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ABSTRACT

The tether is a device used in space technology to perfode atéineuvres -eatry operations, to create
propulsion or to generate energy. In practice, the tether is a conducting wire that interacts with the surrounding
plasma, thanks to its electric field. The tether taken into consideration in this stneytéttiee developed in

the frame of the electric solar saiséit) technology. The peculiar feature of this technology is to use a number

of km-long wires, electrically charged at4020V positive potential, which gain momentum from the electrons

of the interplanetary plasma in order to generate a low and continuous thrusfTinespagtther is a mullti

wire structure composed by four wires bonded ultrasonically. The tether material currently consi@egid is Al
alloy.

In the literature, AL%Simechanical properties at the micron scale have not been extensively studied at variable
temperatureand for this particular applicatidhoreover, due to the fact that the tether diameter is in the order

of micrometres, its mechanical properties mayendirectly derived from the ones of bulk aluminium. This is
because of scale effects, such as the di mension o

The optical properties of the surface, moreover, strongly affect the equilibrium températietber in

space. It is therefore crucial, after having estimated the effects of the temperature on the b&vehiohterial

has both a structural and an electrical fungtiossess to which extent coatings are capable of modifying the
equilibrium temperature in space. In the past, the emissivity oktiet&her has been measured by heating

the wire in vacuum while measuring the voltage drop across the wire. However, no measure was performed for
the absorbance, so it was not possible tawletere whet her t he opti cal proper
fitting the requirements or not.

This research includes ag@pth analysis of the properties of this material thanks to a mechanical test
campaign carried out at different temperaturditions (from40°C up to 250°C) and an optical test
campaign aiming at measuring the tetinéssivity in the infrared region and the absorbanicethe optical
region. To this scop@ur coatings (ADs, TiO,, ZnO and TiZnO) have been deposibadaluminium samples
(both on tether samples and on flat aluminium plates) and their optical properties studied.

Mechanical tests have been performed using a Dynamic Mechanical Analyser (DMA Q800) from TA
Instruments. The objective of the tests wassesashe mechanical properties of the bare tether by performing
tensile tests at several temperatures above ambient temperature and at low temperatures using the DMA liquic
nitrogen cooling system.

The mechanical test campaign provided a detailed Viientrehd of breaking load with temperature. The
breaking load decreases at a rate of about 0.3Gn8lich information is essential to estimate the performance
of the Esail technology, since its thrust may be linked to the tensile strength.

While the di@ obtained for the breaking load provided good reliability and reproducibility, the data related to the
elongation to failure presented a higher variability. Possible sources of error have been extensively discussed &
the Digital Image Correlation (DI@gthod has been used to confirm the measurement of the displacement at
ambient temperature. The viscoelastic properties observed fel%8i Abaterial, mainly through the creep

test and strain rate sensitivity test, are also discussed.

The optical measements provided tt& sgparameter, crucial to estimate the equilibrium temperature in space.
All coatings seem to increase the operating temperature and the higheséA@tatis ofere obtained for

ZnO e TiZnO. For these reasons, such coatings are believed to impitosertaleconditions of the tether for
space missions to the outer solar system, where temperatures are lower.
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1. INTRODUCTION

The tether is a device used in space techrnolpgyform attitude manoeuvresentry operations, to
create ppusion or to generate enerfjypractice, the tether is a conducting wire that interacts with
the surrounding plasma. When a potential difference is applied, the tether genecttedialu ¢t

is usedo provide propulsion.

Depending on the spéciapplicabn, several configurationstethes have been proposed and
studied. The tether taken into consideration in this studyheyteéhedeveloped in the frame of the
electric solar sail {&i) technology. The peculiar feature of tleisrtdogy is to use a numberkoi-

long wires, electrically charged at402KV positive potentjalhich gain momentum from the
electrons of the interplanetary plasma in order to generate a low and continuous thrust in space.

The tether materiaklected ithe frame of the ESAIEP7project was AL%Si alloy. This choice was
mainly driven by thiermability capabilitiexf this materialn fact, thetether is not a single wire laut
multirwire structure composed by four wires bonded ultrasonically.

The microstructuralaspecs o f t he t et hmotrsfesificalyaatdeessedan thewe r e
frame of the ESAILFP7 project, even if thetensile strength of the tether is one of the main
design drivers ad has a significant impact alsan the thrust performance®f the system
Moreover, the optical properties of the tethed surface(namely the absorbanc&/emissivity &
ratio), which have a dramatic impact on the equilibrium temperature of the tether, were not
extensively studied A specific study aiming atlinking the surface properties and the

mechanical performances of the material at diffent temperatires wasmissing in the

engineering design of the Esail tether in space.

In this work, the properties of this material have been studiedninbdéiptrelying on the literature
and by means of direct observations of the microstruetutieermore, a mbanical test campaign
has been carried out to study the response of the bare tether material to different temperature
conditions (from40°C up to 25C0°C).

The research also aims at improvingnidwerial propertied the tethers by applying specifidicga

The coating of the teth shoulde selected carefuliynce its optical properti@she emissivity in

the infrared region and the absorbantethe optical regiod strongly affect the equilibrium
temperature of the tether in space. Mageigely, the equilibrium temperature scales linearly with the

parametef | j -. When moving in the Solar system, the equilibrium temperature of a black body may
varydramatically, rangifigm 180°C near Mercury te200°C near Pluto. It is therefoceucial, after

having estimated the working temperature of the @etvtech hadoth a structural and an electrical
functiond to assess whether coatings capable of modifying the optical properties of the surface could
be employed.

Coatings may alsoveaother functions, such as preventing the cold welding of the metallic tethers
during the launch phasesithe frame of the ESAIEP7project Rauhal&t al(2013) demonstrated

that anAtomic Layer DepositioM[D) coating could reduce the risk of astldingdue to launch
vibrations. Howevethe main parameter contributing to the thermal equilibrium of the tether material
in spacé the| 7- ratiod had not beemeasureget
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Thisstudy aims at analysthg mechanical and optical propertigh@Esailtethers with the
objective to identify potential coatirig the frame of this PhD activity, four coatingsgZAITiO,,

ZnO and TiZnO) have been deposited on aliwmrsamples (both on tether samples and on flat
aluminium plates) in order to stulagir optical properties. To this scope, the absorbance and the
emissivity have been measured for a broad range of temperatures.

The work has been carried out mainly at the LIME laboraatrgréatorio Interdipartimentale di Microscopia
Elettroniyaf University of Roma Tre and in cooperation with the inventor of the ESAIL technology

and the Project Manager of E®AIL FP7 projedDr. Pekka Janhunen (Finnish &tedlogical

Institute).The coatings have been produced by University of Brescia with fiamditige region

Lombardia (MALDIT projectMechanical tests have been carried at the labddateryali

Multifunzionadf the University of Roma Tre, while the optical tests have been carried out by Sapienza
University of Romé&.ether samples have bgeovided by DrPekka Janhunen

After a description of the state oé thrt of the Esailtechnology, thistudydescribes the requirements

for the tethematerial. Afterwards, thedailtether characteristics are descriioedsingooth on the

bare aiminium material and the coating. Furthermore, the mechanical and optical test campaigns are
described and discussed. Finally, conclusions are drawn from this work.
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2. THE ESAIL TECHNOLOGY O STATE OF THE ART

2.1 SUMMARY
E-sail is a propellantgegropulsion témologyinvented by Dr Pekkardhunen in 2004 h&concept
of theE-sail thatmakes use of the solar wind particles to generate ithfinstly explaine@hen, the
theory underpinning the functioning of this concept is discussed, making refenermieysids
charged probe in a plasma. In the following section, the different componentssailtegsiem are
described. In the last part of the chapter, possible innovative applicatioBssailttechnology are
presented and the current afahped projects further developing the technology are illustrated.

2.2 CONCEPT
The Esalilis a propellantless propulsion technology that waseidsnDr Pekka Janhunen in 2004
(Janhunei®009). Differerily from the solar sail concept, whesploits the mtion of the photons
coming from the Sun, thedailmakes use of the solar wind particles to generate thrust. In space, a
conductive tether charged at a certain vo##lgerpositive or negative, generates an electric field.
The ions and electrons pesin the low density plasma of the solar wind interact with this electric
field, generating momentum.

Propellantless propulsion systenosiucea very low but continuous thrust. Therefore, dney
continuously accelerati@ver a period of months, @ar sail accelerates a spacecraft to incredibly
high velaities (10A50km/s or 20-30 adyear)(Wiegmann (2015)).

The idea of using tedlrs in space for different purppbas beefirstly proposed byario Grossi to
the Italian Space Agency and NAStheénearly 197@€osmoeet al(1997). A first mission, the TSIS
was then developed in 1985 and launched inTkI89ghission demonsteak the feasibility of the
concept.

Apart from longdistance missiongthers may also be used tadst a smallatellite at the end of its

life (Cosmeet al(1997, Janhune(2010). An example of thfsinctionistheJapanese Kounot or i
|l nt egr at ed T ewhérethsatélitegKeundtod,&untchéd in December 20&érried a
scientific payload aimingesting an electrodynartéther Phys.o(8016)).

Snce the 1970s,6h electrodyamic tethers have been considered for applictitioted tothe
Eart hds magn e tLaentp foreagererateditisanka tg thd chreent flowing in the
conductingvire. On the contrary, thedailis based on a differezdncep® the interaction of the
conductingvire with the solar wind plastand thereforeonly appliesutsidea plandi s
magnetosphere.

Zubrinet al(1991) were the first to proposetomakeu of sol ar wi nd momentu
magnet osphere around the spacecraft to deyect
Pekka JanhungR004), building on thisagnetic sationceptproposed to use a number of tethers,
km-long, atached to the spacecraft on one side and stretched out as sunburst, as-ghoeh in
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In order to stretch ouhe tethers, the spacecraft should be put in rotfihanks to a small mass
placed at the othép of the tetherthe centrifugdbrce generated by the spacecraft rotation puts the
tether in tension. The tether is then charged at a voltage in tlod kxterhe voltage should be
preferably positive, even if otBelutons havalsobeenstudied (Janhun€®009). The tether would
then generate an electric field and behave in space as an electron collgttgrtHellaangmuir
principle (Janhunehal.(2007). Anelectric current wid then flow in the tether. To be closkd, t
electric circuit would need aaatton gun, whicts responsible for expelling the electrons back to

spaceThe solar wind dynamic pressarenaverage aboutrfPa at ludistance from the Sun
(Janhuneet al(2007).

The Esailprinciple relies on the presence of a plaswea if with very low density. For this redson,
cannot be used inside a pHeRantethi®nseansitha) thesBil o s pher
worksaboveon aver age 10 t.iThslisitatomigvenfare stringérd the Eadhi u s
shadowdue to the elongated shape of the magnetogpasheinest al(2014).

The Esail system can be scaled depending on the payloaddnetbeeconfiguration. The

performances vary accordingly and are therefore not trivial to eStim#teust generated by the E

sail when going away from tBein, is inversetyrrelated witlthe distance from the Surhe

correlation can be approxiedto arinversely proportionahe This feature represents a big

advantage compared to the solar sails, for which the thrust decay is proportional to the square root of
the distance from the Sdrhe relation between the thrust émeldistance from tif&unmay be also
influenced byther factors, such as the decay of the solar wind density, theimtheasiéective sail

areaand the reduction of the solar panel power (Toivetred(R009))The 1/r relationship isased

on the assumptiahat thesolar wind density goes as afd that the effective electric widfthe
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tethers scales with density in the same way as the plasnariggiy@e solarllumination of the
solar panelslso scales exactly as,Mhilethe solapanel power miglscale somewhat differently
depending on technigabpeties of the panels.

As a reference, we can considatrdh 1 asolar distance thedailpropulsive system generates 1 N of
thrust. For payloads up to a few hundred kilograms of mass the charactisration would be 1
mm/s?, corresponding tD30km/s of kv capability per ye@tanhuneet al(2014). The characteristic
acceleration is defined as the acceleration achieved wh&alihspBcecraft is pointed directly at the
Sun (i.e., the sail plane is normal to the Sun vector) at 1 au.

The whole propulsion system includes not only the tethers and the remote units, but also the power
generation unit and the electron guns. The mass budget modes have beeratiidiezhat al.
(2013)Forexample, for a spacecrafii@®0kg, the resultinghass oainE-sailwith specific

acceleration of 0.1 mnmifis 74 Kg.

It is possible to tilt the &ail thrustup to+ 30 with respect tahe direction of the solar wind
(Janhuneet al(2014). A 30° tilting can be used to spiral inwards or outwardslainegstem. In the
first case, however, the absolute speed of the satellite will decrease duringMiaaedeawaing the
E-sailis not trivial when flying towards the Sun, when passing through the shadow of a planet
(Janhunemt al(2015)pr when ting at angles close to 30° with respect to the solar wind direction.

The development of the-dail technology has been partially funded by the European Union in the
frame of the FP7 project called OESAI LOG.

