°
w SLOVENSKI STANDARD

kKSIST-TP FprCEN/TR 17603-32-07:2021
Ol-oktober-2021

Vesoljska tehnika - Priro¢nik o strukturnih materialih - 7.del: Toplotna in okoljska
celovitost, proizvodni vidiki, spremljanje v orbiti in zdravju, mehki materiali,
hibridni materiali in nanotehnologije

Space engineering - Structural materials handbook - Part 7: Thermal and environmental
integrity, manufacturing aspects, in-orbit and health monitoring, soft materials, hybrid
materials and nanotechnologies

Raumfahrttechnik - Handbuch 'der Strukturwerkstoffe - Teil 7: Thermische und
umweltbedingte Integritat, Herstellungsaspekte; In-Orbits uhd Gesundheitsiberwachung,
weiche Werkstoffe, Hybridwerkstoffe und Nanotechnologien

Ingénierie spatiale - Manuel des matériaux structuraux - Partie 7 : Intégrité thermique et
en environnement, aspects fabrication, surveillance des matériaux, matériaux souples,
matériaux hybrides et nanotechnologies

Ta slovenski standard je istoveten z: FprCEN/TR 17603-32-07

ICS:

49.140 Vesoljski sistemi in operacije Space systems and
operations

kSIST-TP FprCEN/TR 17603-32-07:2021 en

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



kSIST-TP FprCEN/TR 17603-32-07:2021

iTeh STANDARD PREVIEW
(standards.iteh.ai)

KSIST-TP FprCEN/TR 17603-32-07:2021
https://standards.iteh.ai/catalog/standards/sist/ 1 f0283ec-39¢d-4819-990a-

5de04bc287d1/ksist-tp-fpreen-tr-17603-32-07-2021



TECHNICAL REPORT FINAL DRAFT
RAPPORT TECHNIQUE FprCEN/TR 17603-32-07

TECHNISCHER BERICHT

August 2021
ICS 49.140
English version
Space engineering - Structural materials handbook - Part
7: Thermal and environmental integrity, manufacturing
aspects, in-orbit and health monitoring, soft materials,
hybrid materials and nanotechnologies
Ingénierie spatiale - Manuel des matériaux structuraux Raumfahrttechnik - Handbuch der Strukturwerkstoffe -
- Partie 7 : Intégrité thermique et en environnement, Teil 7: Thermische und umweltbedingte Integritit,
aspects fabrication, surveillance des matériaux, Herstellungsaspekte, In-Orbit- und
matériaux souples, matériaux hybrides et Gesundheitsiiberwachung, weiche Werkstoffe,

nanotechnologies Hybridwerkstoffe und Nanotechnologien

This draft Technical Report is submitted to CEN members for Vote. 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 Republid, Derimark;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.

Recipients of this draft are invited to submit, with their comments, notification of any relevant patent rights of which they are
aware and to provide supporting documentation.

Warning : This document is not a Technical Report. It is distributed for review and comments. It is subject to change without
notice and shall not be referred to as a Technical Report.

CENELEC

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

© 2021 CEN/CENELEC All rights of exploitation in any form and by any means Ref. No. FprCEN/TR 17603-32-07:2021 E
reserved worldwide for CEN national Members and for
CENELEC Members.



FprCEN/TR 17603-32-07:2021 (E)

Table of contents

European FOreWOrd............c.c oo rrmess s s ssess s s s s s s s s smm s s s s nms s snnnmsssssrnnns 30
INErodUCHION...... .. e 31
82 Thermal behaviour ... s 32
G 720 I 1o o Yo [T 1o o S 32
S B B € T=Y =Y = | SR 32

82.1.2 PhySICal r@SPONSE ... 32

82.1.3 Physical Properties ......cccceeuiiiiiic e 32

82.2 MMC: Thermal CYCIING ......cuviiiiii i 33
82.2.1 GENEIAL ... 33

82.2.2 Magneésium-carban/fibre composites ... o vl Wi 33

82.2.3 Aluminium-carbon{fibre coMPOSIES t.cala. i deeeeiiiiiiiiicc e 34

82.2.4 Aluminium-boron filament COMpPOSItES ..........ceiiiiiiiiiie e 34

82.2.5 Titanium-silicon carbide filament COMPOSIES .. ... .c.uimrriniaereeeeerreeeiiiiaeeeeeen 35

82.2.6 Superalloy (FeCrAlY) composites .l /05 a 20200 e 35

82.3 CMC: Thermal CYCIING ....ccueiiiiiiiiiiiiiiiiiiiieiieeeeee ettt 35
82.4 MMC: Thermal ShOCK...........uuuiiii i 36
82.4.1 GENEIAL ... 36

