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ABSTRACT 

 

The tether is a device used in space technology to perform attitude manoeuvres, re-entry 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 study is the heytether developed in 

the frame of the electric solar sail (E-sail) technology. The peculiar feature of this technology is to use a number 

of km-long wires, electrically charged at a 20-40 kV positive potential, which gain momentum from the electrons 

of the interplanetary plasma in order to generate a low and continuous thrust in space. The heytether is a multi-

wire structure composed by four wires bonded ultrasonically. The tether material currently considered is Al-1%Si 

alloy.  

In the literature, Al-1%Si mechanical properties at the micron scale have not been extensively studied at variable 

temperatures and for this particular application. Moreover, due to the fact that the tether diameter is in the order 

of micrometres, its mechanical properties may not be directly derived from the ones of bulk aluminium. This is 

because of scale effects, such as the dimension of the grains with respect to the tetherõs diameter. 

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

space. It is therefore crucial, after having estimated the effects of the temperature on the bare material ð which 

has both a structural and an electrical function ð to assess to which extent coatings are capable of modifying the 

equilibrium temperature in space. In the past, the emissivity of the E-sail tether 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 to determine whether the optical properties of the coating (ǟ/ǣ ratio) were 

fitting the requirements or not.  

This research includes an in-depth analysis of the properties of this material thanks to a mechanical test 

campaign carried out at different temperature conditions (from -40 °C up to 250 °C) and an optical test 

campaign aiming at measuring the tether emissivity ‐ in the infrared region and the absorbance ‌ in the optical 

region. To this scope, four coatings (Al2O3, TiO2, ZnO and TiZnO) have been deposited on aluminium 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 was to assess the mechanical properties of the bare tether by performing 

tensile tests at several temperatures above ambient temperature and at low temperatures using the DMA liquid 

nitrogen cooling system. 

The mechanical test campaign provided a detailed view of the trend of breaking load with temperature. The 

breaking load decreases at a rate of about 0.5 mN/ °C. Such information is essential to estimate the performance 

of the E-sail technology, since its thrust may be linked to the tensile strength.  

While the data 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 and 

the Digital Image Correlation (DIC) method has been used to confirm the measurement of the displacement at 

ambient temperature. The viscoelastic properties observed for the Al-1%Si material, mainly through the creep 

test and strain rate sensitivity test, are also discussed. 

The optical measurements provided the ǟ/ǣ parameter, crucial to estimate the equilibrium temperature in space. 

All coatings seem to increase the operating temperature and the highest values of ǟ/ǣ ratio were obtained for 

ZnO e TiZnO. For these reasons, such coatings are believed to improve the thermal conditions 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 technology to perform attitude manoeuvres, re-entry operations, to 

create propulsion or to generate energy. In practice, the tether is a conducting wire that interacts with 

the surrounding plasma. When a potential difference is applied, the tether generates an electric field that 

is used to provide propulsion.  

Depending on the specific application, several configurations of tethers have been proposed and 

studied. The tether taken into consideration in this study is the heytether developed in the frame of the 

electric solar sail (E-sail) technology. The peculiar feature of this technology is to use a number of km-

long wires, electrically charged at a 20-40 kV positive potential, which gain momentum from the 

electrons of the interplanetary plasma in order to generate a low and continuous thrust in space.  

The tether material selected in the frame of the ESAIL FP7 project was Al-1%Si alloy. This choice was 

mainly driven by the formability capabilities of this material. In fact, the tether is not a single wire but a 

multi-wire structure composed by four wires bonded ultrasonically.  

The microstructural aspects of the tetherõs material were not specifically addressed in the 

frame of the ESAIL FP7 project, even if the tensile strength of the tether is one of the main 

design drivers and has a significant impact also on the thrust performances of the system. 

Moreover, the optical properties of the tetherõs surface (namely the absorbance ǟ/emissivity  ǣ 

ratio), which have a dramatic impact on the equilibrium temperature of the tether, were not 

extensively studied. A specific study aiming at link ing the surface properties and the 

mechanical performances of the material at different temperatures was missing in the 

engineering design of the E-sail tether in space. 

In this work, the properties of this material have been studied in depth, both relying on the literature 

and by means of direct observations of the microstructure. Furthermore, a mechanical test campaign 

has been carried out to study the response of the bare tether material to different temperature 

conditions (from -40 °C up to 250 °C). 

The research also aims at improving the material properties of the tethers by applying specific coatings. 

The coating of the tether should be selected carefully, since its optical properties ð the emissivity ‐ in 

the infrared region and the absorbance ‌ in the optical region ð strongly affect the equilibrium 

temperature of the tether in space. More precisely, the equilibrium temperature scales linearly with the 

parameter ‌‐ϳτ
. When moving in the Solar system, the equilibrium temperature of a black body may 

vary dramatically, ranging from 180 °C near Mercury to -200 °C near Pluto. It is therefore crucial, after 

having estimated the working temperature of the tether ð which has both a structural and an electrical 

function ð to assess whether coatings capable of modifying the optical properties of the surface could 

be employed.  

Coatings may also have other functions, such as preventing the cold welding of the metallic tethers 

during the launch phases. In the frame of the ESAIL FP7 project, Rauhala et al. (2013) demonstrated 

that an Atomic Layer Deposition (ALD) coating could reduce the risk of cold welding due to launch 

vibrations. However, the main parameter contributing to the thermal equilibrium of the tether material 

in space ð the ‌Ⱦ‐ ratio ð had not been measured yet. 
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This study aims at analysing the mechanical and optical properties of the E-sail tethers, with the 

objective to identify potential coatings. In the frame of this PhD activity, four coatings (Al2O3, TiO2, 

ZnO and TiZnO) have been deposited on aluminium samples (both on tether samples and on flat 

aluminium plates) in order to study their 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 laboratory (Laboratorio Interdipartimentale di Microscopia 

Elettronica) of University of Roma Tre and in cooperation with the inventor of the ESAIL technology 

and the Project Manager of the ESAIL FP7 project Dr. Pekka Janhunen (Finnish Meteorological 

Institute). The coatings have been produced by University of Brescia with funding from the region 

Lombardia (MALDIT project). Mechanical tests have been carried at the laboratory Materiali 

Multifunzionali of the University of Roma Tre, while the optical tests have been carried out by Sapienza 

University of Rome. Tether samples have been provided by Dr. Pekka Janhunen. 

After a description of the state of the art of the E-sail technology, this study describes the requirements 

for the tether material. Afterwards, the E-sail tether characteristics are described, focusing both on the 

bare aluminium material and the coating. Furthermore, the mechanical and optical test campaigns are 

described and discussed. Finally, conclusions are drawn from this work.  



14 
 

2. THE ESAIL  TECHNOLOGY ð STATE OF THE ART  

 

2.1. SUMMARY  

E-sail is a propellantless propulsion technology invented by Dr Pekka Janhunen in 2004. The concept 

of the E-sail, that makes use of the solar wind particles to generate thrust, is firstly explained. Then, the 

theory underpinning the functioning of this concept is discussed, making reference to the physics of a 

charged probe in a plasma. In the following section, the different components of the E-sail system are 

described. In the last part of the chapter, possible innovative applications of the E-sail technology are 

presented and the current and planned projects further developing the technology are illustrated. 

 

2.2. CONCEPT  

The E-sail is a propellantless propulsion technology that was invented by Dr Pekka Janhunen in 2004 

(Janhunen (2004)). Differently from the solar sail concept, which exploits the motion of the photons 

coming from the Sun, the E-sail makes use of the solar wind particles to generate thrust. In space, a 

conductive tether charged at a certain voltage, either positive or negative, generates an electric field. 

The ions and electrons present in the low density plasma of the solar wind interact with this electric 

field, generating momentum.  

Propellantless propulsion systems produce a very low but continuous thrust. Therefore, they are 

continuously accelerating. Over a period of months, a solar sail accelerates a spacecraft to incredibly 

high velocities (100-150 km/s or 20-30 au/year) (Wiegmann (2015)).  

The idea of using tethers in space for different purposes has been firstly proposed by Mario Grossi to 

the Italian Space Agency and NASA in the early 1970s (Cosmo et al. (1997)). A first mission, the TSS-1, 

was then developed in 1985 and launched in 1992. The mission demonstrated the feasibility of the 

concept.  

Apart from long-distance missions, tethers may also be used to de-orbit a small satellite at the end of its 

life (Cosmo et al. (1997), Janhunen (2010)). An example of this function is the Japanese òKounotori 

Integrated Tether Experimentó, where the satellite Kounotori 6, launched in December 2016, carried a 

scientific payload aiming at testing an electrodynamic tether (Phys.org (2016)).  

