - Priro€nik o strukturnih materialih - 6. del: Modeliranje zlomov
in materialov, Studije primerov ter na¢rtovanje in nadzor integritete in inSpekcijski
pregled

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

Raumfahrttechnik - Handbuch zu Strukturmaterialien ~ Teil 6: Modellierung von Brichen
und Materialien - Fallstudien, Design, Integritatskontrolle, Inspektionen

Ingénierie spatiale - Manuel des matériaux structuraux - Partie 6 : Modélisation des
matériaux et de leur rupture, études de cas, inspections et contréle de I'intégrité

Ta slovenski standard je istoveten. z: CEN/TR, 17603-32-06:2022

ICS:

49.140 Vesoljski sistemi in operacije Space systems and
operations

SIST-TP CEN/TR 17603-32-06:2022 en,fr.de

2003-01.Slovenski institut za standardizacijo. RazmnoZevanje celote ali delov tega standarda ni dovoljeno.



SIST-TP CEN/TR 17603-32-06:2022

iTeh STANDARD
PREVIEW
(standards.iteh.ai)

SIST-TP CEN/TR 17603-32-06:2022
https://standards.iteh.avcatalog/standards/sist/dfc3720c-
79dc-4ae2-87¢9-16bd957b0f0e/sist-tp-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 contréle de Fallstudien, Design, Integritatskontrolle, Inspektionen

I'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, Frahce, 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. CEN/TR 17603-32-06:2022 E
reserved worldwide for CEN national Members and for
CENELEC Members.



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

Table of contents

LU oY oT=T= T I oY =Y Lo T o 25
T oL 0T o 1¥ [o3 1 o] o PP 26
64 Behaviour of advanced COMPOSITES .......uuiiiiiieiiieeiiiiie e e e e 27
St I o1 o Yo 11 o 1o ) o 27
64.2 Summary of material DENAVIOU .............oovviiiii e 28
64.2.1 Metal matrix COMPOSILES. ......cuuuuiiiiieeeii e e e e e e e e eeaenes 28

64.2.2 Inorganic ceramic matriXx COMPOSITES .......coovviiiiiiiieieeeee e 29

64.3 Significant behavioural CharaCteriStiCS ... . i iii s it 29
64.3.1 General...... o 29

64.3.2 Modulus mismatCh .l i e e 29

64.3.3 Matrix-to-reinforcement iNterface. .........ocvvueiiipeereeeeeiiiaee e e e eeeans 30

64.3.4 In-situ fibre strength .. L 31

64.3.5 CTE MISMALCH .cooeieiieieeeee e 31

64.3.6 Thermal history and reSidual STTESSES ......uuuurrvimerrmrrrrrereaaseeereeeenennnnaaaaeeeees. 32

64.3.7 Multiple crackingc..v i 6 & k0 Db it 3 earre e | T4 -3 P oo e e ereesnnnnssnneeeennnen 32

64.3.8 Thermo-mechanical fatigUe-(TME) ..........ouieiiiiiiiiicc e 32

64.4 Basic fracture CharaCteriStiCS .......uiiiiiieiiiiiiiiei e 32
B4.4. 1 GENEIAL...uuui i e e eaaaaaanaa 32

64.4.2 Particulate reinforced MMC. ... 33

64.4.3 Fibre reinforced MMC ........oooiiiiiii e 34

64.4.4 Fibre reinforced CMC........cooiiiiiie et e e e e eeeees 35

64.4.5 Defining desSign ValUES ........ccouuuiiiiiiieeiiecee e e e eaens 35

64.5 Failure criteria for CMC........cooiiiiii e 36
G 0t R [ 1o o [F o 1o o R RPPPPRRRN 36

64.5.2 DESION ASPECLS ...covviiiiiiie et e e e e e e e e e e e e e e e e e et aaaaaaana 36

B4.6 REIEIEINCES .. .o 39
B4.6.1  GENEIAL. ...t i e e e et aaaeaanne 39

65 Particulate reinforced Metals ... 40
B5.1 INrOAUCTION.....coi ittt e e eeeeees 40
LTt Nt R V= 1T = PSRRI 40




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

B5.1.2  COMPOSIEES ... ciiiieiiiiiie et e et e et e e e e e e e e et e e e e e e e e aat e e e e eaeeeaaran 40
65.1.3 Particulate reinforCement ...........ooi i 41

65.2 Damage MECNANISIMS .......ccoiiiiiiiiiiie e 42
65.2.1 Unnotched SPECIMEN ......ccoiiiiiiii e eaaeaaens 42
65.2.2 NOtChed SPECIMEN ... 43
65.2.3 Influence of PartiCleS ..o 43
65.2.4 CompOoSite PEOrMANCE .........uuuiiei i e e e e eeaaes 44

