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For years the use of variable emissivity devices and coatings has been envisaged by the
academic and industrial space actors. The objective is to overcome the limitations of
common optical coatings with constant thermo-optical properties. Variable emissivity
devices and coatings allow designers to maximize heat rejection whilst minimizing the heater
power demand. The most promising of these coatings are based on thermochromic (TCH)
and electrochromic (ECH) materials. Thermochromic materials can be adjusted to behave
as poor emitters at low temperature, and good emitters at high temperature. As such, they
are proposed as smart elements capable of supporting thermal control on board spacecraft.
TCH operate without the need of any electronic feedback or electromechanical actuation,
and therefore, at zero power costs. Another promising material for variable emissivity
devices is based on electrochromics. The advantage of ECH for space application is achieved
by adapting the infrared emissivity of a surface by application of a low power electrical
potential. In an ongoing research and development (R&D) activity funded by ESA and
CNES the TCH multilayer tiles are based on VO2 technology developed with industrial
means and ECH devices are based on encapsulated conducting polymers. By now ECH and
TCH emissivity contrast between cold and hot case has been measured up to 0.3 and 0.4
respectively, within a variation range as narrow as 20°C for thermochromic. In this
presentation the various approaches in order to design, manufacture and test TCH and ECH
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materials as well as variable emissivity radiator keadboards will be discussed. Prototypes
and final test results for both technologies will B presented.

Nomenclature

a = Solar absorptivity

CcC = Cold Case

CEA = Commissariat a I'energie Atomique (French Nuckgency)
CNES = Centre National d'études Spatiales

CVCM = Collected Volatile Condensable Material

ECH = Electrochromic

ECP = Electronic Conducting Polymer

EED = Electro Emissive Device

EOL = End Of Life

EOR = Electrical Orbit Raising

€ = Infrared emissivity

eH = Hemispherical infrared emissivity

HC = Hot Case

HRC = Heat Rejection Capacity

ICMCB = Institut de Chimie de la Matiére Condensée delBaux
IREIS = Institut de Recherche en Ingénieurie des Susféd&F Group)
LTTE = Long Term Thermal Endurance

LPPI = Laboratoire de Physico-Chimie des Polymérestetfaces
MLI = Multi Layer Insulator

PVD = Plasma Vapor Deposition

OSR = Optical Solar Reflector

R&D = Research and Development

RH = Relative humidity

RML = Recovered mass loss

RT = Room Temperature

SRD = Smart Radiator Device

TCH = Thermochromic

TRL = Technology Readiness Level

TRT = Thales Research and Technology

VEC = Variable Emissivity Coating

VER = Variable Emissivity Radiator

XRD = X-Ray Diffraction

I. Introduction and context of the study

n efficient thermal control of a spacecraft guagastthe performance and longevity of the internbsgstems.

The temperature of satellite components (e.g. palgpavionics, structural elements) is set by thelierium
between internal heat dissipation and external fiee¢s. The temperature of non-dissipating extiecoaponents
exposed to space, such as Multi-Layer InsulatiohljNblankets and antenna, can vary in the rangen febout
-150°C up to +150°C. However, for electronic urilie temperatures must be maintained within a mucaller
range. For example in telecommunication satelligemlification temperature ranges such as [-356G-65°C] and
[-35°C to +90°C] are typical for the payload units.

A. Rationale of the study
A common design approach in satellite thermal @dng to thermally insulate most of the satellite’sternal
surfaces, while allowing certain areas (radiatedeims or radiators) to reject heat to space. Thxttadis sized for

2
International Conference on Environmental Systems



the hot case. The hot case usually representothbication of highest internal dissipation, extétmeat fluxes and
degraded optical surface properties.

To operate most effectively the radiator emissiviis to be as close as possible to a perfect bladi. At the
same time the solar absorptivity needs to be asal®wossible. The ratio between absorptivity antssinity (a/e-
ratio) directly impacts the heat rejection capadtyd/or the possible size of the satellite and &y its
competitiveness, specially with regard to the tefemunication satellite market.

