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EXECUTIVE SUMMARY

Problem Area

Anobjective of thet NB 2SO0 t 1 daaAiilAIva0iAS/ I YiRK ST diASiE ¢ 2ASSHISADRIBIZNIG |
to support increasingsafety - meaning here reduog the number of casualties- with respect to fire

related issues (iilight or postcrash). First, many studies on the current flights show that about 50% of

the casualtiesin case of aircraft accidents are linked to situations where fire is involved. Hundreds of
casualtiescould be saved per year if fire effects on the primary structure or in the cabin environment

were mitigated. Second, the development of largmore electric and more lightweight aircraft (with an

increase use o€arbon Fibre Reinforced Plasti€FRIPcomposite parts in aircrafiesign, such as fuselage

panels, engine carters, engine exhauxt®tc) raises several safety questions with respex unknown

behaviours of the materials and structures when exposed to fire. But the scope of this problem is large,
embracing a variety of problems and solutions: the use of fireproof and less toxic materials, the early
detection of fire, the simulatio2 ¥ LJ- &4 a Sy 3 S N&tQ In§h@FSSdgkaiich grggEammeit was

decided to address the fire isswes part of Theme¥ & . dzA f RANE AIKSS Y f GINS KA Of S&a¢ @
the research workis focused on material and structural questions, and siat mitigating fire related

safety risks when/by introducing new generation of materials in future aircraft design (incl. possible eco
friendly ones). Considering this focus, it must be noticed that very few test results are available today to

the researchcommunity, because ofvident costs (test facilities, destructive tests, specimens and
sensors) and industry confidentiality reasons. A large part of the prdp@at to which this deliverable

relates - is dedicated to develop and share experimental tegtifacilities and test results, with a clear
partnership added value between EU Research Establishments, Academia and Industry being reached.

For newaircraft concepts, the application of CFRP is considered in the primary structure of the wing and
the fusehge. Such airplane exhibits novel or unusual design features leading to a gap with the technology
envisioned in the airworthiness standards dedicated to transport category airplanes. A specific concern is
for safety issue pertaining to aircraft passengeish respect to crashworthiness and to fire behaviour of
composite materials. Enhancing the understanding of aircraft fire performance guarantees aircraft
occupants a significant safety increase to come out unharmed in case of fire incident or in tvasiorsi

More particularly, occupant safety improvements with regard to evacuation when engine kerosene fire is
developing outside will be linked to an enhancement of knowledge about the carbon epoxy materials
behaviour and degradation under severe tempena conditions and fire exposure. In terms of fumes
toxicity, selfestinguishibility and heat generation, the use of carbon epoxy composite materials for
primary structures not only brings specific questions regarding the passengers safety, but alstinrggar
the rescue team efficiency and safety. In terms of structures design, it is crucial to accurately understand
and compare the safe, damaged (impact, crash) and decomposed (fire) materials performances, in terms
of mechanical strength (load carrying)dfireproof-ness.
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Description of Work

w
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concerning the fire behdsur and performance of CFRP primary structure composite materials, in order to
better predict safety and survivability issues in case of fire incident or-p@sth situation. Such
predictions rely on physical models and numerical tools which need toelveldped based on exhaustive
materials (characterisation) and components (validation) experimental testiniyloreover, WP7.1
produces a comprehensive experimental database for a reference material to be shared by the European
research community as a bad material model development of the fire behaviour and degradation of
CFRP materials. The T700GC/M21 material has been proposed to be used in this WP7.1 because a lot of
published results already exist about its standard mechanical behaviour which tjecprcan build on.

For this purpose, existing testing protocols have to be adapted, improved or invented. FSS P7 deliverable
51odmM atfly 2€ PrinaryJStNBtFeS yMaterial; Final Requirements, Selection and
{LISOATFAOFGA2Y 2 F[1]intluld Abstlof camplenidRtarg t8sisiwhiéh could be deysdd

and performed to complete aalready existing database with respect to:

1 Mechanical and thermanechanical properties of virgin and charred miaéé,

1 Dynamic degradation phenomena (incl. ignition of combustible gases inside the CFRP laminate)
during the fire exposure time,

1 Fire resistance of damaged composite panels to direct exposure to flame impact.

This report presents the test results fromsacondbatch of T700/M21 tes
Results & Conclusions

In the last past years, ONERA has developed a test facility to prdhigleno-physical properties
characterisation of anisotropic materials. Especially, it can assess simultaneously the specific hibat and
3 main components of the thermal conductivity tensor as a function of temperature. It is based on
thermographic measurements of the material thermal response subjected to a pure radiative laser
heating. The test facilitywas carried out on the selealeT700GC/M21 CFRP matetizht wasstudied in 2
stacking sequences to idenyifproperties at the virgin state (i.e. below glass transition and pyrolysis
thresholdg and above

In precedent studies, the thermalecompositionof epoxy matrix reinforced byarbon fibre composite
materials ha been performed alONERAThree main chemical reactions Hdeen identified: pyrolysis of

the matrix, oxidation of the char produced by the pyrolysis of the matrix and oxidation of the fibres. To
succeed in,Thermo Gravimatric Analysis TGA and Differential Scanning Calorimetrfp§¢ experiments

had been carried out in order to identify a thermal degradation model adapted to composite matehial

this deliverable, thecomplementaryTGA results for the material manufacad and provided by CEiiA are
under the scope
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Heating rates of TGA measurements have also been extended to reach thermal loads of the same order of
maghnitude than those experienced during a fire event. Kinetic modelling assessed at low heating rates is
confronted to high heating rates measuremenand shows a significant local thermal nequilibrium

that requires measurements to be analysed out of the conventional thermally thin assumption.

Thermal properties of the CFRPchheen assessed experimentally the previous deliverable for the
virgin state of the material onto a temperature range where any chemical reaction is avoided.
Complementary TGA measurements have provided kinetic modelling for defining a preparation protocol
to reach a fully charred (pglysed) state of the material. The protocol has been successfully carried out
and thermal characterisations of the charred state have been performed amdpresented in this
deliverable.

Laser induced decomposition has been develope®BHERAo0 analysethe thermal response of composite
material subjected to a pure radiative heat load. Such original approach can provide relevant information
about the material behaviour without any uncertainty regarding the heat flux distribudod its nature
Actually,a fire event induces a heat flux at the material surface the time and space distribution of which is
very difficult to assess. Using a stable and coherent heat source provides a very accurate heat flux on the
material surface sahat the thermal response an be analysed confidentlyThe experimental facility

offers also well controlled boundary conditions, norirusive and accurate temperature measurements

and avoids any combustion of volatiles that can affect the material behaviour. Results are presented
different heat flux magnitudes and different laser exposure periods.

Applicability

The obtained test results are complementary to existing ones on G@M21 which are available in the
open literature. Once published in journal papetisey will permitcode developers (axemic) and users
(industry) to:

1 getinput data for numerical simulations,

I address the question of the validity of the staté-the-art models theyapply (capability to
reproduce the observed phenomena),

1 propose future developrents whee lacks are identified.

Finally, the composite structures design capabilitie®uld be improved either through increase of
confidence in the existing tools, or thanks to new developments based osdyained knowledge.

ONERA Status:Approved Issue: 2.1 PAGE// 198

This document is the property of Future Sky Safety and shall not be distributed or reproduced without the formealagip@oordinator NLR.
CdziidzNB {1& {¥Sie& KIFI&a NBOSAOGSR TFTdzyRAy3I FNRBY (GKS 9! Q& I GUOBA7l 2y HAHA



Project: Mitigating risks 6 fire, smoke and fumes e ,/
Reference ID: FSS_PONERAD77 * o~

Classification:  Public **FUTURE SKY

SAFETY
**

This page is intentionally leflank

ONERA Status:Approved Issue: 2.1 PAGH/ 198

This document is the property of Future Sky Safety and shall not be distributed or reproduced without the formadlagfp@oordinator NLR.
CdzidsNB {1& {IFSie KIFa NBOSAGSR FdzyRAy3a FNBY (GKS 9! Qa | GOEA7l 2y HAHN



Project: Mitigating risks 6 fire, smoke and fumes e >/
Reference ID: FSS_PONERAD77 * -

Classification:  Public * FUTURE SKY

*** SAFETY

TABLE OBONTENTS
Acronyms 4
Executive Summary 5
Table of Contents 9
List of Figures 11
List of Tables 18
1 Introduction 20
1.1. The Programme 20
1.2. Project context 20
1.3. Research objectives 22
1.4. Approad 22
1.5. Structure of the document 23
2 Material 25
3 Thermogravimetric Analysis 26
3.1. Approach description and associated techaliobjectives 26
3.2. Experimental apparatus and data analysis tools 26
3.3. Experimental results analysis 29
3.4. Kinetics and energetics modelling of the therrobemical decomposition reactions 42
3.5. Extrapolation of thermochemical kinetics from conventional thermogravimetric analysis at
higher heating rates 47
3.6. Preliminary gas phase analysis 53

4 Definition of the preparation protocol to get fully and homogeneously charred test

specimens for BLADE measurements 58
5 Spectral emissivity 60
5.1. Experimental methodagy 60
5.2. Measurement technique 62
5.3. Results for normal incidence 63
5.4. Results for angular incidence 65
6 Thermal conductivitygnsor and heat capacity of the charred material 69
6.1. Experimental methodology 69
ONERA Status:Approved Issue: 2.1 PAGE)Y 198

This document is the property of Future Sky Safety and shall not be distributed or reproduced without the formadlagfp@oordinator NLR.
CdzidsNB {1& {IFFSie KIFa NBOSAGSR TFdzyRAy3a FNBY (GKS 9! Qa | GOEA7l 2y HAHN



Project: Mitigating risks 6 fire, smoke and fumes e >/
Reference ID: FSS_PONERAD77 * -

Classification:  Public * FUTURE SKY

*** SAFETY

6.2. Measurements overview and global properties analysis 71
7 Laserinduced decorposition 85
7.1. Experimental methodology 85
7.2. Experimental measurements analysis 87
8 Fireinduced decomposition 102
8.1. Experimenal methodology 102
8.2. Phenomenology of the material response 105
8.3. Thermal response analysis 108
8.4. Mass loss measurements 120
8.5. Preliminary delamination damage analysis 125
9 Mechanical and Therm®dechanical Testing 127
9.1. Thermal expansion characterization 127
9.2. Static mechanical test 136
9.3. Dynamic tensile tests 160
9.4. Dynamic tensile tests on charred material 166
9.5. In-plane compression [ONERA Lille] 170
10 Achievement of the tyre debris impact onto composite panels 176
10.1. Gas gun facility 176
10.2. Projectiles 177
10.3. Boundaries conditions of panel composite 177
10.4. Measurements during the test 177
11 AIRBUS D&S Experimental investigation 185
11.1. Test campaign 185
11.2. Test results 190
12 Conclusions 196
13 References 198
ONERA Status:Approved Issue: 2.1 PAGEL(/ 198