65.3 Failure modes and fracture behaviour.............cccooeiiiiii 44
65.3.1 MatriX €ffECES...ciiieiiiiiii e 44
65.3.2  Failure Mmode StUIES........cooeieiiiiei e eeeeeeees 45
65.3.3 Particulate shape and aspect ratio ...........ccceeeieieriiiiiiiiii e 45
65.3.4 Particulate fraClUre ..........coi i e e eeeees 47
65.3.5 Void nucleation and growth ... a7
65.3.6  Fracture tOUGNNESS ........ccoiiiiicic e 48

65.4 Thermo-mechanical fatigue (TMF) and Creep ..........ceeiiieeiiiieiicee e 49
65.4.1 Residual StreSSes.... ... o fob bl b b i 49
65.4.2 TempPerature ... s 0 i ol o Th T e e eetneeeenseeetnseesnseeeneeesnseesnneeannaaes 49
65.4.3  SUPEIPIASTICILY....cevuiiuiii e e e e e e e e e e e e e eannes 49
65.4.4 Applicationss .cuh o al b e L L e 49

T = (=T (= o = S 49
65.5.1  General....olo o e a A A A 49

66 Fibre reinforced metals:ico..bd0s kLot De/sist~49~-C R~ 1760332 werrennnrrerrennaraaeeens 52
66.1 INtroducCtion..........cooovviiiininnnn SO TA G 52
66.1.1 MaALErIAlS ..ccooeeeeeeeeeeee e 52

66.2 Damage MECNANISIMS ........coiiiiiiiiii i 53
B6.2.1  GENEIAL ... e e e aanrae 53
66.2.2 Effect Of lay-UP ...coovieiiii e 53

T RGN = 11 (U] £ T [ 54
B6.3.1  GENEIAL....uui it aaaeaanae 54
66.3.2 Matrix dominated failure ... 54
66.3.3 Fibre-dominated damage ..........ceeiieeiiiiiiiiiie e 54
66.3.4 Self-similar damage growth ... 54
66.3.5 Fibre-matrix interfacial failures ............cccoooee 55

66.4 Thermo-mechanical and Creep rESPONSE.......ciiieeiiiiiiieee e 55
B6.4.1  GENEIAL ...ttt aaaeaaena 55
66.4.2  APPLCALION ... 56

B6.5 REIEIEINCES ... oo 56




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

66.5.1  GENEIAl...ccci i 56

67 Inorganic ceramic MatriX COMPOSITES ...uuuuiiiiiiiiiiiiiiiiie et eeeeaeenes 58
B7.1 INrOAUCTION.....coiiiiie ettt eeeeeees 58
B7.1.1  GENEIAL...ccci oo 58
S A - 1 USRS 59
B67.1.3  INEEITACE ..o oo 59
B7.1.4  FIDIreS ..o 59

67.2 Damage MECNANISIMS .......cooiiiiiiiei et 59
67.2.1 Material effECtS....couueiii e 59
67.2.2  MICIOCIACKING .....cetutuuii e e ettt e e e e e e e e e et e e e e e e e e aa b e s e eaeaeaanees 59
B7.2.3  POMOSITY ... 61
67.2.4 Manufacturing and in-service effectS.........oooviiiii 62
67.2.5  Crack Propagation...........ccoeeeuuiuiiiiieeeee e e e e e e e e et e e e aaann 62

67.3 Fracture DENAVIOUN..........coooiiiiiii 63
67.3.1 TOUQNNESS PAFAMELEFS s yh s e mmme e+ e Frmme o e e oo eeeeeeeeeeeeseeeeeeeeeeeeeeeeeeeenes 63
67.3.2  TeSE SPECIMENS ... oo e e e 68
67.3.3 'RICUIVES ... b L 68

A = (T (= o = 70
68 Modelling advanced materialS. ... 71
68.1 Introduction...........5 181 LR CERNULR L TG030 3 20lboe 02 i 71
68.1.1 Polymer composites. ... L0 s ndancs sl dico LaVen 71
68.1.2 Metal matrix composites......... De/sist-tp-cen-tr-17603-32- o 71
68.1.3 Inorganic ceramic matrix materialS...........cceeiieeeriiiiiiiiii e 71
68.1.4 Summary of MOAEIS ........cooiiiiii 72