82.4.2 Metal @llOYS ....ceeie e 36

B2.4.3 MMC ... .. 36

82.4.4 INtermetalliCs ......oooieii e 36

LS Y2 I OV @3 I g =Y g F= 1] T o1 G 36
82.5.1 GENEIAL ....ueei i 36

82.5.2 SiC-SiC COMPOSIES ....cceeeeeeeeeeeeee e 37

82.6 MMC: Thermal CONAUCHIVILY .......ooiiiiiiiiiiii e 38
82.6.1 GENEIAL ....ueei i 38

82.6.2 Thermal diffusivity measurement ..., 38

82.6.3 Effect of material composition...........ccooveieiiiiiiii 38

82.6.4 MOAEIING .o 39

82.7 CMC: Thermal CONAUCEIVILY ......cccoeeiiiiieiiicee e 40
82.7.1 GENEIAL ... 40



FprCEN/TR 17603-32-07:2021 (E)

82.7.2 Glass-ceramic matrix COMPOSIHES ....ccoeeeeeeieieieeeeeeeeeeeeeeeeeee e 40
82.7.3 SiC-SiC and C-SiC COMPOSILES......cccieeeiiiieiiicee e 41

82.8 Specificheat Capacity ..........uuuiiiiii i 48
82.9 SUIface EMISSIVIY ........ouiiiiiiiiiiiiiiiiiiiii e 48
82.10Surface catalytiCity...........ooumiiiiiii e 49
o 2 Il = =T =T o P 49
G20t I O B € 1= =T | 49

83 Thermo-mechanical fatigue............ccorreemccccii e 52
< Tt I [ 1o Yo [ e { o o 52
e I 0 F= 11 Yo I IV | PP 52
83.3 SUPEIAlOYS .. ..ot 53
83.4 AlUMINIUM COMPOSIEES ...ceiuiiieiiiii et e e e et e e e e e e et e e e e eaa e e e eanans 53
83.4.1 Particulate reinforced COMPOSItES........ccoviviiiiiiiiii e 53
83.4.2 Continuous fibre reinforced composites.........coooviiviiiiiiiiiiiiii e 54

83.5 Titanium COMPOSITES.....cccuui i e e et e e et e eeeaeans 54
83.6 COPPEr COMPOSITES.....ccciiiiiiiiiee e e e e e e e e e et e e e e 57
83.7 Ceramic composites ... Ll L o o L L Y L 58
83.8 Carbon-carbon compoSites 2 ia £ i i L e 58
83.9 Predictive Methods ... 58
83.10REFEIENCES ... iurnrrinsriarersrorssnrnntssimmmesisrmisssoansss X R o« ROt AR B O aes s s e o rersssenranaenannan 59
83.10.1 General 2¢c0n0cs Qs oo L O e L e 59

84 DIimensional CONLIol.........cuieeeeiiiiiiiiiirrrress s r s s r e s nnnnns 62
e g I Vo o Yo [ T34 o o SR 62
84.2 ReSIAUAl SITESSES ... e 62
84.3 Creep: Metallic Materials .........cccoooeiiiiiiiiiiii e 62
84.3.1 GENEIAL ... ueii i 62
84.3.2 Particulate reinforced aluminium composites..........ccooeeveiiiiiiiiii, 63
84.3.3 Discontinuous fibre reinforced aluminium ................ccoo 63

84.4 Creep: CeramiC COMPOSITES. .....cuiiiiiiiiiiiiiiiiiiiiiiiiieiee ettt ettt eeeeeee e e eeeeeeeeeeees 63
B4.4.1 GENEIAL....uuii it 63
84.4.2 Creep mismatch ratio (CMR) ......oooiiiiiiiiiiiie e 63

e O = Tor Qo 1= o S [T 66
84.6 CTE: Metallic MaterialS.........uuiiiiieiiieeecee e 66
84.6.1 GENEIAL ..o 66
84.6.2 Continuous reinforcement..........coooeeeeii e 66
84.6.3 Particulate reinforcement............ooooiiiiiiiii 67

84.7 CTE: CeramiC COMPOSILES ....uuuiiiiieeeiieeicee et e e e e 67



FprCEN/TR 17603-32-07:2021 (E)