This document is the property of Future Sky Safety and shall not be distributed or reproduced without the formadlagfp@oordinator NLR.
CdzidsNB {1& {IFFSie KIFa NBOSAGSR TFdzyRAy3a FNBY (GKS 9! Qa | GOEA7l 2y HAHN



Project: Mitigating risks 6 fire, smoke and fumes e ,/
Reference ID: FSS_PONERAD77 * -

Classification:  Public * FUTURE SKY

*** SAFETY

LIST OF FIGURES

FGUREL - METTLEROLED QD GA/DSC3BEVICE. ..iuuuituuieiiieeieeeieameaetateeanaestnesstneesnemmnessnnesanaernnaeenns 26
HGURE2 - SCREENSHOT BBETHEC GRAPHIC UBHRERFACE FOIGAFITTING OF A CARBBROXY COMPOSITE INATE
DECOMPOSITION UNDER ATMOSPHERE USINB-STAGEARRHENIUS MODERESIN PYROLYSIS INCFAR> CHAR
OXIDATION FIBRE OXIDATIPDN. ... evtueeeteetueestnseetmmmeansestnesstneessesenestmmmesneeenaeatnaeeneeensessnmmeenaeennaren 28
HGURE3 ¢ FASTATGAPPARATUS DEVELOREOINERA. ... .t uititteteiet ettt e e e e eaaet e eaeeaeaeaammm e e s et e ene e anaen 29
FHGURHE ¢ FASTATGAPPARATUS DEVELOREONERA DESCRIPTION OF THRRHITE FURNACE AME PRINCIPLE OF THE

=N PP 29
FGURES - RELATIVE MASS LOSBRREDUCIBILITY(N, ATMOSPHERE &1 ANDP TIFA "Q&....ooviiiiiiiiieieieeiee 30
FGURES - MASS.OSSRATE REPRODUCIBILNT ¢ ATMOSPHERE S ANDP TEFA "Q&...oeoviiieiiecieeceiecceee 31
FGURE - DSGSIGNAL 1) ¢ ATMOSPHERE &1 ANDP TEFA "Q&...oviiieiiiee e 32
FGUREB - RELATIVE MASS LOSBRREDUCIBILITY IN AIRMOSPHERE &1 ANDD TI T8 "Q&....ocoviiiiiiiinieieieiee 33
FGURE - MASS.OSSRATE REPRODUCIBIINKIR ATMOSPHEREGAD ANDD TI TG "QE.....coveiviiiieieiicceeee, 33
FGURELO- DSGSIGNAL IN AIR ATMGEIRE ATFD ANDD TEFA "QE.....viiiiiiiieiee et enn 34

RGURELL - RELATIVE MASS LOSS)ATTA "QIN DUAL ATMOSPHEREERT THEN OXIDATINEDMPARED TO STANDARD
AND AIR ATMOSPHERES 11111 etitttttitteeeesaeettateeeeesttta e eeeeee st amm st aaeeeesstat s eeeeeees b mana s eaeeeessbtaaaaeees 35
RGLWREL2 - MASHLOSSRATE ADU TG "QEN DUAL ATMOSPHEREERT THEN OXIDATINEOMPARED TO STANDARPAND

AIR ATMOSPHERES. ...t tttttettttteesstsmmmeest e e e est e e e eata s e e eaas mmm e e st s e e est s e e e st s e e essmmm e esa e e eesaseessnnaeeennnn 35
FHGUREL3 ¢ PRISTINE COUPONTIMOOGC/M2IND AFTER FABTGTESS . ....iuuiiuiiiiiieiteeieiimmeeeiee e eaeeneanes 36
HGUREL4 ¢ TIME EVOLUTION OF TSETPOINT TEMPERATEBRFASTAT GEXPERIMENTS....cviiiiiiieieeeee e 37
RGUREL5 ¢ TIME EVOLUTION OF TMEASUREDEMPERATURE CLOSEHBSAMPLE FOR FASTATGEXPERIMENT.S37
HGURELG ¢ TIME EVOLUTION OF TMIESS LOSS FOR THEEBRENT COUPQNS .. ..cuitiiiiiteeieetimmeeeeeeeneeenannns 38
HGUREL7 ¢ ESTIMATION OF THMRCHIMEDEBUOYANCY. ...\ ttiuitetiit ettt emma et et eeteaaeeteaeaatesmmneneeaenanaenens 39
FHGUREL8 ¢ EVOLUTION OF THE MASSS ABOOK/MIN FOR FASATG...oovciviiiieiieeeieeeeeemeeeeeeieeneenn2 40
FHGUREL9 ¢ EVOLUTION OF THE MASSS ABOO K/MIN FOR FASATG.....uciviiiiiiicieieeeeemeeeeeeieeneennn 40
HGURE20 ¢ EVOLUTION OF THE MASESS AT200K/MIN FOR FASAT G ....oviiiiiiei et 41
FHGURE21 ¢ COMPARISON FOR THEOEWTION OF THE MASSSS FOR DIFFERENT HEATINGTEX(300, 600,

L1200K/MIN) FOR FASAT G . etiiiiiii ettt e et et e ettt e ettt e et e et e e ettt e e ettt e e e et e et eeeeaan e 41
HGURR22 ¢ COMPARISON OF FINAMETMASS LOSS FORGBEFFERENT COUPONS. .. ..iuitiiitetiiinerimmeneeeneansn 42
FHGURER23 ¢ 1 REACTION THERMIBIEMICAL MECHANISHITYO0GC/M21.....coniiiiiiiiiiicieeemeeee e 42

FGURE24 - RELATIVE MASS LOSS@ESTRUTON ATCfL ANDP 11 Té "QiN () ¢ ATMOSPHERE USING THETAGEMODEL
........................................................................................................................................... 43
FAGURE5 - MASS. OSSRATE RECONSTRUCTIORM ANDp T1 & "QIN U ¢ ATMOSPHERE USING THETAGEMODEL .44
FRGURE26 - MASS FRACTION RECEUETTION OF SOLIDGES ADU fa "“QBN ) ¢ ATMOSPHERE USIMSTAGEMODEL44
FHGURR7 - 3 REACTIONSIERMOCHEMICAL MECHANISHTIYO0GC/M2L......uciviiiiiiiei e 45
FGURE28 - RELATIVE MASS LOSS@ESTRUCTION @D ANDP 11 7 "QEN AIR ATMOSPHERENGSA3-STAGEMODEL46
FAGURER9 ¢ MASS.OSSRATE RECONSTRUCTIORM ANDP 11 & "QEN AIR ATMOSPHERENGSA3-STAGEMODEL. .. 46

ONERA Status:Approved Issue: 2.1 PAGEL1/ 198

This document is the property of Future Sky Safety and shall not be distributed or reproduced without the formealagip@oordinator NLR.
CdziidzNB {1& {¥Sie& KIFI&a NBOSAOGSR TFTdzyRAy3I FNRBY (GKS 9! Q& I GUOBA7l 2y HAHA



Project: Mitigating risks 6 fire, smoke and fumes e ,/
Reference ID: FSS_PONERAD77 * -

Classification:  Public * FUTURE SKY

*** SAFETY

AGURE30 - MASS FRACTION RECE®UETTION OF SOLID GES AU Fa "QEN AIR ATMOSPHERENEGS A3 REACTIONS
T = PR 47
AGURE31- RELATIVE MASS LOS®ER INERT ATMOSPHEREEATING RATES MR TG "QBP T(p Tt oG "QE....48
FGURE32 - MASS LOSS RATE UNINERT ATMOSPHEREHERTING RATES FROMA "‘QEP T T otfa Qk......... 49
RGURE33 ¢ COMPARISON OBRRHENIUS KINETIBEAIN LINBSAND MEASUREMEN(SASHED LINESF RELATIVE MASS
LOSS UNDER INERT @BMHERE AT HEATIMGES FROKID & "QBP TP TLIFA "QE....oeviiiiiiiiiiiiiiiiiiieee 49
RGURE34 ¢ COMPARISON ORRRHENIUS KINET(ESAIN LINGRND MEASUREMEN(ZASHED LINESF MASS LOSS RATE
UNDER INERT ATMOSRERT HEATING RAFROMG U & "QBP TP TTOUE "QE.....vvvviieeeviiiii v, 50
RGURE35 ¢ COMPARISON OBRRHENIUS KINETIBEAN LINESAND MEASUREMEN(SASHED LINESF RELATIVE MASS
LOSS UNDER INERT @BHMHERE AT HEATINGES FROKJ U T "QBP TOp T UG "QEONSIDERING HEATFDISION
WITHIN THE MATERLIAL. .. ettt ettt et e et ettt et e m e et e e et n e e et e e en e e e mm e enr e e e enre e e eneens 51
RGURE36 ¢ COMPARISON OSRRHENIUS KINET(@SAIN LINGSAND MEASUREMEN(BASHED LINESF MASS LOSS RATE
UNDER INERT ATMOSREEAT HEATING RATEOMC U TG "QUP TOp Tt OUFG "QEONSIDERING HEATFDISION

WITHIN THE MATERLIAL. .. ettt ettt et e et ettt et e m e et e e et n e e et e e en e e e mm e enr e e e enre e e eneens 51
FHGURE7 - MULTISHOGGMSSRAZ20L3)... ettt ettt e e e e et e e e e e e 53
RGURE38 - COMPLETE CHROMATOGRAR THE FIRST THSA "QU U J0...cevvvvnieeeiiiiiiie i e e ve e e e eeeveiines 54
FHGURE39 - NAPSHOT TAKEN FREBWCHIK ET R004 .. .. .oeieiiiie et oot e e e e e e e e e ens 54
FGUREI0 ¢ CHROMATOGRAM WITH CPBUNDS NAME FOR BEEOND TESTO QU U 3D ..oevvieeeiiiieiieeeeeeee e 55
FGURE1 ¢ COMPLETE CHROMATOGRAMDMPARISON FOR SHEOND AND THIRDTES A "QU U JD ................. 55
FHGURHE2 - 40MOST INTENSE AND BETABLE COMPOUNDS. ... c.uttuetetneetetmmmsaeetaesnaeteenaesneenesmmmeneenaennnes 57

FGURH3 ¢ RELATIVE MASS LOSS@ESTRUCTION IN EIRENT ISOTHERMAL BIOMNS UNDER AIRVMOSPHERE DURING

B HOU R S, 1ttt ettt ettt et ettt e ——— e e e et e et e e 58
RGURHE4 - MASS FRACTION RECONETRON OF SOLID SEBATP ¢ IDDURINGS HOUR IN AIR ATMOSIREE ............ 59
FHGURES5 - ILLUSTRATION OF TIRESSIVITY PRINCIPLE ... uituitiitiieiteimmm et eeeeeteeeteete et ermmm e eneeaneeseenns 60
HGURHEG - ILLUSTRATION OF THETING PLANE FOR EMVITY SAMPLES. . .ituitiitiiniiiineiniamieeeneneeneeneinennennesd 61
HGURHEL7 - ILLUSTRATION OF TEESHION OF THE DRIIOLE IN EACH SAMPLE ....uiviitiiiiiiiiiiieimme et e e aeee e 61