68.2 Particulate reinforced MetalS .........cooeeeiiiiiiii e 73
68.2.1 USe Of MOUEIS ....ccoiiieieeeeeeeee 73

68.3 Fibre reinforced metalS ... 73
68.3.1 USE Of MOEIS .....coeiiiiii e eeeeeaeees 73

68.4 Inorganic ceramic MatriX COMPOSILES ........uvvuiiiiieeiiiie e e 74
68.4.1 USe Of MOUEIS ....ccoieeeeeeeeeee 74

B8.5 REIEIBNCES ... ettt e e et eaeeaae 77
B8.5.1  GENEIAL ... e aaaaas 77

69 High-temperature StrUCTUIES .....ccoieiieeeeeeie e e e e e e e e e e eennnnns 79
G300 [ Yo 11 o 1o ) o 1 79
69.1.1  APPICALIONS.....coieiiiiiee e 79
69.1.2  PerfOrmManCe .....coooiiieeeeeeee e 79




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

69.1.3 High-temperature materialS.............ccoviiiiiiiiiiii e 79
69.1.4 Development approach ... 80

G3S I U Tox 1o ] 80
69.2.1  GENEIAL...ccci i 80
69.2.2  AerodynamiC hEatiNG ........ccoeiiiiiee e 81
69.2.3 PropulSive POWET gENETALION ........ccevieiieeeee e 82

69.3 Operating ENVIFONMENTS. ......ioiiiiiii e et e e e e e e e et e e e e e e e eearaa e e eeaes 83
1S [ g1 =T | = LT ] o PSS 83
69.5 Heat ManageMENT ... ...t e e e 84
69.6 Life @XPECIANCY ....cci i i 84
B9.6.1  GENEIAL....ccii i 84

LTS I I 10 [ T £ =T O SRPPPRRRR 84
69.6.3  SPACEPIANE ... 84
69.6.4  SaAtellite ....ccceeeeeeeeee e 85

69.7 Materials SEIECHON ........cooi i 85
69.8 Manufacturing............ ol b 85
(SIS AN o] o] [To7= 1110 ] o 1< TP ot S i S e gn s o SRR 86
69.9.1 Future reusable launch vehicles..........ccooooo 86
69.9.2 Flight-vehicle dependent.. /. Lo e o il e G 87
69.9.3 Non-vehicle dependent ... 91
69.9.4 Summary of European-capabilities 2o ilad 94
69.10REfErenCesS ... .. oot rerenes ettt teetteeettetttetntetetetneeraeetneereatearaaeraaerans 95
B9.10.1 GENEIAL...uuuuiiieiiieeeiiee ey £5 253 (35 5 eeeeeaeeasnnnnasseeeeeeeesssnnnsaeeeeseensssnnnsaaaeeeennnes 95

70 Thermo-StruCtural deSIgNS ..u.uu i e e e e e e e e e e e aeeennnne 97
40 50 R 1 o Yo 11 Tox 1o ) o 1 97
40 Tt 0t R 1= = | USSR 97
70.1.2  SINGIE MUSSION....ceiiiiiiii i e e e e e e e e e e e e et e e e eaeeeaanee 97
70.1.3 Reusable VENICIES ... 98

70.2 SPACEPIANES ... .o 98
T0O.2.1  HEIMES ettt e e e et e ebr e e e e e e e eeenanes 98
T0.2.2  HOPE. ...ttt e et a e e e e as 98
70.2.3 Single- and two-stage-to-0rbit ... 99

T0.3 HEIMES ..ottt e e e e e et ettt a e e e e e e e enbbba e e e e eeeeee 99
TO.4 HOPE ...ttt e e e e ettt e e e e e e e e s e bbbt e e e e e e e e a bbbt e e e e e e s 100
740 TR T = [ 1 USRI 104
T0.6 SANGER .....ooiiiiece ettt et et e et e et e e e aaeea 106
70.7 National aerospace plane (NASP) ..ot 107




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

70.8 DeMONSIIALOr PANEIS ... e 109
O - Tt R 1= = | U USUPPPRR 109
70.8.2 NASP e 109

70.9 INOSE CONES... .ttt ettt e e e e e ettt bbb e e e e e e e e entbba e e e eeeaees 109
T70.9. 1 GENEIAL ... e enaee 109
70.9.2  Shuttle OrDIter......oeee e 109
T70.9.3  HEIMMES oottt e e et et ar e e e e e e eeaanes 111
70.9.4 HOPE.. ..o 113
70.9.5  NASP 113
70.9.6  HOTOL oooiiiieeeeeeee e 113
70.9.7 SANGER.......cooi ettt 114
70.0.8  X-B8 . i 114

70.10Wing leading €dges (WLE) .....ccoo i 115
70.10.1 GENEIAL...cci i 115
70.10.2 Shuttle OrbIter ..o 115
70.10.3 BUran ..o bttt i o b e, 115
70.10.4 HEIMES ..oouneeeee s T 00 T T T o T T Je e e e eee e e et et e e e eni e e e enn e e e e enan e 117
70.10.5 HOPE... oo 118
70.10.6 Others.... .5 b al il o e e o e e G e e 118