In 2015, NASA included thedail technology ile in the list of the advanced propulsion

technologies (TRL < 3) in theSpace Propulsion Systems Roa8mép015)), showing a

considerable interest in this technology. The main challenges identified were the quantification of thru:
magnitudes witonrorbit data, the demonstration of noninterfering centrifugal deployment of multiple
wires from a single spacecraft and the development-tifdpegtremely long bare wires.

2.3.THEORY
In vacuum, thelectrigpotential around a charged wire is:

In(ro/r)

Vi =V In(ro/rv)

Where is the distance at which the potential besagreand i s t he t et her ds r a

In the plasmaiowever, the potential vanishes at a lower distance from {ftomparedo the
vacuum case, becoming:

In[1+ (ro/r)?]

Vir) =1V
) =Voy, [1+ (ro/rw)?]

g1,

g = lee =2 ngez
Eg. a
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where_ isthe Debye length.

The spatial scale size of the electric field is reldbeDebye length of the plasni&e sheath radius
delimitates the area whtre space charge separation between ions and electrons in the plasma takes
place. Outside that spattee plasma in considered to be overall electrically Agdralectron sheath

width is estimated to 300 m at 1 a(anhuneet al(2010))For high voltagesmuch ligher than

electron temperature, as in our éatbe sheath radiesin be moréhanl10 times lagy than the

Debye length (81). The sheath size remgimsportional to the Debye lehgwith about one order of
magnitude difference between the iauesA s chemat i ¢ of t hieFigure2t her 6 s

Electron

Sheath region
nen, TN

® ~
: ) 1on

o,

Ion accumulation |
in sheath region

eutral gas particle
Bare tether \ \

(Positive blased part)

Vi P
< lonization

Figur@ Sc hemat i ¢ of tKhshihaetal(2008) 6 s el ectron shea

Janhunen (2004) made the hypothesis that the incoming solar wind protons see the tether as an
impenetrable barrier over the Debye leifigitie voltage is higher than #ieeticenergy of the solar

wind protons (aboutKeV). Therefore, henade a simple calculation for the maximum force acting on
a rectangular mesh of teth@igure3), underthe hypothesis @meshperpendicular to the solar

wind direction:

on D

wherer]  isthe dynamic pressure of the solar windbaisdhe area of the mesh of tethers.

77777 7%
V77777777
77777777
-
oS

r
i

A S A A R S N A

]

AR AN NN

7 7 7

Figur@: Schematic of adimensional mesh of fetheummen (2004)
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In the case of a single tether, the Arsacalculated as the ldngt the tether multiplied by the
effectivewidth of the tether. The effective width is proportional tother ot on st oippi ng
and was calculatadmerically by Janhunen (2006@)aining

i — Eqg.b

The dynamic pressure is:

n "D

where” s thesolar wind mass détysandi is the flow velocity.

wherenis the plasma density and the proton mass. Janhunen (2004) a&sghat at 1 an=7.3 cm
3 v=400km/s andfy = 2nPa.

The force per unit lengthenbecomes:

dF 5
e = Kmpnov“ryg
z Eqg. c

where the value of & 3.09was determined numerically by Janhunen (2007).

While the protons are repellddcaons are aticted by thesther due toheirpositive potential.
Electrons will therefore Obombardd6é the tether
flowing in the wire. If the electromsuldnot beexpelled from the tether (atin@ satellite) straore,

the overall chaegwould increase indefinitely. For this reason, an electron gun should be used to expel
electrons back to spagées.already mentionetigttether behaves likd_angmuir probe in spaaed

the orbital motion limited (OML) theargindescribe such behavig8anmartiet al(1999))As
explained bhen (2015 due t o t he enor mous disparity betw
length, each point on the anodic segmentd collect current as ifaere a cylindrical Langmuir

probe uniformly polarised atthe tetheip | as ma bi as 6.

In Figured, a bare tether in space is displdyettie anodic segment (from point A to point B) the

current increases atietvoltage difference between theath er and t he surroundi
decreasgbecoming zero ipoint B.. BetweemointsB and C, the voltage is lower than the plasma
voltage . This section is however skeoithantheanodic segmeand it is considereubt to lower
significantly té total current reaching tb&thode used to expel electrdnghis configuratigra

current is therefore established.
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Using equation)and equation)bwe obtain théollowingexpression for the proton stopping distance
i:

|

\/ exp [":3’{,2 In(rg/ rw)] —1

rﬁ‘ =

Substituting the previous equation in equa}javecobtain the expressiorttud force per unit length:

dF Kmpnovzrg

d—z B m vl
\/exp[ Ei,o ln(m/rw}J —1

The force per unit length results to be proportional to the square root of the electron temperature.
Higher electron temperature yield$ewelectron sheath and larger propulsive effect (Janhunen
(200%).Figure5pr ovi des the force per unit  A2Kkgth as
charged tether, considering average solar windaus)ditioduced 580nN/m thrust per unit length

at lau(Janhuneet al(2013). Therefore 100 tethers, each of themk2®long,produced 1.1 N of
thrust.
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Figur&: Force per unit length as function of voltage VO. Solidinarerior teampkerature 12 eV, dotted for 6 eV and dashed f
24 eV. The wirdlitgs is 10 um. Janhunen (2007)

For what concerns thelation betweetime forceandthe distance from the Suve can consider that
the solar wind density goes vpith , the solar wind speed remains nearly constant and the solar wind
temperature goes@s 7 . Therefore, we obtain:

11 1\7/®
F ~ ngrg ~ /noT, ~ = = (—)
r=r

r

More recent derivations provided even a dependence from the distance to the Sun of 1/rgfanhunen
al.(2010)).

The force decay slower thafor the solar sail case, which is propoatito 1/¢, thus making thi-
sailtechnology more interesting for missions to the outer solar system.

Accordirg to Janhunen (2010) and Janhehah(2013)undertheassumptiomnf a disance fron the
Sun of about 1 aand the current known solar wind paramiterforce per unit length can be
simplifiedas f uncti on of ¢t he tetherodés voltage V

R R
Wherefo = 24.16 nMm and § = 24.16 nMmkV (Janhuneret al(2013).

The main parameters describing the performance of a space propulsion system are the thrust and the
characteristic acceleration. Depending on whether we hgliv@awer propulsion system, such as a
chemical rocket, or a low power propulsion system, such an ion engine, either the thrust or the
characteristic acceleration bethe main parameterionferest for the technology. In our case,

being the Esaila lowpower and continuous thrust propulsion system, the characedsteration is

to be consideredhe characteristic acceleratbihe Esailis (Janhunest al(2013):

wheref is the force per unigngth of the tetheN is the mmber of tetherd, is the length of the
tethers anththe spacecraft mass.
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Quartaet al(2010)presentnission design results for a range of charactergtierations from @ 2
mm/seé. By contrast, 0.5 mm/sés considered a high level of performance for a solar salil
(Wiegmann (2015)).

2.4E-SAIL SYSTEM
We may subdivide the components of tsailpropulsion system as follows:

1. High voltage subsysteiirhe edctron guns aregpt of this subsystem. The electric power varies
with the distance from the Surer@rallythree electron guns are considered in the design, for
redundancy reasomhs.order to distribute high voltage and grounding alaagquently used
method consisiga havingarelatively lovenergy (e.g. 1 kV) electron gannected to a
common internal bus that maintains the electron gun at its voltage. Eachtéibartave
its own small, higéoltage source, thalowing armrhtrary differential modulatiori @ther
voltagegJanhunemt al(2013).

2. Main tethersThe main tethers are the core of trmaiiiechnology, since their interaction with
the solar wind generates the thrust. They connect the spacecraft with the remote units and are
stretched thanks the centrifugal rotation of the spacecraft, as sindvigure6. A typical
spin period isome éns of minutes (Janhuretral(2013). Since the main tethers should
withstand micrometeoroids bombardment, Jantetred(R0L3) propose to use a base wire to
which three wires with smaller diameter are boRapad6). Heytether is roughly equivalent
to the crissrossed fouwire hoytether proposed by Heytal(2000), but is comgred to be
easier to manufacture by the ESAR7 project method, thanksthe use of a single base
wire. The heytether was invented by Henri Seppanen.

3. Main tether reel assemlidgfore deployment, the tether is keptdenthe reel thanks to a
motorigdmechanismThesystem is algesponsible for the release and deployment of tether
in space.

4. Auxiliary tetherTheauxiliary tether is used to connect the remote units in order to avoid
collisions between adjacent tethers; its current design envisaggesfapton(Janhuneet
al.(2010).

5. Remote unitsThey arglaced at the tip of each tethad are used to dynamically stabilise the
tether rig reducing the needacfive control (Janhunenal(2010). Each remote urtitosts a
propulsive systefor controllingthetéter r i gd s etahdoiB). (Janhunen

6. Tether cameras and controllédre cameras are used to verify the actual position of each
remote unit. An exgpte of such a subsystem for the imagining of the tether andritasni
repored inKuusteet al(2014.

7. Power generation subsystdimissubsystem includtése solar panelsheir deployment
mechanism aral power processing unit

8. Telemetry, ACS, thermal and structline requirements fidris subsystem goemarily
related tolie payload characteristics, but they should also include functionalities related to the
E-sailpropulsion system. In fact, the spacecraft should be put in rotation in order to keep the
tethers stretched and it should be tilted for the purposanafeuvrig.
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Figuré: Configuration ohthetisedahuneet al.(2013)

In an electric propulsion systeéhg power conditioning unit has a large mass impdut eatellitenl
a similamway, the structure of thedail systerhas to beconsidezdin the overall mass budget.
Janhuneet al(2013) developed a mass budget model for the entire sppogmedéd with ai-salil
system. In thpaperthe authorassume to know the characteristic acceleratidheapayload mass
and power

As an examplghe mass budget for arsBilsystem with characteristic acceleration of 1 mm/s is
reporedin Figure?.

Payload mpay (kg) 100 200 300

: thruster } Number of tethers N 44 62 86
| | Tether length L ( km) 153 194 20.0
i : E-sail thrust at | AU (N) 039 070 1.00
[ i E-sail power Py + Peg (W) 409 720 1026
L~ T ey Payload idle power ( W) 125 250 375

: )\ auxiliary reel | Payload duty power ( W) 125 250 375
| auxiliary assembly : Main tethers Nmuy; (kg) 779 139 19.8
I tether . i Main tether reels Nmms (kg) 921 148 208
: Ji‘\majn tether | Electron guns 3 /meg ( kg) 120 213 305
T HV source mys (kg) 798 142 203
Cameras and computer ( kg) 1.48 148 148
Temote unit Remote units Nmyp, (kg) 43.1 593 776
Auxtethers ( kg) 26.1 329 340
Power system msa (kg) 320 616 913
Telemetry system ( kg) 25.0 500 750
Thermal control ( kg) 931 181 269
ACS (kg) 13.8  24.7 353

Structure ( kg) 48.9 87.0 125

20% margin ( kg) 652 116 166

Total without E-sail ( kg) 248 490 732

. E-sail effective (kg) 143 206 264

main tether
Total (kg) 391 696 996
solar panel
\:‘_iﬁj’ E-sail mass fraction ( %) 36.6 296 26.5
* E-sail specific acc. mm s 2) 273 338 3m
a) Schematic view of the ESAIL with remote units § b) Smcecraft mass budget
auxiliary tethers

Figur@: Speecraft mass budget fsadsyg&em with chexiatic acceleration of 1Janfisnen al.(2013)
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2.5 POSSIBLE SPACE MSSIONS
In the first part of the Phproject while studying the-&al technology, the investigationpofksible
applications teto the contribution to the peer reviewed article publishedRnateedings of the Estonian
Academy of Sc{dacdunert al(2014). Werecalherafterthe main findings of the study

Themai n | imitation in the use of this technol o
magnetosphere. Moreowiie current Esaildesign foresees a range of operatiahg iSolar system

between 0.9 au and 4 bwt this range can be eventually extemdthe futureAccording tahe study

carried out by NASANViegmann (2015)he systeroould evemrovide accelerations up to 30 au;

therefore, one interestipgtential applicatiorould be travelling to the heliopause.

In order to compare the-&ilwith electric propulsion systems, different parameters are to be selected.
As for electric propulsion, the mass of the system and the thewategeare important parameters.

Possiblde-sailspace missions are:

- Terrestial planets and asteroids @lstmation of theleltaV increasgewith respect to
chemical propulsion missionsisntionedlsuch a¥enusMars and PhoboMercuryand the
Asteroids

- Maintaining noiiKeplerian orbitgFigure8), which could be used perform lelioseismology
from a lifted orbitre mot e sensing of the ,Bbaervethegand Ear
planet auroramndmonitorof off-Lagrange point solar wind

- NearSun missions

- Boosting to the outer solar system

- Impactors and Dataligpers

- Asteroid resource utiéison

Tw
5
Zig

orbital plane

A sailcraft
=

circular orbit

h

' iy
Sun @) 5

Y
/ R

T

Figur8: Layout of neplerian orbilengaét al.(2009.