FHGURHES8 - ILLUSTRATION OF THBEYTION THE TEMPEBRE INSIDE THE SAEIRIND POSITION OFETFHERMOCOUPLES

........................................................................................................................................... 61
HGURE9 ¢ USEFUL SPECTRUM IENMHD-INFRARED FOR TEMPERRE150,175,200]°C...cccvviiiiiiiiiiiieiiimae 62
HGURE0 ¢ BEVOLUTION OF THE NORMSPECTRAL EMISS\AORO]g FOR TEMPERATUREO,175,200]°C............. 62

HGURBE51 ¢ EVOLUTION OF THE SPEAL EMISIVITY FJR]g AND[90]g FOR TEMPERATUHIB0,175,200]°Q\ND FOR
NORMAL INCIDENGCE ...ttt tttietttie et e mmm et e et e e et et e s e mmm s et et e et e e et e e e n et e s e mmn s e e ae s e enneeaeean e enes 63
HGURE2 ¢ COMPARISON OF THE GPEAL EMISSIVITY RORMAL INCIDENCE HOR AND[90]g SAMPLES AlI60°C...64
HGURE3 - COMPARISON OF THE GPEAL EMISSIVITY RORMAL INCIDENCE HOR AND[90]g SAMPLES All75°C...64
HGURE4 - COMPARISON OF THE SPECTRMISSIVITY FORRMAL INCIDENCE HOR AND[90]g SAMPLES AlI75°C...65

HGURES5 ¢ INFLUENCE OF THE TERWTURE ON THE SRBCTEMISSIVITY A5°INCIDENCE FO®g ...cevvnvvvrnnaennnn. 65
HGURE6 ¢ INFLUENCE OF THE TERWTURE ON THE SPRCTEMISSIVITY BQ°INCIDENCE FO®g ... ovvvneeenaennnnee 66
HGURBS7 ¢ INFLUENCE OF THE TERFURE ON THE SPEQTRMISSIVITY AB°INCIDENCE FO®g ... ovvvveevnaannnnee 66
RGURES8 ¢ INFLUENCE OF THE TERWTURE ON THE SRRCTEMISSIVITY 45°INCIDENCE FGB0]g ..vvvvvevvvennnnn. 66
ONERA Status:Approved Issue: 2.1 PAGEL2/198

This document is the property of Future Sky Safety and shall not be distributed or reproduced without the formealagip@oordinator NLR.

CdzidsNB {1& {IFFSie KIFa NBOSAGSR TFdzyRAy3a FNBY (GKS 9! Qa | GOEA7l 2y HAHN



Project: Mitigating risks 6 fire, smoke and fumes e ,/
Reference ID: FSS_PONERAD77 * -

Classification:  Public * FUTURE SKY
* * * SAFETY
FHGURB9 ¢ INFLUENCE OF THE TERWTURE ON THE SRACTEMISSIVITY BF°INCIDENCE FEBO]g ....vvvvvveeennnn. 67
FHGURBS0 ¢ INFLUENCE OF THE TERWTURE ON THE SRACTEMISSIW AT/5°INCIDENCE FABO]g ...vvevvvvevennnnn. 67
HGURES1 ¢ INFLUENCE OF THE ANGRJINCIDENCE ON BRECTRAL EMISSIMTY50°C.....ccciviiiiiiiinei e 67
FHGURES2 ¢ INFLUENCE OF THE ANGRJINCIDENCE ON BRECTRAL EMISSIMTY75°C....cciiiiiiiiceei e 68
FHGURES3 ¢ INFLUENCE OF THE ANGRJINCIDENCE ON BRECTRAL EMISSIMTZ00°C......ovviiiiiiciiieievimmenas 68
HGURES4 - ILLUSTRATION OF TEADEACILITYSETUP AND INSTRUMERNDN .....vuitiitietiineeneinasimmmenieneeneenaens 69

HGURESS - PRINCIPLE OF THE BMREENTSTHERMEPHYSICAL CHARACTARCIN AND LASERDUCED DECOMPOSN [OF

CHARRING MATERIALS .1ttt tte et ettt e amm e et ettt et e e e et e mmm e et e e e n et e e ea e e e e et s mmm s e et e e en e eaneenneenns 70
RGURES6 - WATER JET CUT TESTRTINS BEFORE CHABRIN ......vvuuteeiiittiit s mmmeeeeesttieeeeeessstnneeemmmeesrsannens 71
HGURES7 - WATER JET CUEST COUPONS AFTHRRIRING ... .. uttueteeneeneeneesmm e eenseeeenseeneenaeeneenmmm e aeeneeneens {2
HGURES8 ¢ EMISSIVITABSORPTIVITY MEASUREWMS ON VIRGIN ANBARRED COMPOSITERIES. ......ccvevnevnnnnes 75
FGURE69 ¢ BLADEESTS FOR CHARRZOOGC/M2AQIAT Y& & ©'QIC GI0..evieeeeeeeereeeeeeeee e 77
FHGURE70 ¢ BLADEESTS FOR CHARRZOOGC/M2AQIAT Y& & QX TO...vieveeieeeieee e eeee e 78
FHGURE’1¢ BLADEESTS FOR CHARRZOOGC/M2AQIAT Y& & ©'QIC G0 vviieeeieeeieeeeee e 79
FGURE2 ¢ BLADEESTS FOR CHARRZDOGC/M2IQIAT Y&E) & O QIX TO...vveveeeeeeeeeeeieeeeee e, 80
HGURE 3 ¢ CONVERGENCE OF THEFHRTIES ASSESSMENSORITHM FOR TRRI6G.......ccvovviiiiiiiiiiviicemeeenas 81
HGURE 4 ¢ CONVERGENCE OF THEFHRTIES ASSESSMENSORITHMOR TESH225......cciiiiiiii e 81
FHGURE'5¢ RESULTS OF THE PROFEROPTIMISATIONJRESS FOR THE CHRRREDOGC/M24QI.......cccviennnneen. 82
HGURE/ 6 ¢ CONVERGHCE OF THE PROPERAESESSMENT ALGBRIFOR TESA219.......coiiiiiiiiiiiicemee 83
HGURE 7 ¢ CONVERGENCE OF THEFHRTIES ASSESSMENSORITHM FOR TRRP2. ..ot eeemaeeeaes 83
HGURE/ 8 ¢ RESULTS OF THE PROREROPTIMISATIONDRESS FOR THE CHRRREOGC/M24UD..........ceeeneen.. 84
FAGURE9 ¢ HEAT FLUX IDENTIFICATFOROA i @10 ANDB G (i 'Qd T QA 0. 87
FAGURESOD ¢ TRIPLICATE MEASUREWENOF LASHRDUCED DECOMPOSNIAT & i ‘Di& Q¥ ¢ DURING

00 QI QITIMONT700GC/M2AQITEST COUPONS......cvvuutteeeteiititemmmeeeeestt e e e eeeeesta e e emmmeessaaanans 89
FAGURE1 ¢ TRIPLICATE MEASUREWE REPRODUCIBILIFYLASERIDUCED DECOMPOSNTET & (i ‘Wi & Qo ¢

DURING O @i B ITITMONT700GC/M2IQITEST COUPONS. . .uuetittneeitieeeetimmmeeeiieeeeteeeeetaeeesrnnnnss 90
FGURE82 ¢ TRIPLICATE MEASUREWENOF LASERDUCED DECOMPOSNIAT & Gi Qi@ ‘QulG ¢ DURING

00 @i BIIMONT700GC/M2AQITEST COUPONS .. .cevtutetiitteeiitt e eaettneeeetteeeettaeeestneeanaaaeeennns 91
FAGUREB3 ¢ TRIPLICATE MEASUREMEREPRODUCIBILIFYL@SERNDUCED DECOMPOSNTET & (0 i ‘(i@ "QufG ¢

DURIN® O @i @TTIMONT700GC/M2IQITEST COUPONS.....ccevvvtunneeieeertimemeeeeeeeesiieeaeeeeeesnsnnnns 92
FGURE84 ¢ TRIPLICATE MEASUREWE&ENOF LASHRDUCED DECOMPOSNIAT & (i ‘Ping Qa¥d ¢ DURING

00 @i QIITMONT700GC/M2IQITEST COUPONS .. .ccututiiiitteeiitt e eaetineeeettaeeetteeeeatn e amaaaeeennns 93
RGURE 85 ¢ TRIPLICATE MEASUREMS REPRODUCIBILIDF LASERIDUCED DECOMPOSNIIQAT & @i Qi

P T QYA ¢ DURING & (i @ ITIMONT700GC/M24QITEST COUPONS.....ccvvievieevieenremmeeeeneennn, 94
FGURE86 ¢ TRIPLICATE MEASUREWENOF LASHRDUED DECOMPOSITION ATA (i Wi& ‘QulG ¢ DURING

00 QI QITIONT700GC/M2AUDTEST COUPONS ... .citiitttiteeeeeetitemn e eeeeeestiteeeaeeeesarinmmeeeeeanes 96
FGUREB7 ¢ TRIPLICATE MEASUREMEREPRODUCIBILIFYL@SERNDUCED DECOMPOSNTET & (0 i ‘@i & ‘QufG ¢

DURIN® O @i @ITIMONT700GC/M2AUDTEST COUPONS ...uuueetiititiiieeeessmemttissaeeessssnnnaeeeeesssan 97
ONERA Status:Approved Issue: 2.1 PAGEL¥ 198

This document is the property of Future Sky Safety and shall not be distributed or reproduced without the formealagip@oordinator NLR.

