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BACKGROUNDBACKGROUND

Need for ActivityNeed for Activity
For reFor re--usable spacecraft, heat shields are the most critical componentsusable spacecraft, heat shields are the most critical components (1600°C)(1600°C)

Currently, C/Currently, C/SiCSiC based structures are favouredbased structures are favoured

Oxidation Protection Systems are available, but Oxidation Protection Systems are available, but 

•• a true reusability has not yet been proven sufficientlya true reusability has not yet been proven sufficiently

•• maintenance/refurbishment effort for multimaintenance/refurbishment effort for multi--missions has to be assessedmissions has to be assessed

•• multimulti--mission relevant testing has not yet been performedmission relevant testing has not yet been performed

Therefore, to assess true reTherefore, to assess true re--usability, usability, 

•• testing under applicationtesting under application--relevant rerelevant re--entry conditions has to be performedentry conditions has to be performed

•• simulating a larger number of resimulating a larger number of re--entry runs than currently doneentry runs than currently done
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EXPERIMENTALEXPERIMENTAL
Project ObjectivesProject Objectives

Comparative study of various CMC/OPS combinationsComparative study of various CMC/OPS combinations

Established systems that have already been applied for reEstablished systems that have already been applied for re--entry studiesentry studies

Novel systems yet without space qualificationNovel systems yet without space qualification

Testing under reTesting under re--entry relevant conditionsentry relevant conditions

ThermoThermo--mechanical testing in mechanical testing in ARCS’sARCS’s rere--entry simulation chamberentry simulation chamber
•• Temperatures of 1,450 and 1,550 °CTemperatures of 1,450 and 1,550 °C
•• Heating/cooling rates comparable to HOPPER studyHeating/cooling rates comparable to HOPPER study
•• Severe thermal gradients within the samplesSevere thermal gradients within the samples
•• Constant pressure of 40 mbarConstant pressure of 40 mbar

Plasma tests at DLR ColognePlasma tests at DLR Cologne
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EXPERIMENTALEXPERIMENTAL
Base materials and OPSBase materials and OPS

CMCCMC Base materials:Base materials:
EADS base material (LPIEADS base material (LPI--process)process)
MAN base material (PVIMAN base material (PVI--process)process)
Samples: 230 * 10 * 3.2Samples: 230 * 10 * 3.2--3.5 mm, 3.5 mm, 

(rectangular shape)(rectangular shape)

OPSOPS
CVDCVD--based OPS based OPS (MAN OPS 4)

CVDCVD--SiCSiC layers are typically used as a bonding layer to the substrate alayers are typically used as a bonding layer to the substrate and nd 
often also as a top layer to provide erosion protectionoften also as a top layer to provide erosion protection
SlurrySlurry--based OPS based OPS (EADS OPS 1, 2, 3; MAN OPS 5, 6)

Sol/GelSol/Gel--based OPS based OPS (ARCS OPS 7, 8, 9)

All OPS have been applied as multiAll OPS have been applied as multi--layer systemslayer systems
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Study Logic Study Logic –– Phase IPhase I

Series of Tests of increasingSeries of Tests of increasing
complexity complexity 

Selection ProcessesSelection Processes

Final Selection ofFinal Selection of
best OPS/base materialbest OPS/base material
pairingspairings

EXPERIMENTALEXPERIMENTAL
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Thermal Loads for Coupon TestsThermal Loads for Coupon Tests
DPH PtRh10 susceptor at 1,700 °C
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Thermal Loads for Coupon TestsThermal Loads for Coupon Tests

Two temperature profiles with                     Two temperature profiles with                     
different maximum temperature selecteddifferent maximum temperature selected

Temperature profiles represent the expected loads of large areaTemperature profiles represent the expected loads of large areas of the heat shieldss of the heat shields
Heating and cooling rates have been adopted from HOPPER studyHeating and cooling rates have been adopted from HOPPER study
Additionally, severe thermal gradients within the samples appliAdditionally, severe thermal gradients within the samples applieded

•• Temperatures given above are only in the centreTemperatures given above are only in the centre
•• Ends of samples are held at <200 °CEnds of samples are held at <200 °C

Heating Profiles OLCHOS
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Thermal Loads for Coupon TestsThermal Loads for Coupon Tests
 

 

Maximum Wall Temperature Distribution Along Trajectory Shown on "HOPPER" Concept
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EXPERIMENTALEXPERIMENTAL