A representation of a scientific mission to the giant planets (Jupiter, Saturn, Uranus yégtune)
benefis froma sngle launchis reported ifrigure9. For easier visualisation, the detailsaanthe

data from the atmospheric probe are relayed bygshi laother spacecréfingby the giant planet
are shownonlyinSatérs c as e .
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Figur®: Scenario for four identical atmospheric probes to all four giant plankitssinatveipdletzaiodiytésianespace,
ESA, and NASAJanhunenal.(2014)

Resourcesuch asvater, othevolatiles or metals could be in the future mined disiaroids and the
transported by the-gail. This could be used kfting satellites to a higher oritfor manned

exploratiormissiongo Mars, asteroids and other bodies. An example atisagk reported in
FigurelO.

Manned oy YU .
exploration [ { MARS ) )
M A 4

Space
station

E-sail
spacecraft

a Volatile \
Metal asteroid -"\,'_L)

asteroid
FigurdQ Asteroid resource utilidatibnnetn al.(2014)
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2.6.CURRENT E-SAIL PROJECTS
Several activities have been undertaken by the internationairapaagtycto further develop the-E
sailconcept.

At the European levelhe Estonian satelli@ubeSatEstCubel (Figurell) embedded the first£ail

concept test in spadéhis CubeSatves theresultof the workof a team of students waslaunched as

a piggyback on board a Vega launch on 7 May 2013 from the European Spaceport in Kourou, French
Guianato polar 8n-synchronous 6&mn orbit. EstCubel is aCubeSatade of one single unit.

Themain tashf the Esailpayload wa® measure the strength of thedtl effect in low Earth orbit
There the satellitbas a differentelocityfrom the ionospheric plasntia,is reproducing in a smaller
scale the solar wind behavidlre Esaileffect was supposed torheasurefdy monitoring the spin
rate of the satellitsince if the tether is charged when moving in the opposite directioplasie
streamthe spin rate woulthendecreasd.o thisend the Est@be1 satellite wasrpvided with a 10
m long tethe(Envallet al(2014). Unfortunately, the test could not be carriedsite the tether
deployment was unsuccessful (Slaviets&l2015).

Orbit trajectory

Spin axis

Tether

Figurd1 EstCubg satellite. Left imaitjes://www.eleetdiing.fi/projects;irightt attetal.(2014).

In Finland, another mission (Aalipis currently being developedhwhe aim to test a 100 rrshil
tether. The Aaltd is aCubeSamade by three g, with dimensions 30x10x10 eoRortalDirectory
(2017)).

In 2012 NASA decided to start a project related to-ta@l Eechnology called Heliopause Electrostatic
Rapid Transity&tem (HERTS) (Wiegmann (201Bhe project was funded by the NASA Intigea
Advanced Concepts (NIAC) for six months and selected in the frame of the US National Academy of
Sciencefbs 2012 Heliophysics Decadal Survey. T

1 CubeSatare nanosatellites with the dimension of 10x10x10 cm and a maximum weight of 1 kg per unit. This type of
technology has been widely used in recent years, mainly for training purposes and tdoodegtedpace missionishw

students all around the world. This technology was also used in the project QB50, which @otiesist Bilt by

different research centres, universities and companies. The QB50 project is led by the Von Karman Institute in Belgium.
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feasibility of a mission to the hedges of the Solar Sgfstdmliopause, in less than 10 years using the
E-sail as the main thrust system. The cruising time would be significantly faster than for the Voyager 1
which travelled at a speed of 3.6 au/year. The results of the study were extremely positive and
confirmed the feasibility of such space mission. In addition, the thrust at 1 au for an applied voltage of
6 kV was estimated as 2500 nN/m, about 3.5 times higher than what was foreseen bgtkinhunen
(2013))Wiegmann (2015) concluded that the systethconle o0 devel oped within
meaningful heliophysics science and outer planetary science returns 2tle2@®@5t i me f r a me
of the main changes in thes&il system design proposed by NASA was related to the deployment
method. The authr proposes to deploy a group of wires by using just two rockets to reduce forces
applied on the tethers during deployment.

In 2015, the HERTS project has been selémte@dtwaoyear granfunded by the Phase Il NIAC
Fellowprogramme. fie objectivef the project waso perform the firsexperimental activity on
groundof the Esailconcept and to collect modelling dake on-ground testing activityas started
in 2016and a of Spring 201fhe results of the test) activities have not bediaclosege by NASA
(Nasa.g¢2016)).
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3. MOTIVATIONS

The Esail material has been selected ifrahee of the ESAIL FP7 project-2oSimainly on the

basis of the requirementlated to the possibilityto create the complex structure of the heytether
usingultrasonic bonding arfd) to minimise the total weight,vaidl be discussed in the nekapter.

The microstructur al ,hewevemdresnotgpecifitallyaddtessddimehe 6 s m
frame of the ESAIIEP7 projectthey playnonethelesa crucial role in the determination of the

mechanical performances of the tether due to its geometry.

Even if AF1%Si wires can be produced in the form of very thin wires with micrometric dimension
diameter and can be bonded ultrasonically quite eakilyyaerial imainlyused in the electronics
industry for packaging purposes. For #saiEtechnologgpplicatiopnhowever, the tethshould have

a structural function, ashould be always kept under tension during operiiomenver, he tensile
strengths one of the main design drivesiace the thrust level is roughly proportional to the usable
tensile strength per mass density of the tethers.

Snce thdaether diameter is in the order of micrometres, its mechanical propertedise diredy

derived from the ones of bulk aluminium. This is because of scale effects, such as the dimension of th
grainsand the ratibetweenthg r ai n 6 sandtl h a mé & & h eFor@&sampldingefateak e r .
(2002xhowedhat the flow stress decreas#l increasing miniaturisation, since free surface grains

show less hardening compared to the inner volume brairatice,le strength of specimens

containing only a small numbegddins acrasthe cross sectigiecreasesith the ratiobetween the

wire diameter and the grain diamétehis sense, mechanical properties of micrometrganere

strongly affecteby their production procesay et al(1999)), ai will be discussed in further detail in

the next chapters.

In the literature, A1%Si mechanical properties at the micron scale have nstuoked for this
particular application. Even if publications exist on the mechanical properiie%8i Wires.{u et
al.(2004)Panaheet al(2011)), they focus on the applications foeléetronics industriloreover,
extensivetudies on the breaking load of this specific matdnadriable temperaturgsre not found

A second area of study was r el at einttethedsaitihiae op't
technolog needed fotravelling in the Solar System, it would face a variable operating temperature
along its life. Depending on the optical properties of the surface of the tether, namely the ratio betweel
the absorbance and the emissivitypartkde distance &m the Sun, the range of temperature to which
the tether 6s malcauldvery Hramaticaily. kh thib @ntextxtipedesnperature may

even affect the mechanical properties dether by processes sucleraep.

Even thoughn the frame othe ESAILFP7projectsome preliminary studies on tiptical properties
of the surface and coatirigs/e been conducted, the results were not conclusive. In fabg only
emissivity of the wire was measuipetino measure was performed forabhsorbare. Therefordt
was not possible to determine whether the optical properties of the coating were fitting the
requirements or not.

The motivation othe work was therefore twofo(g:investigating the mechanical behaviour of the

tether material, bylagng it to its microstructure and production pro@esdji) studyinghe optical

behaviour of its surfaceuchanapproachaiming alinkingthe surface properties and the mechanical
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performances of the material at different temperatassn praate missing in the engineering
desig of the Esail tether in space.

In order to fill ths knowledge gapwas decided to perform mechanical testhe bare tethersirg

a Dynamic Mechanical Analy3ére objective of the tests was to assess the noatipaoperties of

the bare tether by performing tensile tests at several temperaturasdabel@the ambient
temperaturelhe results of thiscaivity will be published inpger reviewed journal in the near future.
Furthermorea study of the #dmicLayerDepositioncoatings properties was carried out together with
theUniversita degli Studi di Breq®/BALDIT projec) andUniversita degli Studi di Roma "La
Sapienza"
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4. REQUIREMENTS FOR THE TETHER MATERIAL

4.1 SUMMARY
First, he requirements for thether material and coate@ discussed, building on the results
emerging from thESAIL FP7 projectThe requirements related to the tensile strength and the
thermal equilibriurare the core of this work and are therefore analysed in moré&ltkstahme
material options for the bare tether are considered. Finally, the coating requirements, with particular
regard to the capability to modify the optical properties of the tether surface, are discussed. Other
options investigated so far, as well as piioduwtoncerns, are also taken in consideration.

4.2 MAIN TETHER REQUIREMENTS

Themain requirements for thedailtether have been identified within the ESARPIZproject
(Koivistoet al(2011), Seppnen (2013), Rauha&kal(2013)) and are recalled hiteea

The selection of the tetherodos materi al i s bas

- Vacuum compatibilitfrthe tether material should be vacuum compatible. The vacuum
compatibility of metals is good, while polymer solutions or coatings should-Qaafede

- Tensile strengtffhe tether has to withstand the statit gprresponding to weight o§Halso
considering the crossing of an eclipse region). The tether material should have a high (> 10
MPa) and stable tensile strength in a wide range ofdamge as discussed infti®wing
paragraph

- Massdensitfhe mass density of the tether should
weight has e estimated for differentdailmissions by Janhunenal(2013).

- ResistivityThe tether will ctéct electyns in the solar wind plasma ahduld have a high
conductivity to minimise the power loss due to Joule effect. Considering a copper wire with
conductivity at r oo'manhumenf2604)estimated a lehtinggpOwer( MU
of 8 yW fora 30kmlong wire. The resistivity of steel is considered sufficient.

- Resistance to electron bombardmEme. tether material should sustaielentron
bombardment of 280 keVwithout significant material degradation. Moreover, it should
sustain sparks case of failures.

- UV degradatiorThe material should have an excellent resistance to UV exposure.

- Operating temperaturEhe equilibrium temperature of the tether may affect the mechanical
properties, such as the creep, of the tether material. Tibeieouiemperature depends on
the surface properties, which may be altered by the presence of a coating. The coating may ev
degrade due to a clganin the temperature. Thes&ilis preferably used outside eclipse regions
in the solar system to avoidden temperature jumgkhis topic has been studiedhe solar
distarce range 094 auby Janhuneet al(2015. The survival tengpature of the electronies (
20°Cto +70°C) could be considered as an indicatinge of operation for thedail Megls
are good candidates for this purpose. For
have a lovabsorbancm the optical range and a high emissivity in the infrared range. The exact
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opposite is required when operating in the outer sstemsWetals are generally highly
reflective. Coatings could be selected to tune these parameters.

- Micrometeoroid resistandke tetler should be designed to minartise risks of failure due to
micrometeoroid impact. Such requirement has been stutiegast by Sturmfels (2Q01)

The response of a tether struetir space has been investigatéte frame of the MAST
space tether experimégHbyt et al(2007)using a CubeSat. It was estimated that the lifetime
of a multiwire structure increaseamhatically the survival probabilitlegyrel?).

- Workability of materidh order to create the structure needed against micrometeoroid impact,
the production process of the multre systentthe heytetheghould be affordable. In that
sense, the tether material should have a high workability. In the case of metals, aluminium has
good workability while titanium poses more problems. If coatings are to be considered, the
impact on the productigrocess of theeytetheshould be taken into account.

- Deployment frictionDuring the assembly of the satellite, the launch and the early operations,
the tether is stored in a reel. Especially during the launch, the reel is subject to high vibrational
loads that may gse undesired bonds between thestlAfterwards, these bonds could
prevent the complete deployment.

- Cost.In order to estimate the final cost of the technology, not only the cost of the material
itself is to be considered, but also the cost of the pimupcocess of the muliiire system.

- Lifetime.The lifetime requirement of the tether is 5 years.

- Other requirement3 hetether should not be magnetic in order not to interfere with the other
subsystems of the satellite.
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Figurd2 Survivability of the MAST-witdtitether to the impact of micrometeoroids and orbital debris in spalagecompared to ¢
tether of equal rimdet al.(2007).

4.3.TENSILE STRENGTH

The Esailtethers should be always kept under tensiargdyserations. To thénd, the satellite is
put inrotation.Thereforeie t et her s moti on ivectocandiher ol | ed b
centrifugal force. Thesultingorce will have a coning angle with respect toripi@altethes plang
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similaly tothe case of the helicopter bladé® felation heveenthe electric sail force and the
centrifugal force fsirther explained by Toivanenal(2014).

The centrifugdbrce should be such that it overcomes the propulsive thrust by a factot 6f Als
a consequendejs assumed thtte tether should withstand a continuous tensile force corresponding
to about 5 g in the eEa{2003hds gravity field (Ja

In Figurel3the Coriolis forces the G vectgmwhile the thrust is the F vector. The direction of the

solar wind is also indicatedVToivaneret al(2017showed that the resulting shape of the tether

0i's such that near the spacecr hefeastowardséhenmp ot s
this coning is flattened by the centrifugal f

FU vF,=T, T

Figurd3 Forces applied on the tether. Electric sail tethevé&hioknsotil unit (blei}Koivanest al.(2017).

Ashby(2010)dentified the main performance inftaxa cylindrical shape matediating tension as
the ratio between the tensile strength and the material densityinmfdet to minimise the weight,
we need to maxise the tensile strength/density parametes.can be clearly understood by noting
that the stred3@n the wire is equal to the tensile [Daivided by the cross sectional &e@hetotal
weight of the tethewi s t h e ma t3multipliad by tke lesthgthrarsd ithe gross sectional area
A. By isolating the terf, we obtain:

0 -JYD.