84.7.1 SiC mMatriX COMPOSItES ....cceeeeeee e 67
84.7.2 Glass matriX COMPOSILES.........oouiiiiiii i 70
84.7.3 Environmental factors .........coooeeei e 70

e T S =Y =T =Y Tt TS 70
o S B I 7= o =T - | 70

85 High-temperature environmental stability ...........cccoooiiiiiiiiiiiiiiiinice 72
S o T I 1o o Yo [ T34 o o TSR 72
85.2 Aqueous corrosion: Metals ............oooooiiiiiiiiii e 72
85.2.1 GENEIAL ... 72
85.2.2 Aluminium-based COMPOSItES .......ciiiiieiiiiiiiceee e 72

85.3 Hot Corrosion: MetalS.........oouueiiieeee e 73
85.3.1 APPIICAtIONS ... 73

R T2 07 11 1= SRR 73
85.3.3 Protection SYyStemMS ......ooo o 74

oS o (o) oo T o 7T o N 2 [ 74
o I S I 0= TU [T TR 74

85.5 Oxidation: Metals. ..o o A L L o L L Y L e, 74
85.6 Oxidation: Ceramics ..L &l i i i S B B e 74
85.6.1 Carbon-containing materials ..o 74
85.6.2 SiC-SiC_.COMPOSItES .vrrrinrsmermsrivrmsrsssonsss Y322 £+ 2 O] <R AR O Y+ = eeeemeeemmmnsnnnns 75
85.6.3 Chemical reactions/ ./ oreen L 00 a Ui 76
85.6.4 Effect of cONditionS ......ccooeeeeeeeeeeeeee 76
85.6.5 Effect of manufacturing route............oooooiiii 76
85.6.6 MOEING ... 77

85.7 Hydrogen embrittlement......... ..o 77
o I A 7= 1= - | TR 77
85.7.2 Metal-based materials ...........ooouiiiiiiiiii e 77
85.7.3 Ceramic-based materialS..........ccooeeeeeiiieieee 78
85.7.4 PreCautiONS .....oooiiieeii e 78

85.8 Hydrogen: Titanium materialS .............oooeviiiiiiiiiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeeeee e 79
85.8.1 GENEIAL ....uuei i 79
85.8.2 AllOYS ..o 79
85.8.3 MMC ... ..o 80

85.9 Hydrogen: Intermetallic materialS.............oovvvviiiiiiiiiiiiiiiiiiiieeeeeee 80
85.9.1 Titanium aluminides.........oooeiiiiie e 80
85.10Hydrogen: Carbon COMPOSIES. ........uuuiiiiiieiiiiiiiii et e e e e 82
oS T Il = =T =T o PP 82



FprCEN/TR 17603-32-07:2021 (E)

85.11.1 GENEIAL ... 82

86 High-temperature test facilities...........ccoooiiiiiii 85
S T I Vo) oY [T Ao o S 85
86.2 Thermo-mechanical 10ading...........cuviiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeee e 86
oG I 7= o =T - | 86
86.2.2 Spaceplane verification..............uuiiii i 86
86.2.3 Test facilities.......oo e 86

86.3 Thermo-acoustiC tESHING........uuciiii i 87
oG B I 7= o =T - | 87
86.3.2 Test facilities.......coeeeieeee e 87

86.4 Plasma arC Jet eSS ... 87
oG S I 7= o 1= - | TR 87
86.4.2 Test facilities......cooeeeeeeie e 87

86.5 EleCtric arc jJet teStS......cuuiiiiiiiiiiiiiiiiiiiiiieeee 87
86.5.1 GENEIAL ... 87
86.5.2 Test faCiliti®S....cccee e 88

86.6 Oxygen-hydrogen combustors ... Lo i L KR VL L 88
86.7 European facilities ..... L &l G L D 88
oG A I 7= o =T - | TR 88
86.7.2 FraNnCe sursrrinssinrerisormsnmnntassimmmesisrmisssoansss X0 R o« ROt AR B O aes s v e orensssserenaenannan 88
86.7.3 Germany... oL e 89
86.7.4 SWItZErland ........ccoooi i 89
BB.7.5 AUSTIIA .. e 89
8B.7.8 UK ... 90
86.7.7 The Netherlands ......... oo e 90
86.7.8 BeIGIUM ... 90
86.7.9 RUSSIA .ceeiieii it e e e e 90

oIS I =Y =T =T o o= 90
86.8.1 GENEIAL ... 90

87 Integrated ManUfaCturing .........cccccccccciiirr s 93
S 400 I 1o oY [T 4o o S 93
87.2 Process developmeNnt ... .. ... e 93
87.2.1 TECHNIQUES ... 93
87.2.2 SHAtUS .o 93