Since the 1970s, such electrodynamic tethers have been considered for applications limited to the 

Earthõs magnetosphere, using the Lorentz force generated thanks to the current flowing in the 

conducting wire. On the contrary, the E-sail is based on a different concept ð the interaction of the 

conducting wire with the solar wind plasma ð and therefore only applies outside a planetõs 

magnetosphere.   

Zubrin et al. (1991) were the first to propose to make use of solar wind momentum, creating an artiþcial 

magnetosphere around the spacecraft to deÿect the solar wind and thus extract momentum from it. 

Pekka Janhunen (2004), building on this magnetic sail concept, proposed to use a number of tethers, 

km-long, attached to the spacecraft on one side and stretched out as sunburst, as shown in Figure 1.  
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Figure 1: Schematic view of a spinning E-Sail. Janhunen et al. (2015). 

 

In order to stretch out the tethers, the spacecraft should be put in rotation. Thanks to a small mass 

placed at the other tip of the tether, the centrifugal force generated by the spacecraft rotation puts the 

tether in tension. The tether is then charged at a voltage in the order of kV. The voltage should be 

preferably positive, even if other solutions have also been studied (Janhunen (2009)). The tether would 

then generate an electric field and behave in space as an electron collector, following the Langmuir 

principle (Janhunen et al. (2007)). An electric current would then flow in the tether. To be closed, the 

electric circuit would need an electron gun, which is responsible for expelling the electrons back to 

space. The solar wind dynamic pressure is on average about 2 nPa at 1 au distance from the Sun 

(Janhunen et al. (2007)).  

The E-sail principle relies on the presence of a plasma, even if with very low density. For this reason, it 

cannot be used inside a planetõs magnetosphere. In the case of the Earth, this means that the E-sail 

works above on average 10 times the Earthõs radius. This limitation is even more stringent in the Earth 

shadow, due to the elongated shape of the magnetosphere (Janhunen et al. (2014)).  

The E-sail system can be scaled depending on the payload mass and tethers configuration. The 

performances vary accordingly and are therefore not trivial to estimate. The thrust generated by the E-

sail, when going away from the Sun, is inversely correlated with the distance from the Sun. The 

correlation can be approximated to an inversely proportional one. 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 Sun. The relation between the thrust and the distance from the Sun may be also 

influenced by other factors, such as the decay of the solar wind density, the increase in the effective sail 

area and the reduction of the solar panel power (Toivanen et al. (2009)). The 1/r relationship is based 

on the assumption that the solar wind density goes as 1/r2 and that the effective electric width of the 
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tethers scales with density in the same way as the plasma Debye length. The solar illumination of the 

solar panels also scales exactly as 1/r2, while the solar panel power might scale somewhat differently 

depending on technical properties of the panels. 

As a reference, we can consider that at 1 au solar distance the E-sail propulsive system generates 1 N of 

thrust. For payloads up to a few hundred kilograms of mass the characteristic acceleration would be 1 

mm/s2, corresponding to Ḑ30 km/s of ҟv capability per year (Janhunen et al. (2014)). The characteristic 

acceleration is defined as the acceleration achieved when the E-Sail spacecraft 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 been studied in Janhunen et al. 

(2013). For example, for a spacecraft of 1290 kg, the resulting mass of an E-sail with specific 

acceleration of 0.1 mm/s2 is 74 Kg.  

It is possible to tilt the E-sail thrust up to ±30° with respect to the direction of the solar wind 

(Janhunen et al. (2014)). A 30° tilting can be used to spiral inwards or outwards the solar system. In the 

first case, however, the absolute speed of the satellite will decrease during the travel. Manoeuvring the 

E-sail is not trivial when flying towards the Sun, when passing through the shadow of a planet 

(Janhunen et al. (2015)) or when tilting at angles close to 30° with respect to the solar wind direction. 

The development of the E-sail technology has been partially funded by the European Union in the 

frame of the FP7 project called òESAILó.  

In 2015, NASA included the E-sail technology in the in the list of the advanced propulsion 

technologies (TRL < 3) in the In-Space Propulsion Systems Roadmap (NASA (2015)), showing a 

considerable interest in this technology. The main challenges identified were the quantification of thrust 

magnitudes with on-orbit data, the demonstration of noninterfering centrifugal deployment of multiple 

wires from a single spacecraft and the development of long-life, extremely long bare wires. 

 

2.3. THEORY  

In vacuum, the electric potential around a charged wire is: 

 

Where ὶ is the distance at which the potential becomes zero and ὶ is the tetherõs radius.  

In the plasma, however, the potential vanishes at a lower distance from the wire, compared to the 

vacuum case, becoming: 

 

            Eq. a 
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where ‗  is the Debye length.  

The spatial scale size of the electric field is related to the Debye length of the plasma. The sheath radius 

delimitates the area where the space charge separation between ions and electrons in the plasma takes 

place. Outside that space, the plasma in considered to be overall electrically neutral. The electron sheath 

width is estimated to be å100 m at 1 au (Janhunen et al. (2010)). For high voltages ð much higher than 

electron temperature, as in our case ð the sheath radius can be more than 10 times larger than the 

Debye length (8 m). The sheath size remains proportional to the Debye length, with about one order of 

magnitude difference between the two values. A schematic of the tetherõs sheet is shown in Figure 2. 

 

Figure 2: Schematic of the tetherõs electron sheath. Kashihara et al. (2008) 

 

Janhunen (2004) made the hypothesis that the incoming solar wind protons see the tether as an 

impenetrable barrier over the Debye length if the voltage is higher than the kinetic energy of the solar 

wind protons (about 1 keV). Therefore, he made a simple calculation for the maximum force acting on 

a rectangular mesh of tethers (Figure 3), under the hypothesis of a mesh perpendicular to the solar 

wind direction: 

Ὂ ὴ Ͻὃ  

where ὴ  is the dynamic pressure of the solar wind and ὃ is the area of the mesh of tethers.  

 

 

Figure 3: Schematic of a two-dimensional mesh of tethers. Janhunen (2004). 
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In the case of a single tether, the area A  is calculated as the length of the tether multiplied by the 

effective width of the tether. The effective width is proportional to the òproton stopping distanceó ὶ 

and was calculated numerically by Janhunen (2007), obtaining: 

ὶ .                                 Eq. b 

The dynamic pressure is: 

ὴ ” Ͻὺ  

where ”  is the solar wind mass density and ‡ is the flow velocity.  

” ὲϽά   

where n is the plasma density and ά  the proton mass. Janhunen (2004) assumes that at 1 au n=7.3 cm-

3, v = 400 km/s and ὴ  = 2 nPa. 

The force per unit length then becomes: 

                  Eq. c 

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

While the protons are repelled, electrons are attracted by the tether due to their positive potential. 

Electrons will therefore òbombardó the tether and will be captured in the form of an electric current 

flowing in the wire. If the electrons would not be expelled from the tether (and the satellite) structure, 

the overall charge would increase indefinitely. For this reason, an electron gun should be used to expel 

electrons back to space. As already mentioned, the tether behaves like a Langmuir probe in space and 

the orbital motion limited (OML) theory can describe such behaviour (Sanmartín et al. (1999)). As 

explained by Chen (2015), òdue to the enormous disparity between tether thickness and collecting 

length, each point on the anodic segment would collect current as if it were a cylindrical Langmuir 

probe, uniformly polarised at the tether-to-plasma biasó.  

In Figure 4, a bare tether in space is displayed. In the anodic segment (from point A to point B) the 

current increases and the voltage difference between the tether and the surrounding plasma (ǃV) 

decreases (becoming zero in point B). Between points B and C, the voltage is lower than the plasma 

voltage Vpl. This section is however shorter than the anodic segment and it is considered not to lower 

significantly the total current reaching the cathode used to expel electrons. In this configuration, a 

current is therefore established.  
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Figure 4: Schematic of current and potential variation in the tether frame for a bare tether. Only tether resistance and a very small hollow-cathode 

impedance are considered. V pl is the plasma voltage, Vt is the tether voltage. Chen (2015). 

 

Using equation a) and equation b), we obtain the following expression for the proton stopping distance 

ὶ: 

 

Substituting the previous equation in equation c), we obtain the expression of the force per unit length: 

 

The force per unit length results to be proportional to the square root of the electron temperature. 