4O I Y0 ) Q= = 1 1= USSP 119
70.11.1 NASP ... ot s e a i adai e, 119
70.11.2 HEIMES ...ovciveeeieeeereiesrenenes ettt teeteeeetaeeeenseneeaettaetaetaetaeraeraaeeraeans 119

70.12Cry0gEniC TANKS .....cooiiiiiieee e 10 515 B e e e et et ettt ettt et teeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 120

70.13Heat Shield dESIGNS ......cc i e e e e 120

TO.LAAIN INIEE-INTAKES ... 123

70.15Earth re-entry CapSUIES........cooi i 124

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

70.17DEEP SPACE MISSIONS......ceeiieeiiiiieie e e e et ettt e e e e et e e et e e e e e e e e e st e e e aaeeearataaaaaeaaees 127
70.17.1 CNSR ROSETTA: Earth return capsule .............cccoooeiii 127

O I RS Y = U= =T g o =T 128
T0.18.1 GENEIAL...ccci i 128
70.18.2 NASA Pathfinder/MESUR network landers ............cccoeeiiiieiiiiiiiiiiieeeeee 128
70.18.3 MARSNET ..o 129

70.19CaSSINI-HUYGENS ...oiiiiii e e e e e e e e e e e e e eeaes 129
70.19.1 GENEIAL...cccii i 129
70.19.2 C-C aerobrake (heat shield) ... 129
70.19.3 Nose cap front shield with AQBO ...........cooiiiiiiiiiii 130




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

70.20PIanetary PrODES .......iii i 130
70.21Arobrake deSigNS.......ccooiiiiiiiii 130
40 I N R 1= = | USUPUPPRT 130
70.21.2 NASA/ESA Cassini-Huygens mission ............cccovvvviiiiinieeieviiiiici e 130
70.22PRORA: USV — unmanned space VERICIE ... 132
70.22.1 BaACKGIrOUNG......cco oo 132
70.22.2 USV PrOQIaIMIMIE ..oeiiiieeiiii e eeeits e et e e et e e e et e e s eats e e s e e e e e e et e e s eaaaa s 133
70.22.3 USV systems and flight test beds..........ccccoooiiiiiiii e 134
70.22.4 External configuration of FTB_1 and FTB_2.........ccoiiiiiiiiiiiiiiiiie e 135
70.22.5 External configuration of FTB_3........ccooiiiiiiiiiiie 136
70.23X-38 BOAY flap ...ccevviiiiii i 138
70.23.1 BaCKGrOUNG.......ccoiiiiieeeeeee e 138
70.23.2 BOAY flaPS ..o 140
70.23.3 Mechanical fasSteners ........ooooeiiiiiiei 141
70.23.4 CMC to metal attaChment............coooooiiiiiiiii 142
70.23.5 Ceramic bearings ... ..o..foh bbb il 143
70.23.6 CeramicC SEaAlS ... 5 e BT B B TE T et e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeereeeeeeeeeeees 144

FAO Iy G 1 Ao LT o= T P 145
70.24.1 Backgrounds i.cuh i at L e L L e G 145
T0.24.2 CONCEPL ..ottt e et e e e e e et e e e raeenrana 146
70.24.3 Thermal profiles L i d e dndd i, 146
70.24.4 Flexible insulation design....... et R teeeteeteeEEe e teetsetetea et e e et e eernn e eaaes 147
70.24.5 Integration and qualification tEStING ...........covriiiiiiiiiiieeeee e 148
T0.24.6 SUMMAIY ..ouiiiiieeii et e e e e e e e e e e e e e e et e e et e e e e et e e ean e eaneeennns 150
70.25Aerobrake: Deployable CMC decCelerator...........coouviiiiiiieiiieeiiee e 151
70.25.1 BACKGIOUNG. ... 151
70.25.2 Mars ISRU mission ‘iN-Situ reSOUrCe UNIt .........cccoeeieeeiiiiieeeieinieeeneeeeeeeeenn 152
70.25.3 Mars ISRU mMisSion — CONCEPL ...vvuniiieiiiiiiiiie et 152
70.25.4 Mars ISRU mission — Environmental aSpectsS...........ccooeeeeeiiiiieiiieeeeeeeeenn 155
OS] = (=] =] o = 155
70.26.1 GENEIAL....cci i 155

71 Thermal proteCtion SYSTEMIS ....uuui i 160
TL.L INFOAUCTION ...ttt eeeeeeees 160
4 0t N R Y o] o] [T = 4o o I USSPPUPPRTNS 160
71.1.2 European development programmes .........cooeeiieiieiieiiieeeeeeeeeeeeeeeeee e 161

4 0 R B O [ =T o} £ PP PSSPUPPRTIN 162
71.1.4 Nonload-carrying TPS......oooiii e 164