This equation clearly shows that to minimise the total weight of the tether, Bigissiornbe
maximised.

The tensilstrengtiof the tether is therefore one of the main design dsuass the thrust level is

roughly proportional to the usablesienstrength per mass density of the tefhleespecific
acceleration as a functi on ohasbeeh estimated bg Janhdnerf f e
et al(2010)as shown ifrigureld The 10 MR curve corresponds to ultrasonically bonded aluminium
tether.100 MPa has been selected as a representative value for carbon fibres and/dvid#icon car
fibres, while 10 GPa fohgpothetical carbon nanotube tethi¢ith a better material, having 10@avi
strength for instance, the available thrust would be ten times higher.
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Figurd4 E-sailspecific acceleration as function of thrust for four tether usable tensile strength values. Desterdéines are cast
is thinner than|i8. A system base mass of 10 kg and a voltage of 30 kV are assumed. Dotted horizontal line gives the leve
at laufor reference (propulsion system reaching solar gravisuatigelensideredeverJagdboen al.(2010)

In the case of thAaltel satellite, thiensionof a 100 m long tethas a function of the angular
velocity has been simulat@sl shown ifrigurel5(Khurshidet al(2013). The maxinum tension has
been estimated at around 19 mN, for an angular velocity of almsstTiedmaximum tension
point is estimated at 5.3 m length.

0.02 : .

———_

-

-~ A3
0.015p Vooes
/ -
0.01F/ . .

/
0.005 T g

Tether Tension(M)

u 1 1
200 150 100 50 0]
Angular velocity[Radians]

0.02— T T T T

0.015-;r ey .
0o1f

0.005 r N |

20 40 60 80 100
Tether length [m]

Tether tension(N)

Figurd5 Tether tension as a function of the angudrtetiecigrigtihe AakbsatellitKhurshidt al.(2012)

As described by Toivanenal(2017), a tether voltage modulation is required for the maintenance of
the sail attitude. For this reason, the tensile fonog constant over time, bubhasa certairdynamic
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For instance, whdtying throughaplanetary or moon eclipse, ththers can undergaynifcant
contraction andxpansiomiue to temperature variati@d@nhunest al(2015). A maximum increase
in tension of 0.7 g is foreseen during eclipgeoscillations of the emdasdakeplace at a frequency
lower than 0.1 HAn example of the dynamic behaviour of the tension is sh&iguial6.
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Figurd 6 Relativadiative tieg, tether temperature and tether tension as function of time in circular orbit round Mars and De
The right panel shows details around thaxi e K 6 f r o m Jantueehad(2085) 6 s st ar t .

4.4 THERMAL EQUILIBRIUM A ND THE | / DPARAMETER
In space, the only heat exchange mechanism is radiation. Depending on the distance from the Sun, tr
Earth and other planets and bodies, the thermal equilibrium of a spacecraft or coagmnent
derived.

According to the StefdBoltzmamd law, the energy radiated from the surface of the Sun per unit area
is equal to:

O .Y uv®&YDpm —OvuX oy ¢ dp nwfd
where, is the Stefn-Boltzmann constant (5.6696X18/(m2K*).

Since the surface of a sgheri % andiiferenergy is conserved, the radiated flux per unit aaea at 1
scales asand becomes 1367 W/m2 au(Figurel?):

Y ©O —0 :—:lpiaropn p O @

This calculatioholds forthe solar cestant and a fixed distance of the Earth from the Sun. ty,reali
due to the Solar variaticarsd the eccentricity of the orbit of the Earth, the scdaliance changes
with time at the Earth position.
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Figurd 7. Radiated flux from theBumy/en.wikipedia.org/wiki/Solar_cynstant

In thermal equilibrium, dle contributions to the energy balance are:
n Bn N n n g N n

In thermal equilibrium, the powediatedy the tether is:

n -0 D oY Y

where

- - is the emissivity; the hemispherical emissivisygenerally consideradegrated in the
range of frequenciebBum (corresponding to a black body with a temperature in the range
250 to 300C);

- 0 is the rathting area of the surface, equal to the total surface area of the tether;

- Tois the temperature of background radiatdth (adiating properties similar tblackbody
radiating at 2.7 K).

For many applications, the temperature of the emitting bamy Gase the tether) is much higher
than 2.7 K, so weandiscard the terfiy:

n -3 B 7Y
The absorbed power from the Sun is:
n YD P ATHD

where

S is the solar constant, 1367 V¥/m

| is theabsorbangaet is generally considered the sddambanceg , integrated in the range
of frequencies G2 8um (covering 95% of solar spectrum)

- A.is the area of the surface exposed to the Sun

- —is the angle of incidence (the angle between the surface normal and the direction of the Sun).

Consideing the mass budget modedduced byanhunewet al(2013 and reported iRigure7, a 1
authe electron gun poweri20W, the totalether lengtls 1.2 km and the total tether surface is
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about 600 f The resulting poweepunit length in this case is 1.2 \WAmgeneral) isin
the range of-2 W/m? and can be therefore discarded in this calculation.

In case the satellite is at a low altitudeirfd.gw Earth Orbit, LEO), the thermal power generated

due to aerodynamic dnag gshdl be also considered.
n g I D JE i
where

" is the atmosphere drag
AdraglS the area exposed to the air drag
[ is the anglbetween the surface normal and the velocity vector

-0 is thespeed of the satellite.

However, since the-gailoperates outside from the magnetosphere of the planets, this contribution is
disregarded.

When the satellite is close to Earth, part of the solar irradiance is reflected back from the albedo of the
Earth.

A wPoexd D J0A 10

where

a is the albedo of the Earthigtlialue ranges from 5 to 30 %)

- 0 is the area of the tether exposed to the albedo of the Earth

F is the view factor from the Eagphere to the tether (in LEO it is about 0.3)

I is the angle between the position of the satellite with respect to the Edehpasdion of
the Sun (seeigureld).

Maximum
Albedo

Fraction of
time in sun

Maximum Sun-——>

Inclination| B Range
0o 0-23.5°

28.50 0-52°
>66.59 0-90°

(B = Sun out-of-plane angle)

Figurd8 Anglen for the teth@osmet al.(1997)
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The radiated flux from the Earth due to infrared radiation is:

n - 233y D J0 - 30Y B J0
- X pu-D J0

where

- - is the emissivity of the Earth
- 0 is the area of the tether
- FeneaniS the view factor (0.5 in case of a flat seirthe Earth as seen from the spacecratft,

and a sphere). Iregeral, the followirgplds:6 "O 0 'O , where Eis the view factor
or the fraction of radiating energy which letheesurface 1 and reaches the surface 2.
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Figurd 9 Tethers view factossnet al.(1997)

We assumaeliscardinghe other minor contributiasthat:
n n

The equilibum temperature in this case becomes

- o o~ _

Based on the above equation, the final equilibrium temperature of the tether with a certain geometry
depends on the term whichis mainly dependent on th&face and/or theoating material. It is

important to note also that generally the fatic— is considered, where is measured over the

optical spectrum and over the infrared spectruMoreover, the above function is valithe
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simplified case of a cylingdrape tether arvdth the angle between the tetheewdirection and sun
direction bein@0°. We can refer to this as tlerst caseyroviding the maximuequilibrium
temperatureconsidering also ththe loop wireareall in view of the Sun.

Howeverjn the case of the-&il heyether—— is differentin order to calculate the area of the

tetherd , We consider a portion of the tether of lehgtBonsidering the simplified geometry
shown inFigure20, the extrnal area is:

0 00“XxQ c3>O“ A 0“1t & o3WO“ Iy W a
0 pma

So the final area of the tether is:
0 0 D pma

whered isthe length of one tether.

3 auxiliary
wires pi*L

pi*25 um
. pi*50 um

!
| Main wire |
1 T

L

Figur@0 Schematic of a heytethkerogingle

The black body temperature as a function of the distance from the Sun is refiguesRin
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Figur@l Black body temperature according to its distance from the Sun (igBdrmaye(@0&2albedo)
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The equilibrium temperature has been plotted as a function of the Sun distance and far gifferent
ratios, as shown kigure22 The influence of the planets is not considered inth@gioe t et her 0
thermal equilibrium is reported in Janhweteai(2015).
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Figur@2 Equilibium temperature plotted as a fun@ienoftheéi st ancatos.f or di ffer ent

4.5 TETHER M ATERIAL OPTIONS
We can make a first dowelection of material options based on the UV radiation and electrical
resistivity properties. To this eaglot was puced using the software datalss EduPack 2013
by Gran@ Design Limitaith the Level 3 aerospace database.

In the graph belo{Figure23), we see a comparison between the propertiesfirésincludedn

the Level TESagospace database and the propertigsiofiniumand stainless ste®rganic fibres

are generally not vacuum compatible and are prone to degradation due to UV exposure. Therefore,
they lave been discarded from the phiher materiabptions, not included in the CES database, are
discussed afterwards.
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Figur@3 Comparison of the UV resistance and electrici@hresistiudgsah the Level 3 CES aerospace database with the
aluminium and staisless

At first sight, some synthetilores such as Honeywell Spectra® polyethfilenegsimilar to the
Dyneemdibre) and theKeviar, havéoth UV radiation and electrical resistivity much lower than
aduminium.For this reason, in space these naddeaare protected by UV radiation with coatings, as
discussed in the following paragraph.

By using the parameter tensile stredigtigdity, we made anotkemparison among materiéfs.
Figure24, we carsee thatlamaterials alwe the line have a better ratidensie strength over mass
density compared tbe materials below the li@arbonfibreshave the best performance in this
respectOther plots showed thauainium with 99 % purityeven if noamorg the best materiais,
clearlybetter than gold, platinum and silver with commercial purity.
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Figur@4 Tensile strength vs density for different materials.

If we limit our observation to only the carffibnesand the best penfming metals, we obtain the
chart inFigure25.
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Figur@s Tensile strength vs density foabmaterthks threshold line
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In our analysigitanium and steel are discarded bethegare not bondable. Bonding is necessary to
create muhwire structure and to increasierometeoroideesistance. Eventdchniques are under
study, thesmaterialgre considered at present to be not enough advanced to ensure bonding with
both goodmechaical andjoodelectrical properti€Bischeret al(2013).

In general, metal wires can be good candidates since they are conductive, UV resistant and vacuum
compatibleHowever, it is also important to assess the impact of thermal treatmeatsetalth (e.g.
the dimension of the grains has an impact on the mechanicalupehavio

Synthetidibrescould be good candidatkslectrical conductivity is not a requiremi€apton has
been selected in th&EIL FP7project for the auxiliatgthers irthe form ofsheetsKolkko (2013)
However, foconductiveethers, the use ofapton haveen excluded several years ago following
some observations (wire damages and short circttitackirg/flashover) of #orbit use by the
NASA (Van Laak (1994 NASA Head Quarter recommends not using aptdf wire for any power
circuitdue to risks ofra trackingtransformation gblastic materi#tom norrconductive to
conductive through a process of surface degrgdation

In the Tethers in Space Han(aswkoet al(1997%) aluminium is considered asrtan choice for the
material of the electrodynamic tether.

Il nteresting information related tframetohttee t et her
MXER project(Sorensen (2001The MXER is anomentum exchange tether which has been studied

to propel spacecraft fronol Earth Orbit (EO) to Geostationary Transfer OrbitTG). Even if

some of the requirementg aot in common with thoséthe t et her ds -salat eri al o
technology, we repgdrere some considerations which could be of infEneskIXER project

(Sorensen (2003)) identifies several organic and synthetic materials for the tether, such as Spectra 2C
Zylon andKevlar The report assumes that the core tether would need tatédxd tooprotect the

surface from Atomic Oxygen bombardmentE®LSome portions of the tether could contain

aluminium or another metal with the objective to establish a poiéfeti@hce acroske wire. The

main figure of merit considered is oncenabaispecific tensile strength (tensile strength/material
density). Moreover, the tether would be confign@dnultistrand, crosknking configuratioto

reduce the risk of failure due to micrometeoroids impapise26 reports the properties for the

materials selected in the study.

Characteristic velocity (m/s)

Tensile Material
Material Strength Densigy

(GPa) (kg/m’) safety factor =2  safety factor = 3
UHMWPE (Spectra 2000) 35 970 1900 1550
PBO (Zylon) 5.8 1540 1940 1580
current PIPD (M5) 53 1700 1770 1440
anticipated PIPD (M5) 95 1700 2360 1930
Kevlar 276 1440 1380 1130

Figur@6 Tensile strength and material density for the tether material selected in the MXER project. Sorensen (20
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Steel is also used for sp@tkers, as it cdre produced in very thin wires. For example, the Nitronic
50 (AK steel) bplloy Wire Internationat tath be produced in 25 um diametiele wiresThe

Japaase project Kounotorior instanceembeds 700 m lomgagnetic tether madéaluminium

strands and steel witeveloped thanks to the fishnet kAmww (BBC.cof2016))A thin coating was
also used as lubricaBpéceflightnow(2ohe).