CdzidsNB {1& {IFFSie KIFa NBOSAGSR TFdzyRAy3a FNBY (GKS 9! Qa | GOEA7l 2y HAHN



Project: Mitigating risks 6 fire, smoke and fumes e ,/
Reference ID: FSS_PONERAD77 * -
Classification:  Public * FUTURE SKY

*** SAFETY

FGURES8 ¢ TRIPLICATE MEASUREWENOF LASHRDUCED DECOMPOSNIAT & Gi Xi@ ‘Qufd ¢ DURING

Ot Wi Qd TUIMONT700GC/M2AUDTEST COUPONS ... .ttttteeteteeteteesetmem et retare e eeeaeean e smaneeanreenes 98
FAGUREBI ¢ TRIPLICATE MEASUREMEREPRODUCIBILIFLASERNDUCED DECOMPOSNTET & (0 i ‘i@ "Quifa ¢
DURIN® O Wi Q@ ITTONT700GC/M2IIDTEST COUPONS ...tvttetetetrnteeseteenmeeeeeeeeeseraessnaeesseenes 99

HGURESO ¢ THERMAL RESPONSE WE TENTRE OF THEKBSORFACE AS A FURNTOF THE MAXIMUMSER HEAT FLUX
DENSITY APPLIED G FRONT SURFACHBE TEST COUPE).....viiiiiiiiiiiii i immm e e 100
HGUREI1 - THERMAL RESPONSE KWE TENTRE OF THEKBBORFACE AS A FURNTOF THE LASEREXPBRE TIME APPLIED

ON THE FRONT SURFBEEHEI TEST COUPONSH (i DI QUHA G .vvvveeeeeeeeeee e 101
[ Te10 ]2 =2 D2 o o | ==X o | PP 102
HGURE93 ¢ OVERVIEW OF THE SWESI¥E EVENTS OCCNGRDURING THERE EXPOSURE ONTO TBEPOSITE TEST
(0701 U] =0 ] PSPPI 105

HGURE4 ¢ INTERNAL DAMAGE AFREG THE GAS RELEASE IGNITION ON TNRTERIAL SURFACE INGRTES#025107
HGURB5 ¢ SUIRFACE CRACKS CAGHFIREFERENTIAL GBISERSE AREAS ON MIAEERIAL SURFACE INGRTES#028.108

FGURE6 - AREINDUCED DECOMPOSNIIURING® "QQi @ - TESTHOLL.....ovviiiiiiieiiiii e 108
RGURB7 - FREINDUCED DECOMPOSNIIURING® "QQ1 (T - TESTHOL2....uiiiiiiiiiiii i eeeeeeicee e 109
FRGURE8 - AREINDUCED DECOMPOSITIMRING "QQi @ - TESTHOL3.....ovniiiiiiieiiiee e, 109
RGURE9 - RREINDUCED DECOMPOSNIIURING® "QQi @ - TESTHOL8.....ovviiiiiieiiiiieceiieee e 109
RGURELOO- HREINDUCED DECOMPOSN MURIN® "QQi GO - TESTHO14 ... .covvviieiii e ee e 109
RGURELO1- FREINDUCED DECOMPOSNTJRIN® "Q"Qi GO - TESTHOLS.....oovvviiei e 110
RGURELO2- HREINDUCED DECOMPOSNTJRIN® "Q"Qi GO - TESTHOL6......cvvvveieeeiiiiiiiie e 110
FGURELO3- HREINDUCED DECOMPOSN MURIN® "QQi GO - TESTHOLT.....civvviieeeii e e mee e e 110
RGURELO4- HREINDUCED DECOMPOSNTJRIN® "Q"Qi GO - TESTHOLO.....covvviiei i 111
FGURELO5- HREINDUCED DECOMPOSN MURNGO "Q'Qi PAPITE TESTHO24.... oo 113
RGURELO6- HREINDUCED DECOMPOSNTJRIN® "Q"Qi P T TESTH025.. .. o ciiiiei e 114
RGURELO7- AREINDUCED DECOMPOSN MURING "Q'Qi PAPITE TESTHO26.......ccevveeeiiiieeeiiieeeeeeeeeianne, 115
FGURELO8- HREINDUCED DECOMPOSN MURING "Q'Qi P fTE TESTHO27.....n i 116
RGURELO9- HREINDUCED DECOMPOSNTJRIN® "Q"Qi P iTE TESTHO028.....cooiiiiii e 117
FGUREL10- AREINDUCED DECOMPOSN MURING "Q'Qi P fTE TESTHO29..... oo eee e, 118
FGUREL11¢ MASS LOSS MEASUREMERERFORMED ONEST COUPONS EXPOSER FIRE DURING QQi (T (A-D)
F NN To T 0 O 1 e 0. (= S 122
FGUREL12 ¢ MASS LOSS MEASUREMERERFORMED GNDAMAGED TEST COUP@EXBOSED TO A FIRBMR "QQi Q
(oI 120] =T e o B0 O I 0 11 SO 124
HGUREL13¢ MASS LOSS MEASUREMEGINIPARISON. ... tuiuetnetitet et esmmeeaneseseteeneeneanesesmmneterneenaenannns 125
HGUREL14 ¢ EXAMPLE OF IMAGES FRTHEDICMEASUREMENT TECHNEQMURING FIREDUCED DECOMPOSN IEND
DELAMINATION DAMAGEISETTESTEOLA). ... ittt et ettt ee e e e e e e e 126
FHGUREL15 ¢ DILATOMETRIC MEASUREN: SETSYEYOLUTION TESTING ME/FROMETARAM........cceevvenees 127
HGUREL16¢ EVOLUTION OF THE LONGINAL THERMAL SINRAS FUNCTION QHFETTEMPERARE...........cvuvvenen.s 129

HGUREL17 ¢ EVOLUTION OF THE TRNERSE THERMAL SNR& FUNCTION OF THEMPERATURE IN ANRBMNCE....130

ONERA Status:Approved Issue: 2.1 PAGEL4/198

This document is the property of Future Sky Safety and shall not be distributed or reproduced without the formealagip@oordinator NLR.
CdziidzNB {1& {¥Sie& KIFI&a NBOSAOGSR TFTdzyRAy3I FNRBY (GKS 9! Q& I GUOBA7l 2y HAHA



Project: Mitigating risks 6 fire, smoke and fumes e ,/
Reference ID: FSS_PONERAD77 * -

Classification:  Public * FUTURE SKY

*** SAFETY

FHGUREL18 ¢ EVOLUTION OF THE TRAEBSE THERMAL STRASNFUNCTION OF THEMPERATURE IN NEUTRMBIANCE

......................................................................................................................................... 130
HGUREL19¢ BUCKLING OF TIRR20401-T3SAMPLE AFTEBBO° C .. ittt e e e e et e e e 131
FGUREL20 ¢ COMPARISON OF THE ENDION OF THE TRAERSE THERMAL STRXSNFUNCTION OF THEMPERATURE AT

AIR OR INERT AMBINC. ..ttt ettneetneeetesan e esaneeetnesasesansessnmmmaa s eean e eanaeanesanseesnmmm e estnsaenneeensns 131

HGUREL21¢ EVOLUTION OF THEDOF PLANE THERMAIRAIN AS FUNCTIONTBIE TEMPERATUREIRIAMBIANCE 132
HGUREL22 ¢ EVOLUTION OF THE TBXERSE THERMAL SYRYS FUNCTION OF THEMPERATURE IN NEAITRMBIANCE

......................................................................................................................................... 132
HGUREL23 ¢ COMPARISON OF THE ENDION OF THE TRANRSE THERMAL STRXSNFUNCTION OF THEMPERATURE AT
AIR OR INERT AMBIADC. 1.1t ttitititititittttttsmmm ettt eeeas e te s s st mmm st etet et et eseaesesessntasmmmetasseieieisasanns 133

TEMPERATURE. .. ettt ettt et em et ettt ettt et et et et mm ettt et et e et et ea et a s mmm eh et et et n e anen e e e mmns 133
HGUREL25¢ EVOLUTION OF THE SEQU TRANSVERSEEAS FUNCTION ORE TEMPERATURE........ccvvvvninnnen. 134
HGUREL26 ¢ EVOLUTION OF THE SEQU TRANSVERSEEAS FUNCTION OF THEMPERATURE......ccovvvviinenennanen. 134
FHGUREL27 ¢ LINEAR RANSVERSETEFORT 700G C/M21.... vt 135
HGUREL28¢ LINEAR TRANSVERSEEFORT 700G C/M21L.. .. ittt mm e 135
HGUREL29 ¢ EXPERIMENTAL SETUERN$OR TH STATIC MECHANIGHHARACTERIZATION LOMINATES AT DIFFERE

TEMPERATURES. ..ttt tt ettt et et e et et et e et ettt et e e mmm e et et et a et e et et et et mm e e ee e e e e et e n e a e en e en 137

HGUREL30 ¢ EXPERIMENTAL SETUEED$OR THE STATICCMENICAL CHARACTERIZN OF LAMINATES BIFFERENT
TEM P E RTURE S, ..t itititittttt ettt et ettt sttt e e s e eass s mm——aeaea et et et et et eaeaea e s e s mm e aeaeaea e ta s eneneenensnn 137
HGUREL30¢ EXPERIMENTAL SETUESOR THE STATICCMANICAL CHARACTERIZN OF LAMINATER DHE HYDRAULIC

TESTING MACHINEA S E R O ..ottt e e e ettt et e e e e s s mmmtereaees 138
HGUREL31 ¢ WAITING IME EVOLUTION OF THEMPERATURE APPLTBEDAO° UNIDIRECTIONAL LAMINE BEFORE APPLYING
MECHANICAL LOADINI D2 105 SAMPLE ... uuitititittie et mm ettt et e ettt e et et et e e easmmm e eaeaeaenenenensnenenans 138

FHGUREL32 ¢ VIRTWAL STRAIN GAUGE AERISILE TEST ONUNIDIRECTIONAP2101 COUPON THE AREA OF THE STRRAI
GAUGE IS IN RED QEIUIRE. ...ttt tttttuetettt et et mmneeas et et tetaessen s e s s mmm e e re b e ea s ea s e e e e tn et s es s mmmea e e eaneenees 139
HGUREL33¢ STRESS STRAIN CURFE°@NIDIRECTIONAL LAMMES FOR0°C, 145°C180°CaND205°C........... 140
FHGUREL34 ¢ FRACTURE MODE FORUNIDIRECTIONAL LAMINE DUE TO SPLITTIBRACKS IN THE GHEP2101) FOR
TENSILE TEST AT ABRET TEMPERATURE . ... euitiitiititt ettt amm e tete et e ee e et et e e mmm e e e e e ae e et e eaeeneensnn 141
HGUREL35 ¢ SLIDING IN THE GRIF @° UNIDIRECTIONAL LAMME COUPON®2105) FOR TENSILE TEST286°C.
VERTICAL DISPLACEMEIRTLDS BEFORE ANDERFTHE SLIDING. . tuuttiuitneiitieteetsmmmeneeneeesnesneneensenesnsan 142
HGUREL36 ¢ EVOLUTION OF THE NORMZ.EDYOUNGMODULUS AND THE NORMADPOISON RATIO AS FUNBINT OF THE

TEMPERATURE. ..ttt ettt ettt et em et ettt st et et et et mm ettt et et et et e ettt e e e s mmm e a e e e e e e a e a e en e e e mmn 142
HGUREL37 ¢ STRESS STRAIN CURVE@UNDIRECTIONAL LAMINSTFORO0°C, 80°CAND140°C.........cevenenenee. 144
FHGUREL38 ¢ COMPARISON BETWEENE THARACTERIZATIONTBIE TRANSVERBBUNG MODULUS TENSAERFORMED

WITHDMATESTS Of]0]g AND THEREENTED DATA . .uuuetittuetettnetertnmmmeestnaesssneessssnsessssnmmmessnaeennnns 145
HGUREL40¢ STRESS STRAIN CURNE®5°],s LAMINATES FA®°C, 80°CAND140°C....ovviiiieiiiieeii e 146
HGUREL41¢ EVOLUTION OF TREOUSTIC EMISSIOERYS FORA5°],sLAMINATES A0°C...cvviiiiiiiiiiieieeann 147
FHGUREL42¢ STRESS STRAIN CURNEIB/90/-45/0]sLAMINATES FGX)°C, 80°CAND140°C....ccevvvvvieinneeannens 148
ONERA Status:Approved Issue: 2.1 PAGELY 198

This document is the property of Future Sky Safety and shall not be distributed or reproduced without the formealagip@oordinator NLR.