Once the radiator area is determined, it is andlygkether it can also accommodate the cold casen ie
satellite is subjected to the lowest external Hieet and reduced equipment dissipation. In the amde, a high
infrared emissivity is a disadvantage. Togethehlite radiator size, a high infrared emissivity ¢ead to units
falling below their minimum operational temperatlireits in cold case. To avoid that, heaters angallg used to
warm up the equipment to compensate for the ladktefnal dissipation and external heat fluxeshéitgh being a
simple and efficient solution to overcome low temgberes in the cold case, heaters consume a signifpart of
the installed electrical power, which is a limitezsource in any spacecraft. This is of particutapartance for
recent telecom satellites which use electricaltaidiising. The electrical orbit raising to geosiatiry orbit takes
several months and is a cold case because thétsatehot fully operational. Hence the availablectrical power
is preferably dedicated to the electrical propulgiather than for the heating of the satellite.

In these conditions the capability to reduce thitative heat loss toward deep space by tuninghtéerto optical
properties of the radiator surfaces is of cruagigdiest. The most widely used technology for chagghe thermo-
optical properties is louvers or shutters. Louv@rshutters mechanically adjust the view factonleen the radiator
and the cold sink and with that the amount of hieat is rejected by the radiator. Specifically, tbaver includes a
bimetal or similar actuator for driving blades, dading on the temperature of the radiator. Theddate movable
to increase or decrease the effective area andftiierthe temperature of heat radiation surfaces,increases the
amount of heat radiation at a high temperatur@duces it at a low temperature.

However, if thermally efficient, a louver is bulkiieavy and expensive. For all these reasons itdsuset
adapted for a telecom satellite with large radmtaith an area of tens of square meters and/or digtstic
constraints on cost and mass budget.

Hence it would be desirable to have a radiator mevith a coating with a high infrared emissivityd a low
solar absorptivity in the hot phases of the missém a low infrared emissivity in the cold phaaeschematized in
Figure 1.

This study was thus launched in order to develah susolution under the form of variable emissiibatings
(VEC), with a focus on thermochromic (TCH) and &lechromic (ECH) materials.

High emissivity in IR

¥

Low emissivity in IR

v

Conservation of
thermal energy

Evacuation of
thermal energy

Hot case Cold case

Figure 1 : Need of variable emissivity radiator fora spacecraft

B. Thermochromic and Electrochromic solutions

Thermochromic (TCH) materials can be adjusted toalde as poor emitters at low temperatures, and good
emitters at high temperatures. They have been peapand partially implemented since the early 2@80Smart
Radiator Devices (SRD) or Variable Emissivity Radia (VER)'®. These smart elements are capable of supporting
thermal control on board of a spacecraft, withbetneed of any electronic feedback or electromeacabactuation,
and therefore at zero power costs. There are deypes of solutions proposed for smart radiatbet tange from
sintered tiles, and sol-gel paints, to vacuum flims. Interestingly, the combination of variablenigsivity and
solar protection functionalities has been largelgxplored, so far. A solar protection will allow ltmwver the solar
absorptivity of the radiator, which is an import@atrameter for coatings in space applications.

Another promising approach is based on electroclrdethnology (ECH). Common ECH devices operate in
the visible and the near-IR region (0.4 — 2.5um{l amodulate transmitted or reflected light intersitiupon
application of low voltage (1 to 4V). The advantageeCH for space applications is thus achieveadbgpting the
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infrared emissivity of a surface. This potentialswdentified by the space community and the devatn of ECH
solution was part of many technological road mapsesthe early 2000°5™.

C. Obijectives of performance for TCH and ECH materials

The impact of variable emissivity coatings on guaaft systems and associated major requiremenésrits of
design and performance were first investigatedugtinoan internal system study. The main savingseaeli by the
use of VEC coatings concern in particular heatiog/gr, mass, size and cost of the overall systemekample,
depending on thermo-optical coating performanceurapsions, mission definition (LEO or GEO) and tyglic
utilization (payload and/or platform) up to 50% béating power could be saved. In our study thisingav
corresponds to a reduction of solar array surfaped 20%) , a reduction of hardware for activered control and
batteries, and a reduction by up to 50 days oHleetrical Orbit Raising (EOR) duration. These atdeges could
be achieved if the change of the emissivity ocauithin a suitable range of temperature, typicalgtvizeen 10°C
and 40°C.