Higher electron temperature yields wider electron sheath and larger propulsive effect (Janhunen 

(2007)). Figure 5 provides the force per unit length as function of the tetherõs voltage V0. A 20 kV 

charged tether, considering average solar wind conditions, produces å 580 nN/m thrust per unit length 

at 1 au (Janhunen et al. (2013)). Therefore, 100 tethers, each of them 20 km long, produce å 1.1 N of 

thrust.  
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Figure 5: Force per unit length as function of voltage V0. Solid curve is for baseline electron temperature 12 eV, dotted for 6 eV and dashed for 

24 eV. The wire radius is 10 µm. Janhunen (2007). 

 

For what concerns the relation between the force and the distance from the Sun, we can consider that 

the solar wind density goes with ρὶϳ , the solar wind speed remains nearly constant and the solar wind 

temperature goes as ρὶȾϳ . Therefore, we obtain: 

 

More recent derivations provided even a dependence from the distance to the Sun of 1/r (Janhunen et 

al. (2010)). 

The force decay is slower than for the solar sail case, which is proportional to 1/r2, thus making the E-

sail technology more interesting for missions to the outer solar system. 

According to Janhunen (2010) and Janhunen et al. (2013), under the assumption of a distance from the 

Sun of about 1 au and the current known solar wind parameter, the force per unit length can be 

simplified as a function of the tetherõs voltage V0:  

Ὢ Ὢὠ Ὢ, 

Where f0 = 24.16 nN/ m and fV = 24.16 nN/mkV (Janhunen et al. (2013)). 

The main parameters describing the performance of a space propulsion system are the thrust and the 

characteristic acceleration. Depending on whether we have a high power propulsion system, such as a 

chemical rocket, or a low power propulsion system, such an ion engine, either the thrust or the 

characteristic acceleration becomes the main parameter of interest for the technology. In our case, 

being the E-sail a low-power and continuous thrust propulsion system, the characteristic acceleration is 

to be considered. The characteristic acceleration of the E-sail is (Janhunen et al. (2013)): 

ὥ , 

where f is the force per unit length of the tether, N is the number of tethers, L  is the length of the 

tethers and m the spacecraft mass. 
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Quarta et al. (2010) present mission design results for a range of characteristic accelerations from 0 to 2 

mm/sec2. By contrast, 0.5 mm/sec2 is considered a high level of performance for a solar sail 

(Wiegmann (2015)). 

 

2.4. E-SAIL SYSTEM 

We may subdivide the components of the E-sail propulsion system as follows: 

1. High voltage subsystem. The electron guns are part of this subsystem. The electric power varies 

with the distance from the Sun. Generally, three electron guns are considered in the design, for 

redundancy reasons. In order to distribute high voltage and grounding plan, a frequently used 

method consists in having a relatively low energy (e.g. 1 kV) electron gun connected to a 

common internal bus that maintains the electron gun at its voltage. Each tether can then have 

its own small, high voltage source, thus allowing an arbitrary differential modulation of tether 

voltages (Janhunen et al. (2013)).   

2. Main tethers. The main tethers are the core of the E-sail technology, since their interaction with 

the solar wind generates the thrust. They connect the spacecraft with the remote units and are 

stretched thanks to the centrifugal rotation of the spacecraft, as shown in Figure 6. A typical 

spin period is some tens of minutes (Janhunen et al. (2013)). Since the main tethers should 

withstand micrometeoroids bombardment, Janhunen et al. (2013) propose to use a base wire to 

which three wires with smaller diameter are bonded (Figure 6). Heytether is roughly equivalent 

to the criss-crossed four-wire hoytether proposed by Hoyt et al. (2000), but is considered to be 

easier to manufacture by the ESAIL FP7 project method, thanks to the use of a single base 

wire. The heytether was invented by Henri Seppänen. 

3. Main tether reel assembly. Before deployment, the tether is kept inside the reel thanks to a 

motorised mechanism. The system is also responsible for the release and deployment of tether 

in space. 

4. Auxiliary tether. The auxiliary tether is used to connect the remote units in order to avoid 

collisions between adjacent tethers; its current design envisages the use of Kapton (Janhunen et 

al. (2010)).  

5. Remote units. They are placed at the tip of each tether and are used to dynamically stabilise the 

tether rig reducing the need of active control (Janhunen et al. (2010)). Each remote unit hosts a 

propulsive system for controlling the tether rigõs spin (Janhunen et al. (2013)). 

6. Tether cameras and controller. The cameras are used to verify the actual position of each 

remote unit. An example of such a subsystem for the imagining of the tether and its end-mass is 

reported in Kuuste et al. (2014).  

7. Power generation subsystem. This subsystem includes the solar panels, their deployment 

mechanism and a power processing unit. 

8. Telemetry, ACS, thermal and structure. The requirements for this subsystem are primarily 

related to the payload characteristics, but they should also include functionalities related to the 

E-sail propulsion system. In fact, the spacecraft should be put in rotation in order to keep the 

tethers stretched and it should be tilted for the purpose of manoeuvring.  

 



22 
 

 

Figure 6: Configuration of the heytethers. Janhunen et al. (2013). 

 

In an electric propulsion system, the power conditioning unit has a large mass impact on the satellite. In 

a similar way, the structure of the E-sail system has to be considered in the overall mass budget. 

Janhunen et al. (2013) developed a mass budget model for the entire spacecraft propelled with an E-sail 

system. In the paper, the authors assume to know the characteristic acceleration and the payload mass 

and power.  

As an example, the mass budget for an E-sail system with characteristic acceleration of 1 mm/s is 

reported in Figure 7. 

 

 

 
a) Schematic view of the ESAIL with remote units and 

auxiliary tethers 

b) Spacecraft mass budget 

Figure 7: Spacecraft mass budget for an E-sail system with characteristic acceleration of 1 mm/s. Janhunen et al. (2013).  
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2.5. POSSIBLE SPACE MISSIONS 

In the first part of the PhD project, while studying the E-sail technology, the investigation of possible 

applications led to the contribution to the peer reviewed article published in the Proceedings of the Estonian 

Academy of Science (Janhunen et al. (2014)). We recall hereafter the main findings of the study. 

The main limitation in the use of this technology is the need to operate outside a planetõs 

magnetosphere. Moreover, the current E-sail design foresees a range of operations in the Solar system 

between 0.9 au and 4 au, but this range can be eventually extended in the future. According to the study 

carried out by NASA (Wiegmann (2015)), the system could even provide accelerations up to 30 au; 

therefore, one interesting potential application could be travelling to the heliopause.  

In order to compare the E-sail with electric propulsion systems, different parameters are to be selected. 

As for electric propulsion, the mass of the system and the thrust generated are important parameters. 

Possible E-sail space missions are: 

- Terrestrial planets and asteroids (the estimation of the delta-V increases with respect to 

chemical propulsion missions is mentioned) such as Venus, Mars and Phobos, Mercury and the 

Asteroids; 

- Maintaining non-Keplerian orbits (Figure 8), which could be used to perform helioseismology 

from a lifted orbit, remote sensing of the Earth and Earthõs environment, observe the giant 

planet auroras and monitor of off-Lagrange point solar wind; 

- Near-Sun missions; 

- Boosting to the outer solar system; 

- Impactors and Data Clippers; 

- Asteroid resource utilisation. 

 

 

Figure 8: Layout of non-Keplerian orbits. Mengali et al. (2009). 

 

A representation of a scientific mission to the giant planets (Jupiter, Saturn, Uranus, Neptune), which 

benefits from a single launch, is reported in Figure 9. For easier visualisation, the details on how the 

data from the atmospheric probe are relayed by the E-sail mother spacecraft flying by the giant planet 

are shown only in Saturnõs case. 
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Figure 9: Scenario for four identical atmospheric probes to all four giant planets by a single launch. Illustrative photos courtesy by Arianespace, 

ESA, and NASA. Janhunen et al. (2014). 

 

Resources such as water, other volatiles or metals could be in the future mined from asteroids and then 

transported by the E-sail. This could be used for lifting satellites to a higher orbit or for manned 

exploration missions to Mars, asteroids and other bodies. An example of such ideas is reported in 

Figure 10. 

 

 

Figure 10: Asteroid resource utilisation. Janhunen et al. (2014). 
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2.6. CURRENT E-SAIL PROJECTS 

Several activities have been undertaken by the international space community to further develop the E-

sail concept.  

At the European level, the Estonian satellite CubeSat1 EstCube-1 (Figure 11) embedded the first E-sail 

concept test in space. This CubeSat was the result of the work of a team of students. It was launched as 

a piggy-back on board a Vega launch on 7 May 2013 from the European Spaceport in Kourou, French 

Guiana, to polar Sun-synchronous 667 km orbit. EstCube-1 is a CubeSat made of one single unit. 

The main task of the E-sail payload was to measure the strength of the E-sail effect in low Earth orbit. 