CdzidsNB {1& {IFFSie KIFa NBOSAGSR TFdzyRAy3a FNBY (GKS 9! Qa | GOEA7l 2y HAHN



Project: Mitigating risks 6 fire, smoke and fumes e ,/
Reference ID: FSS_PONERAD77 * -

Classification:  Public * FUTURE SKY
* * * SAFETY
FHGUREL43¢ DISTRIBUTION OF YOUMIGDULUS FOR QUASITROPIC LAMINATE ...uuvvniieeiineeteeineetmmeeeeaneenneenns 149
FHGUREL44 ¢ DISTRIBUTION OF STREN MODULUS FOR QUIS® TROPIC LAMINATE ...cvvuviiiiieinevieei e eeaneenns 150
HGUREL45¢ DISTRIBUTION OF ULAME STRAIN FOR QUSSITROPIC LAMINATE ....cuiuitiiiitiiiememeeieeeeneaeen, 150
FHGUREL45¢ EVOLUTION OF THE AGOLL EMISSION EVERDR QUASSOTROPIC LAMINATE ...uvvviieiieeiieeieeaee 151
FHGUREL41¢ INJECBENCH FOR CHARACZIERI THE TOUGHNBSMDDHI BYENFTEST....ccvvviiiiviie e 152
FHGUREL42¢ ENFSPEQUEN AXTUREANDDIMENSIONELL]....uiiiiiiieiiiii et 152
FHGUREL43 ¢ FORCE DISPLACEMENRVEIFOR THY¥ON-PRECRACKHIPC)CONFIGURATION AT AMIBT TEMPERATURE
......................................................................................................................................... 153

HGUREL44 ¢ FORCE DISPLACEMENRVEJFOR THIRECRACKEB CYCONFIGURATION AT AEIST TEMPERATURE..153
HGUREL45 ¢ TEMPERATURE AND SHEARAIN FIELDS IN $ARP2034 JUST AFER THE PROPAGATIOR THE CRACK TIP
IN THENP GCONFIGURATION. 111ttt ettt ettt et e s s e e et et as et s e e e e s e s e s et s e e e e e e r et nea e e mm e e e e e e ans 155
FHGURE146 ¢ DETERMINATION OF THWEAND M PARAMETER FROME EVOLUTION OF TEEMPLIANCE FARPC
CONFIGURATION BY S@NERINGHE THEORETICAL CRAINGTH OR THE EXRIERITAL ONE.....vvvvviiiieneininnes 155
HGURE147 ¢ DETERMINATION OF THWEAND M PARAMETER FRAME EVOLUTION OF TEEBMPLIANCE FARC

CONFIGURATION BY GINERING THE THEQ®AT CRACK LENGTHTER EXPERIMENTAL ONE........cevvvnuennnn. 156
HGUREL48¢ EvOLUTION OF THE TERRTURE IR2033 FORNPCANDP CCONFIGURATIONS......ccvvveviienennenen. 156
HGUREL49¢ DETERMINATION OF TNEND M PARAMETER FBRO34 .....oviiiiii it 157
FGUREL50¢ DETERMINATION OF TAEND M PARAMETER FBRO35 .....iiiiiiiiii e 157
HGUREL51 ¢ DETERMINATION OF TANEND M PARAMETER FBRO36 .......cviiiiiiiiiii e ceme e 157
HGUREL52 ¢ DETERMINATION OF TINETIAL CRACK TIPRRO3A .. .. 158
FGUREL53¢ COMPARISON OF THE EEMISPLACEMENT GEURUR ALL THE SAMPINNP CORPCCONFIGURATION158
HGUREL54 ¢ INFLUENCE OF THE TERWTURE ON THE TONESS IN MOOEONNPCOONFIGURATIONS............... 159
HGUREL55¢ INFLUENCE OF THE TERWTURE ON THE TONESS IN MOOEONNPCCONFIGURATIONS............... 159

HGUREL56 ¢ EXFERIMENTAL SETUP USBR THE MECHANICMARACTERIZATION [@A5°)s LAMINATES AT DIFFERE

STRAIN RATES AND PERATURES. .11ttt ttiutettttetsemmm e aetee et essensanesmmetaneteea e tnesnetneseesmmnaenns 160
HGURELS57 ¢ ZOOM ON THE EXPERINIBN SETUR .. .utuitiitettet et e cmm e eaeae e eaeaea e eneaensmmmeneteeeneaaenenenens 161
HGUREL58C SHEAR STRESS$RAIN CURVES FOR THST PERFORMERBTCAT DIFFERENT LOADRYGES............ 161
HGUREL59¢ SHEAR STRES$RAIN CURVES FBR TEST PERFORMEFATCAT DIFFERENT LOADRNGES............ 163
HGUREL60¢ SHEAR STRESSRAIN CURVES FOR TEST PERFORMENL 2@°CAT DIFFERENT LOADRMGES.......... 164
HGUREL61¢ SHEAR STRESSRAIN CURVES FOR TEST PERFORMEMA A@°CAT DIFFERENT LOADRMGES.......... 165
HGUREL62 ¢ SHEAR STRESS$RAIN CURVES FOR THEST PERRI®ED ATLMM/S AT DIFFERENT TERWEURES......... 166

HGUREL63¢ GEOMETRY OF THE SPIECHOLDERS DESIGMPPLY THE MECHANICOADING ON CHARRIPECIMENKG7

HGURELBA G EXPERIMENTAL SETUR. .. .utuitiititet it et cmmeee et st et e ea e e ean e s smmmea s eteeasen e e ea et et enemmmeneenaenns 168
HGUREL65¢ EVOLUTION OF THE MBRED STRAIN FOR TBMAIN GAUGES GLUBDAPPOSITE FACESTBE SPECIMEN AT
THE LOWER LOADING BRI MM/ IMIN). ...ttt et et e et et e et e et e et e e e e et e e et s e et e e et e e eaeeena 169
FHGUREL66 ¢ COMPARISON OF THE BIESTRAIN CURVES OBEBINWITH THE TWO MEWREMENT TECHNICS TAVO
DIFFERENT LOADING R ..ttt ttttetuetetttetsemmm s eeae et ta et sea s en et s s et et e ea e ea e e ea et et eesmmn e ene e eaneenees 170
HGUREL67 ¢ EXPERIMENTAL SETUEWNSOR THE COMPRESSEST AT HIGH TERRTURES......civiviiiieniininnnas 171
ONERA Status:Approved Issue: 2.1 PAGELG/ 198

This document is the property of Future Sky Safety and shall not be distributed or reproduced without the formealagip@oordinator NLR.
CdziidzNB {1& {¥Sie& KIFI&a NBOSAOGSR TFTdzyRAy3I FNRBY (GKS 9! Q& I GUOBA7l 2y HAHA



Project: Mitigating risks 6 fire, smoke and fumes e ,/
Reference ID: FSS_PONERAD77 * -

Classification:  Public * FUTURE SKY

*** SAFETY

HGUREL68 ¢ STRESSTRAIN CURVES OF TEEIPRESSIVE TESTRBFPRMED A0.5 MM/MIN ON90° SPECIMENS FOR

DIFFERENT FURNACERPHERATURES. ...ttt immm e s mmm e s e s s s e er et s aes 172

FGUREL69 ¢ STRESSTRAIN CURVES OF TBMPRESSIVE TESTRFRRMED AT00 MM/MIN ON90° SPECIMENS FOR

DIFFERENT FURNACEPTERATURES. .11\t ettutttutetnessnametesesesanestnasetnessnmmseeaneeanaessnaeeneeenmmnsnns 173
FHGUREL70¢ SPECIFIC EXPERIMENIBLUP USED FOR DFIEOMPRESSION TESTS .ivvuiiinerinerineerimmmeennenenens 174
HGUREL71¢ STRESSTRAIN CURVES OF ERESSIVEESTS PERFORMEDOONAMINATES AT ROOMVRERATURE...174
FHGUREL72¢ STRESSTRAIN CURVES OF ERESSIVE TESTS PERED ON)° LAMINATES AT ROOMIFERATURE...175

PHOTOL73: TEST FACILITYEAS GUN. . .uttitneteeneeteeteetmm e et eea e et esa e et een s e smm e en e e e e et e en e et een s enmmm e eenes 176
LU= I S 7T = o =] PR 177
FGUREL75:STRAIN GAUGE POBINS. ... cuuttutteeutaeentemmm e een s eeaaeaeea s eeeen s eemmm e ea s e e e eaeenaeeneen e eemmmeneenns 177
PHOTOL76:PATTERN IN THE SPEENMBACK SIDE.....uttuituietitneetetmm e eetaesnaetesnseane et sesmmmneenaenneenennaennnes 178
FGUREL77: EVOLUTION OF THE TOREBRIS DEFORMATION. ... ttttuteetttteeestsmmmeestnsessstnseesstnsessssnmmmassenaeeens 179
FGUREL78:ILLUSTRATION OF THE OGARITHMIC DERIWATS ABSOLUTE CONTRAS. .....cvvveeerreeeinrrmmneeeeennss 179
FHGUREL79: STRAIN GAUGES MEASMBETYGAUGHEIL)....uiiuiiiiiiiii et e e et e e e e e e e e e e e eae e anes 181
FHGUREL80: STRAIN GAUGES MEASMRETYGAUGHE]2).....u ittt e ettt 181
HGUREL81: ANALYSIS OF THIDBPLACEMENT FIEDNDTBIE FLAT PANEL ....vuuiiiiitieiaeieet e e e ree e eeneennas 183
FHGUREL82: SHAPE AND DIMENSIOR THE DAMAGES ARBRFFLAT PANEL ....uvvuiiiiiieei it e e e e e e 184
FGUREL83 ¢ DETERMINATION OF TNAR PROPERTIES BYANIE OF ADAPTEABH METHOD........cuveiiiinneeiinnnes 187
HGUREL84 ¢ DETERMINATION OF TNBR PROPERTIES BYANIE OF ADAPTED FLAMEAHOD........occvieineiieninnnns 187
HGUREL85¢ HRETEST PERF®IED WITH CALIBRATHIAME AND MONITORIEGQUIPMENT......ccviviiiteeieenenemanns 188
HGUREL86C PANEL AFTER STANDAREE TEST ... tuttuttuttttineeueancmmetneaeneneeaeanetesetemmmeaeenseneeneanetarnnenaens 190
HGUREL87 ¢ CALIBRATION BE FLUX ATOOMM ANDZ20OMM .. .uinieiiiii e eme e ee et e e e e e e e e e mmmenaaas 191
FHGUREL88C HOT(LEFYAND COLD FA(FEGH) TEMPERATURE PLOTABBHOUT THE THXJ....ovvevniieeieeeenn 192
HGUREL89 ¢ HOT(LEFJAND COLD FAEGH) TEMPERATURE PLOTABGBHOUT THE THRJ....ccvvneieiineeiiinnees 193
FHGUREL90C HOT(LEFYAND COLD FA(FEGH) TEMPERATURE PLOTABBHOUT THE THSY....ovvvvvvivieeieeneeena 194
FHGUREL91 ¢ PANEL AFTER STANDARRE TE{HOT FACERHSCOLDFACELHS)).....ooiiiiiiiii e, 195
ONERA Status:Approved Issue: 2.1 PAGEL7/198