For this target TCH and ECH the high emissivitywdde as close as possible to a perfect black bodyder
to optimize the heat rejection capacity of the litgen hot case without enlarging the radiativeas, compared to
the standard solutions such as optical solar tefledOSR) or Second Surface Mirrors (SSM). In eguence the
emissivity of ECH and TCH should be similar to to&tOSR or SSM, i.e higher than 08 in order to need the
same radiator area in hot cases. Likewise the ablsorptivity at any temperature shall be as lowassible with a
target of 0.20 EOL for the same reason.

The emissivity variation of both TCH and ECH hade as high as possible in order to save a maxamalnt
of heating power in cold case. An emissivity vaoatof at least 0.3 was identified as minimal tarfge giving a
relevant saving at satellite system level.

For TCH the emissivity transition temperature tasdcur in the range 10°C-40°C in order to be Udefua large
number of applications on various types of spacssimins. A transition temperature higher than 4@&i$ to an
overheating of the satellite in hot cases.

For ECH the emissivity transition is electricatlgntrolled. For the same reason as above thisitiangas
to be possible at least in the range 10°C-40°C, tfietpower necessary to control the ECH has fower than the
resulting saving in heating power.The related nesqnent for a large applicability range was conpoWwer lower
than 10W/m2 which is less than 10% of the heatimgqr saved by the desired 0.3 emissivity changbetmduced
by appropriate voltage application.

The integration of the variable emissivity coatisga relevant issue for design. For this a tileedagpproach
was selected. The tiles have to be attached tmathiator with adhesive in a similar way as OSReast for TCH. A
tile size of 40x40mm?2 was selected for TCH, whistsimilar to current OSR tiles. For ECH the targjetsize of
50x50mm? was a chosen as a good compromise betithiedimitations of integration, operating effortadathe
optimization of electrical and thermo-optical permf@ances of the device.

The logic of the experimental study was first &sign and manufacture prototypes of TCH and ECHerias,
and then to test them in aim to verify the comptmrof their performances with functional and ogersl
requirements. After this evaluation phase the momtising technology will be selected for the mamtfiring and
testing of a VEC radiator breadboard.

It should be noted that ECH is more complex thatHTWdth regard to its integration and control withime
satellite system due to the fact that it is anvactechnology. Hence, besides the material andepsodevelopment
discussed in this paper, ECH requires further dgmrmaknt on operational and system aspects. Thasesisge part
of the technology road map but are out of the sadpkis paper.

II. TCH & ECH material design & manufacturing

A. TCH material design & manufacturing

Since the 90's the development of thermochromictiega has been mainly progressed around two main
materials : Lal-xSrxMnO% and VOZ°,

The development step described in this paper casdé®2 based TCH material and was focused on ogtigni
performances, shifting the manufacturing from labory to more industrial facilities and performiegvironmental
and functional testing on individual tile level. & CH tiles were designed on the basis of a pdignCEA
(Commissariat & I'energie Atomique) and CNES (Genfitational d'Etudes spatial2s)This was done in a
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collaboration with ICMCB (Institut de Chimie de Matiére Condensée de Bordeaux) for their expeitiz¢02
materiaf?.

Functional TCH devices on silicon substrate samplese first achieved and validated at a laboraswale by
CEA. Three initial functions are necessary to abtathermochromic stack (Figure 2, left) that imptiant with the
requirements :

0 W doped VQ thermochromic material

0 Ag reflective base with CeQlielectric material

0 (CeQ/SiO,) Dielectric multilayer for solar protection

n_n_nzoﬂ
ceO;
Ag

Subslrﬂte
les (4 % 40

Siti A .
Figure 2 : TCH multilayer stacking (patented design) (left), 40x40mm?2 solar protected TCH tiles (righ}

The aim of the doping of VE£by W material is to reduce the TCH transition tengpure from 68°C (pure V4D
to 20-30°C, which would enable a larger applicatiange. The first samples were realized at CEA imuati-
cathodic sputtering laboratory reactor. Processrpaters were then transferred from CEA to IREISt{tat de
REcherche en Ingénieurie des Surfaces, part of GEfip) for an adaptation to industrial means. HaveVEA
and IREIS means are significantly different on sav@oints, especially regarding the chamber dize,coating
mode and the target size. A higher production cidipats provided by industrial processing, butaiso leads to a
longer coating time. Hence the process stabiligab®e a critical parameter in part due to the use lafger sized
target.