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

71.1.5 Load-Carrying TPS ..o e e e e e e e aanees 164
71.1.6 Reusable SITUCIUIES .......cooieiiiee e e 165
71.2 COO0lING MOUES......ccoiiiiiiiiiii ettt 166
7121 GENEIAL ..o 166
71.2.2 PasSIVE TPS ... 166
71.2.3 ActiVe COOlING CONCEPLS.....cceeeiieeeeeee e 167
71.3 Early re-entry CAPSUIES .......cooviiiiiii e e e e e e 168
4 AN o] F= 11NV 0 (=] T | PSS 170
4 St R €= = | USSP 170
T1.4.2  PrOQIaMIMES ....coieiiiiii e eeeeeeiiiia e e e et e e e e e e ee et e e e e e e eennraa s s e eeeeeennnes 171
T1.4.3 MALErIAlS oo 171
71.5 Space Shuttle Orbiter ... 174
4 Tt R € 1= = | USRS 174
71.5.2 Materials and configurations ..............oouuiiiiiiie i 175
71.5.3 In-Service TPS Performance..........cccceeeieieieie 179
71.6 Buran.......ccoooeeveenhe o e b o o LT e, 179
T1.6.1 General.....oooooee e B BB BT B B T T et e e e e e e e e e e e e e e e e e e e e e e e e e e e et e e e e e e e e eeeeeeeees 179
71.6.2 Materials and configurations ............cooeuuiiiiiie e 181
71.7 Advanced carbon reinforced COMPOSILES)... .t i kel o it 181
71.7.1 Carbon-carbon COMPOSILES ........ccoviiiiiiiiei 181
71.7.2 ACC - Advanced carbon-carbon..... o iadai 181
71.7.3 Aerospatiale - AerotisSS® 2.5D ... 182
71.7.4 Carbon-silicon carbide COMPOSIEES.........ccooiiiiiiiiii 183
71.8 Durable metallic TPS ... 185
TL1.8.1  GEONEIAL....uuuuiiiiii e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaaaeas 185
71.8.2 MUIIWAIL TPS ...t e e e et e e e e e e eeaenes 186
71.8.3 DEVEIOPMENTS ... .ottt e e e e e e e 187
71.9 Titanium-based COMPOSILES .....uuuii i 189
T1.9. 1 NASP 189
71.10Internal multiscreen insulation (IMI) ... 189
4 0 O A o o= | 189
71.10.2 Development and characterisation .............coovvieieiiiiiiiiiiiiee 192
71.10.3 Potential appliCations ..........oooiiiiiiiiiii 194
71.11Flexible external insulation (FEI).............iiiiiiiiiiii e 195
T1.10. 0 GONEIAL. ... a e e 195
71.11.2 DESIGN CONCEPL ... 195
T71.10.3 KEY FEAIUIMNES ... e e e e 195




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

4 0 o o To [ T A = T Lo [P SSUPPPPRTS 196
T1.11.5 HEIMES ..ttt et e e et e e e e ab e e e eaaa s 197
71.11.6 MSTP PrOgramiMe.......oieeeieeeeriiaae e eeeeeents e e e e ee e e e s e eenrns e e e e e eennnes 198
4 N N { D B o] (0o | =1 0 0 = 201
71.11.8 Future reusable VENICIES ..........oi i 201
71.11.9 Verified PerformMancCe..........coooo oo 202
71.11.10 IFI - Internal flexible insulation development.......................ooei. 203
T112CMC SNINGIES ... e e e e e e e 205
71.12.1 Hermes deSign CONCEPL ...cceeeeiieieeeee e 205
71.12.2 TETRA/X-38 programme PanelS .........ooooiiiiiiiiiiiieeeeeeee 207
71.12.3 SPFI - Surface protected flexible insulation...............c.cooovviiiiiee, 209
TL1LBHEAL PIPES ..ottt 220
4 0t T Tt R 1= = | USSP 220
71.13.2 Shuttle-type heat pipe cooled wing leading edge ........cccooeevviiiiiiiiiiieeene, 222
71.13.3 Sodium-Hastelloy-X heat pipe for advanced space transportation
system ... a e G A I L A L 222
71.13.4 Refractory metal-CMC heat pipe for NASP .........ooiiiiiiiiiiiie e, 223
71.14Co00led panels.........oooe e i L 224
T1.14.1 General.. £ cudes mm. ot @ 0 udon e B e e he bR e 85 e eeerrnnnnsseeerreennnnnnneneeeeeees 224
71.14.2 DEMONSIIALOr UNITS....uiiieiiiieiiiiiie s e e ee e e e e e e eeete s e e e e e e eeaeennn e s e e eeeeenene 225
71.14.3 Active cooling ONiNASP. L. i A0 0 20 e 30 e s s e e e e e e eeern e s e e e e e eeanens 226
71.15Beryllium TRPSpswstandarasaenarcalalogislandandssisid e 2200 s 228
71.15.1 General. oo 0l L Oe/sist-tp-cen-tr-17603-32- ... 228
71.15.2 Cassini-Huygens heat shield: Phase A configuration .............ccccceeeeee. 228
TL.LBACIODIAKES ...ttt —a—n——e 230
4 A T L 7= o RPN 230
TL17.1 GENEIAL..ccc i 230
71.17.2 SEPCORE® TPS CONCEPL....euviiiieeeiiiiiiiiiiiieeeeeeeseeiiiieeeeee e e e s e ssnnnnneeeeaeens 230
71.17.3 Ceramic heatshield assembly (CHA) ... 231
71.17.4 MIRKA - MiCro re-entry CapSUIE ........coooiiiiiiiiei e 239
71.17.5 ALSCAP - Alternative low-cost, short-manufacturing-cycle ceramic
ASSESSMENT PrOGIAMIME....ccevuiieieiiieee et e e e e e e e e e e e e e e e e e ena e eeees 241
R C Y= 0 1= o =T | RPN 244
TL118.1 GENEIAL...ccc i 244
71.18.2 Semi-integrated aeroshell TPS (S.LAT) oo 244
71.18.3 Demonstrator aeroshell design..........oooovviiiiiiiii 244
T1.19CIYOQENIC TANKS .....ccoiiiiiiiiiie ettt e e 250
T1.19.1 GENEIAL..ccc oo 250