However, steéls d eabaut three times higher than alumid@isrhich implies thahetotal
weight of the tethersthree times highas wellThis cold be reflected also in a heawieight of the
tether reels andxliary units, and thereforetbe whole EsailstructureSteel couldlsoprovide
goodstability at a broader rargfgemperaturesZ00°C to +300°C). Howeverultrasonic bonding
capabilities are poor. Therefore, alternative solutiomsittewires struttires should be found to
protect frommicrometeoroidmpact

The NASA HERTSproject made a dowselection omaerials and decided to investigate two other
options Amberstrand wires and Mira@yarngWiegmann (2015))heir properties are compared to
the ones of aluminium and coppéeFigure27.

Filament count, or wire size 66 166 1 4 35ga 35ga
Diameter (pum) 230 370 142 142
Linear mass (g/km) 56 140 10 24 43 142
Each Wire length (km) 5 5 5 5 5 5

Wire mass (g) 280 700 50 120 260 860
Wire Strength (N) 41 105 15.00 36.00 1.96 8.04
Estimated material cost ($/km) 1300 1704 10000 25000 600 800
Est. Packed Volume @ 10 wires (cc) 140 350 125 300 961 961
Resistivity (ohms/m) & 3 | 160 70 1.77 1.08

Figur@7: Dowsselection of tethtarials by the HERTS project. Wiegmann (2015

Miralor® yarngare carbon nanotube (CNT) wires producedampcomp TechnologiessInc

composed of aligned bundles of CMth diameter afiundreds of microrend length in the order

of millimetresMiralor® is commercially sold as a single ply yarn with a dimeter of 13@gmagA

or as a ly high strength yarn-&ries)As an example, CNT yarns are considered as reinforcement
fibresfor pressure vessélgKim et al(2016).

The AmberStrand® fibyeroduced bgyscom Advanced Mateglseen also considered by NASA
for the Esail technologyt is made by an inner Zy®rfibre core, with high strength, and a
conductive metal outside layer. The dayer can be metallised with copper, nickéver §wo

types are commercially available, dependihg owiinber of filaments. The f8&ments type has a
diameter of 246 prandthe tensile strength is 5.8 GPa.

From our calculations, Miral®ICNT (A-series) and Amberstrand 166 and have different tensile
strength (0.318 and 5.8 GPa respectively) and linear density (0.01 and 0.159 g/m respectively).

2 http://www.alloywire.com/nitronic_50.htm|
3 http://www.nanocomptech.com/yarn
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However, their specific tensile strength is compé&able. 8 GP a & m/®LNT (A-serieb)i r al o1
and36 47 GPaam/ g for Amberstrand 166.

The bas@ae material for NASA is a 32 um gauge wire, 16500lomgt@nade by Amberstrand.
However, NASA is also considering the use of graphene materials developed by Manchester Universi
(Nextbigfuture.¢a01.6).

Kashiharat al(2008) recommendéal choose synthetiibres with high conductivity as reinforcing
materiglwith noinsulating coating on the surfadeis wouldreduce the risks ofching at triple
junctions

A very long term option for the tethers material could be upiegenducting wirehis option has
been discussed in Coset@l(1997. Howeverio achievesuperconduaigtempertures, thavire
shoutl be housed intabe with flowing supevoled (2° K) helium. The tube siwbe insulated and
capped at each end with a refrigeration system.

4.6 TETHER C OATINGS

4.6.1. Coating requirements
The performance of-Eailtethers can be significantly improved by coduingulk materiahs
discussed in our recently published paper (Hetsa2017)). The ean aims are to incredke
absorbance and/or the emissivity depending on the mission, reducing the risk of cold welding during
launch, increasing the diffusiglectance for optical visibility purposes. Moreover, the resistance to
the harsh environment of space, such as UV radiation and atomic oxygen bombardesredis
feature Indeed, synergic or separate interactions in the harsh aerospace envaomremke
corrosion, erosion, structure modification and surface roughening, thus degrading the optical, thermal,
electrical and mechanical properties of the tethers. An approach to mitigate these effects for different
types of tethers and external spadeparts consists of applying thin film coatings.

Considering the state of the art ofliegtethedesign and productiomgezess, the main requirements
for the coating coulde divided between requiremeatated to the coating properties and
requirenents relatetb production issueshe latter are described in the following paragraph.

The tethercoatingrequirementsalso studienh the frame of the ESAIL FP7 projeate listed below
and briefly discussed

- Space environment compatihilitite coahg should be space compatible. Generally, this
requiremenof vacuum compatibilitan be considered fulfilled for coatings produced with PVD,
ALD, CVD and other processes involving the use of low prdssine Low Earth Orbi{LEO)
there is a heavygsence of atomic oxygen particles (AO). This would quickly imply the copper or
aluminium wire strands to oxidise if the wires were left bare, without any coating. Following this
oxidation, the capability of the tether to interact with the surroundimg plesld decrease
substantiallfdohnsoret al(2003)) Several studies have been carrieglsnlity NASA(Gittemeier
et al(2005) to investigat the effects AO bombardment and UV radiation on coated tether
materials in LEO

- Bombardment of tether I20- 40keV electronsThecoatinghas to resist possible wearing and
material degradation caused by tsaiEspecific electron bombardment.
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Tail or ed endirg ontleetsjace missibe targegpace, the only heat exchange

mechanism is radiation. Therefore, the main contributions to the thermal equilibrium of a tether are
the absorbed power from the Sun, function ofbiserbanca and the radiated power by the
tether, which is a function of the emissivit
Earth and other planets and bodies, the final equilibrium temperature of the tether with certain
geometry depends on themeér(a 3, @hich is associated with the coating material. For this
purpose, a4 is generally measured over the Vi
Assuming a constant value of the emissivity, higher absorbance coatings may be chosen for
missiors to the outer solar system, where the equilibrium temperature needs to be higher, while
coatings with |l ower values of the ar& coeffi
(Hassaret al(2017))According taCooke et al. (1961dleallyi e t et her coati ng s
ratio in the vicinity of the Earth. The authors point out that pure aluminium oxide is transparent to
radiation in the visible region and that pol
shoudbeO.lnad & 0.9, with a ratio of O0.11.

Avoid cold weldingThe coating shall minimithe risk of cold welding, e.g. by providing low

surface roughness and low fricti©ald welding could happen argdhe spool wires due to
vibrationgduring launchrhis issue és been analysed in the frame of the EBRWproject and it

is discussed in one of the project reports (Raetha(2013)). A test aimed at measuring the force
needed to pull the wire was conducted using a load cell. Since the wire was coaexh thie st

the adhesion between the spool turns varied as it was unspooled. The force was ranging between
mN and 14 mN. Depending on the type of material and the coating to be selected, such test shoulc
be repeated in order to verify that the adhesiarebrtthe wire loops does not exceed the
breaking | oad of the tetherds material. | n ¢
high IR emissivity (high roughnessargrastingequirement§/Nenet al(2006)).

Highly diffusiveln order tomprove the visibility from the optical cameras, the coating shall
preferablye highly diffusive in the optic frequencies.

Low thicknessThe thickness shall be big enough for the optical properties of bare Al to be

modified but as little as possible theoto minimi® the total weight. In case the coating is

isolating, the maximum thickness which allows the collection of electrons from the solar wind shall
be estimated and cahsied (Jumisa first estimate . JanhunenBuch dimensional constraint

has in turn an impact on the selection of the coating material, since the emissivity of a thin film
changes below a critical thickness level, in the order of tens or hundreds of nanometres depending
on the material (Hassanal(2017)).

Preferably low sistivity Electrical resistivity of the coating is also a parameter ofngradance

for E-sail tetherdn order to facilitate the collection of electrons from the solar wind and reduce

the risk of sparks due to charge buddthe electrica¢siswity should be minimised (Hassaal.
(2017))Moreoveran insulating coating shoblelapplied tahe first portion of the tether for

safety reasons, namehatoid high voltagdose to other parts of the spacecraft. Therefore, the
resistivity requéments for this coating are higher than for the remaining part of the tether.
Goodduminiumicoating compatibilityThe coating shall have good adhesion withiAilumand

a thermal expansion similar to the one of baraiAium Each coating should alsestain

thermal cycling, especially in the case of eclipse crossing, and thermal variations due to difference
in thermal expansion between the tether material and the coating material. Such assessments hav
not been carriedut in the frame of this studyut are not to be disregarded.
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To improve the optical characteristics of the material, the concept of the double surface is frequently
used in space. For example, in the case of aluminium coated with aluminium oxide, the oxide coating,
having a sufficietihickness, would be opaque in the infrared wavelengths, while the substrate would
reflect the solar radiation. Therefore, this double surface would emit as gross aluminium oxide in the
infrared region, while reflecting in the optical region as bardwturiiinis concept relies on the

presence of a sufficiently thick oxide layer, which coaftblsed in most situations and for simple

flat surfaceAn example of a coating of this type can be found in Kiomarstd(2013)However,

for the case dhe Esail tether, an oxide coating with thicknesses in the pm range would not be
affordableFor a coating in the nanometre range, it is much harder to use double surface effects, since
emi ssivity is strongly af fueetdl(2083).oy t he coatin

Thedimensiomrequirement represents a real challenge in the choa®sabhg with double surface

effect such as the one described alimadatpouet al(2013 explairthatoonly a small portion of

volume below the emitting sudamntributes significantly to the emitted spectrum; this small portion

is defined as the critical thickness. The emissivity of a film with a thickness equal or greater than the
critical thickness is referred to as the bulk emissivity. If the emittingnsetinner than the critical
thickness, the concept of emissivity, as defined in the classical theory of thermal radiation, is not valid
anymoré Thisdirectmodel , based on Mectatiendl EléctsodyeamiEsadstioo n's &
a simple closkform expressin for computing the thicknedependent emissivity of filnfkgr each

material, the variation of emissivity agdiim thickness is calculagedl the critical thickness above

which no size efteis observed is determined. apoproxmateexpression ienproposed for

determining the critical thickness withoutgoeting extensive computations.

N
<o

-
<
R

Total, hemispherical emissivity &

Film thickness 1, [nm]

Figur@8 Total hemispherical emissivity of various mattigalobthe film thiclEdelatpowt al.(2013).

In Figure29we can see why a thfdkn has a different impact compared tioin film. For dielectric
coatings, it ihereforerecommended to increase the thickness of the coatirtprto obtain a
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higher emissivity. On the contrary, a very thin (few nm) metal layer could be used to obtain high
emissivity.

The critical thickness can be approximated as

t* = —In(Ac) 3,

cr

whereA_is the desired accuracy 9:=44mk,

The explanatioaf this phenomengmprovided by Edajpour et al(2013)ijst he f olhé owi ng:
emissivity of metals increases as the film thickness decreases because of the supplementary contribu
of waves experiencing multiple reflections atthe fiilmi e r f a ¢ e s . tldecoRtobutiordfiore | e c t |
wa\es experiencing mulepleflectiongxigs in both thin and thick filnand is nearly unaffected by

the size of the layévloreoveyothe waves emitted by the extraneous source volume within a thicker

film are not significantly attenuated in dielecstcs, that they have a strong effect on the emissivity.

As a consequence, the emissivity of dielectricdiim&i pur e vol umetric pheno

b

a
air air
wave absorbed
film : film wave emitted /
wave emitted wave absorbed o I—
substrate ‘ substrate %

Figur@9 Wave propagation in a thin film (a) and in a thick film (gt &d2ei3yur

extra source volume

4.6.2. Previous studies on tether coatings
A summary of the research carried out so far on tether coating is presented hereafter.

The final configuration of the MAST tether experiment, launched i(H290&t al(2007))was a
Hoytether consistingf three lines coated with Triton Oxygen Resistant (TOR) polymer. The coating
increased the tether mass Wy 2

Smilar studies have been conducted by NASA in preparatiorPtoplésive Small Expendable
Deployer System (ProSED&¥sionThe missiors an ororbit demonstration of the propulsion
capabilities of electrodynartethers in space. The objectwas toobtaina coatingvith a higher
absorbandemissivity ratio thabare alumilim, whilepreservinghe ability ofhie tether to collect
electros. The Conductve-Colorless Oxygen ResistatJOR) polymecoating provided ratio of
1.14(Curtiset al(2002))This technology overed by patefiohnsoret al(2003). Theproject also
investigated the possibility to use an insulating A@unegistymer coating, the TEB®P (Vaughret
al.(2000))

Lennhoffet al(1999) repora characterisation of the COR poly(Regure30). A coating with
thicknes25.4 punpresentea solar absbance of B and alermal emittance ofd) providing an
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over al | v a374iTee coating thitkeessy Howefer, is too high for-dwl Eechnology, as it
would be in the same order of magnitude of the wire diameter

Tensile strength 12 ksi
Modulus 300 ksi
Elongation 90%
Density 1.35 gem’
Solar absorptance 0.086
Thermal emittance 0.63

Glass transition 226°C

AO reactivity (cm? per AO) 0.3 x 1072
UV stability Moderate

Figur8Q Properties of the COR pbgméoét al.(1999).