G A B {0 1= 1 = 93

87.3 Stages in ManUfacCture............oiii i 94
87.3.1 Process tEChNIQUES ......cccoiiiiiiieee e 94



FprCEN/TR 17603-32-07:2021 (E)

87.3.2 FINISNING i 95
87.3.3 Surface protection and coatings ..........c.ooovviiiiiiiiiii 95

88 Manufacturing teChNiqUEeS...........e 96
e T I 1o o Yo [ T34 o o TS 96
88.2 Composite MaNUFACIUIE..........ccoiiiiiiieee e 96
88.2.1 MatriX PRaSE .. .o 96
88.2.2 ReiNfOrCemMENt ... 98
88.2.3 PrOCESSING ... 98

88.3 POWAET PrOCESSING ... .cciiiiiiiiiiiiei e e e e e e e e e e e e e e e e et e e e e 98
88.3.1 MEtAlS ... 98
88.3.2 MMUC ... s 99

88.4 SINTEIING ... e 101
88.5 Hot isostatic pressing (HIP) .....oooviiiiiiiiiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 101
88.6 Foil and fibre consolidation .............oooiiiiiiiii 101
88.6.1 GENEIAL ... 101
88.6.2 Metal fOilS ...cceeeeeeeeeee e 102
88.6.3 Powdericloth...h. . 2 o o L L Y L 102

88.7 Superplastic forming (SPF )i £ g i 1L e, 103
88.7.1 Metal characteristiCSs ........oooiiiie e 103
88.7.2 TECHNIQUES .1 vertrerrrnrmntssimmmesisrmsisssoansss X R o« RO AR O ppee e v eeveensssernanaonss 103

88.8 Diffusion bonding (DB /c e i O aldd 105
e TR T (0 o] =Y - T S PE 106
88.9.1 MMUC ... . 106
88.9.2 Glass and ceramic-based cOmpoSites .........cccoovieiiiiiiiiiiiiiieee 106
88.10DiffusSioN COALINGS ....evvviiiiiiiiiiiiiiiiieeiee ettt e eeeeeees 106
88.10.1 GENEIAL ... 106
88.10.2 Pack cementation ............coiiiiiiiiiii i 106
88.10.3 ChIrOMISING....cueiiiiiiiii et e e e a e s 107
88.10.4 AlUMINISING oeeeeeeeeee e 108
88.10.5 Selective oXidation ...........coiiiiiiiiii e 109
88.10.6 Modified nNative OXIAES..........cuvuuiiiii i 109
88.11ReaCtioN DONAING......ceviiiiiiiiiiiiiiiiiiiiii ettt 109
88.12Polymer or pitch infiltration and pyrolysis ... 110
88.13Melt INfIlration ........cooei i 111
88.13.1 GENEIAL ... 111
88.13.2 Metal MatriX ......eoeiiiii e 111
88.13.3 Glass MaALriX ..cceeeeeeeeeeeeeee e 113



FprCEN/TR 17603-32-07:2021 (E)

88.13.4 CeramiC MaAtriX......ccceeieieeeeeeeeee e 114
88.141N-Situ SIlICONISING.....ccccieiiiiiee e 114
88.14.1 MOREN ... 114
88.14.2 PartiCulate..........ooiiiiii e 114
88.151IN-Situ OXIAALION ..eeeiiiiiiiiiiiiiiiiieeee e 114
88.15.1 MMC to ceramic oXide MatriX........ccoeeeeeeeeeeieieee e 114
88.15.2 Oxide coatings on Metals ...........coooeiiiiiiiiieee e 115
88.15.3 Oxide coatings ON CEramIiCS ........ccoeiiiieeeeee e 115

BB AB SOI-GE ... e 115
88. 17 SIUrry INfiltratioN ..o e 118
88.18Investment Casting.........ccuviiiiiiiiiiiiiiiiiiiiie 120
88.19SPray tEChNIQUES ... e 122
88.19.1 ALOMISALION ... 122
88.19.2 Plasma SPraying .....cccoeeeeieeeieeeeee e 122
88.20Physical vapour deposition (PVD).........couuuiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeee 125
88.20.1 CoaliNgS....ciieeiiiiiiice e 125
88.21Chemical vapour,. depasition (CVD) A4 . Ex Eo ER R B L E IR E e 127
88.22Chemical vapour infiltration (CVL) ......c..comiimiiiisiiiiiiiiiiiiceieeeeeeeeeeeeeeeeeee 128
o I T =Y =T =T g o T 131
88.23.1 General...... kol D LG L L0332 0200 131