The full stack is made of 20 layers (many of theomstituting the CeO2/SiO2 multilayer) using 5 diéfet
materials. In CEA and IREIS, the process flow wagded in 4 steps using a deposition machine amalng
equipment. During the first step, several targetem@s were used to create the reflective baseinQuhe second
step the thermo-active layer was made using V antngets. The third step was a thermal treatmeuired to
obtain the thermochromic crystalline phase of vamacbxide.

In order to reduce their solar absorptivity, theHrlles were covered during th&' 4tep by a solar protection
coating. This thin multilayer coating acts as atefiferential mirror and aims to decrease the salmorptivity
without degrading the emissivity of the tiles.

The deposition process of the reflective base hadolar protection initially developed on laborgtequipment
at CEA, was successfully transferred to an indaisequipment at IREIS with only few adjustmentswéwger, a
specific development was necessary for,V€alization. After the implementation and contsbtwo specific means
such as an in-situ optical regulation of the Asfpasma and a vacuum chamber devoted to the angesaéip under
Ar/O, atmosphere, IREIS could synthesize functionalntfuehromic thin films in a repeatable manner fogéar
surfaces. V@ characterization was done in a first approachREI$ were a resistivity bench was specially
improved to allow the observation of the switchnfrsemi-conductive to metallic behavior after crogsthe
transition temperaturel{). The thermo-optical response was validated ceveglt samples in a reduced wavelength
range (at Hubert Curien Laboratory near IREIS) e/h#sistivity and X-ray diffraction (XRD) were perfned at
ICMCB for detailed characterizations.

A proper VG phase and composition was achieved by very aayradntrolling the oxidation level during the
coating process and also during the annealing step.

Encouraging results were obtained with tungstenedopamples. Tiles were fully manufactured at IREIS
according to the process steps described in Figufée tiles coated with the full TCH stack wereugttterized for
thermo-optical validation on the required rangavaf/elength.
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STEP 1 Reflective base STEP 2
Active layer TCH

Mirror
) - VO,
L W
Target 1
Target2
Target3
STEP 4
Solar protection

Figure 3 : Process flow implementation in IREIS failities

B. ECH Material design & manufacturing

Organic materials and among them electronic comuygtolymers (ECPs) have been studied as electsathr
materials and represent now an important clasdeafreactive materials investigated in academic idistrial
laboratories. ECPs have promising electronic, apt@nd electro-chemical properties. Among the nooer
applications with ECPs, the spectral electro-mdituan the infrared region opens possibilitiesdtvelop organic
infrared (IR) electrochromic devices. The LPPI ladtory (Laboratoire de Physico-Chimie des Polyméeses
Interfaces, Cergy University ) has developed s2@@8 all polymer-based Electro-Emissive DevicesOEE made
of inter-penetrating polymer network (IPN) of pdtiyleneoxide), Nitrile-butadiene rubber and pol{3
ethylenedioxythiophene) (PEO/NBR/PEDGTY as shown on Figure 4. The emissivity variatiotthef active layer
results from a modification of its IR-properties d&yplying a bias voltage. EEDs are similar to etettemical cells
with two electrodes separated by an electrolytee [Hiter is necessary to ensure the ionic condugtibhin the
electrochemical cell. One of the electrodes, onctvtthe active layer is coated, is the working etat#, while the
second electrode acts as a counter-electrode (geeH).

Layer 1
Layer2 —
Layer3 ——

Active layer
(PEDOT)

lons reservoir membrane
(PEO/NBR)
Counter-electrode

(PEDOT)

PEO network
PEDOT

Figure 4 : Schematic representation of the tri-layeNBR/PEO/PEDOT IPN (up) and its connexion frame
(down)

By changing the bias voltage, a change in theatidd degree of the ECP active layer is induced.gxample,
by applying a positive electrical voltage, the &etiayer can optically switch from a high emissstate to a low
emissive state in the infrared (see figure 5). ©higinality of EED architecture made by LPPI is ttHeCP is
interpenetrated on both sides of the host matriinduts formation (i.e. in two steps the devicefabricated and
cannot delaminate).
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Figure 5 : Electro-emissive effect on LPPI IPN dedes