Other tether coating options were investigatdickBandlesst al(2005)n the frame of the MXER

project to improve the surface properties of Zylon HRO coating was composed byAluminium

layer providinghehigh reflectityre e ded t o d e c yrardaasAkOstopHayer @ravieingr at i ¢
protection from AO antd)V present irLEO.

Othercoatingmaterials, such as Y(@henet al(2012)pand LCSMO(Perovskitemanganese oxides
(Fanet al(2013))aretemperature sensitisadare used to tune the emissivity of spacecraft suKaces
patent has bedited on this concept by the Boeing company in 2006 (CumletridR006)).

Frequency selective surfaces can be also produced with lithographic (fraukessd£2001), but
theyare not addressed in this stadyhey are believed to have production costs too high fesdlle E
technology.

Finally, studies have been carried out to assess the feasibility of the usearkddaation coating
materigle.g. calcium ahinate C12A7 electride,be used in a portion of the tether with the objective
to eliminate, or reduce, the need of a catfWidieamset al(2012), Chen (2015))

4.6.3. E-sail coating production constrains
Assuming that a coating for thes&l tetherwodl ma ke use of the oOtether
frame of theESAIL FP7 project, some additional requirements related to production constraints
should also be considered.

- Process and coating not harnfbanger for operators should be avoided.
- Processampatible with thESAILO t e t h e r Sinteathee gamd fynétionality of the tether
factory is alreadyqven, the coating process shaahplement theeytetheproduction process.
For this purpose, there are three options: (a) coating of the alwvinesitvefore integration in
the tether factory (in this case the tether shall be compatible with the ultrasonic bonding process);
(b) coating of the entireytethem-line with the tether factory; (c) coating of an dmtyeether
reel after the prodtion of the reel with the tether factoiyter a first attempt of AD; ALD
coating deposition, a sticking probleas experienced during unrBaluhalat al(2013). For

47



this reasorg coating methogerformed in line with the tether produci®préderable Rolkto-roll
processes would be the preferred option in this respect.

- Fast coating speethe speed of the coatinggess is a key parametethagjuantity of tether to
be produced for a single spacecraft could be significknmt X2 tethes = 400km). Moreover,
since the speed of the ESAIL tether factdsymgh, the coating speed should preferably be higher
than this value.

- Cheap proces¥he ost of the coating process shdwdén important element of consideration
the selection dhe technology.

- Handling Handling of the tether should be mingdis order to reduce the damage to the tether
during the production process

- Process temperatuférocess temperature shdaddsuch that it does not damage the tether
material A temperatre lower than 15@ would be preferable

Oxides such as alumina, titania, magnesium oxide, zirconium oxide and nitrides, such as AIN, deposit
using RysicaVapourDeposition (PVD) processasAtomicLayerDeposition (ALDYechniques

have good adhesi to alumifum and could be considered asomgstd e pendi ng on t he ¢
ratio.However, PVD processes are highly directional and obtdmimpgeneousoating on the

cylindrical surface of the tether is not trivial.

Rolkto-roll processes exisr PVD andfor the ALD technology. One exampfeoll-to-roll ALD
systems the Beneq WCS 500. Assuming a deposition speed of 2 m/mi@fopratducing 300 nm
coating wouldequire a speed of 10 m/h, which would be compliant with the speed requirement.

Ambient pressur€hemical Vapour Depositio@\(D) is suitable for Al203 and TiO2 lkibe
productiontemperaturesitoo high (400°C) and it ighereforediscarded.

Elecrolytic processes such as amdidis could be also considered as an oiggléet al(1969)).

In this caseabarrier typenodsationlayer could be produced, instead of the thick and porous
anodsation layer more widely used. The film is thin and compact, and can be produced quickly. The
thickness depends on the laappotential (about 14 A/V)h&bathsolution is very welglacidic of

neutral. This coating can be produced with a reel to reel process, in line, for exampESWIth the
tether factory. The tether would pass in the electrolyte bath where also the anode and the cathode are
present. In generalkfn tether weigh4&1 g, therefore its weigtduld be too low to be completely
immergedn a bath, since the material would tend to float on the electrolyte bath. In this case, reels
would be required to hold the tether in place during the anodisation. Three optidres could
considered in this caségure31). The martin black is a spepiadprietarytypeof anodisation
processwicely used for space applications

= W = - ﬁf

a) Tether floating on the | b) Use of pump for djuid c) Reelimmerged in the ba
electrolyte bath recirculation to hold the tether
Figur@81 Options fampotentielectrolytdtbfor tether anodisation.

L
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5. E-SAIL TETHER CHARACTERISTIC S

5.1.SUMMARY
In this chapter, the-Bail features are anatlysedepth. First, the material selected for tbailE
heytetherAl-1%Si) is presezd. Thenwe go througla literature review of tiosbaracteristics of the
material Furthermore, the results of an experimental activity aiming at studying the tether
microstructure and its electrical resistivity are reported. Finally, the four coatings produced in the frame
of this studyAlOs, TiO,, ZnO and TiZnO)re described and the results of scanning electron
microscope observations are presented.

5.2AL-1%SWIRE SELECTED IN THE ESAIL PROJECT
Based on the above discussed requirements, the HSAltoject selected both the material of the
tether and its structure. The selected configuration is haytetherTheheytethers a 4wire tether
made of aluminium (9988, 1% Si) wires with a diameter of 25 or 50 um.

The 4wireheyether is provided with a main wire (50 um diameter) to which 3 wires are attached via
ultrasoirc bonding (25 um diameter ea€igyre32). The distace between single bonds is 10 mm, the
loop length is 30 mm and the loop height is between 5 and 30 ming®€¢pP13)). The total

thickness of theeytetheshould be higher than 2 cm, but sh@uésent the lowest surface area in

order to minimise theoliection of electrons from the solar wind.

Figur82 4wire tether (left) and bonding detail (right).

In reality, 50 mN are to be sustained by the base wire, since the loop wires are only for redundancy
reasons and they aret stretched. Of course, should the base wire be brokemdpmmeteoroigdthe
loop wires need to take over.

More preciselyhe material selected for the tethehe frame of the ESAIL FP7 projecs Al1%Si

TABN 32umproduced b ANAKA ELECTRONICS SINGAPORE Pte. L# small amount of

nickel was added to the alloy for better corrosion resistance. Without nickel doping, the material was
scheduled for obsolescencel®Si is typically used for wire bonding in electronics, such as for
radiofrequencpower amplifiers. This material is therefore studies by electronic engineersefDanaher
al.(2011)).

The production of the ESAlheytethefrom the single Al wires is performed by a dedicated device,
the oOtet her Figured3 whichi§ maing hespansibla for the ultrasonic bonding
process (Seapenet al(2011)). A kmwire has been produced (Segpet al(2013)).
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Figur831 mage of t Bepeettdd20IB)er f act oryo

From the datasheet it results that the exact composition of the alloy is: Aluminium 98.995 wt% +
Silicon 1 wt% + Nickel 0.005 wt%ANAKA (2015)). The exact chemical formula-&/A%i

0.005%Ni. The CAS No.: 74295 (Al), 744@21-3 (Si),/44002-0 (Ni). Melting points: 660°€ (Al),
1410°C (Si), 1453C (Ni).

The production process of the alloy is descriliéidume34. The raw material, after fine drawing,
undergoes annealing at an unknowpéeature (proprietary information of the manufacturer). The
product is then winded to the individual spools, inspected and packaged before shipping to the
customers.
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Raw material Fine drawing Annealing
Comes directly from Tanaka To draw intermediate wire To heat-treat wire to acquire
Denshi kogyo K. K (Japan) in coil continuously to required size. customers’ required mechanical

form. properties (BL. EL).

z e . Winding
Packing & Sh I t : : 4 pa |
e lppmg u?pet o I X 3 To wind wire on individual "‘\
To pack and ship out Wire undergo visual inspection 1 o i
quality products and checking of mechanical SPOOTACEIRIIEY o
A customers’ specification
properties.

* All Activities shown here are conducted in Tanaka Singapore

Figur&4: Aluminium Silicon Bonding Wire ManufactigjmgttesF@ANAKA Electronics Singapare

5.3.STATE OF THE ART

5.3.1. Al-Si systems
In order to understand the properties el %S, it is necessary to begin by analysing the phase
diagram of the A$i system (sé&ggure39). It is a binary eutectic type phase diagram with limited
aluminiumand silicon solubility (Zolotorevayal(2007)). The melting temperature of pure Al is 660
°C. The maximum solubiliof silicon in aluminium is 1%5which is achieved at theestit
temperature of about 57, whilethe second phase is almost pure aluminium. The eutectic
composition has been largely debated in the literature and it is considered to be 12.6 % in weight of

silicon (Lasagei al(2008), Zhaet al(2013)).
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Figur&5: Al-Si phase diagraototorevsidyal (2007)

Concerning the microstructure, Seiral(2015) report three reference micrographs for hypoeutectic
(1.6512.6 wt% Si), eutectic (12.6 wt% Si) and hypereutectié (#%2Si) AlSi system@&igure36).

(b) -

(@ T

Figur&6 Al-Si microstructure foehtgxtic (left) eutectic (centre), hyper&ameica{rigaD?.

As for the case of ledid with hypoeutectic composition, when cooling from the liquid phase, the Al
1%Si alloy forms grains of ther@achd-phase at first. Then, precipitates offpbase, pure silicon
in this case, are formed, since silicon largely exceeds the solubility in aluminium at ambient temperatu

Another example of microstructure for different types of hypoeuteSiisysitesiis reported by

Kim et al(2017). In that particular case, even an unddsitebe containing Fe was present. It can be
observedFigure37?) that for the lower composition of Si (0.8 wt%) only small precmtedewere
present. Precipitatidree zones (PFZ) are present for 3 wt% Si composition around the eutectic
silicon. At 9.5 wt% silicon, the amount of eutectic silicon is further increased. More@tel. Kim
(2017) observed that the PFZ is evidentieedadissolved silicon having contact witkfiqgmmaed

silicon patrticle.
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Figur87. Precipitated silicon particles after aging for 4 h at 50BRif¢b}a3ASi and (c)-BJ5Si. Precipitafi@e zones
(PFZ) arpresent for 3 v@6ompositidimet al.(2017).

It was found that the Si precipitates have the usual diamumbgrstwith atomic volume 2%4
higher than in solid solution FCC (Van Moeti&l(1987)). Therefore, large stresses may develop on
agéng. An example is represented by the lattice parameted-phtse, Ateach, as a function of

ageing time iRigure38
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Figur88 The Atich phase lattice paragnases unction of ageing time t for the solidljdésshdacthakgetemperature
applied is indicated. Van M waiik1987)

The microstructure has a significant impact on éleanical behaviour of the gllay shown in
Figure39,
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Figur&@9 Al-Si Young modulus in various cdfiaiom®et al.(2005).

Examples of GuinigPreston zones in the-8l systems were identified in hypereutecfl0%Bi

matrix reinforced with 35% SiC partifMaetal( 2013) ). According to the
aging, spherical GP zones with a diAlbmatoxnd cr ys
produced by high pressure solidification. The lattice parameter of the GP zones is 1.62 nm and their
structire consistsof&git omi ¢ cl uster so.

54



5.3.2. Al-1%Si system
Aluminium with 1% content of silicon as alloying element is one of the most widely used materials for
bonding wires for packaging in the electronics industry. Pure aluminium, easily formable in small
diameter wires, is however very soft and alloying elemenesldeinsrease its strength.Si%
improves the mechanical properties of Al while maintaining its electrical conductivity and bondability
via ultrasonic bonding. Previous studies on this indardeanet al(1977), Krzanowskt al(1990),
Fitzsimmon®t al(1991), Geiblest al(2009), Agyakwet al(2016).

These fatures are crucial for theskilapplication, especially in order to create-minds, as
explaned in the previous sect®fiau (1994)). The ARoSi is therefore a hypoeutectic system, which
contains a quantity of Si lower that the solubility limit.

ASTM standards are used for these materials, e.g. ASTdLB48Tandard Specification for Fine
Aluminium1% Silicon Wiréor Semiconductor Led@bnding. Previous research suggests that silicon
particle size should be limited tofih®(Lau (1994)).

Typical specification values forl8bSi wire are shownFhingure40.,

Diameter, Tensile Strength Elongation
in. (micron) grams Yo
0.001 (25) 15-18 1-3.5
0.00125 (32) 19-22 14
0.002 (51) 38-44 2-6

FigurdQ Typical specificatios f@udl%Si wire. Lau (1994).

Aluminiummagnesium wires are also used for the same objeddig6Mg has even a better

breaking strength than-23Si wires. AL%Si and AMg (AF0.5%Mg and AL%Mg) doys ardooth

used for the bonding wires to strengthen the aluminium pdadwesy thin wires (Liat al(1999)).