89 European sources of-expertise .. /0.l 0 il e 134
<3S T I 1o (o To [T o SO 134
89.2 Company sSpecCialiSation ..........cccooeiiiiiiiiiiie e 135
89.2.1 GENEIAL....uuii i e 135
89.2.2 Arospatiale ........oiieieiii i 135
89.2.3 Societe Européene de Propulsion (SEP) ..o 136
89.2.4 ONERA : L'Office National d'Etudes et de Recherches Aerospatiale ......... 136
89.2.5 Le CarbONE.....cco oo 136
89.2.6 SNE CMA ... 136
89.2.7 Dassault AVIatioNn ........ccooiiiiiiieece e 136
89.2.8 Dornier Luftfahrt GmbH ... 136
89.2.9 Dornier Deutche AErOSPACE. ... ... cii i i e 136
89.2.10 MAN Technologi€ AG .......ccooieiieeeeeeeeeeee e 137
89.2.11 SIGRI ... 137
89.2.12 MBB (DASA) ... e 137
89.2.13 MTU Motoren und Turbinen Union GmbH.................ooooeiiiiiiiiieeee 137
89.2.14 SinteC Keramik........cooieiiieieeeeeeeeeeeee e 137



FprCEN/TR 17603-32-07:2021 (E)

89.2.15 Deutche Forschunganstalt fur Luft und Raumfahrt (DLR)........................ 137
89.2.16 British Aerospace (BAE).......ouuuuiiiiiiiiieecee e 137
89.2.17 ROIIS ROYCE ... ..ot 137
89.2.18 DUNIOP AVIAtION ...ceeiiii e 137
89.2.19 BP Metal Composites Ltd..........cooiiiiiiiiiicci e 137
89.2.20 BIritiSh AlCAN ... 138
89.2.21 AEA Technology (Harwell) ... 138
89.2.22 Magnesium Elektron Ltd ..o 138
89.2.23 Defence Research Agency (DRA)........oovviiiiiiiiiicie e, 138
89.2.24 Stork Product Engineering BV ..........coooiiiiiiiiicee e 138
89.2.25 VoIvo Flygmotor AB .......coooooiiiieeeeeeeeeeeeeee e 138
89.2.26 RAUFOSS A/S ... e 138
89.2.27 Battelle......cc oo 138
89.2.28 Saab EriCSSON SPACE......ccciiiiiiiieii it 138

90 Smart teChNOIOGIES ......ccceeeeecci i e e e r e e e nnnnas 139
1S L0 T B 1o oY [T 1o o P 139
90.1.1 Smart materials; technologies and systems ... L 139
90.1.2 European space structuresy. i e Lk 0 e, 139
90.1.3 Condition and health monitoring ...........ccooeeeeieiiii e 141

90.2 Smart terminNOIOQY . ..ixvsrsrersrernstarsisssnsisrsdeseies s P 141
90.2.1 General...2¢c0a0c20 /q ks oreen i LoV a2 Ve 141
90.2.2 Smart system [EVEIS.......ccoooeeeeeieeeeeeeeee 141
90.2.3 APPICALION ... 142

90.3 Space requirements for smart SYStEMS.........ccovviiiiiiiiiiii e 142
SO I 7= 1= - | TR 142
90.3.2 Damage detection and self-diagnostics ... 142
90.3.3 Vibration damping........ccooeeieioiiieeeeeeeee 144
90.3.4 Active compensation and alignment ... 144

90.4 Elements of @ smart SyStem.........c.uuiiiiiiiii e 144
90.4.1 GENEIAL .. uuuii it 144

8 O s 1= g - To ] TSR 145
90.4.3 ACTUATONS ... 146
90.4.4 Control MECNANISM......cci i 146
90.4.5 IMMEAIACY ... 146
90.4.6 Structural materialS...........ccooeeeeeieeeeeeee 146
90.4.7 SHUCIUIES ... e e e e 146

90.5 KeEY iSSUES fOr SUCCESS ....ovviiiiiiiiieeiiieeecee ettt e e e e e e e e 147



FprCEN/TR 17603-32-07:2021 (E)

S O G =Y =T =Y o Lo TP 147
90.6.1 GENEIAL ... 147

91 Smart system constituents ...........ccccciiiiiiininnnnn————— 149
LS U B O AV =Y R 149
9111 INtrOAUCHION ... 149
91.1.2 Application classes for sensors and actuators ............c.cc.ccovieiiiiiinnnnnn. 149
91.1.3 Types of smart materials ... 150