This document is the property of Future Sky Safety and shall not be distributed or reproduced without the formealagip@oordinator NLR.
CdzidsNB {1& {IFSGe KIFa NBOSAGSR FdzyRAYy3I FNBY G(GKS 9! Qa | GM08A7 2y

HNOHAN



Project: Mitigating risks 6 fire, smoke and fumes e ,/
Reference ID: FSS_PONERAD77 * -

Classification:  Public * FUTURE SKY
* * * SAFETY

LIST OF TABLES

TABLEL G TEST MATRIX FORSTA T GT E ST S . tuititiiiiiitii ettt et cmm et e et et et et e e e et e mmm e ea e eteaseneneaseneneesemnnen 36

TABLE2 - ARRHENIUS PARAMETBERIHE THERMCHEMICAL MECHANISMTYO0GC/M2INN_2ATMOSPHERE....43
TABLE3 - ARRIENIUS PARAMETERS TBfE 3 REACTIONS THER@BEMICAL MECHANISNF ®700GC/M21IN AIR

ATMOSPHERE ....utuieiiiti i eetti e e eteem e eet e eeatt e e ettt e esstmmm e esstnesesanessssnsessssmmmesstsneesssnneessrnneessssnnnees 4D
TABLE4 - REFERENCE OF THE NREST COUPONS. ... et ttttuetuttetessmmeneenesnsssetaeseenssnesneammeaetasnseneenesnesnennes 72
TABLED - REFERENCE OF THE GHEERTEST COUPQONS. ... cevvtuneeertnserersmmmeesstneeesrteesssneesssnnmneessnessrnnaesernnns 73
TABLEG - TEST MATRIX FOR THERMOPHYSICAL PRAOFERASSESSMENT IE CHARRED MATERIAL.....vvvvniinnnns 73
TABLE7 ¢ THERMAL PROPERTIEENMFIED FOR THE RRED 700G C/M210Q1...cceniiiiiiieiee e 82
TABLEB ¢ THERMAL PROPERTIEENMFIED FOR THE RRBDT 700G C/M24UD........coiiiiiiiiiiiici e, 84
TABLEO - TEST MATRIX FOR LASHRJCED DECOMPOSNBINALYSIS OF THEAQHUSOTROPIC LAMINATE .....cvvvvvnns 85
TABLELO - TEST MATRIX FOR LASEHRUCED DEC®MSITION ANALYSISTEE UNIDIRECTIONAMINATE.................. 86
TABLEL1 ¢ DIMENSIONAL MEASURBME OF THE QUASDTROPIC TEST CAUBRO...uuuuneiiiiiiiieeeeeieeeiineeeeeeennns 88
TABLE12 ¢ PRE AND POSTEST MASS MEASUREWEROR LASERDUCED DECOMPOSNIET & @i ‘Wi Quild ¢

DURIN® O @i @ITIMONT700GC/M2IQITEST COUPONS.....cevvvvtunneeeieeirtimnnneeeeeesriianaeeeessrnrnnnns 90
TABLEL3 ¢ PRE AND POSTEST MASS MEASUREWEROR LASHRDUCED DECOMPOSNIY & @i ‘Xi@ Qaild ¢

DURING O @i @ ITITONT700GC/M2IQITEST COUPONS. . .uutittnneeitineeeeiimmmeeetieaeeeteeeestneeesrnnnnss 92
TABLEL4 ¢ PRE AND POSTEST MASS MEASUREWEEROR LASERDUCED DECOMPOSNTET O @i ‘DiTi@ Quild ¢

DURIN® O @i @ TIMmONT700GC/M2IQITEST COUPONS......cevvvtunneeeieiiitieemneeeeeeeeiiieeeeeeeesiirnnns 94
TABLEL5 ¢ DIMENSIONAL MEASURBNME OF THE UNIDIREXNAL TEST COUPONS....iitiiiiieeiiieeemeeaeeeneae e 95
TABLELG ¢ PRE AND POSTEST MASS MEASUREWEROR LASHRDUCED DECOMPOSNIY & (i ‘Wi& Qi ¢

DURING 0 @i @ ITITMONT700GC/M2AUDTEST COUPONS ....cvvueeerteeeetteeemeesaeeeernaeeeernaeeeerneeeens 97
TABLEL7 ¢ PRE AND POSTEST MASS MEUREMENTS FOR LABERJCED DECOMPOSNIET & @i Qi@ Quild ¢

DURING O @i @ ITITMONT700GC/M2IUDTEST COUPONS ....cvvueeerreeeerteeemeeseeeernaeeeernaeeeerneeeenes 99
TABLEL8 ¢ PRE AND POSTEST MASS MEASUREWEROR LASHRDUCED DECOMPOSITKON & (i ‘Wi& Quild ¢

DURING O @i QITIMONT700GC/M2IQITEST COUPGRNLIA .....uvviiiiiii i 101
TABLEL9 - TEST MATRIX FOR FIRBUCED DECOMPOSNTANALYSIS OF THEAQHSOTROPIC LAMINATE.............. 104

......................................................................................................................................... 104
TABLE21 ¢ IGNITION TIME AND SEXTINGUISHING TIMEASURED DURING FTHREESTS......oivviiieiiieieineeieees 106
TABLE22 - TEST MATRIX FOR THERMXPANSION CHARBRIZATION . ...uiuuititeineieteteetmme e eeneaneaaeeaeneeneaneennn 128
TABLE23 ¢ LINEAR COEFFICIENTTBERMAL EXPANSION'RANSVERSE DIRECTION.....iviiiiitiiieeimeeieeeneanen, 135
TABLE24 ¢ LINEAR COEFFICIENTTBERMAL EXPANSIONINT OF PLANE DIREINIL......ucvvniineirneeneerneemmnenesnnenns 136
TABLE25 ¢ TEST MATRIX FORUNIDIRECTIONAL LAMINES .. .. tuetuieeteneneanesmmeseterneeneanesetneneensmmmeneenaanns 140
TABLE26 ¢ YOUNG AND POISON RAFOFR)® UNIDIRECTIONAL LAMINES ACCORDINGIB®527......cceiviieenne. 141
TABLE27 ¢ TEST MATRIX FOR°UNIDIRECTIONAL LAMINES ....ueeuueeneeeeeneeeneensemmmeeeenseaneeneeneeaneennemmmeeneenns 143

TABLE28 ¢ TRANSVERSIOUNG MODULUS AND RSAERSE STRENG-OFD0° UNIDIRECTIONAL LAMINES ACCORDING TO

ONERA Status:Approved Issue: 2.1 PAGELE/ 198

This document is the property of Future Sky Safety and shall not be distributed or reproduced without the formealagip@oordinator NLR.
CdziidzNB {1& {¥Sie& KIFI&a NBOSAOGSR TFTdzyRAy3I FNRBY (GKS 9! Q& I GUOBA7l 2y HAHA



Project: Mitigating risks 6 fire, smoke and fumes e ,/
Reference ID: FSS_PONERAD77 * -

Classification:  Public * FUTURE SKY

*** SAFETY

TABLE29C TEST MATRIX FRRIS Lis LAMINATES . .1euuttteeineetneeetnemmeeeeteesnesanaestnsestnsmmnnsestnseenneeeneennnns 145
TABLE30 ¢ SHEAR MOULUS AND SHEAR SIREH ACCORDINGASTMD 3518......iiiiviiiiiiiiieeeeveiicme e eeeanens 146
TABLE29 ¢ TEST MATRIX FOAE/90/-45/0]5 LAMINATES .. ..tuetiiiie ettt e et oo et e ettt e e e eeeaens 148
TABLE32 ¢ APPARENYOUNG MODULUS ANIRENGTH ACCORDINGASIT VD 3518F0R45/90/-45/0] ............. 149
TABLE31 ¢ DETERMINATION OF TMBDEIl INTERLAMINARRACTUREOUGHNESS FEBR031-6......cccevvvvvienee 154

TABLE32 ¢ RESULTS OF THE MECKEAN CHARACTERIZATRERFORMED AT RODEMPERATURE FOR BIRENT LOADING

TABLE33 ¢ RESULTS OF THE MECIGAN CHARNERIZATION PERFOBMIE/0°CFOR THE DIFFERENARING RATES162
TABLE34 ¢ RESULTS OF THE MECIHAN CHARACTERIZATRERFORMED A20°CFOR THE DIFFERENARIGG RATES63
TABLE35 ¢ RESULTS OF THE MECIGAN CHARACTERIZATRERFORMED A70°CGFOR THE DIFFERENADRING RATES64
TABLE36 ¢ COMBINED INFLUENCESTIRRIN RATE AND TEMPERRE ON THE SHEARDMOUS........cvvvniviviininannenens 165
TABLE37 ¢ COMBINED INFLUENCESIRRAIN RATE AND TERRTURE ON THE MAXMILONGITUDINAL SBEE......... 166

TABLE38 ¢ RESULTS OF THE EVORNTOF THE MAXIMUMRESS APPLIED ONRRED MATERIAL AT THEFERENT LOADING

TEMPERATURES. ..ttt tt ettt et et e et et et e et ettt et e e mmm e et et et a et e et et et et mm e e ee e e e e et e n e a e en e en 173
TABLEAL : SYNTHESIS OF THE HMEHOCITY IMPACT TEBESTED ... teuttuietitneeteeieemmm et eee e eeneeeeeneenneemmmenns 180
TABLEA2 ¢ CHARACTERISTIC DIMENS OF THE SPECIREEORHERMIC CHARACTERIA. .......cuvviviiniienieninneas 186
TABLE4A3 ¢ CHARACTERISTIC DIMENS OF THE SPECIBEORIRETESTS. ...t 188
TABLEAZ C TEST CONDITION S ..t tuiuitttttet et et mm i ee e et e e e ea et e ea et esmm et e e ea et e e s et e e eneteenmm e e enaneenenannen 188
B =TI = ol =3 = =] U e PP 190
ONERA Status:Approved Issue: 2.1 PAGELY 198

This document is the property of Future Sky Safety and shall not be distributed or reproduced without the formealagip@oordinator NLR.
CdzidsNB {1& {IFSGe KIFa NBOSAGSR FdzyRAYy3I FNBY G(GKS 9! Qa | GM08A7 2y

HNOHAN



Project: Mitigating risks 6 fire, smoke and fumes e ,/
Reference ID: FSS_PONERAD77 * -

Classification:  Public * FUTURE SKY

*** SAFETY

1 INTRODUCTION

1.1. The Progrenme

Il 2NAT 2y wnuwn A& GKS oA33Said 9! wSaShkNOK FyRngyy2adl i
available over 7 years (2014 to 2020)n addition to the private investment that this money will attract.