The authors study the bikestrength, yield strength, elongatiorr@sidtance to corrosion, arguing

that the desired mechanical prapsrare obtained by an anneal or a stress relief at final wire diameter
and that corrosion of wires due to moisture penetration can cause serious wire degradation and
electrical open circuits. As also showgare4l, the authors find théte yield strength decreases
progressivg in the range 10C to 300°C andthen remains essentially constant up t6@G8AI-

0.5%Mg has the higheseak strengtht lower and intermediadnnealing temperatures, 2300

°C. Al-1%Si and AL%Mg have essentially the same break and yield strengths over the entire annealin
temperature rangedThe wire grain structure experiences recovery, recrystallization, and grain growth
as annealing temperature increases. At theisensiltcon tends to reprecipitate and coarsen at the

grain boundaries and in the matrix since its solubditynmniumis about 0.16% at room temperature
versus 0.25% at 400. The probability for silicon to precipitate and coarsen will incrdase as t

annealing temperature rises. It is postulated that this phenomenon has an embrittling effect. Below 20
°C, recovery and recrystallization predominate, and ductility and elongation increase as temperature
increases. In the range 206250°C, silicon pecipitation and coarsening predominates, and causes
elongation reduction. In the range Z58300°C, recrystallization and moderate grain growth
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predominate again and elongation increases. Abd\@ B0t silicon precipitation and coarsening,
and excssive grain gveth induce elongation reduction

WhileAl-0.5%Mg wirepresent a higher strength tharl2dSi alloy€Liu etal.(1999), they could be
moresubject to etrittlementfor low and intemediate annealing temperatdr&25°C - 300°C &
(low dongation to failure).

In the caseanalysed by the authdise cross sectional area of tham@liameter wire is 0.C8BY4
un?. Therefore, at 100 gram breaking strength, the strain is about 216 MPa.

250

—a— Al-1%Si —as—Al.5%Mg
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b) Yield strength of jfim diameter wires annealed at various temperatures
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u
|
|
—
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(=]

Elongation (%)

501

HAD 100C 1500 200C 250C 3005 360C 400C

Annealing Temperature (C)

c¢) Elongation of 7@mdiameter wires annealed at various temperatures
Figurd1 Mechanical properties ®3ilwigeliu et al.(1999)

A later study (Liet al(2004)) argsehat over 480C, the grains grow rapidly to ulimag grains and
single slip occurs easily, resulting in lower strength and greater elongbéiur). (10

The annealing temperature hasamgteffect on the silicon precipitates concentration and grains
dimension. However, even the previous history has an effect on the final mechanical properties (Liu
al.(1999), Lasaget al(2008)). Zenoat al(2006) also report that both coherertjmitates and

dislocation loops are present and that the usual diamond crystallographic structure was observed for ¢
precipitates.

The effect of the annealing temperaturtherdimension of the grains va#s observed on Au wires
(Takaget al(2016).
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Figurd2 Experimental results for the concentration of Si precipitates as a function of annealing tempsriéire. The anneal
Zenoet al.(2006)

Moreover, the annealing time at a certain temperatalsdaastrong effect on the final mechanical
properties (Liet al(2004)), as shownkigure43
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Figurd3 Effect of the annealing time on the mechanical-fhed@ieradsradlAl et al.(2004).

Lasagnet al(2008) show the TEM images of Si precipitates after water quenchiri@ ang4low
heating to different temperatures. In this case, the amount of Si (1.7%) is just above the maximum
solubility of the state diagram.
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Figurd4 TEM micrograph eLA%Si showing dislocation and loops (left) and icosrao8igngtas boundaries (right).
Lasagrét al.(2008).

Figurd5 TEM micrographs of queneh@&o8i samples after heating at 3 K/min t€,(&))23W0C, (c) 370C, (d) 420C
and isothermal holding at {€/2D@ and (f) 30 /1 h. Lasagret al.(2008)

Al-1%Si annealed bonding wire was observed with TEM in the lifsteawiag a fine and elongated
structure, as shownHigure46. Al-1%Si grains were aldwserved by Kinet al(2009).
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Figurd6 Microstructure of thecag/ed wire.et al.(2004).

For what concerns corrosion, kial(1999) demonstrated that both186Si and AD.5%Mg displays
severe intergranular caian. For this reason, other transition metals, such as Fe, Cu, In, Ni and their
combinations, could be added to the system in order to provide effective corrosion resistance.

5.4 BARE TETHER : MICROSTRUCTURAL AND RESISTIVITY ANALYSI S

5.4.1. Microstructural properties

5411 FIB/SEM images
A simplified version of the-g&ailheytethehas been observéat the purpose of this studyth the
Helios Nanolab 600 (DualBeam). This instrument embeds both the capabilities of Scanning Electron
Microscope (SEM) and of the FocussedBeam (FIB) systems, which allow performing both the
tasks of milling and imaging of the material surface. An image of the instrument installed at the
oLaboratorio Interdipartimentale di Microscopia ElettrOGid®IE) of University of Rome Tre is
shown m Figure4?7.
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Figurd7. SEMFIB Helios Nanolab 600 (Dualbeam) installed at LIME.

The observetleytethewas composed by a base wire wihns8iameter and a single loop wire with
25umdiameter.

The bonding point presented a rough surface resulting from the contact with the ultrasonic bonding tip
(Figure48a) and ) The different roughness could be considered as a positive element for what
concerns the improved optical diffusive reflectance. In fact, such bonding point could be more easily
identified by the optical camera responsible for monitoring the motion of the tether in space.

A cross section was then prepared to observe the bondingt pagher magnification. A platinum

layer was first deposited in the middle of the bonding region with the objective to protect the material
from the following milling. A first milling with large current was performed at 9 nA, followed by a
cleaning nlihg at lower currents (0.9 nA) to improve the quality of the surface to be obseiwed. The
SituSEM with ionic source was used to takerniggmnification imagestbie bonding cross section.
Figure48c) showshe resukiof the crossection preparation.

The high magnification image (25000x) showed that the bonding was not complete and that voids wer
present at the interface between the Wwag and the loop wirgigure48d).
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a) iew of the bonding point of theytether b) Detail of the bonding point

g O HFW [tit [ WD | ———3ym——

. ETD SE [1200x 249 um|52° |4 E{vmm UniRomaTre - LIME x|11.9um|[52 ° 4.1 mm UniRemaTre - LIME
¢) Cross section at bonding point | d) Defect in the bonding section
Figurd8 SEM/FIB images of the bonding polieybé tier

5.4.1.2. TEM images
TEM lamellas were prepared using the Helios Nanolab 600 (DualBeam). A metallic layer (Pt) has bee
deposited on the area of interest. Subsenuiéstvere then performed witallgum ions to reach a
lamella thickness of aboutth. Then, théamella was cut and removed from the milled trench using a
micromanipulator and placed on a Cu grid. While on the grid, the lamella has been further thinned up
to a thickness which is transparent to electrons (about 100 nm).

The lamella was then observét the Transmission Electron Microscope (TEM) Philips CM120
Analytical. The instrument has a LaB6 filament, a CCD camera Olympus Megaview Il and an Energy
Dispersive Xay Spectrometry (EDS) probe EDAX DX4.

An image of the TEM installed at tih@borateio Interdipartimentale di Microscopia Elettramica
(LIME) of University of Rome Tre is showrkigure49
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Figurdd TEM (Philips CM120 Analytical) installed at LIME.

In Figureb0, the images illustratitige different stages of the lamella preparation for the sample are
shown.

curr tit |~ ~——100pm— \ - 0 pym ————
0.34nA 52 °| Universita' Roma Tre - LIME 5.00 k' 34 52 U oma Tre - LIME

a) Zone of TEM lamella extraction b) TEM lamella before the extraction from the double
Cross section
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HV |mag O det ] . —C A 111}

5.00 kV | 500 x 59 3 A Universita' Roma Tre - LIME |
c¢) Top view of the lamella with the micromanipulator § d) TEM lamella ready for analysis
the ion gun

53 Universita' Roma Tre - LIME

Figur®Q Stages of preparation of the TEM lamella using the SEM/FIB.

The lamella was observed at a voltage of 120 kighinfield. We observe elongated bands with high
contrast aligned with the direction of wire draffmgmire51). The bands may be single grains or
dislocations cells/subgrains. The cells/grains are highly etoagdtsome of them present a high
density of dislocations.

65



Figurél TEM lamella of the bare tether

Selected Area Electron Diffraction (SAED) analysis was performed to obtain diffraction patterns of the
samples. A diaphragtiows selecting a spot size smaller of the entire slinegea observed with

this technique (up to 20 nm) is limited due to the spherical aberration of the objective lens. The spot
was 500 nm.

The diffraction patterproduced by the three grain§igure below shows that the crystallographic
directiors of the different grains arery similar. This is in line with the hypothesis that they could be
subgrains instead of grains. Amoetesdl( 1 988) descri be the subgrains
honeycorb-like configuration in which there are regions of high dislocation density, the cell walls, and

|l ow dislocations density, the regions in betw
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Figur&2 diffraction pattern of the TEM lamella detailssimilarrayytsllographic orientation of the three cells/subgrains.

Dense dislocation walls (DDWSs) were identified inside the cells/subgrains, in line with what found by
Bayet al(1989) for mminium and Ananthaat al(1991) for copper. As describgddmantharet al.

(1991), the DDWs appear to have a macroscopically determined orientation. It is suggested that the
DDWs separate regions of the crystal having different operating slip systems. This feature was also
observed in the TEMiorographs obtaiden our research. In our case, the DDWs s$edm aligned

at 45° with respect to the drawing direction. These features are generally observed in cold rolled
aluminium, especially when having a high purity, and other fcc metals. Microbands (MBs) were
idertified as well. The MBs are attached to the DDWSs and are generally composed by multiple
dislocations walls (Batal(1989)), as shown in the figure below.
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)
J-' !."I

b)

a) Geometry of crossing DDWIBs as they are often se{ b) Idealised microstructure in a thin foil from a
in thin foils from longitudinal sémts in 30% cold rolled | longitudinal section of a fcc metal such as aluminium
aluminium. rolling.

Figuré3 schematic of the DDWs an&DPIBsthe rolling dire&epst al.(1989).

First and second generation MBs exist. First gendvidgare aligned macroscopically to the

specimen geometry (at angles of approximately 45° to the rolling direction and approximately parallel
to the transverse section), but have nafgpeiystallographic orientation. Their function is to

accomplish the subdivision of the grains into smaller, uniformly deforming volume.ecemd
generation MBare asxciated with concentrated shi@arantharet al(1991)).

Moreover, Ananthagtal.(1991) explain thatepending on the strain induced during the cold
working, a higher percentage of grains will present DDW/MBs. This is in line ahitetivation
made in our studgince only some of the cells/subgrains present this dislotratiturs (se€igure

54).
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Figuré4 Details of the TEM lamella showing cell/subgrains with and without DDW/MBs.
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Figur&é5 Deails of the TEM lamella

Energydispersive Xay spectroscopy (EDS) waggened both inside a singlell/subgrain anth
the precipitatee{gure56). It was confirmed that the grain is pure Al.

In the precipitate the weighdrpentagefd\l detected was 65%, while the one of Si Wwas@6 and
Ga were also detected but are considered not to be present in the metal observed. In the case of Cu,
is present in the TEM support, while the Ga was used in the process of preparing the lamella.

The quantities of the EDS are not in line with the expectations, since the phase beta should contain
maximum 1.65 % @i in the case of the eutedtics therefore carluded that the EDS system was

not able to focus on one single Si particle, dhe tortitations of the instrument, which also

measured the Al surrounding the particle.

It was not possible to detect any nickel in the &athedl to its very low quantity
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Al Al

Element Wt % At %
A1K 04.81 65.71
SiK 35.19 34.29
Total 100.00 100.00

Cu

1.88 2.88 3.88 h_88 5.88 6.88 7.88 8.688 9.88 1_88 2_ge 3_88 h_88 5_ge .88 7.88 8_88 9._88

a) EDS spectrum in the grain b) EDS spectrum in the precipitate
Figuré6 EDS spectrum of the ESAIL tether.

5.4.2. Resistivity tests of tether wire
Measuring thelectrical resistivity of the wire is of particular intertrst atectrical resistivity of pure
aluminium and aluminium alloys is a functiohefémperature, as showrrigure57. Therefore, the
E-sall tether electrical properties may vary while travelling across the solar system and experiencing
different equilibrium temperatures.
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Moreover, the electrical resistivity of wires can be affected by the mechanical treatment during the
production process (Weti & (2011), Rosenbauwrhal(1958)). As an example, the plot of the

fractional change in the electrical resistance during isothermal agih@ aft@0@arious quenching
treatments is presented-igure58 (Rognbaurnet al(1958)).

-100}-

.»2 =10
-

G a0

o - AR COOLED TO R.T
| & -QUENCHED DIRECTLY
TO 200°%C

-260- W - AiR COOLED, THEN
COLD WORKED AT R.T
- ® - QUENCHED TO R.T.,
THEN COLD WORKED
=300 AT AT
13- GUENCHED TO R.T
=550 1 i L 1 1 1
[ 4 8 12 16 20 24 28 %

TIME [ MIN )

Figur&8 Plot of the fractional change in the electrical resistance during iscBafialadng af@dehing treatments.
Rosenbaetral (1958)

The electrical resistance of a1 %S wire TANAKA (2015)) with 3@mdiameter has been
measured. The sample has been prepared by ultrasonically bonding the wire to a copper support.