1S =T T ] . 153
S I 7= o =T - | T 153
91.2.2 SHrain QAUGES ..o 154

18 2 B I 1= g [ Yoo 1U] o] L= P 154
91.2.4 ACCEIEIOMELEIS. .. ..o e e 155

18 N I 1Y/ o] o 1= g 1= = 155

91.3 PIeZOEIECIIC SENSOIS ...t e e e e e e et e e aaaes 156
1S IR T B = (1 = 156
91.3.2 MaAteralS ... ..o 156
91.3.3 Terminology....x. . Al L L L L 156
91.3.4 Manufacture ... [ &l i b I e e 157

8 G TR ST o o] o T=Y o 1= 157

91.4 Fibre optic Sensors (FOS) ... mrtarreersmrirsmereier s 1R s RO ] AR D QG ee = e reeeemrreennnnnns 160
91.4.1 Features . 2¢cUa0cs /a s oreen i L0V e Ve 160
91.4.2 Types of fibre optic sensors (FOS) ......ccooeeeeiiiiiiieeee, 161
91.4.3 Technical background...........ccooooiiiiiiiiie e 164
91.4.4 INterfErOMELErS ..o 167

1S N R =1 = To fo o | ir= 11 T [ 169
91.4.6 BacksCattering ......ccouuuiiii e 169
91.4.7 Optical time domain reflectometry (OTDR) .....coooviiiiiiiii, 170
91.4.8 Uses for fibre oplics ......ccoeeeeeeeeeeeeeeeeeeee 171

1S R T e (=1 (o] O 174
91.5.1 INtrOAUCHION... .o 174
91.5.2 Shape memory alloys (SMA) ... 174
91.5.3 SMA MALEMIAIS ..o 177
91.5.4 PiezoeleCtriC CEramiCS .........coouviiiiiii e 182
91.5.5 PiezoceramiC actuators ...........ouuuiiiiiiiiii et 182
91.5.6 EIeCHrOSIIICVE ...cceeeeee e 185
91.5.7 MagnetOSIriCHIVE .....ccooeeeeeeeee e 186
91.5.8 ER electrorheological fluids .........ccoooeeeiiiiiiiiici e, 186



FprCEN/TR 17603-32-07:2021 (E)

1.6 SyStem COMPIEXILY ... .. a e e e e 190
S G I 7= o =T - | R 190
91.6.2 Passive sensory smart materials and structures (Level 1) .............cc.......... 190
91.6.3 Smart skins (Level 1) ..o 191
91.6.4 Reactive actuator-based smart structures (Level 2).......ccoooeeviiiiiiiiieennnnn. 192
91.6.5 Active sensing and reactive smart structures (Level 3) ... 193
91.6.6 Active compensation (Level 3) ... 193

91.7 Data manipulation, simulation and control systems.............ccccceeiiiiiiiiiicieee e, 194
S A I 7= =T - | TR 194
91.7.2 CompleXity I8VEIS.........ceiiiiieeeee e 194
91.7.3 System development and integration...............oooee 194
91.7.4 SIMUIALION ... 195
91.7.5 Emerging technOlOgI€s ........uuiiiiiiii e 197

91.8 Integrated SYSIEMS ......cooiiiiiiiiiiiiiiiiieieeeeeeee e 198
O01.8.1 OVEIVIEW ..o e e et a s e e e e e e e e ettt e e e e e aeeeesatnaaaaaeeaes 198
91.8.2 Health MONItOriNG ........uiiiiiii e 198

91.9 EAP electroactive polymers,.. 5 A ERE o R B L E N e 200
1S B IR T I [ ¥ Yo [1 T 1o ) o 1R 200
91.9.2 10NIC EAPS ... 201
91.9.3 Electronic EARSLS LD L BN LTA0A 32072000 e 203
91.9.4 OHNERS..ooeiee e 204

8 I L0 =Y =T =T g o 204
91,101 GENEIAL ... e 204

92 Potential space applications........cccueeeeiiiiiiiiiin s 210

1S 2 B 1o (o To [T 4o o S 210

92.2 Perceptions of aerospace reqUIreMeNtS............coouiiiiiiieeeiiiiiiiiicee e, 210
92.2.1 Aircraft smart skin configurations ... 210
92.2.2 Helicopter rotor blades...........oouuiiiiii e 211
92.2.3 Detection of ice build-up (Location detector)............cccuuvieeiiiiiiiiiiiiiiiieeeen. 211
92.2.4 Composite cure MONItONNG ......cooeeeiieeeeeeeee e 212
92.2.5 Composite structure embedded communications networks ....................... 212