There, the satellite has a different velocity from the ionospheric plasma, thus reproducing in a smaller 

scale the solar wind behaviour. The E-sail effect was supposed to be measured by monitoring the spin 

rate of the satellite, since if the tether is charged when moving in the opposite direction to the plasma 

stream, the spin rate would then decrease. To this end, the EstCube-1 satellite was provided with a 10 

m long tether (Envall et al. (2014)). Unfortunately, the test could not be carried out, since the tether 

deployment was unsuccessful (Slavinskis et al. (2015)).  

 

  

Figure 11: EstCube-1 satellite. Left image: https://www.electric-sailing.fi/projects.html; right: Lätt et al. (2014). 

 

In Finland, another mission (Aalto-1) is currently being developed, with the aim to test a 100 m E-sail 

tether. The Aalto-1 is a CubeSat made by three units, with dimensions 30x10x10 cm (eoPortalDirectory 

(2017)).  

In 2012 NASA decided to start a project related to the E-sail technology called Heliopause Electrostatic 

Rapid Transit System (HERTS) (Wiegmann (2015)). The project was funded by the NASA Innovative 

Advanced Concepts (NIAC) for six months and selected in the frame of the US National Academy of 

Scienceõs 2012 Heliophysics Decadal Survey. The primary objective of the study was to assess the 

                                                 
1 CubeSats are 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 to create low-budget space missions with 
students all around the world. This technology was also used in the project QB50, which embeds 50 CubeSats built by 
different research centres, universities and companies. The QB50 project is led by the Von Karman Institute in Belgium.   

https://www.electric-sailing.fi/projects.html
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feasibility of a mission to the hedges of the Solar System, the heliopause, 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 by Janhunen et al. 

(2013)). Wiegmann (2015) concluded that the system could be òdeveloped within a decade and provide 

meaningful heliophysics science and outer planetary science returns in the 2025-2035 timeframeó. One 

of the main changes in the E-sail system design proposed by NASA was related to the deployment 

method. The author 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 selected for a two-year grant funded by the Phase II NIAC 

Fellow programme. The objective of the project was to perform the first experimental activity on-

ground of the E-sail concept and to collect modelling data. The on-ground testing activity was started 

in 2016 and as of Spring 2017 the results of the testing activities have not been disclosed yet by NASA 

(Nasa.gov (2016)).  
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3. MOTIVATIONS  

 

The E-sail material has been selected in the frame of the ESAIL FP7 project, Al-1%Si, mainly on the 

basis of the requirements related to the possibility (i) to create the complex structure of the heytether 

using ultrasonic bonding and (ii) to minimise the total weight, as will be discussed in the next chapter. 

The microstructural aspects of the tetherõs material, however, were not specifically addressed in the 

frame of the ESAIL FP7 project; they play nonetheless a crucial role in the determination of the 

mechanical performances of the tether due to its geometry. 

Even if Al-1%Si wires can be produced in the form of very thin wires with micrometric dimension 

diameter and can be bonded ultrasonically quite easily, such material is mainly used in the electronics 

industry for packaging purposes. For the E-sail technology application, however, the tether should have 

a structural function, as it should be always kept under tension during operations. Moreover, the tensile 

strength is one of the main design drivers, since the thrust level is roughly proportional to the usable 

tensile strength per mass density of the tethers. 

Since the tether diameter is in the order of micrometres, its mechanical properties cannot be directly 

derived from the ones of bulk aluminium. This is because of scale effects, such as the dimension of the 

grains and the ratio between the grainõs diameter and the tetherõs diameter. For example, Engel et al. 

(2002) showed that the flow stress decreases with increasing miniaturisation, since free surface grains 

show less hardening compared to the inner volume grains. In practice, the strength of specimens 

containing only a small number of grains across the cross section decreases with the ratio between the 

wire diameter and the grain diameter. In this sense, mechanical properties of micrometric wires are 

strongly affected by their production process, Liu et al. (1999)), as it will be discussed in further detail in 

the next chapters.  

In the literature, Al-1%Si mechanical properties at the micron scale have not been studied for this 

particular application. Even if publications exist on the mechanical properties of Al-1%Si wires (Liu et 

al. (2004), Danaher et al. (2011)), they focus on the applications for the electronics industry. Moreover, 

extensive studies on the breaking load of this specific material at variable temperatures were not found. 

A second area of study was related to the optical properties of the tetherõs surface. Since the E-sail is a 

technology needed for travelling 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 between 

the absorbance and the emissivity, and on the distance from the Sun, the range of temperature to which 

the tetherõs material would be exposed could very dramatically. In this context, the temperature may 

even affect the mechanical properties of the tether by processes such as creep.  

Even though in the frame of the ESAIL FP7 project some preliminary studies on the optical properties 

of the surface and coatings have been conducted, the results were not conclusive. In fact, only the 

emissivity of the wire was measured, but no measure was performed for the absorbance. Therefore, it 

was not possible to determine whether the optical properties of the coating were fitting the 

requirements or not.  

The motivation of the work was therefore twofold: (i) investigating the mechanical behaviour of the 

tether material, by relating it to its microstructure and production process, and (ii) studying the optical 

behaviour of its surface. Such an approach, aiming at linking the surface properties and the mechanical 
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performances of the material at different temperatures, was in practice missing in the engineering 

design of the E-sail tether in space. 

In order to fill this knowledge gap, it was decided to perform mechanical tests on the bare tether using 

a Dynamic Mechanical Analyser. The objective of the tests was to assess the mechanical properties of 

the bare tether by performing tensile tests at several temperatures above and below the ambient 

temperature. The results of this activity will be published in a peer reviewed journal in the near future. 

Furthermore, a study of the Atomic Layer Deposition coatings properties was carried out together with 

the Università degli Studi di Brescia (MALDIT project) and Università degli Studi di Roma "La 

Sapienza".  
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4. REQUIREMENTS FOR THE TETHER MATERIAL  

 

4.1. SUMMARY  

First, the requirements for the tether material and coating are discussed, building on the results 

emerging from the ESAIL FP7 project. The requirements related to the tensile strength and the 

thermal equilibrium are the core of this work and are therefore analysed in more detail. Then, some 

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 production concerns, are also taken in consideration. 

 

4.2. MAIN TETHER REQUIREMENTS  

The main requirements for the E-sail tether have been identified within the ESAIL FP7 project 

(Koivisto et al. (2011)), Seppänen (2013), Rauhala et al. (2013)) and are recalled hereafter. 

The selection of the tetherõs material is based on some requirements such as: 

- Vacuum compatibility. The tether material should be vacuum compatible. The vacuum 

compatibility of metals is good, while polymer solutions or coatings should be space-qualified.  

- Tensile strength. The tether has to withstand the static pull corresponding to weight of 5 g (also 

considering the crossing of an eclipse region). The tether material should have a high (> 10 

MPa) and stable tensile strength in a wide range of temperatures, as discussed in the following 

paragraph.  

- Mass density. The mass density of the tether should be minimised. The tetherõs subsystem 

weight has been estimated for different E-sail missions by Janhunen et al. (2013).  

- Resistivity. The tether will collect electrons in the solar wind plasma and should have a high 

conductivity to minimise the power loss due to Joule effect. Considering a copper wire with 

conductivity at room temperature of 60 (MǗm)-1, Janhunen (2004) estimated a heating power 

of 8 µW for a 30 km long wire. The resistivity of steel is considered sufficient. 

- Resistance to electron bombardment. The tether material should sustain an electron 

bombardment of 20-40 keV without significant material degradation. Moreover, it should 

sustain sparks in case of failures. 

- UV degradation. The material should have an excellent resistance to UV exposure. 

- Operating temperature. The equilibrium temperature of the tether may affect the mechanical 

properties, such as the creep, of the tether material. The equilibrium temperature depends on 

the surface properties, which may be altered by the presence of a coating. The coating may even 

degrade due to a change in the temperature. The E-sail is preferably used outside eclipse regions 

in the solar system to avoid sudden temperature jumps. This topic has been studied in the solar 

distance range 0.9 - 4 au by Janhunen et al. (2015). The survival temperature of the electronics (-

20 °C to +70 °C) could be considered as an indicative range of operation for the E-sail. Metals 

are good candidates for this purpose. For missions close to the Sun, the tetherõs surface should 

have a low absorbance in 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 solar system. Metals are generally highly 

reflective. Coatings could be selected to tune these parameters. 

- Micrometeoroid resistance: the tether should be designed to minimise the risks of failure due to 

micrometeoroid impact. Such requirement has been studied in the past by Sturmfels (2001). 