The flexible polymer tiles are deep black in colmd have a high solar absorptivity (>0.9). The rsola
absorptivity has to be strongly reduced to limiedheating in case of application on an illuminasedface of the
satellite'®. Hence some propositions for various encapsulatieans or coatings for electro-emissive device$XEE
have been realized and tested :

- Thin film with solar reflective multilayer deposit¢SiO2/CeO2 based Bragg mirror) (CEA and IREIS)
- Thin film painted with various thickness of spacmlified white paint (CNES and Thales Alenia Spage-
- Germanium based thin film (LPPI / Thales Researth®echnology/ Thales Alenia Space-France)

Figure 6 shows the electro-emissive devices (EBDh&ir connection frame and covered with the varicoatings.
Figure 7 shows pictures of 50xX50mm? ECH samplebawit connection frame. The left picture shows a=ED
sample and the right picture shows a sample withm@eium based coating.

EED

+Bragg mimor  white pamt (12 white paint (20  white paint (28
) um) um)

Figure 7 : EED sample bare (left), encapsulated witthin film coated with Germanium (right)

The best compromise between solar absorptivityugton and IR transparency was found for the EED
encapsulated in Ge coated thin film through nuna¢rémd experimental activity aiming to optimize thytical,
electrical and mechanical design. This finding esaavith other studies found in the literafilre
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lll. TCH & ECH material testing

A. Test plan

A test plan was defined and executed in order tckhthe functional performances of the TCH and ECH
materials/devices and their resistance to spacecemuent. Tests were conducted on coupons of varsizes. The
TCH coupons had a size of 40x40 mm2 and ECH coupadssizes of 20x20mm?2 and 50x50mmz2. TCH and ECH
coupons were put through a series of measuremantfuactional performance tests, which are detaitethe
following list:.

Measurement of functional performance

- Total hemispherical emissivity over a temperatargge from 5°C to 80°C (TCH)

- Total hemispherical emissivity over a voltage rafrgen -1.7V to +1.2V, at ambient temperature (ECH)
- Solar absorptivity and its dependence over the samperature (TCH) and voltage (ECH) range

- Evaluation of emissivity hysteresis over tempem{ItCH)

- Homogeneity of the emissivity across the tile stceféf CH and ECH)

- Mass and area specific density of the tile (TCH B@dH)

- Peak and steady control power (ECH)

- Stability of the emissivity versus time with andhdgut power supply (ECH)

Environmental testing

Measurements of thermo-optical performance (IR tspekemispherical emissivity, and total solar aptwity)
were performed in accordance to ECSS-Q-ST-70-09measurements of thermo-optical properties of therma
control materiafs, before and after the following testing sequemceriler to assess their possible degradation:

- TCHonly:

o Equivalent of 1 year of UV exposure for a satelliteth or south panel i.e. 1112 Equivalent Sun
Hours (ESH))

o Hygrometry : 7 days, 45°C+3°C, 93% relative hunyidib%

o Handling and cleaning: adhesive test and isoprdpeleaning test representative of integration
process on a radiator

- TCHandECH:

0 100 thermal cycles in the temperture range [-56°T0)0°C], of which 90 cycles were at ambient
pressure under Nitrogen atmosphere and 10 cycleseeaducted in vacuum

o Long term thermal endurance (LTTE) test: 90°C&00 hours (TCH) and 144 hours (ECH)

o Outgasing test according to ECSS-Q-ST-7042C

B. Test results

1. TCH material test results

During the test, the best performance was obsemwedn-doped samples (pure VO2) with solar protectAn
emissivity ofe = 0.76 was measured. The solar absorptivity wassured to ber = 0.44 and also to be
independent of the temperature in the measureddaextyse interval.

The emissivity increased from 0.38 up to 0.76 dher measured temperature range. This means anityiss
contrast ofAe = 0.38.