92.3 Level 1: Condition and health mMonitoring ... 213
S A T B € 7= o 1= = | PSSP 213
92.3.2 ODJECHIVES ... .o c e 214
18 ARG TRC B 2N o] o] 0 Y- o o S 214
92.3.4 APPICALIONS ... 216
92.3.5 TECHNIQUES ... ..ot 216

10



FprCEN/TR 17603-32-07:2021 (E)

92.3.6 CryoOgeniC taNnKS ........eceiiieiiiiiieii ettt 218
92.3.7 Thermal protection systems (TPS).........oooiiiiiiiiic e, 220
92.3.8 Structural COMPONENES.........cooiiiiiiei e 221
92.3.9 Long-term deployed StrUCLUIeS .........coooeiiiiieieeeeee e 222

92.4 Level 2: DePlOYMENT ... ...ooiiiiiii e 222
92.4.1 REQUIrEMENLES .. ..ot e e e e e 222
92.4.2 Shape Memory @llOYS .......cooooiiiieeeeeeee e 222

92.5 Level 3: Vibration damping ...........coeeeiiiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeee e 228
92.5.1 REQUIrEMENES .. ..ottt 228
92.5.2 Active damping with piezoceramic actuators.............ccccceeeeviviiii i, 229
92.5.3 SMA wires embedded in COMPOSItES ........uvvuiiiiiiiiiiiicee e, 230
92.5.4 Application of PVDF layers to structures.............cccovvviieiiiiiiiiiiiceee e, 232
92.5.5 Actuator material coated fibre optic SENSOrs ..........ooovviiiiiiiiiiiiiiieeeee 235

92.6 Level 3: Active compensation and alignment ... 235
92.6.1 ODJECHIVES ... 235

92.7 Application EXamMPIES.........i i 237
92.7.1 Generalt: o le . G T AT T AL TR R T L N e 237

S A S U1 g ] 1= o 3R 238
92.7.3 SOIAr SAIIS ..o 239
92.7.4 Inflatable structures 1. L L0332 01200 e 240
92.7.5 DyNamic CONLIOl .ocionceuirsensnsernrsassaneenes ...................................................... 241
92.7.6 Antenna membranes for RF applications .............cccccovviiiiii e, 242
92.7.7 Solar arrays and solar generators..........coooeeeeeeeeiee e 242
92.7.8 Shape control of ultra-light-weight mirrors..............ccccoo 245
92.7.9 Shutters for optical and thermal applications ...........cccccceeiiiiiiiiiiiiiieee e, 246
92.7.10 Membrane COMPONENLES .......ccoouiiiiiiiiie e 247
92.7.11 Active surface control and sensor applications...........ccccoevvvviiiiiicinneeenn. 248

02.8 REFEIENCES ....coeiiiiei ittt e e et a e e e e e 248
92.8.1 GENEIAL ... 248

93 Limitations of smart technologies...........cccimmmmimeccciiir e, 252
1S G T B 1o oY L83 4o o PSPPSR 252
93.2 Smart system development .............oiiiiiiiiii s 252
8 I T B 1= o T =TSRRI 252

8 I T o1 (1 - | (o] TSR 254
93.2.3 CONLrol SYSIEMS ...t 254

93.3 Durability and IONGEVItY ........oeviiiiiiiiiiiiiiiiiiiiiieeee e 254
S B 1= o o = TR 254

11



FprCEN/TR 17603-32-07:2021 (E)

03.3.2 ACTUALOIS ... 255

93.4 Redundancy to guaranteed operational life............cccoovieiiiiiiiiii 255
S I 7= o =T - | R 255
93.4.2 Sensors and actuators...........oouuiiiiiii i 255
93.4.3 CoNtrol SYSIEMS ....couiiiiii i 256

93.5 System mass and effiCieNCY .........cooooviiiiii i 256
03.5.1 GENEIAL ... . 256
03.5.2 ACHUALOIS ... e 256

93.6 Smart system development for European space programmes...........cccccceeeennnn... 256
181G T8 T I = 2= Teod (o o ¥ o [ 256
93.6.2 ON-gOiNg ProgramIMIES .....cceeeeeeeeeeeee e e e e e e e e 257

S K A L= =T =T o o P 257
S A I 7= 1= - | SRR 257

94 European capabilities in smart technologies ..........cvreciiimirccciircccseeecene, 259
1S o B 1o (oY [T 1o o S 259
94.2 Smart teChNOIOGY SUIVEY .....uuuiiiiiiiiiiecee ettt e e 259
94.3 European expertisel. ... o i i L L L 264
94.3.1 Smart technolO@ies ch 1k £ i Hf e L B B e 264
94.3.2 Structural health Monitoring .........cooeeeeeie e 266