Relevant Loads for Coupon TestsRelevant Loads for Coupon Tests

Mechanical loads at 20% and 50% of RT tensile strengthMechanical loads at 20% and 50% of RT tensile strength
superposed a sinusoidal load of +/superposed a sinusoidal load of +/-- 2% / +/2% / +/-- 5% of RT tensile strength5% of RT tensile strength

Atmospheric / chemical load of 40 mbar laboratory air, 20 Atmospheric / chemical load of 40 mbar laboratory air, 20 Nl/hNl/h gas streamgas stream
Constant pressure selected for simplification of testsConstant pressure selected for simplification of tests
Few tests performed at 80 and 1000 mbar to assess pressure inflFew tests performed at 80 and 1000 mbar to assess pressure influenceuence

on specimen lifetimeon specimen lifetime

Samples will be tested for a maximum of 100 heating/cooling (i.eSamples will be tested for a maximum of 100 heating/cooling (i.e. re. re--entry) cyclesentry) cycles
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Room temperature tensile testsRoom temperature tensile tests
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All test conditions / All test conditions / EADS Base MaterialEADS Base Material: Cycles survived: Cycles survived
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All test conditions / All test conditions / EADS Base MaterialEADS Base Material: Residual Tensile Strength: Residual Tensile Strength
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32 32 cyclescycles

100 100 cyclescycles

EAEA--C9.01 C9.01 beforebefore testtest

1450°C/20% UTS1450°C/20% UTSEAEA--C9.01 front C9.01 front sideside

1450°C/50% UTS1450°C/50% UTSEAEA--C9.03 front C9.03 front sideside

1450°C/20% UTS/1450°C/20% UTS/self healingself healingEAEA--C9.09 front C9.09 front sideside 86 86 cyclescycles

1550°C/20% UTS1550°C/20% UTSEAEA--C9.11 front C9.11 front sideside 100 100 cyclescycles

EEAA ManufacturerManufacturer Base Material Base Material -- EADS Space TransportationEADS Space Transportation

Manufacturer coatingManufacturer coating -- ARC ARC SeibersdorfSeibersdorf



ARC Seibersdorf research GmbH
Aerospace Materials Technology seibersdorf research

Ein Unternehmen der Austrian Research Centers.

THERMO-MECHANICAL TESTING OF OXIDATION 
PROTECTION SYSTEM FOR RE-ENTRY APPLICATIONS Eng. Inmaculada HUERTAS OLIVARES

All test conditions / All test conditions / MAN Base MaterialMAN Base Material: Cycles Survived: Cycles Survived
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All test conditions / All test conditions / MAN Base MaterialMAN Base Material: Residual Tensile Strength: Residual Tensile Strength
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94 94 cyclescycles

MAMA--C9.02 C9.02 beforebefore testtest

1450°C/20% UTS1450°C/20% UTSMA-C9.02 front side

1450°C/50% UTS1450°C/50% UTSMA-C9.04 front side

1450°C/20% UTS/1450°C/20% UTS/self healingself healingMA-C9.10 front side

1550°C/20% UTS1550°C/20% UTSMAMA--C9.06 front C9.06 front sideside

5 5 cyclescycles

37 37 cyclescycles

57 57 cyclescycles

MMAA ManufacturerManufacturer Base Material Base Material -- MT MT Aerospace AGAerospace AG

Manufacturer coatingManufacturer coating -- ARC ARC SeibersdorfSeibersdorf
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ThermoThermo--mechanical tests mechanical tests –– Influence of test conditions: Load levelInfluence of test conditions: Load level

StressStress--strain curve for strain curve for EADS base materialEADS base material shows two regionsshows two regions

up to 0.14 % elongationup to 0.14 % elongation::
the composite deforms showing a highthe composite deforms showing a high
E modulus (approx. 40 E modulus (approx. 40 GPaGPa) attributed to) attributed to
the CVDthe CVD--SiCSiC Coating.Coating.
from 0.14 % elongation:from 0.14 % elongation:
the coating is broken and the compositethe coating is broken and the composite
follows an elastic deformation behaviourfollows an elastic deformation behaviour
like the base material, which has a lowerlike the base material, which has a lower
Young’s modulus (approx. 14 Young’s modulus (approx. 14 GPaGPa).).