The response of a tether structure in space has been investigated in the frame of the MAST 

space tether experiment (Hoyt et al. (2007)) using a CubeSat. It was estimated that the lifetime 

of a multi-wire structure increases dramatically the survival probabilities (Figure 12).  

- Workability of material. In order to create the structure needed against micrometeoroid impact, 

the production process of the multi-wire system (the heytether) should be affordable. In that 

sense, the tether material should have a high workability. In the case of metals, aluminium has a 

good workability while titanium poses more problems. If coatings are to be considered, the 

impact on the production process of the heytether should be taken into account. 

- Deployment friction. During 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 cause undesired bonds between the turns. Afterwards, 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 production process of the multi-wire system. 

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

- Other requirements. The tether should not be magnetic in order not to interfere with the other 

subsystems of the satellite. 

 

 

Figure 12: Survivability of the MAST multi-wire tether to the impact of micrometeoroids and orbital debris in space compared to a single-line 

tether of equal mass. Hoyt et al. (2007). 

 

4.3. TENSILE STRENGTH  

The E-sail tethers should be always kept under tension during operations. To this end, the satellite is 

put in rotation. Therefore, the tetherõs motion is controlled both by the thrust vector and the 

centrifugal force. The resulting force will have a coning angle with respect to the original tethers plane, 
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similarly to the case of the helicopter blades. The relation between the electric sail force and the 

centrifugal force is further explained by Toivanen et al. (2014).  

The centrifugal force should be such that it overcomes the propulsive thrust by a factor of about 5. As 

a consequence, it is assumed that the tether should withstand a continuous tensile force corresponding 

to about 5 g in the Earthõs gravity field (Janhunen et al. (2013)).  

In Figure 13 the Coriolis force is the G vector, while the thrust is the F vector. The direction of the 

solar wind is also indicated (VSW). Toivanen et al. (2017) showed that the resulting shape of the tether 

òis such that near the spacecraft, the roots of the main tethers form a cone, whereas towards the rim, 

this coning is flattened by the centrifugal force, and the sail is coplanar with the sail spin planeó. 

 

 

Figure 13: Forces applied on the tether. Electric sail tether (thick solid curve), remote unit (black dot). Toivanen et al. (2017). 

 

Ashby (2010) identified the main performance index for a cylindrical shape material during tension as 

the ratio between the tensile strength and the material density. In fact, in order to minimise the weight, 

we need to maximise the tensile strength/density parameter. This can be clearly understood by noting 

that the stress Ǳ on the wire is equal to the tensile load T divided by the cross sectional area A . The total 

weight of the tether w is the materialõs density ǯ multiplied by the length L and the cross sectional area 

A . By isolating the term A , we obtain: 

ύ ϽὝϽὒ. 

This equation clearly shows that to minimise the total weight of the tether, the term Ǳ/ǯ is to be 

maximised. 

The tensile strength of the tether is therefore one of the main design drivers, since the thrust level is 

roughly proportional to the usable tensile strength per mass density of the tethers. The specific 

acceleration as a function of thrust at different tetherõs tensile strength has been estimated by Janhunen 

et al. (2010), as shown in Figure 14. The 10 MPa curve corresponds to ultrasonically bonded aluminium 

tether. 100 MPa has been selected as a representative value for carbon fibres and/or silicon carbide 

fibres, while 10 GPa for a hypothetical carbon nanotube tether. With a better material, having 100 MPa 

strength for instance, the available thrust would be ten times higher.  
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Figure 14: E-sail specific acceleration as function of thrust for four tether usable tensile strength values. Dashed lines are cases where the tether wire 

is thinner than 18 µm. A system base mass of 10 kg and a voltage of 30 kV are assumed. Dotted horizontal line gives the level of solar gravity 

at 1 au for reference (propulsion system reaching solar gravity acceleration are usually considered very good). Janhunen et al. (2010). 

 

In the case of the Aalto-1 satellite, the tension of a 100 m long tether as a function of the angular 

velocity has been simulated, as shown in Figure 15 (Khurshid et al. (2012)). The maximum tension has 

been estimated at around 19 mN, for an angular velocity of almost 150°/s. The maximum tension 

point is estimated at 5.3 m length. 

 

 

Figure 15: Tether tension as a function of the angular velocity and tether length for the Aalto-1 satellite. Khurshid et al. (2012). 

 

As described by Toivanen et al. (2017), a tether voltage modulation is required for the maintenance of 

the sail attitude. For this reason, the tensile force is not constant over time, but it has a certain dynamic. 
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For instance, when flying through a planetary or moon eclipse, the tethers can undergo significant 

contraction and expansion due to temperature variation (Janhunen et al. (2015)). A maximum increase 

in tension of 0.7 g is foreseen during eclipse. The oscillations of the end-mass take place at a frequency 

lower than 0.1 Hz. An example of the dynamic behaviour of the tension is shown in Figure 16. 

 

 

Figure 16: Relative radiative heating, tether temperature and tether tension as function of time in circular orbit round Mars and Deimos distance. 

The right panel shows details around the 10 minutesõ mark from the evenõs start. Janhunen et al. (2015). 

 

4.4. THERMAL EQUILIBRIUM A ND THE ǀ/ Ǆ PARAMETER  

In space, the only heat exchange mechanism is radiation. Depending on the distance from the Sun, the 

Earth and other planets and bodies, the thermal equilibrium of a spacecraft or component can be 

derived. 

According to the Stefan-Boltzmannõs law, the energy radiated from the surface of the Sun per unit area 

is equal to: 

Ὁ „Ὕ υȢφχϽρπ Ͻυχχψ ὑ φȢσσϽρπὡȾά   

where „ is the Stefan-Boltzmann constant (5.6696x10-8 W/(m2K4). 

Since the surface of a sphere is 4Ǯr2, and the energy is conserved, the radiated flux per unit area at 1 au 

scales as r2 and becomes 1367 W/m2 at 1 au (Figure 17): 

Ὓ Ὁ ϽὉ
Ȣ

Ȣ
ϽφȢσσρπ ρσφχ  

This calculation holds for the solar constant and a fixed distance of the Earth from the Sun. In reality, 

due to the Solar variations and the eccentricity of the orbit of the Earth, the solar irradiance changes 

with time at the Earth position.  
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Figure 17: Radiated flux from the Sun (http://en.wikipedia.org/wiki/Solar_constant).  

 

In thermal equilibrium, all the contributions to the energy balance are: 

ή Вή ή ή ή Ȣ ή ή   

In thermal equilibrium, the power radiated by the tether is: 

ή ‐Ͻ„Ͻὃ ϽὝ Ὕ   

where  

- ‐ is the emissivity; the hemispherical emissivity ‐ is generally considered, integrated in the 

range of frequencies 5-50 µm (corresponding to a black body with a temperature in the range -

250 to 300 °C); 

- ὃ  is the radiating area of the surface, equal to the total surface area of the tether; 

- T0 is the temperature of background radiation (with radiating properties similar to a black-body 

radiating at 2.7 K).  

For many applications, the temperature of the emitting body (in our case the tether) is much higher 

than 2.7 K, so we can discard the term Ὕ : 

ή ‐Ͻ„Ͻὃ ϽὝ   

The absorbed power from the Sun is: 

ή ὛϽὃ Ͻ‌ϽÃÏÓ—  

where  

- S0 is the solar constant, 1367 W/m2; 

- ‌ is the absorbance; it is generally considered the solar absorbance, ‌, integrated in the range 

of frequencies 0.2-2.8 µm (covering 95% of solar spectrum); 

- Aa 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). 

Considering the mass budget model produced by Janhunen et al. (2013) and reported in Figure 7, at 1 

au the electron gun power is 720 W, the total tether length is 1.2 km and the total tether surface is 

http://en.wikipedia.org/wiki/Solar_constant
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about 600 m2. The resulting power per unit length in this case is 1.2 W/m2. In general, ή  is in 

the range of 1-2 W/m2 and can be therefore discarded in this calculation.  

In case the satellite is at a low altitude (e.g. in Low Earth Orbit, LEO), the thermal power generated 

due to aerodynamic drag ή Ȣ shall be also considered. 

ή Ȣ πȢυϽ”Ͻὃ Ͻὧέί‎Ͻὺ   

where 

- ” is the atmosphere drag 

- Adrag is the area exposed to the air drag 

- ‎ is the angle between the surface normal and the velocity vector 

- ὺ  is the speed of the satellite. 

However, since the E-sail operates 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. 

ή ὥϽρσφχϽ‌Ͻὃ ϽὊϽÃÏÓ‍  

where 

- a is the albedo of the Earth (this value ranges from 5 to 30 %) 

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

- F is the view factor from the Earth sphere to the tether (in LEO it is about 0.3) 

- ‍ is the angle between the position of the satellite with respect to the Earth and the position of 

the Sun (see Figure 18). 