Within this frame, EREA, the association of European Research Establishments in Aeronautics has
proposed Future Sky program: a Joint Researdiativie in which development and integration of aviation
technologies is taken to the European level. Future Sky is based on the alignment of national institutional
research for aviation by setting up joint research programs: the first one to be launch2dl5 was the

Future Sky Safetprogramme (http://www.futuresky.eu/projects/safety), because safety is a transverse

domain of common interest to all stakeholders and with reduced competitive aspects.tReares and

seven projects (5 have already startedyere identified (Runway Excursions, Total System Risk
Assessment, Human Performance Envelope, Organizational Accidents, and Fire Smoke and Fumes). The
2N LINBaSyidSR Ay (GKA&a R20dzySyid oSf2y3a G2 GKS t71 LN

1.2. Projectcontext

¢KS NBlFaz2zy 2F G(KS dGaAdAa3ardAay3da wriala 2F CANBxI {Y2]
development of larger, more electric and more lightweight aircraft (with an increase use of CFRP
composite parts in A/C design, such as fuselageefsm wings, engine carters, engine exhaustsefc).

Such airplane exhibits novel or unusual design features leading to a gap with the technology envisioned in

the airworthiness standards dedicated to transport category airplanes, which raises severasafety

questions with respect to unknown behaviors of the materials and structures. A specific concern is for

safety issue pertaining to aircraft passengers with respect to crashworthiness and to fire behavior of
composite aircraft structures. But the goe of this problem is large, embracing a variety of problems and

solutions: the use of fireproof and less toxic materials, the early detection of fire, the simulation of

LI 3aSy3asSNEQ SOl Odzr iAzys SiOd !'yR FSg6 NS oSoONNEBKSa KI ¢
subject.li 61 & RSOARSR (2 | RRNXaa 0GKS FANBE A&aadzsS Ay (GKS C
the UtraNBaAf ASyid +SKAOtSaédo LG YShya GKFEG GKS NBaSk N
questions, and aims at mitigating fireelated safety risks when/by introducing new generation of

materials in future aircraft design (incl. possible dcendly ones).

Enhancing the understanding of aircraft fire performance guarantees aircraft occupants a significant
safety increase to comeut unharmed in case of fire incident or in crash situation. More particularly,
occupant safety improvements with regard to evacuation when engine kerosene fire is developing outside
will be linked to an enhancement of knowledge about the carbon epoxyenws behavior and
degradation under severe temperature conditions and fire exposure. In terms of fumes toxicity, self
extinguishibility, heat generation and degradation products under elevated temperature or fire exposure,
the use of composite material® cabin environment also brings specific questions regarding passengers
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and crew safety. Beside of this some concerns also exist about the impact of various innovations on on

board air quality. Multiple investigations have been carried out on hypothetagatontamination by oil
AYANBRASY(Ga FyR 2y GKS LRGSYyaGAaArt AYLI OO 2F &adzOK Oz2y
and in long term. The more general question of any possible kinds of impact-twoana air quality then

raised, that can be dal for instance to the introduction of new materials in the design that could react

with more and more electrical heating or new engine systems.

The objectives of the EU in terms of increasing air transport safety are reminded in the annual EASA Safety
Plan. In this perspective, the P7 objective is to contribute to the reduction of the number of air transport
casualtieswith respect to fire related issues ftight or postcrash). Indeed many studies show that about

50% of the fatalities in case of airctadccidents are linked to situations where fire is involved. Many
casualtiescould beprevented per year if fire effects on the primary structure or in the cabin environment
were mitigated.

In this context, the mechanical behavior and decomposition ofaarg matrix and carbon fibres of
composite materials at elevated temperature or under fire exposure have to be better known, for safety
reasons and also health (onboard air quality) issues. Improved material solutions (for primary structures
or cabin envionment) should also be proposed when needed.

¢CKS tT1 LINRP2SOG daaiidAdIl S [2N\kdicbsés oA the ohd halieffedtyd firSonl Yy R F
materials (production of heat, toxic fumes and smokes), and on the otherd hefifiects of fire on

A0 NUHzZOG dzNBa 00dzNYy U KNRdzZIKE &adNBy3aIdKo GKFG OFy SyREy3sSt
(evacuation). The scope of the works covers both primary structures materials (e.g. epoxy resin, carbon

fiber reinforced polymes) and cabin materials (e.g. phenolic polymers, glass fiber reinforced plastics). The

P7 project has been split into three work packages according to the expected impacts that were claimed

for this 3 years research work:

- WP7.1: the first work package aimsimproving the knowledge about effects of fire on materials
and structures. It would mainly concern standard epoxy resins and carbon fibers reinforced
polymer materials (primary structures),

- WP7.2: the second work package aims at proposing improved maddesolutions, mainly to
mitigate fire, smoke and fumes. It would concern new materials (primary structures and cabin),
the properties of which will be compared to standard ones,

- WP7.3: the third work package aims at analyzing possible effects on timard air quality that
the introduction of such new materials in the aircraft structure and cabin could have.

The FSS P7 project is led by ONERA, as its experience covers both Crash and Fire worthiness of A/C
composite materials and structures. ONERA disads the first work package which aims at better
understanding and characterizing the fire and high temperature behavior of primary structure CFRP
materials. DLR leads the second work package which is dedicated to the improvement of current material
solutions to mitigate fire, smoke and fumes in the cabin environment. Last, NLR leads the third work
packagewhere objectives are to study the indirect effects of such new materials, technologies and fuel
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systems on the oiboard aircraft air quality. Bridges beeen the different tasks and partners are
implemented by CEIIA (WP 7.1 and WP7.3), VZLU (WP7.2) and Cranfield University (WP7. 1 and WP7.3),
and access to the industry is reached in all tasks thanks to the contribution of Ambitary (AIRBUS

D&S, WP1), ALENIA (WP7.2) and EMBRAER (WP7.1 and WP7.3) companies. The overall project
consistency will be increased by CAA UK providing regulatory advice and guidance to all the project tasks.

1.3. Research bbjectives

¢tKS 202S0O0GABS 2F cC{{ t TstamiddgNand dhkradterisilgSthe Fite behawioud 6fy R S NJ
LINA Y NBE  &0GNHzOGdzZNB  O02YLI2aAidsS YFGSNAEFE& oO0SLI2ZEE& NB&aA)
concerning the fire behaviour and performance of CFRP primary structure composite materials, in order to
better predict safety and survivability issues in case of fire incident or -possh situation. Such
predictions rely on physical models and numerical tools which need to be developed based on exhaustive
materiak (characterisation) and components (validation)peximental testing. The objective of WP7.1 is

to produce a comprehensive experimental database for a reference material to be shared by the
European research community as a basis for material model development of the fire behaviour and
degradation of CFRmaterials. The T700GC/M21 material has been proposed to be used in this WP7.1
because a lot of published results already exist about its standard mechanical behaviour which the project

can build on.

Earlier work in FSS WP7.1 included a list of complemgntasts which could be developed and
performed to complete the already existing database with respect to:

1 Mechanical and thermanechanical properties of virgin and charred material,

1 Dynamic degradation phenomena (incl. ignition of combustible gases itBEl€FRP laminate)
during the fire exposure time,

1 Fire resistance of damaged composite panels to direct exposure to flame impact.

This objective of this study is to present thest results from asecond and complementarpatch of
T7005GM21 tests.

1.4. Approad

The objective of WP7.1 is to enhance knowledge concerning the fire behavior and performance of CFRP
primary structure composite materials, in order to better predict safety and survivability issues in case of

fire incident or postcrash situation. Suchrpdictions rely on physical models and numerical tools which

need to be developed based on exhaustive materi@haracterization) and components (validation)
experimental testing. The objective of WP7.1 &soto produce a comprehensive experimental daase

for a reference material to be shared by the European research community as a basis for material model
development of the fire behavior and degradation of CFRP materials. The T700GC/M21 material has been
proposed to be used in this WP7.1 because adbpublished results already exist about its standard

YSOKI yAOI f 0SKIF@A2N) gKAOK (KS -olihag Si@uéls add simulatidzh t R 2 y «
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tools will be assessed according to this comprehensive set of experimental data. FSS P7 WPPIit was s
into 3 tasks:

- T7.1.1. Definition of tests, manufacturing of test coupons and panels, preparation of tests (incl.
instrumentation), led by BiA (see deliverable FSS P7 D7.1)

- T7.1.2. Test and model thbermo-chemical,thermo-physical andhermo-mecharical properties
of composite materials according to temperature, fire exposure (time), and material state (virgin
and charred), led by ONERA,

- T7.1.3. Test and model resilience to temperature/fire effects at structural levels (incl. on
damaged panels), leby CASA.
¢KS LINBaSyid Cc{{ ttv 51dn RSt A8desults§ecoadd KK VIKNE AN NIEQH
task T7.1.2 of WP7.1.

1.5. Structure of the document

The introduction being done, thaiext sectionsof the documentare sub-divided according tothe
following topics:

- Kinetic properties characterising thedecomposition reactions the material underggs as a
function of temperature, gas atmospheres, heating ratewl the associated ensgies involved in
each reaction

- Protocol definition for preparatin and conditioning of homogeneously charred test specimens;

- Thermophysical properties (specific heat and thermal conductivity tensor) at the charred state
and as a function of temperature

- Thermal behaviour under lasénduced decomposition.

In precedentstudies [5], the thermal degradation of epoxy matrix reinforced by carfibre composite
materials ha been performed atONERADuring these studies, three main chemical reactiond haen
identified: pyrolysis of the matrix, oxidation of the char proédcby the pyrolysis of the matrix and
oxidation of the fibres. To succeed in, TGA and DSC experimethtselea carried out in order to identify
a thermal degradation model adapted to composite material. In this deliveratdeplementary and
exhaustiveT GAresults for the material manufactured andqvided by CEiiA are presented.

In the last past years, ONERA has developed a test facility to prdheleno-physical properties
characterisation of anisotropic materials. Especially, it can assess simultape¢bespecific heat and the

3 main components of the thermal conductivity tensor as a function of temperature. It is based on
thermographic measurements of the material thermal response subjected to a pure radiative laser
heating. The test facility was aad out on the selected T700GC/M21 CFRP material stuthedidering?
stacking sequencefunidirectional and quassotropic laminates).Properties have been identifiecat the
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virgin state (.e. below glass transition and pyrolysis) the previous deligrable (D7.410]). This second
technical report is dedicated to the assessment of the properties of the charred siatg The
preparation protocol to get the fully charred test specimen will be defined.

The same experimentdhcility can also be used to analyse the thermal response during decomposition of
charring materials subjected to the laser heating at high power. Dedicated but similar specimens are
tested from the room temperature at the virgin state. Different heatflmagnitudes, exposure durations,
stacking sequences are investigated in order to cover the whole behavioural range of the material
subjected to significant heat load
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2 MATERIAL

The study is focused on one material used in the aeronautical industrgriorary and secondary aircraft
structures. The T700GC/M21 is a composite laminate made of carbon fibres (T700GC by TORAY) and
epoxy resin reinforced by thermoplastic nodules (M21 by HEXCEL).

Plies of M21 / 35% / 268 / T700GC unidirectional A -thick, prepregs are stacked and cured to
provide thedifferent composite laminatestudied hereafter

The material density is given at the virgin state: p v (iQifh .