From literature, the maximum strain of CVDFrom literature, the maximum strain of CVD--SiCSiC layers can be found to be 0.1 to 0.15 % layers can be found to be 0.1 to 0.15 % 
Young’s modulus of 30Young’s modulus of 30--60 60 GPaGPa also in line with experimental findings as shown abovealso in line with experimental findings as shown above

TEST RESULTSTEST RESULTS
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ThermoThermo--mechanical tests mechanical tests –– Influence of test conditions: Load levelInfluence of test conditions: Load level
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ThermoThermo--mechanical tests mechanical tests –– Influence of test conditions: Load levelInfluence of test conditions: Load level

Significant difference between testing at 20 % UTS and 50 % USignificant difference between testing at 20 % UTS and 50 % UTSTS
The higher load level reduces specimen lifetime significantlyThe higher load level reduces specimen lifetime significantly
Not a single specimen did survive the full 100 cycles at thisNot a single specimen did survive the full 100 cycles at this load! Cracks in the OPS give load! Cracks in the OPS give 

way to oxygenway to oxygen
Rapid destruction of underlying carbon fibresRapid destruction of underlying carbon fibres
Fatigue damage can be excludedFatigue damage can be excluded
Samples were subject to the same number of mechanical load cySamples were subject to the same number of mechanical load cycles at RTcles at RT
No clear indication that there is any damage No clear indication that there is any damage 
Residual tensile strength almost preservedResidual tensile strength almost preserved
A closer look onto the RT tensile tests for EADS base materiaA closer look onto the RT tensile tests for EADS base material gives some indication on the l gives some indication on the 

suggested damaging mechanism!suggested damaging mechanism!

TEST RESULTSTEST RESULTS
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Tests at various pressuresTests at various pressures
Besides the standard pressure of 40 mbar, specimens have beenBesides the standard pressure of 40 mbar, specimens have been tested at 80 mbartested at 80 mbar
and at atmospheric pressure (1000 mbar).and at atmospheric pressure (1000 mbar).

Streaming conditions for all pressures were held constant.Streaming conditions for all pressures were held constant.

Sample Tensile strength Pressure Internal Cycles ∆m/m0

Designation at RT [kN] [mbar] number survived % [kN] [% RT]
EE-C2.04 10,38 40 84 100 0,04 8,31 80,1%
EE-C2.10 10,38 80 103 100 0,06 7,05 68,0%
EE-C2.11 10,38 1000 104 45 -2,93 n/a n/a
EE-C3.04 10,65 40 85 100 0,09 9,94 93,4%
EE-C3.12 10,65 80 109 100 0,13 8,81 82,7%
MM-C4.04 30,51 40 29 43 -2,13 n/a n/a
MM-C4.10 30,51 80 35 46 -1,65 n/a n/a
MM-C4.11 30,51 1000 36 18 -2,36 n/a n/a

Residual Strength

TEST RESULTSTEST RESULTS
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FEM calculations FEM calculations –– Thermal Modelling of proposed ConceptsThermal Modelling of proposed Concepts

EADS TDSEADS TDS
Attachment point of theAttachment point of the
C/C/SiCSiC trailing edge ontrailing edge on
the metallic the metallic elevonelevon boxbox

MetalMetal--toto--CeramicCeramic
jointsjoints

StressStress--free fastenersfree fasteners

Stationary conditions; Stationary conditions; 
gradient in the samplegradient in the sample

PHASE II PHASE II –– TECHNOLOGY DEMONSTRATOR SAMPLETECHNOLOGY DEMONSTRATOR SAMPLE
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FEM calculations FEM calculations –– Thermal Modelling of proposed ConceptsThermal Modelling of proposed Concepts

MAN TDSMAN TDS
Fixation of body flapFixation of body flap

CeramicCeramic--toto--CeramicCeramic
jointsjoints

2 different types 2 different types 

Stationary conditions; Stationary conditions; 
gradient in the samplegradient in the sample

PHASE II PHASE II –– TECHNOLOGY DEMONSTRATOR SAMPLETECHNOLOGY DEMONSTRATOR SAMPLE
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DusanDusan CabelkaCabelka –– Construction and DesignConstruction and Design
Walter Walter CostinCostin –– Scanning Electron MicroscopyScanning Electron Microscopy
Thomas Goss Thomas Goss –– Technician RT Tensile TestsTechnician RT Tensile Tests
Roland and Mario Holzbauer Roland and Mario Holzbauer –– Software TechniciansSoftware Technicians
Inmaculada Huertas Olivares Inmaculada Huertas Olivares –– Project CoordinationProject Coordination
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