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

71.19.2 EUropean ProgramimMES .......ccieeuuieeeuriiieeeaitaeeseatiaesessneeseesnsessesneeseennes 251
71.19.3 Concepts: TPS panel array ........coooeeieeiiieiieeeeee 252
71.19.4 Concepts: LH tank cryogenic insulation..............ccccoeeiiiiiiiiiiiieee 252
71.20TPS MASS DUAGELS ...uunicieciceie e e e e 254
4 It R | [ Yo = T ] o I USUPUPRTT 254
71.20.2 EXAMPIES ... 255
TL.2LTPS VEIIfICALION ..o 255
71.22Polymer foam cryogenic iNSUIAtioN .............ooiiieiriiiiii e 255
4 A R € 1= = | USSP 255
71.22.2 Polymer foam CharacCteristiCs ...........ooviiiiiiiiiieieee e 255
A T o ] 0 1= 11 P USPPPPPRTS 256
A Y - 1 (T = USSP 257
71.22.5 Ranking of polymer foam cryogenic insulation ...............cccoeeeeeeieieeeeeeeenn. 259
71.22.6 FUMNEr WOIK.....cooeeeeeeeeeeee e, 261
71.23High temperature insulation (HT1) .......ooouiiiiii e 261
71.23.1 Background.... .o e 261
71.23.2 Development faCtons mm i i o i T Je e e oo e e eeeeee e e e e e e e eeete e s e e e e e e ennees 262
71.23.3 Development apoproach ..........ceeiieiiiiiiiiiie e e 263
71.23.4 Materials L. 5 b L e L L L e 266

4 2SR T =111 o PP 266
T1.23.6 SUMMIATY oo et e e e e et e e e et e e e e et e e et n e e et e e e e eeanas 270
T1.24AREfEIENCES ... .coniiiieeeeieeereeertesrensrnenes et teeteeetteeteeetitenetetetentesettaeetaeetaeraeraanans 270
72 SPF/DB titanium designs ............. it 280
T2.1 INFOAUCTION ...ttt eeeees 280
47 S R € 1= = | USRS 280
72.1.2  AIrcraft COMPONENLS ..o 280
72.1.3  Space apPliCAtIONS ........cceiiieiiiiiie e e e 280
72.2 BASIC SPF/DB PIOCESS .....cccciiiiiiiiiiieieee ettt 281
72.2.1  Superplastic fTOrMING .......cooeeiiiiiiiie e e e e eeeees 281
72.2.2  Diffusion BONAING ......oiiiiiiiie e 281
72.3 ProCess attribULES .........oooiiiiiii 283
T72.4 TIANIUM AlI0YS. ... 284
72.5 AIUMINIUM @IIOYS......uuiii e e e e e et a e e e e 285
72.6 Access doors and AUCHING ........uuueiieeeiieeiiee e e e e e e 286
47 T R € 1= = | OSSP 286
72.6.2  Slat track/JaCk CaNS ........ccooeiiiieeee e 286
72.6.3  UNderwing acCesS QOOIS .......uuuuiiiieeeeiiiiiiiiie e e eeeeeetee e e e e e e e eeraan e e e e e eeeanes 287