As shown on Figure 8 the transition temperaturenafoped tiles is in the temperature range 50°@t& Wvhich
was expected. Yet, also the W-doped samples, wdrielsupposed to have a lower transition temperadlitienot
show clear evidence of this commutation in the terature range from 0°C to 50°C. This point is tlealgof a
follow up of the project. Besides for undoped sargoh hysteresis effect of +10°C on the commutatanperature
when heating vs. cooling has been observed (natrslom Figure 8). Finally, the homogeneity and ssfacularity
were measured and it was found that they are gimail@alues measured in OSR tiles.
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Figure 8 : Spectral IR reflectivity measurements @ft), and total integrated IR emissivity variationvs
temperature (right) for a TCH sample with solar protection and undoped VO2

Apart from the reduction of solar absorptivityetholar protection coating showed two other pasigffects.
First, it increases the maximum emissivity by ab@5. Without the solar protection coating TCHegilshow a
maximum emissivity of = 0.5, while TCH tiles with solar protection casgs show a maximum emissivity of=
0.76. Moreover the solar protection also protegfairst environmental effects. In particular theasgirotection
coating protects VO2 physico-chemical propertiesirgg humidity. This finding was confirmed by andéibnal
and dedicated hygrometry test.

No degradation of solar absorptivity was measuffeel ghe exposure of the solar protected TCH tie&JV
radiation. However, a small increase of the trémsitemperature for the change in emissivty wastifled, which
requires further investigation.

The TCH tiles showed no major sign of degradatifterahe thermal cycling and endurance testing. The
outgasing test results were compliant with ECSST@#8-02C requirements (RML < 1%, CVCM < 0,1%p)
Finally, all handling and cleaning tests perforntedthe TCH tiles confirmed the compliance with thdustrial
integration process for thermal radiators.

A summaryof the results of the TCH coupon testgiven in Table 1. In brief, the testing of the TGikes
revealed performance close to the requirementgHaut are still some improvements needed to enfmoduct
phase. The most critical are the reduction of thiarsabsorptivity by at least 0.25 and the decredidbe transition
temperature by at least 35°C.

Testing/measurement | TCH VO2 with Solar TCH V02 wio Target/Requirement
protection solar protection
High emissivityeH 0.75 0.5 >0.8
eH contrast 0.35 0.4 >0.3
Solar absorptivity 0.45 0.53 <0.2
. Transition 50°C<Tc<70°C 55°C<Tc<75°C 10°C<Tc<40°C
Design & temperature
Functional Hysteresis +10°C on Tc wheh +10°ConTc | As low as possible
T increase when T increase
Homogeneity DeltagH <0.01 No tested DeltzH <0.01
(@RT)
Area 40x40 mm? 40x40 mm? 40x40mm?
9
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N2 Gazeous No impact oreH No impact on [-50°C; +100°C]
thermal cyclingTC anda eH anda
[-50°C; +100°C]
Long Term eH slight decreas¢ Not tested 600hours @ 90°C
Thermal Endurance @RT
(600hours @
+90°C)
UV exposure (1112 No impact oreH No impact on | 1 year UV in GEO on
ESH) +10°C impact on emissivity north/south panel
Environment Tc (1112 ESH)
Outgassing RML < 1%, CVCM Not tested ECSS-Q-ST-70-02C
< 0,1% OK with
ECSS
Hygrometry (7 No impact oreH Not tested ECSS-Q-ST-70-02C
days, 45°C, 93% anda
relative humidity)
Handling & No impact oreH Not tested adhesive, isopropanol
cleaning (adhesive anda
isopropanol)

Table 1 : TCH testing results vs requirements

2. ECH material test results

The maximum emissivity for the Ge encapsulated EES measured to kee= 0.75. As such it is lower than for
OSR standard tiles, which have a maximum emissofity= 0.84. The ECH Ge tiles have a range of emigsofit
Ae = 0.22, between high and low emissivity state. Geemanium layer on the encapsulated samples isignify
reduced the solar absorptivitydo= 0.44, compared to a bare “black” ECH tile witk 0.9.

During environmental resistance testing it was olexk that after the 90 thermal cycles in Nitrogeb0fC;
+100°C] the ECH are still commuting but, their pemance is slightly degraded due to damage of ithe. t
Specifically, the ionic liquid leaked out which gemted the nominal commutation effect. Then, dfterlong term
thermal endurance test (6 days at 90°C) the ECHmitv@ptical properties showed no degradation e¥en a
leakage of ionic liquid was detected again, ag #ffie thermal cycling. The tile performance was sueed after the
test and the performance was found to be quitelasirtm the ones before test. ECH tiles are compheith the
ECSS outgasing requirements (RML<1%, CVCM<0.4%6)

Electrical measurements were also performed on EIEsl A peak power consumption of less than 10W/mz2
was measured for the commutation control with gruinvoltage of -1.7V and +1.2V. In steady state plosver
consumption was less than 5 W/m2. This value isptiamt with expectation. It is less than the heatpower
needed to compensate for the emissivity changelthaase.