 

 

Figure 18: Angle ♫ for the tether. Cosmo et al. (1997). 
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The radiated flux from the Earth due to infrared radiation is: 

ή ‐ Ͻ„ϽὝ Ͻὃ ϽὊ ‐ Ͻ„ϽὝ Ͻὃ ϽὊ

‐ ϽςρυϽὃ ϽὊ   

where 

- ‐  is the emissivity of the Earth 

- ὃ  is the area of the tether 

- Ftether-Earth is the view factor (0.5 in case of a flat surface, the Earth as seen from the spacecraft, 

and a sphere). In general, the following holds: ὃὊ ὃὊ , where F1-2 is the view factor 

or the fraction of radiating energy which leaves the surface 1 and reaches the surface 2. 

 

 

Figure 19: Tethers view factors. Cosmo et al. (1997). 

 

We assume, discarding the other minor contributions, that: 

ή ή   

The equilibrium temperature in this case becomes: 

Ὕ   

Based on the above equation, the final equilibrium temperature of the tether with a certain geometry 

depends on the term  , which is mainly dependent on the surface and/or the coating material. It is 

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

optical spectrum and ‐ over the infrared spectrum. Moreover, the above function is valid in the 
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simplified case of a cylinder-shape tether and with the angle between the tether wire direction and sun 

direction being 90°. We can refer to this as the worst case, providing the maximum equilibrium 

temperature, considering also that the loop wires are all in view of the Sun.  

However, in the case of the E-sail heyether,  is different. In order to calculate the area of the 

tether ὃ , we consider a portion of the tether of length L . Considering the simplified geometry 

shown in Figure 20, the external area is: 

ὃ ὒϽ“ϽςϽὶ σϽϽὒϽ“ϽςϽὶ ὒϽ“Ͻυπ ‘ά σϽϽὒϽ“Ͻςυ όά

ὒϽυρπ ‘ά  

So the final area of the tether is: 

ὃ ὒ Ͻυρπ ‘ά  

where ὒ  is the length of one tether. 

 

 

Figure 20: Schematic of a heytether single-loop. 

 

The black body temperature as a function of the distance from the Sun is reported in Figure 21. 

 

 

Figure 21: Black body temperature according to its distance from the Sun (ignoring planet albedo). Gilmore (2002). 
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The equilibrium temperature has been plotted as a function of the Sun distance and for different ǟ/ ǣ 

ratios, as shown in Figure 22. The influence of the planets is not considered in the plot. The tetherõs 

thermal equilibrium is reported in Janhunen et al. (2015). 

 

 

Figure 22: Equilibrium temperature plotted as a function of the Sun distance for different ǟ/ǣ ratios. 

 

4.5. TETHER M ATERIAL OPTIONS  

We can make a first down-selection of material options based on the UV radiation and electrical 

resistivity properties. To this end, a plot was produced using the software database CES EduPack 2013 

by Granta© Design Limited with the Level 3 aerospace database.  

In the graph below (Figure 23), we see a comparison between the properties of the fibres included in 

the Level 3 CES aerospace database and the properties of aluminium and stainless steel. Organic fibres 

are generally not vacuum compatible and are prone to degradation due to UV exposure. Therefore, 

they have been discarded from the plot. Other material options, not included in the CES database, are 

discussed afterwards. 
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Figure 23: Comparison of the UV resistance and electrical resistivity of fibres includes in the Level 3 CES aerospace database with the 

aluminium and stainless steel. 

 

At first sight, some synthetic fibres, such as Honeywell Spectra® polyethylene fibre (similar to the 

Dyneema fibre) and the Kevlar, have both UV radiation and electrical resistivity much lower than 

aluminium. For this reason, in space these materials are protected by UV radiation with coatings, as 

discussed in the following paragraph. 

By using the parameter tensile strength/density, we made another comparison among materials. In 

Figure 24, we can see that all materials above the line have a better ratio of tensile strength over mass 

density compared to the materials below the line. Carbon fibres have the best performance in this 

respect. Other plots showed that aluminium with 99 % purity, even if not among the best materials, is 

clearly better than gold, platinum and silver with commercial purity. 
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Figure 24: Tensile strength vs density for different materials. 

 

If we limit our observation to only the carbon fibres and the best performing metals, we obtain the 

chart in Figure 25. 

 

 

Figure 25: Tensile strength vs density for materials above the threshold line. 
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In our analysis, Titanium and steel are discarded because they are not bondable. Bonding is necessary to 

create multi-wire structure and to increase micrometeoroids resistance. Even if techniques are under 

study, these materials are considered at present to be not enough advanced to ensure bonding with 

both good mechanical and good electrical properties (Fischer et al. (2012)). 

In general, metal wires can be good candidates since they are conductive, UV resistant and vacuum 

compatible. However, it is also important to assess the impact of thermal treatments on the metals (e.g. 

the dimension of the grains has an impact on the mechanical behaviour). 

Synthetic fibres could be good candidates if electrical conductivity is not a requirement. Kapton has 

been selected in the ESAIL FP7 project for the auxiliary tethers in the form of sheets (Polkko (2012)). 

However, for conductive tethers, the use of Kapton has been excluded several years ago following 

some observations (wire damages and short circuits, arc-tracking/flashover) of in-orbit use by the 

NASA (Van Laak (1994)). NASA Head Quarter recommends not using any Kapton wire for any power 

circuit due to risks of arc tracking (transformation of plastic material from non-conductive to 

conductive through a process of surface degradation). 

In the Tethers in Space Handbook (Cosmo et al. (1997)) aluminium is considered as the main choice for the 

material of the electrodynamic tether.  

Interesting information related to the tetherõs material selection can be found in the frame of the 

MXER project (Sorensen (2001)). The MXER is a momentum exchange tether which has been studied 

to propel spacecraft from Low Earth Orbit (LEO) to Geostationary Transfer Orbit (GTO). Even if 

some of the requirements are not in common with those of the tetherõs material of the E-sail 

technology, we report here some considerations which could be of interest. The MXER project 

(Sorensen (2003)) identifies several organic and synthetic materials for the tether, such as Spectra 2000, 

Zylon and Kevlar. The report assumes that the core tether would need to be coated to protect the 

surface from Atomic Oxygen bombardment in LEO. Some portions of the tether could contain 

aluminium or another metal with the objective to establish a potential difference across the wire. The 

main figure of merit considered is once again the specific tensile strength (tensile strength/material 

density). Moreover, the tether would be configured in a multi-strand, cross-linking configuration to 

reduce the risk of failure due to micrometeoroids impacts. Figure 26 reports the properties for the 

materials selected in the study. 

 

 

Figure 26: Tensile strength and material density for the tether material selected in the MXER project. Sorensen (2003). 
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Steel is also used for space tethers, as it can be produced in very thin wires. For example, the Nitronic 

50 (AK steel) by Alloy Wire International Ltd2 can be produced in 25 µm diameter-wide wires. The 

Japanese project Kounotori, for instance, embeds 700 m long magnetic tether made of aluminium 

strands and steel wire developed thanks to the fishnet know-how (BBC.com (2016)). A thin coating was 

also used as lubricant (Spaceflightnow.com (2016)). 

However, steelõs density is about three times higher than aluminiumõs, which implies that the total 

weight of the tethers is three times higher as well. This could be reflected also in a heavier weight of the 

tether reels and auxiliary units, and therefore of the whole E-sail structure. Steel could also provide 

good stability at a broader range of temperatures (-200 °C to +300 °C). However, ultrasonic bonding 

capabilities are poor. Therefore, alternative solutions for multi-wires structures should be found to 

protect from micrometeoroid impact. 

The NASA HERTS project made a down-selection of materials and decided to investigate two other 

options: Amberstrand wires and Miralon® yarns (Wiegmann (2015)). Their properties are compared to 

the ones of aluminium and copper in Figure 27.  

 

 

Figure 27: Down-selection of tether materials by the HERTS project. Wiegmann (2015). 

 

Miralon® yarns3 are carbon nanotube (CNT) wires produced by Nanocomp Technologies Inc. It  is 

composed of aligned bundles of CNTs with diameter of hundreds of microns and length in the order 

of millimetres. Miralon® is commercially sold as a single ply yarn with a dimeter of 130 µm (A-series) 

or as a 4-ply high strength yarn (C-series). As an example, CNT yarns are considered as reinforcement 

fibres for pressure vessels by Kim et al. (2016). 