10



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

72.6.4 Other SPF/DB COMPONENTS......uciiii i e e eeaens 288

72.7 Spars and stiffened panels ... 288
72.8 Struts and CYIINAEIS ......cooiiiiiii e 289
72.9 Leading edges and lateral fiNS .........ccoovviiiiiiii i 289
42 0 1= =V RSP 290
T2, 11PIESSUINE VESSEIS .. e ettt e e e ettt e e e e e e e e aaeea e e e eeeeeas 290
A A O 1 = 1] o= ox £ 291
72.1L3EUropean faCiliti€S ......ccecee i e 291
A T = (=T =] o = 291
4 S R 1= = | USRS 291

73 Propulsion teChNOIOQIES ......ovvviiiie e 293
S 700 R 11 Yo 11 To 1o ) o 1 293
73.2 PropulSion UNit reQUINEMENES ........iieeeei e e e e e e e e e e 293
73.2.1  LaUNChEr ENQINES ....uuiiiieei et e e e e et a e e e e e eenenes 293
73.2.2  SNULIE ENGINES . 5. ... o rmires e s e osme 5o mrmme e« e e HFmme o oo e e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 293
73.2.3 Spaceplane engines. .. ... ... 293
73.2.4  TRHIUSTEIS....uun i e 294
T3.2.5  INOZZIES ... sinunseee BB e e e s e e e B e e e e e e e e Brne e e e e e e e e e e e e aaaaaaaaaaaaaaaaaaaaeanns 294

4 TR T 1= e SN 294
T3.3.1  GONEIAL...uuiuniiini ettt a s s eyt ae s e e e e e e e e e e e e e e e e e e e e e e e e e e e aeaaaaaaaaas 294
73.3.2  SONA PrOPREIBINTS e vshe i innscrrbannssumsssrbmnsssindasissiessleia s 5 55Eh meeasssssssnnnnsseasesessnnns 294
73.3.3 LHAOX e 8 la0 Ghd Qs Thos De/5iSt-tprCeRntre] 7603m32m e eeeeeeecrrreeeeens 294
73.3.4 Monopropellants ........... 0 0 4 A 295
73.3.5 BiIpropellants ..o 295

S AN 4=V = SR 295
S R 1= = = | PN 295
73.4.2 MPS SOlid rOCKEt MOTO ......uuiiiiiiii e 295

73.5 VUICAIN BNQINE ....coiiiiiiiiiiiiiiie ettt e e eannnnenennne 296
7351 GENEBIAL ... e 296
73.5.2  SPECIICALION......ccviiiiii i e e e e 297
73.5.3 MaAErIAlS ...coeeeeeeeeeeee e 297

73.6 HM 7 €NOINE ..o 298
73.6.1  GENEIAL...ccoi i 298
73.6.2 NOZZIE GEOMEIIY .ovviiii et e e e e e e e e e e e eeanees 299

S A Y= 1o T2 o] (o PP PP 299
S = T N[ 7474 1= 299
73.9 Space Shuttle Main ENgine (SSME) ......couvuiiiiiiiiiieciee e 300

11



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

73.10Air breathing ENQINES.......ccii i e e e e 300
40 70 0 It R 1= = | USRS 300
73.10.2 NASP nozzle development. ... 301
73.10.3 European ramjet teChNolOgy ......coooeeviiiiiiiiiii e 301

S T N K OV O o o3 (=] ] = 1o ) S 301

AT A Y[ = |1 ] £ (= £ 303

T3 L3CMOC TNIUSTELS ...ttt 303

T3 LAREIEIEINCES ... 303
0 T 3t R 1= = | O USPUPPRT 303

T4 ProteCtiVe COALINGS ..uiiiiiieiiieieiiiie e et e e e e e e e et e e e e e e e e e earaan e e e eeeaeees 306

4350 R 11 o Yo [ To 1o ) o 306

74.2 Coating fFUNCHIONS ......cooiiiiiiiie e 307
TA4.2. 1 GENEIAL..ccci oo 307
74.2.2  Application reqUIFEMENTS.........uuiiiii i e e e eeaees 308

TA.3 PaASSIVALION .....ccoeeeeousmmm e eee e rs o5 s e 0 4o+« e« SHE T T4+ 2+ #5550 s e e e eeaennnnnnnanaeeeenns 308
T4.3.1  General...c. e s 308
74.3.2 Materials ...t L 309
74.3.3  Coating a0NESION ...t B e et 309

74.4 BasiC Coating types........ccooi 310
L 1= 1T - | PP 310
T4.4.2  DiffuSION CORLNGS  xrrhensiimnscrrbnnnssansserbmnsshinsssissieseia s 5058y meeessssssssnnssseesseennnes 310
74.4.3 Overlay/coatings... L0 s bt De/sist~tP-Cenrtr-1.7603032n o oveirrreenceaneeeennn 310