A summaryof the results for the ECH coupon testingiven in Table 2. In brief, the testing of thE€HE tiles
showed promising results, especially for the Geapsalated samples. However, further improvemenés ar
necessary in order to compete with the performafic@SR based radiators, in particular for applaagi on large
telecom satellites. At tile design level the maaes of development are related to the furtheratioiu of the solar
absorptivity and the prevention of electrolyte lagé in thermal vacuum environment. Additionallyy #6CH
significant work is necessary on system and integraspects as it is a connected and active téopyno

ECH non encapsulated ECH-Ge encapsulated Requirements

High emissivity 0.73 @RT 0.75 >0.8
(Hemispherical) Reduced at -20°C

) emissivitycontrast 0.3 (constant vs 0.22 >0.3

D(feS|gn & temperature above 0°C
performance =g, oy absorptivity 0.95 0.44 <0.2
Switch -20°C ; +50°C No tested 0°C; +80°C
temperature range
10
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Power steady : <5 w/m2 steady : <5 w/m2 <10W/m2
(peak~10W/mz2 for less| (peak~10W/m? for
than 5 sec) less than 5 sec)
Area 40x40mm2 and 50x50mm? 50x50mm?
50x50mm?
Memory 17h @ RT, Not tested > 1 hour for T>0°C|
At least 1h @-20°C &
+50°C
N2 Gazeous Slight impact on TO properties [-50°C; +100°C]
thermal cycling emissivity but visual BOT/EOT
degradation due to measurements likely
electrolyte leakage impacted by the
leakage
. Long Term 144 hours @90°C only Not tested 600hours @ 90°C
Environment . v
Thermal No impact on emissivity
Endurance
Outgassing RML < 1%, CVCM < Not tested ECSS-Q-ST-70-02d
0.1%

Table 2 : ECH testing results vs. requirements

IV. Conclusion

For the TCH materials, this work allowed for thansfer of the technology and knowledge from labesca
production at CEA to near-industrial means at IRBEF, leading to larger tiles and full TCH stackREIS
successfully manufactured more than 20 TCH tildk an area of 40x40mm? and a good reproducibilitytese 20
tiles.

Promising functional performance was observed coatpavith the defined requirements, in particular thee
emissivity profile of the undoped tiles The saespthowed a maximum emissivityef 0.76 and a transition in
emissivity of Ae = 0.38. The solar absorptivity was reducedide 0.45 with a solar protection coating. This is a
significant improvement but it is still higher thaaquired. The doping trials with tungsten did pobvide the
desired results since the transition temperatue68aC rather than the target of 25°C.

The testing campaign also revealed a resistantieeof CH tiles to the space environment that islaimto that
of common OSR. However, further life testing mustgerformed on future generations of tiles to cbidate these
findings.

Future improvement steps identified by the tesfihgse of TCH tiles will be focused on the furthetuction of
the thermochromic transition temperature (Tc) tigtoa maturation of the doping process, and thectamuof the
solar absorptivity through a further R&D activity the solar protection optical design.

The work on ECH tiles showed promissing resuligeerlly for the infrared emissivity and its cormstraThe
main development efforts were spent on the encapsulof the tiles with the aim of reducing theasahbsorptivity.
The solar absorptivity was reduced by a factomaf from initially a > 0.9 toa = 0.44. Although this is a significant
reduction, the value is still too high for a spapglication and has to be further reduced withriR&D activities.
For the emissivity the results are quite promisiiih a maximum emissiviy of = 0.76 and change in emissivity of
Ae = 0.22. Yet also for the emissivity further impemwents are necessary in order to compete withiatoadased
on OSR.

The resistance of ECH tiles to space environmexst partially assessed. The tests indicated a fiitefistance
of electro-chemical and optical performances totiteemal and vacuum degradation but also ident#iedajor area
of improvement which is the electrolyte containménirther tests such as UV exposure on encapsuiategles
also still have to be conducted.

Finally, the issue of the implementation and ofiegeof ECH in a satellite system is also to besstigated.
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