The ultrasonic bonding of wires was made usioicke and Soffa Industrigiérésanic bonding
machire (model 4123) provided by the Institute for Photonics and Nanotechnologies of CNR.

Figur&9 View from of the bonding tip
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After the bonding wasade, e length of the sample wasasured using ogal images of the
samplelmages were taken both of the front view and of theisidaising a Nikon DB1 video
camera with Nikon Digital Sight controller. The objective used was HAMA OLYMUS 50 mm. The
software used to analyse the images was NIS Elements F 2.30. The hensgimple was measured
using the side imagegure60(b) and was 18.5 mm.

a) Sample U7 front view b) Sample U7 side view
Figuré0 Sample used for the resistivity measurement.

Themeasurement of théeetrical resistance has been done using a HP 34401A Digital Multimeter with
6% digit resolution. Thewlire configuration has been used to get a higher accuracy compared to the
2-wire seup.

5 resistance measurements were takemé&arevalue was 0.6&10with a standard deviation of
00000. The resultanttUmesTBtsvviahuwawad. 8Fade t
aluminium (2.82xf@W m) .

5.5 TETHER COATING ACTIVITIES

5.5.1. ESAIL project coating
The state of the aof the Esailcoating is described in the ESART7project technical document
Project D22.1 (Rauhatal(2013)).

In the frame of the ESAIEP7project, the emissivity of the wire was measured by heating the wire in
vacuum while measuring the vol@rg@ across the wire; in this way, a resistance value was obtained
as a function of the wire temperatiiigure61). The emissivity measured was 0.06 (double than the
bulk material). However, no measure was petbfor the absorbance, so it was not possible to
determine whether the optical properties of the cqating ¢ wereafittingahe requirements or not.
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Figurél Measured emissivity of tether wire samplekserieasunéthimn ESAIL prdgeaihalet al.(2013).

Moreover, after a first attempt 0f@d ALD coating deposition, a sticking problem was experienced
during unreeling. This problem proved to be a major one, since during unreeling the pull force goes
beyondhe value of 6 g, the maximum load that can be sustained by the tether. For this reason, a
different method could be preferred, to be performed in line with the tether prodactsimgya reel

to reel process).

Another feature required for the tetheould be to be able to prevent cold wgldtven if this could

be obtaing by using selfubricating coatings, a properly designed oxide layer could be able to provide
the required properties. In the ESAR7project, tests were conducted to simtieteold welding
response and it was demonstrated that a properly designed coating is able to prevent cold welding
(Rauhalat al(2013)).

The AbO3; ALD coating produced in the frame of the ESAR7project has been observed with a
SEM/FIB instrument anthe images are reporiad-igure62 We can observe that the coating

presents several cracks at the bonding point. Its thickness is regular along the loop wire, while it is
highly variable at the rough bondinmpd his was expected, since the ALD coatings are generally
highly conformal to the substrate. However, it seems that the bending of the loop wire at the bonding
point during the sample handling provoked several cracks.

Even though the failure of the tiog at the bonding points is not desirable, it is not necessarily a show
stopper for this technology since the main objective of the coating is to modify the overall optical
properties of the tether. If the coating is lost at the bonding point, it wiyubdiestitute a low
percentage of the overall tetherds surface. H
of short <circuits in case of tetherds failure
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c¢) Detds of the bonding point d) Measured thickness of theOGlcoating (97 nm).
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e) View of the cross section in the loop wire
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Figuré2 SEM/FIB images of th®©Atoatdtkyteth@O0pmbase wire + gBloopwire as producékeiieSAIL project.
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5.5.2. Coatings produced in this work
In the frame of the PhD activity, a study of the ALD coatings properties was carried out together with
the University of Brescia (project MALDIT). The University of Brescia made the ALD deposition of
four coatings (ADs, TiO,, ZnO and TiZnO) on aluminium samples (both on flat plates and on tether
samples) in order to study their optical properties. The results of this work have been published in Hass:
et al(2017)and are reported below.

Aswe aleady dicussed in Hassanal(2017)the ESAIL PF7 project demonstratedt ceramic

coatings deposited by Atomic Layer Deposition (ALD), suckOasaké beneficial in preventing cold
welding othetethers ALD is a modified form of chemical vapdeposibn technique which

produces highly conformal coatings that are precisely contrhgstaomeveldue to seHimiting

surface reactions and separate introduction of material precursors in a cyclical manner. ALD coatings
are without he of sight regttions as inlasma enhanced vapour depmsifinhde free and without
defectslt isalsopossible to obtain different stoichiometries @rTmixed oxides by tuning ALD
parameters.

In this study, low thickness Bi@nO and TiZn mixed oxide coawys were deposited on ESAIL
tethers by ALD at low temperature. Morphological, optical, and electrochemical characterizations were
performed to evaluate the coating performances with respect to the final application.

SiO, ALOs and Indium tin oxide (ITOhtn film coatings with thicknesses higher than 50 nm applied

by sputtering or vapour deposition are widely used in aerospace applications as protective;coating. Si
coating was Magnetron sputtered on Kapton® H polyimide used for solar array of |ateBpatien

Station. Si@and polytetrafluoroethylene Teflon® coatings, when depositedytteo deposition,

are less prone to crack due to their ability to conform to flexure compression and expansion of
substrate. Painted coatings based on ZnO aidXnconsidered for their UV stability, have proven

to maintain their thermaoptical properties in space environments, compared to zirconia, alumina, and
silica pigments. The reason for using TiO2 and ZnO is their high optical visibility, electrical

conducivity and thermal stability compared to bare Al oxide.

The geometry of Bailaluminiuntethers is a complex one, due to the multiple wire bonding. For this
reason, ALD is considered the best choice, as the only technique that ensures the complete
conformadity of the coating (Alessandtial(2009), Borges# al(2011), Hazrat al(2012)).

It is well known thatlaminium is a high reflecting metal in the whole visible and infrared range. As a
consequence,absorbs less than 10% of the solar ern@rgyway to increase such a value would be to
grow a thin oxide laydroberto Li Voti haperformed some numerical calculations for different oxide
layers (AD;, ZnO and TiQ) and different thicknesses by using the optical properties found in the
literatue(Devore (1951)k was not possible to apply the same fitting procedure for the TiZnO coating
due to the lack of information in the literature on the refractive index of the material.

In Figure63the absorbamg averaged over the solar spectrum (from 350 nm to 2 um), is shown as a
function of the thickness of the oxide layer f€dAZNO and TiQ. Absorbance is calculated for normal
incidence (dashed line) and over the whole solid angle of acceptanceugtnghu

By a first inspection éligure63 a maximum of absorbance can be obtained for thin films of about 50
100 nm for all the investigated oxides, giving a stasdgr our experimental work. Thin filrast in
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this case as améflecting catings and maxineighe absorbance. The other minor oscillations of the
curves are due to interference effects (Li Voti (2012), let\&(2012)).

0.25

0.20

0.15 5

010 g

dashed line: normal incidence
cont. line : averaged over all angles

Average Optical Absorbance

0.05

0 100 200 300 400 500 600 700 800 900 1000
Thickness of the oxide layer, nm

Figuré3 Average optical abserb&AD;, ZnO and Ti@oated aluminium vieeghickness of the oxidelésgamrtal.
(2017.

The mixed oxide contained Ti and Zn in mole ratio 1.75 (Betgd&211)), selected on the basis of
the observed electrical resistivity (Hazak(2012)). TiQand TiZn mixed oxide grown in the
selected conditions are amorphous. It was also observed that ZnO is polycrystalline @Algissandri
(2009))Tablel resumes all the samples considerdxtipresent study, specifying substrate, coating
material and thicknesses, with nominal and experimental values obtained by FIB and optical
measurements respectively.

The flataluminiunsamples (series 4000, 4.4 % Si) were polished to obtain roughgesalaugra0
nm, comparable with the one of the bare tethers. The roughness average, Ra, of the tether was
measured with a confocal profilometer (Leica DCM 3D) both on wires and flat $tamptest(al.
(2017). These samples can be considered smoatth&drconcerns the emissivity accordijeoet
al.(2009)Their roughness should not affect the emissivity of thesadue to the fact that the
infraredwavelengthare muchhigher thathe dimension opeals and vallesof the surface.

TiO2, ZnO and TiZnO were deposited by ALD in the Savannah 100 flow reactor (Ultratech
Cambridge Nanotech Inc.) at°@ Titanium source was tetrakis(dimethylamido)titanium (TDMAT
99.999%; Sigr@aldrich, Germany). Zinc source was diethylzinc (DEZ; 99.999%3AlymhA,
Germany). Oxygen source was ultrapure water (H20 Conductivity 0.054 uS/cm) produced directly
from tap water with a Dire@ system (Millipore, Italy). Detailed description of deposition parameters
and processing cycles for the studied materialsdeavalteady reported (Hagtal(2012))
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Nominal thickness of 25, 50 and 100 nm were selected, and the processing cycles number was
calculated on the basis of the growth curves of Zi® and nixed oxide on Si wafer substrate
(Hassaret al(2017).

The opical absorbance and emissivity have also been measured on the flat samples. The experiments
and rasults are discussed in chapter 6

Tabld: Description of the studied samples. Substrate, coating material and repoited ttéspeesiselyid'thad 3
column. Thickness measured by ecBiEdech&Burements and estimated by fitting of reflectance spectfanate%eported in the 4
columns respectively.

SAMPLE THICKNESS
(NM)

N. Substrate Coating Nominal FIB-SEM
0 Al tether _ _
1 Al tether TiO, 25 33.7 (2.3)
2 Al tether TiO> 50 51.9 (3.3)
3 Al tether TiO, 100 112.4 (5.2)
4 Al tether ZnO 25 28.0 (2.4)
5 Al tether ZnO 50 46.7 (3.7)
6 Al tether ZnO 100 76.8 (9.6)
7 Al tether Ti-Zn mixed oxide 25 26.0 (2.7)
8 Al tether Ti-Zn mixed oxide 50 57.8 (4.1)
9 Al tether Ti-Zn mixed oxide 100 97.2 (7.6)
10 Flat Al TiO, 100 102 (1)
11 Flat Al ZnO 100 55 (7)
12 Flat Al Ti-Zn mixed oxide 100 144 (3)

5.5.3Microstructural properties of the coatings
The thickess of the ALD coatings was measured with a FEI Helios NanoLab600 FIB/SEM dual
beam instrument at University of Roma Tre (LIME laboratory). Asexism of the coated tether
was made using the ion beam; the coating was then observed inssitgIaI].

The tether was placed in the vacuum chamber of the FIB with its lateral surface in a position
orthogonal to the ion gun, so that the-flahsurface seen from the gun wasptetaly covered by

the coatingAfterwards, [atinum was preliminary depasiie order to protect the surface of the
sample from the subsequent milling. This way, the artefacts created duringgtbéthrelimaterial

were minimisd. Then, the milling was performed using a relatively low value of ionic current (0.28
nA). The sam current was used also to clean the surface at the end. Fimadljgu8tEM with ionic

source was used to take hgggnification images of the coating cross section. Using the ionic source
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instead of the electron source allows to obtain higheastdmetween the crystallographic grains and
to better observe the sample microstructure.

FIB measurements are used to study the morphology and the thickness of the coating layers deposite
on tethers and flat alurmum substrate&igure64shows SEM images of FIB cross sections taken on
sample n. 0, n. 3, n. 6, and n. 9 respectively. Different features can be highlighted in the pictures wher
coating thicker than 50 nm is shown. The surface is rough and preseimg gigure64c), with

repetitive patterns in the longitudinal direction of the wire. This is probably relatddaiwitige

process of wire production. This feature is still visible at the highest tricksesgsected due to the
conformal features of ALD coatings. A layer is present on the uncoated tetheFgufe6éd) and
underneath the coatifgqure64d). Thislayer is probably native@4, naturally formed on the

surface of alumiuam.

The accuracy of thickness measurements by FIB cross section and following SEM image analysis ma
be affected by the removal of some coating from sdtfeing the crossectim preparationFor this

reason, two tests are performed on the same sample, protecting the cross section with different
materials. Platinum and carbon are used as protectstapeasurements of sample n. 7, whose

SEM images are reportedrigure65(a) and=igure65 (b) respectively. The average calculated

thickness, based on the measurements reported in Annex A, is not significantly different in the two
cases, comfning that the measured thickness is compdfailec65 (b) also shows that the ALD

coating can effectively penetrate inside cracks. The calculated average thicknesses obtained from FIE
measurements are repoitedablel. Thickness comparison with nominal values highlights an overall
agreement, considering the different substrate materials. Higher values can be due to the rounded
geometry of tethers, and the high difficto create the cross section irigmeperpendicular

conditions.

Figuré4 SEM images of FIB cross section of sample n. 0 (a), n. 3 (b), n. 6 (c), and n. 9 (d) respectively.
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Figuré5 SEM imagof FIB cross section of sample 7 protected with a layer of platinum (a) and carbon (b).
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