The AmberStrand® fibre, produced by Syscom Advanced Materials, has been also considered by NASA 

for the E-sail technology. It is made by an inner Zylon® fibre core, with high strength, and a 

conductive metal outside layer. The outer layer can be metallised with copper, nickel or silver. Two 

types are commercially available, depending on the number of filaments. The 166-filaments type has a 

diameter of 246 µm. and the tensile strength is 5.8 GPa.  

From our calculations, Miralon® CNT (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.html  
3 http://www.nanocomptech.com/yarn  

http://www.alloywire.com/nitronic_50.html
http://www.nanocomptech.com/yarn
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However, their specific tensile strength is comparable ð 31.8 GPaām/g for Miralon® CNT (A-series) 

and 36.47 GPaām/g for Amberstrand 166. 

The baseline material for NASA is a 32 µm gauge wire, 16500 meter-long made by Amberstrand. 

However, NASA is also considering the use of graphene materials developed by Manchester University 

(Nextbigfuture.com (2016)).  

Kashihara et al. (2008) recommended to choose synthetic fibres with high conductivity as reinforcing 

material, with no insulating coating on the surface. This would reduce the risks of arching at triple 

junctions.  

A very long term option for the tethers material could be using superconducting wires. This option has 

been discussed in Cosmo et al. (1997). However, to achieve superconducting temperatures, the wire 

should be housed in a tube with flowing supercooled (2° K) helium. The tube should be insulated and 

capped at each end with a refrigeration system. 

 

4.6. TETHER C OATINGS  

4.6.1. Coating requirements 

The performance of E-sail tethers can be significantly improved by coating the bulk material, as 

discussed in our recently published paper (Hassan et al. (2017)). The main aims are to increase the 

absorbance and/or the emissivity depending on the mission, reducing the risk of cold welding during 

launch, increasing the diffusive reflectance for optical visibility purposes. Moreover, the resistance to 

the harsh environment of space, such as UV radiation and atomic oxygen bombardment, is a desired 

feature. Indeed, synergic or separate interactions in the harsh aerospace environment can provoke 

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 spacecraft parts consists of applying thin film coatings.  

Considering the state of the art of the heytether design and production process, the main requirements 

for the coating could be divided between requirements related to the coating properties and 

requirements related to production issues. The latter are described in the following paragraph. 

The tether coating requirements, also studied in the frame of the ESAIL FP7 project, are listed below 

and briefly discussed.  

- Space environment compatibility. The coating should be space compatible. Generally, this 

requirement of vacuum compatibility can be considered fulfilled for coatings produced with PVD, 

ALD, CVD and other processes involving the use of low pressure. In the Low Earth Orbit (LEO) 

there is a heavy presence 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 surrounding plasma would decrease 

substantially (Johnson et al. (2003)). Several studies have been carried out also by NASA (Gittemeier 

et al. (2005)) to investigate the effects of AO bombardment and UV radiation on coated tether 

materials in LEO. 

- Bombardment of tether by 20 - 40 keV electrons. The coating has to resist possible wearing and 

material degradation caused by the E-sail specific electron bombardment. 

http://www.nextbigfuture.com/2016/09/nasa-niac-e-sail-phase-2-heliopause.html
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- Tailored ǟ/ǣ ratio (depending on the space mission target). In space, 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 of the absorbance ǟ, and the radiated power by the 

tether, which is a function of the emissivity of the surface ǣ. Given the distance from the Sun, the 

Earth and other planets and bodies, the final equilibrium temperature of the tether with certain 

geometry depends on the term ʒ (ǟɪǣ), which is associated with the coating material. For this 

purpose, ǟ is generally measured over the visible spectrum and ǣ over the infrared spectrum. 

Assuming a constant value of the emissivity, higher absorbance coatings may be chosen for 

missions to the outer solar system, where the equilibrium temperature needs to be higher, while 

coatings with lower values of the ǟɪǣ coefficient are to be selected for missions closer to the Sun 

(Hassan et al. (2017)). According to Cooke et al. (1961), ideally the tether coating shall have low ǟ/ǣ 

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 polished aluminium is a good reflector. For these reasons, ǟ 

should be 0.1 and ǣ 0.9, with a ratio of 0.11. 

- Avoid cold welding. The coating shall minimise the risk of cold welding, e.g. by providing low 

surface roughness and low friction. Cold welding could happen among the spool wires due to 

vibrations during launch. This issue has been analysed in the frame of the ESAIL FP7 project and it 

is discussed in one of the project reports (Rauhala et al. (2013)). A test aimed at measuring the force 

needed to pull the wire was conducted using a load cell. Since the wire was coated, the strength of 

the adhesion between the spool turns varied as it was unspooled. The force was ranging between 2 

mN and 14 mN. Depending on the type of material and the coating to be selected, such test should 

be repeated in order to verify that the adhesion between the wire loops does not exceed the 

breaking load of the tetherõs material. In general, prevention of cold welding (low roughness) and 

high IR emissivity (high roughness) are contrasting requirements (Wen et al. (2006)). 

- Highly diffusive. In order to improve the visibility from the optical cameras, the coating shall 

preferably be highly diffusive in the optic frequencies. 

- Low thickness. The thickness shall be big enough for the optical properties of bare Al to be 

modified but as little as possible in order to minimise 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 considered (1 µm is a first estimate by P. Janhunen). Such 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 (Hassan et al. (2017)). 

- Preferably low resistivity. Electrical resistivity of the coating is also a parameter of great importance 

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

the risk of sparks due to charge build-up, the electrical resistivity should be minimised (Hassan et al. 

(2017)). Moreover, an insulating coating should be applied to the first portion of the tether for 

safety reasons, namely to avoid high voltage close to other parts of the spacecraft. Therefore, the 

resistivity requirements for this coating are higher than for the remaining part of the tether.  

- Good aluminium/coating compatibility. The coating shall have good adhesion with Aluminium and 

a thermal expansion similar to the one of bare Aluminium. Each coating should also sustain 

thermal cycling, especially in the case of eclipse crossing, and thermal variations due to differences 

in thermal expansion between the tether material and the coating material. Such assessments have 

not been carried out in the frame of this study, but 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 sufficient thickness, 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 bare aluminium. This concept relies on the 

presence of a sufficiently thick oxide layer, which could be afforded in most situations and for simple 

flat surfaces. An example of a coating of this type can be found in Kiomarsipour et al. (2013). However, 

for the case of the E-sail tether, an oxide coating with thicknesses in the µm range would not be 

affordable. For a coating in the nanometre range, it is much harder to use double surface effects, since 

emissivity is strongly affected by the coatingõs thickness (Edalatpour et al. (2013)).  

The dimension requirement represents a real challenge in the choice of a coating with double surface 

effect such as the one described above. Edalatpour et al. (2013) explain that òonly a small portion of 

volume below the emitting surface contributes 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 emitting medium is thinner than the critical 

thickness, the concept of emissivity, as defined in the classical theory of thermal radiation, is not valid 

anymoreó. This direct model, based on Maxwellõs equations and fluctuational electrodynamics, leads to 

a simple closed-form expression for computing the thickness-dependent emissivity of films. For each 

material, the variation of emissivity against film thickness is calculated and the critical thickness above 

which no size effect is observed is determined. An approximate expression is then proposed for 

determining the critical thickness without performing extensive computations. 

 

 

Figure 28: Total hemispherical emissivity of various materials as a function of the film thickness. Edalatpour et al. (2013). 

 

In Figure 29 we can see why a thick film has a different impact compared to a thin film. For dielectric 

coatings, it is therefore recommended to increase the thickness of the coating in order to 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  

 

where A c is the desired accuracy and . 

The explanation of this phenomenon, provided by Edalatpour et al. (2013), is the following: òthe 

emissivity of metals increases as the film thickness decreases because of the supplementary contribution 

of waves experiencing multiple reflections at the film interfaces.ó For dielectrics, the contribution from 

waves experiencing multiple reflections exists in both thin and thick films and is nearly unaffected by 

the size of the layer. Moreover, òthe waves emitted by the extraneous source volume within a thicker 

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

As a consequence, the emissivity of dielectric films is a pure volumetric phenomenonó. 

 

 

Figure 29: Wave propagation in a thin film (a) and in a thick film (b). Edalatpour et al. (2013) 

 

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 in 2007 (Hoyt et al. (2007)), was a 

Hoytether consisting of three lines coated with Triton Oxygen Resistant (TOR) polymer. The coating 

increased the tether mass by 2%.  