Fibres average diameter ysAd and the volume fraction of fibres is® @ for the curedmaterial. The final
laminatethickness isbout¢dt gz ¢® 1 & for 8 ply laminatsandt® ¢ 1& 10 & for 16 ply laminats.

CEiiA was in charge of manufacturing T@@M21 plates for ONERA. They were provided to ONERA in
December 2015.
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3 THERMGSRAVIMERIC ANALYSIS

3.1. Approach description and associated technical objectives

TGA measurements correspond to the first test phase when investigating thermal behaviour and stability
of composite materialsSuch tests are performed at the condensed matter scale ndigg fewa "Qand
a & of material. The objective is the assessment of physical quantities such as:

1 mass loss and mass loss rate as a function of temperature, atmosphere and heating rates;
number of decomposition reactions;

temperature onset;

residual mass;

= =4 -4 -

reaction enthalpies (if combined with DSC).
The analysis of the physical quantities measured with the device provides important information about:

1 thermo-chemical kinetics defining each reaction with Arrhenius equations and associated
parameters;

1 thermally thin asumption validity with respect to the heating rate;

1 isothermal preparation protocols to reach specific decomposition state of the material for
thermal properties characterisation.

3.2. Experimental apparatus and data analysis tools

3.2.1. TGA/DSC

Measurements are pdormed with a METTLER TOLEDO TGA/DSC3+ device. It combines a conventional but
very accurate thermearavimetric analysemwith a differential scanning calorimetric sensor onto the
weighing module in order to assess simultaneously the mass loss and theore&ctihalpies during the
decomposition process. However, the accuracy of the DSC measuremight METTLER TOLEDO
TGA/DSC3<oupled device is lower than with conventional dedicated DSC deviceg p 1) but the
measurement is directly correlated to the masss$ onto the full range of temperature up o p TGt

m 0.0000mg ,
5965°C =

I
_—
e
L w 7

Figurel - METTLER TOLEDO TGA/DSC3+ device
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3.2.2. Adethec

Adethec is a toolbox developeat ONERAO analyse andnodelthermo-chemical reactions occurring in a
decomposing materiafrom TGA and DSC signateasuredusing the METTLEROLEDO TGA/DSC3+

device Adethecis developedin Python using the Qt graphic libragnd consistsof three stackableand

movable subwindows: a database detailing all experimental conditions, a plot ZoneR I LJ- N} Y S &G SN
selection zongcf. Figure 2). The déabase is composed of thEGA and DSC experimahimeasurements

From a set of experimentselected by the userfour main functions are available:

1 A simple plot function tht can plot the mass loss, relative mass loss, mass loss rate or the
calorimetic signal. Smoothing functions and buoyancy compensation (if measured) can be
performed,

1 A DSC analyser to integrate reaction enthalpies from the calorimstgnal, where mimhum and
maximum integration temperatures are specified by slider Different methods are available to
evaluate the baseline calorimet signal.

1 A TGA fitting function from aserdefined set of reactions. The user can define a set eblid species
and & reactions. Each spedds defined by its initial mass fraction and each reaction is defined by
one solid reactantY and one optional solicproduct 0. All remaining products are gasé®and are
assumed inert The mass stoichiomdt coefficient’ defines the mass fraction ad solid reactant
transformed intoa solid product as described lifie following equation:

YO b p 'O

Each reaction can be either oxidative (activatey the presence ofé ) or not, and is modelledvith
Arrhenius kinetis model using a set o®( O, £) parametersas:

T o o .
—b 08& b Y—Y&O

where & is the mass fraction of the spesi&nvolved ageactant in the decomposing reactic@Froma

set of thermally activated reactions, the total mass fraction rate of the sEEGe determinedby:

() T CTw

0 0 o

—a

where the first term represents the contributions of reactions wb&ls a reactant and the second term
represents the contributions wher@ls a product. The total mass lod¥a can bedetailed as:

a o
-— w
a
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The set oféd parameters interacting witte solid species is expressed asset ofdifferential equations
solved in Adethec by a"%order RungeKutta method. The set of Arrhenius parametes, O, €); is
optimised by a bounded quagiewton method in orderto have the best fit between the model and the

experimental results.

File Display Settings Help

HhBARERL #OO0 +¢ BEY

TGA/DSC Database 6 Plot zone ®
=] Date Time Op.| Material | Strat. Position | Initial mass [mg] | Cruc”l
[0 64 5/10/2016 17:28 VB T700GC/M21 UDE [330.0  13.8881 O 7 a4
- T = T
65 5/10/2016 22:3 |GL T700GC/M21 UD8 332.0  14.261 A0 7
[J 66 6/10/2016 2:15 GL 3310 0.0 Ao 7
[J 67 6/10/2016 6:27 GL 3340 0.0 A0 7 0.8
[J68 6/10/2016 B8:52 GL 333.0 0.0 Ao 7
[J69 6/10/2016 11:16 GL 1010 0.0 O 7
70 6/10/2016 14:56 GL T700GC/M21 UDB | 102.0  12.6808 A0 7 0.6+ i
71 6/10/2016 17:21 GL 1030 0.0 Ao 7 -O—'-
72 7/10/2016 2:59 |GL T700GC/M21 UD8 |104.0  34.365 A0 7 £
073 7/10/2016 5:24 GL 1050 0.0 Ao 7 E 0.4}F i
[J 74 7/10/2016 11:38 GL 1060 0.0 O 7 =~ Exp 65 : Oxydation - 5K/min - 200mL/min
[0 75 10/10/2016 3:12 |GL T700GC/M21 UDE8 |107.0 33.002 AlO 7| — Num 65 : Fitting error = 8.58%
[J 76 11/10/2016 12:58 GL T700GC/M21 UD8 |108.0  20.111 Alo 7 0.2F -~ Exp 70 : Oxydation - 10K/min - 100mL/min E
O : — Num 70 : Fitting error = 8.05%
77 11/10/2016 16:51|GL T700GC/M21 UD8 | 110.0  18.538 A0 7 .
/10 ! Exp 72 : Oxydation - 2K/min - 200mL/min
[ 78 11/10/2016 19:15 GL k1110 o0 Ao 7 Num 72 : Fitting error = 9.30%
[ 79 11/10/2016 23:27 GL 1120 0.0 O 7 O'EUD 200 500 800 1000 1200 T400
PN PO P P RPN PN oo
. = TIK)
Plot parameters | DSC integration | TGA fitting | TGA simulation
Constituents = Reactions =
Name Yo Reactant Product Mu Oxyd. reaction A Ea n
1| Carbon fibers | 0.63 1€ 12 3 046019 | [J [ 7.964e+11 [ 1.781e+05 [ 1.60172
2| Resin 0.37 15 21 Oo [ 3.464e+02 [ 1.211e+05 0 0.21
3 Char 0 19 33 Oo O 1.514e+05 O 1.283e+05 [0 0.739738
@ — | B | | C )
Heat transfer Effects Difushity mus  samplesize  &)mm

TGA fitting in progress : epsilon = 0.413396

Figure 2 - Screenshot of Adethec graphic user interface for TGA fitting of a carkpoxy composite
laminate decomposition under air atmosphere using asBage Arrhenius model (Resin pyrolysisto
char> Char oxidation > Fibre oxidian)

3.2.3. Fast TGA

In order to check the validity of the model presented in the next sectich2®) for high temperature
ramps, experiments have been performed on tB&ERA FasiGA apparatugFigures3-4). By this device,

it is possible to heasmall samples in &rt environment (Helium, nitrogen or vacuum) up to 100°C/s and

to measure the evolution of the mass loss as function of the temperature applied thanks tbe hang

down design This system providethe highest level of stability and the best limit of detectiofihe
furnace is in graphite and uses Joule heating principle to apply the temperature on the coupon. The
measure the temperature is achieved by a thermocouple poséd close to the sample (Figurdy It is
important to notice that due the heating ramp, the temperature in the sample could not be considered as
homogeneous and 3D simulations are mandatory to compare the model proposéw iprévious section

with the experimental data obtained by this technic.
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Figure3 ¢ Fast ATG apparatus developed at Onera

Balance

Position of the sample Thermocouple

For regulation

Graphite Furnace

Thermocouple for measure
Close to the sample

Current inputs

Figured ¢ Fast ATG apparatus developed at Onera : description of the graphiteace and the principle
of the measure

3.3. Experimental results analysis

3.3.1. Under inert atmosphere

Figure5 shows relative mass losa@ fa ) as a function of temperature resulting from therrgravimetric

analyses uder inert atmosphere({ ) at different heating ratesqfv andp i E)I The studied material
is a carbon/epoxy laminate whose commercial name is T700GC/Mglire6 shows results of nanalized

mass loss rate, namdtereafter 0 0 ‘Yand assessedsing the following relation:
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where & isthe mass& the initial massand "Ythe temperature. Each TGA experiment is repeated twice
and exhibits a very satisfying reproducibility, except aftes mb where unexpectedmass losss are
measured, probably due to low oxidative gas flow during the experiment® the release ofi by the
material itself at high temperatureMass loss rates shows only one global reaction ardivhde v @t and
transforming ¢ o f the solid materiainto gaseousspeciesThed 0 "plots point out one global reaction
and confirm that theoccurringreactionis very reproducible

1.0 T T T T T T T
— Exp 75 : Pyrolysis - 2K/min - 200mL/min
— Exp 76 : Pyrolysis - 5K/min - 200mL/min
— Exp 77 : Pyrolysis - 10K/min - 200mL/min
0.9}
0.8F
[=]
E
=
1S
0.7}
0.6} i
05 1 1 1 1 1 1 1 1
300 400 500 600 700 800 900 1000 1100 1200

TIK]
Figure5 - Relative mass loseeproducibility indl  atmosphere at h and y.3
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Figure6 - Mass Loss Rateeproducibilityind atmosphere at h and palE

Figure7 showsthe results of heat flux signal@®during DE analyses undai atmosphere atchv and
p a7l E.IDuplicatemeasuranents have been performed but are not plotted herdntegration of heat
flux signad providesreactionenergiesoccurring in a decomposing materiasing the following relation:

0 é(i ‘00 00 Y Q7Y

where"Yis thelower temperatureintegration boundand”Y the highertemperatureintegrationbound of

the considered reactionOO represents the badee heat flux signal (withoutanyreaction) evaluated

with a spline based of0"ddashed lines) betweefivand"Y. Figure7 shows that one reaction energy can

be identified by DSC analysis under inert atmosghessociated to the pyrolysis reaction and with a
relatively low value. The low signghowsa high uncertainty due to the signal noise of the DSC sensor.

The reader can note that standard DSC sensors have better precisions than DSC sensors embedded in a
TGA/DSC apparatus. Quality of DSC signals campmved by a standarded method for coupon
preparation(similar masses and shapes) in orderhavebetter contact quality between the coupoand

the thermocouplesensors within the crucibleln practice high precision machining for CFRPveryhard

to obtain on such millimetric dcshaped samples.

The average value of the pyrolysis reaction energy for the set of analyses is:

0 & p TOFQQ
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