74.5 Coating PrOCESSES ...uuuiieeeeieeiiiiee e e 311
TA5. 1L GENEIAL..ccci i 311
T4.5.2  SIUMY COALING ..o 311
74.5.3 Physical vapour deposition (PVD) ... 311
74.5.4 Enhanced physical vapour deposition (PVD).........cccccoeeeiieeiiiiiiiiiieneeeee, 312
74.5.5 Thermal SPraying ......ccoooeeiiiiiieee e 312
74.5.6 Chemical vapour deposition (CVD) .......coooviiiiiiiii 312
74.5.7 Enhanced chemical vapour deposition (CVD) .........cccceeviieeiiiiiiiiiinieeeee, 313
T4.5.8  OtNeI PrOCESSES. ..uuuuuiiiieeet ettt et ettt et e e e e e e et e e e e e e e eatt s s e eaaaeannne 313

74.6 Coatings: Titanium COMPONENTS.......ccoiiiiiiiiiiiiiieie e 314
TA.6. 1 NASP ..ot e et a e e e e e 314

74.7 Coatings: Superalloy COMPONENLS ........covvviiiiiieeeieiiie e 314
S S R € 1= = | USSP 314
74.7.2 Aluminide diffusion COatiNgS.........coooiiiiiiiiiii 315
74.7.3 MCrAIY overlay COatiNgS.......uuuiiiiie i eeeeaaees 315

12



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

74.8 Thermal barrier coatings (TBC) ... ciiiiiiieeiiiei e 316
74.8.1 Ni-based superalloy COmMPONENtS .........coooiiiiiiiiii 316
74.8.2 Shuttle Main Engine HPFTP blades ... 316
74.8.3 Fibre-reinforced TBC'S ....coooeieiiiie e 317
74.8.4 Coating teChNOIOGY .....coooieieeeeee e 317
TA.8.5 SCAIS..cccii i 317

74.9 Carbon-Carbon: OXidation proteCtioN..........ccceeeeviiiiiiiiiii e 317
T4.9. 1 GENEIAL..cccii oo 317
74.9.2  APPICALIONS. ... 317
74.9.3  C0atiNg SYSLEIMS ... 317
74.9.4 BasiC Problem ..o e 318

T4.LOMURIPIEX COALINGS ...ttt 318
2 O R = o = o | 318
74.10.2 CONSHIUBNES ..o 319
74.10.3 Application eXamples ...........oiiiiii i 320

74.11Coatings: C-SiC and SiC-SIC .0 bbb Sl 321
T74.11.1 General......ooooe e BB B T H B TE T et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eae e 321
5 S [ SRRSO 321
T4.11.3 SIiC-SiC ..t 5 nnhehe ot @b it it Bkt it g £t e e e e e e e e e e aaaaaaaaaaaaaaaaaaaaaaaaens 321

74.12Carbon-Carbon: Surface Coatings..........ccoouiiiiiiiiiiiiiieeee e 322
74.12.1 Dimensionally stable-structures. o ac i inddn i, 322

TA13REfEIENCES ... cvnieiieeeeeeerieeresrensrnenes et teeteetaeeteeetetesetetetentesteetaeetaeetaerraeraaaeans 326
2 T R 1= U= = | e 326

P4 RS T=T: U = Tod o] 0] o Yo | V20 330

5 %0 R 11 Yo [ To 1o ) o 1 330
4T T R U L T 330
75.1.2 Structural aSSemDBIIES.......ccooviiiii i 330
75.1.3 DYyNamiC SEAIS.......ccooiiiiiie e 331
TR R S V= 1T = USRI 331

75.2 SHUCIUIAl SEAIS.....cco e 331

75.3 Seal MaterialS.......coooiiiiiii 332
5.3 GENEIAL ... e 332
75.3.2  ElaSIOMEIS ..o 332
75.3.3  TYpeS Of ElaStOMErS.......cciiiiiiiii e e e e e eaaees 335
75.3.4  ViISOCIASHCILY ... 339
75.3.5 Physical Properti€S......ccooeiiiiii e 340
75.3.6  Chemical PrOPEITIES ......ccciieeeiiiee e e e e e e e eanees 347

13



	@¹™�6wôÔÊ¸-��¶(³3|'OmâGþıZzæ!r²ãŽ/Ô‹�3=�Žcý¯U'4�Ž›œo�°Ëë
5¿ÏYîÞù‹‰ã”ž5‡Ïr20Ðk�©_~MéýWž��À˘�øÅö×Îóö 'Ã#¿6ãﬁ×�·.�xF!.«($LÉb�Ä¹K�õŁ.ŸíŸ