94.4 REFEIENCES.....iurnrrinsriarerirorssnrnntssimmmesisrmisssansss X R s RO AR O paee e v eeveonesserennannes 270
94.4.1 General...2¢c0a0c20 [ Qs oreen i L0V e U e 270

L2 L 1= 4 ] (=P 276
1S Lo T B Vo) o To [ T34 o o PR 276
ST I I 7= 1= - | TR 276
95.1.2 Fibre types and combinations ............ccooiiiiiiiiii e 276
95.1.3 Fibre properti€s ......ouuuoiii i 276
95.1.4 Textiles in spacecraft ... 277
95.1.5 Testing Of teXHIES ......eeeiiiiieie e 279

1S LT =T 1o 11 o) [ Yo )PP 279
95.2.1 TeXtile teIMS ... 279

95.3 TexXtile fiDres .....ooooviiiiiiiiieieieeeeeeeee e 280
O5.3.1 GENETAL ... 280
95.3.2 Natural fiDreS ..o 280
95.3.3 Chemical fIDresS.....cccooeeeeeeeeeeee e 280

LS L = T4 o T P 281
O5.4.1 GENEIAL ... 281
05.4.2 YAl Y PES i 282

12



FprCEN/TR 17603-32-07:2021 (E)

95.4.3 Yarn NOtAtiON ....coeeeiee e 282

95.5 Yarn characteriStiCs .........oviviiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeee e 282
ST T I 7= =T - | R 282
95.5.2 NomeX and KeVIAr ..........cooe i 283
95.5.3 Insulative fibres.......coooe e 284
95.5.4 Yarn PrOPEITIES .....covuuiiei it e e e 286

LS LT T =T o [T 286
95.6.1 Fabric definitioNs ........cooi oo 286
95.6.2 Fabrics for flexible thermal insulation systems.............cccooooiiiiiiiee, 287

95.7 Knitting and weaving teChniqQUES...........coooiii i 287
8 L A B € T= Y o =Y = | R 287
O5.7.2 KNItING oo 287

8 LT A B VA=Y= AV o T 288
95.7.4 Comparison of teChNIQUES ..........uiiiiiiiiieeee e 288

95.8 Textile component Properties. .......cooeeiuviiiiiiiieei e 288
O5.8.1 GENEIAL ... 288
95.8.2 Thread parameters A.. 0 B A LR E o ER B2 L B N e 288
95.8.3 Effects of temperature on textiles. .c.....c.covusuiniiieiiiiiiiiiii e, 289

05,0 S BAM (Y PES. ..ttt ettt e e e et e e e e et e e e e e e 291
95.10Procurement specification.L . pul LR L TA03 22007200 e 291
95.10.1 GEREIAl Loiimme e 291
95.10.2 Applicable standards and documents.........cc.covvviiiiiiiiiii e, 292
95.10.3 QUAIILY @SSUFANCE ....coiiiiiiiiiiiiiee et 292
95.10.4 Deliverable dOCUMENTS.........cuuuuiii i 293
O5.10.5 DeIIVEIY ..o 293
95.10.6 StOMAGE oo e e e 293

1S Lo T I =Y =T =Y Tt PSSR 294
O95.11.1 GENEIAI ... 294

96 Textile teStiNg ......cciiiiiiiiriicccr e 295
96.1 INtrOAUCHION.....coiiiiii e e et e e e e e e e e ar e e e aaaeas 295
96.1.1 Textile iNndustry te€StiNG ......ccoviiiiee e 295

96.2 LoOP teNSIIE tEST ... e 297
96.2.1 TeSt ODJECHIVE ... e 297

S I =TS 1= AT o J SRR 297
96.2.3 SPECIMEN SIZE ..o 297
06.2.4 TSt rESUIS ... e 297
96.2.5 SUCCESS CIItEIIA ..o oo 298

13



	�B—&áeÕŽ5!†¿�5ú³CŸ§�Ô�>!YI°à�Â�01µßM±å{”}�−…Ü)Z˝�“°ày®}7ÆÛ(ˇçûˆ¦—GŽýÍŸ�¸æ�7:Ä»Ýa	I’�«|±�Ü—¡w2�Ä£O}cd÷°Èó«GÙa»�½Ì�aaŠÄ~àfóðáXÑnš{Ö€çÌÏ®mÊ�¦£ﬁ>pï>�ñ�õ