Similar studies have been conducted by NASA in preparation to the Propulsive Small Expendable 

Deployer System (ProSEDS) mission. The mission is an on-orbit demonstration of the propulsion 

capabilities of electrodynamic tethers in space. The objective was to obtain a coating with a higher 

absorbance/emissivity ratio than bare aluminium, while preserving the ability of the tether to collect 

electrons. The Conductive-Colorless Oxygen Resistant (C-COR) polymer coating provided a ratio of 

1.14 (Curtis et al. (2002)). This technology is covered by patent (Johnson et al. (2003)). The project also 

investigated the possibility to use an insulating AO resistant polymer coating, the TOR-BP (Vaughn et 

al. (2000)).  

Lennhoff et al. (1999) report a characterisation of the COR polymer (Figure 30). A coating with 

thickness 25.4 µm presented a solar absorbance of 0.3 and a thermal emittance of 0.8, providing an 
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overall value of ǟ/ǣ of 0.375. The coating thickness, however, is too high for the E-sail technology, as it 

would be in the same order of magnitude of the wire diameter. 

  

 

Figure 30: Properties of the COR polymer. Lennhoff et al. (1999). 

 

Other tether coating options were investigated by McCandless et al. (2005) in the frame of the MXER 

project to improve the surface properties of Zylon PBO. The coating was composed by an Aluminium 

layer, providing the high reflectivity needed to decrease the ǟ/ǣ ratio, and an Al2O3 top layer providing 

protection from AO and UV present in LEO.  

Other coating materials, such as VO2 (Chen et al. (2012)) and LCSMO (Perovskitemanganese oxides) 

(Fan et al. (2013)), are temperature sensitive and are used to tune the emissivity of spacecraft surfaces. A 

patent has been filed on this concept by the Boeing company in 2006 (Cumberland et al. (2006)). 

Frequency selective surfaces can be also produced with lithographic processes (Paul et al. (2001)), but 

they are not addressed in this study as they are believed to have production costs too high for the E-sail 

technology.  

Finally, studies have been carried out to assess the feasibility of the use of a low-work function coating 

material, e.g. calcium aluminate C12A7 electride, to be used in a portion of the tether with the objective 

to eliminate, or reduce, the need of a cathode (Williams et al. (2012), Chen (2015)). 

 

4.6.3. E-sail coating production constraints 

Assuming that a coating for the E-sail tether would make use of the òtether factoryó developed in the 

frame of the ESAIL FP7 project, some additional requirements related to production constraints 

should also be considered. 

- Process and coating not harmful. Danger for operators should be avoided. 

- Process compatible with the ESAIL òtether factoryó. Since the good functionality of the tether 

factory is already proven, the coating process should complement the heytether production process. 

For this purpose, there are three options: (a) coating of the aluminium wires before integration in 

the tether factory (in this case the tether shall be compatible with the ultrasonic bonding process); 

(b) coating of the entire heytether in-line with the tether factory; (c) coating of an entire heytether 

reel after the production of the reel with the tether factory. After a first attempt of Al2O3 ALD 

coating deposition, a sticking problem was experienced during unreel (Rauhala et al. (2013)). For 
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this reason, a coating method performed in line with the tether production is preferable. Roll-to-roll 

processes would be the preferred option in this respect.  

- Fast coating speed. The speed of the coating process is a key parameter, as the quantity of tether to 

be produced for a single spacecraft could be significant (20 km x 20 tethers = 400 km). Moreover, 

since the speed of the ESAIL tether factory is 5 m/h, the coating speed should preferably be higher 

than this value. 

- Cheap process. The cost of the coating process should be an important element of consideration in 

the selection of the technology.  

- Handling. Handling of the tether should be minimised in order to reduce the damage to the tether 

during the production process. 

- Process temperature. Process temperature should be such that it does not damage the tether 

material. A temperature lower than 150 °C would be preferable. 

Oxides such as alumina, titania, magnesium oxide, zirconium oxide and nitrides, such as AlN, deposited 

using Physical Vapour Deposition (PVD) processes or Atomic Layer Deposition (ALD) techniques, 

have good adhesion to aluminium and could be considered as options, depending on the desired ǟ/ǣ 

ratio. However, PVD processes are highly directional and obtaining a homogeneous coating on the 

cylindrical surface of the tether is not trivial.  

Roll-to-roll processes exist for PVD and for the ALD technology. One example of roll-to-roll ALD 

system is the Beneq WCS 500. Assuming a deposition speed of 2 m/min for Al2O3, producing 300 nm 

coating would require a speed of 10 m/h, which would be compliant with the speed requirement. 

Ambient pressure Chemical Vapour Deposition (CVD) is suitable for Al2O3 and TiO2 but the 

production temperature is too high (> 400 °C) and it is therefore discarded.  

Electrolytic processes such as anodisation could be also considered as an option (Diggle et al. (1969)). 

In this case, a barrier type anodisation layer could be produced, instead of the thick and porous 

anodisation layer more widely used. The film is thin and compact, and can be produced quickly. The 

thickness depends on the applied potential (about 14 Å/V). The bath solution is very weakly acidic of 

neutral. This coating can be produced with a reel to reel process, in line, for example, with the ESAIL 

tether factory. The tether would pass in the electrolyte bath where also the anode and the cathode are 

present. In general, 1 km tether weighs 11 g, therefore its weight could be too low to be completely 

immerged in 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 options could be 

considered in this case (Figure 31). The martin black is a special proprietary type of anodisation 

process, widely used for space applications.  

 

   

a) Tether floating on the 

electrolyte bath 

b) Use of pump for liquid 

recirculation 

c) Reel immerged in the bath 

to hold the tether 

Figure 31: Options for a potential electrolyte bath for tether anodisation.   
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5. E-SAIL TETHER CHARACTERISTIC S  

 

5.1. SUMMARY  

In this chapter, the E-sail features are analysed in depth. First, the material selected for the E-sail 

heytether (Al-1%Si) is presented. Then, we go through a literature review of the characteristics 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 study (Al2O3, TiO2, ZnO and TiZnO) are described and the results of scanning electron 

microscope observations are presented.  

 

5.2. AL-1%SI WIRE SELECTED  IN THE ESAIL  PROJECT 

Based on the above discussed requirements, the ESAIL FP7 project selected both the material of the 

tether and its structure. The selected configuration is named heytether. The heytether is a 4-wire tether 

made of aluminium (99% Al, 1% Si) wires with a diameter of 25 or 50 µm.  

The 4-wire heytether is provided with a main wire (50 µm diameter) to which 3 wires are attached via 

ultrasonic bonding (25 µm diameter each) (Figure 32). The distance between single bonds is 10 mm, the 

loop length is 30 mm and the loop height is between 5 and 30 mm (Seppänen (2013)). The total 

thickness of the heytether should be higher than 2 cm, but should present the lowest surface area in 

order to minimise the collection of electrons from the solar wind. 

 

  
Figure 32: 4-wire 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 are not stretched. Of course, should the base wire be broken by a micrometeoroid, the 

loop wires need to take over.  

More precisely, the material selected for the tether in the frame of the ESAIL FP7 project was Al-1%Si 

TABN 32 µm produced by TANAKA ELECTRONICS SINGAPORE Pte. Ltd. A small amount of 

nickel was added to the alloy for better corrosion resistance. Without nickel doping, the material was 

scheduled for obsolescence. Al-1%Si is typically used for wire bonding in electronics, such as for 

radiofrequency power amplifiers. This material is therefore studies by electronic engineers. (Danaher et 

al. (2011)). 

The production of the ESAIL heytether from the single Al wires is performed by a dedicated device, 

the òtether factoryó, shown in Figure 33, which is mainly responsible for the ultrasonic bonding 

process (Seppänen et al. (2011)). A 1 km wire has been produced (Seppänen et al. (2013)).  
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Figure 33: Image of the òtether factoryó. Seppänen et al. (2013). 

 

From the datasheet it results that the exact composition of the alloy is: Aluminium 98.995 wt% + 

Silicon 1 wt% + Nickel 0.005 wt% (TANAKA  (2015)). The exact chemical formula is Al-1%Si-

0.005%Ni. The CAS No.: 7429-90-5 (Al), 7440-21-3 (Si), 7440-02-0 (Ni). Melting points: 660.4 °C (Al), 

1410 °C (Si), 1453 °C (Ni). 

The production process of the alloy is described in Figure 34. The raw material, after fine drawing, 

undergoes annealing at an unknown temperature (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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Figure 34: Aluminium Silicon Bonding Wire Manufacturing Process, courtesy of TANAKA Electronics Singapore. 

 

5.3. STATE OF THE ART  

5.3.1. Al-Si systems 

In order to understand the properties of Al-1%Si, it is necessary to begin by analysing the phase 

diagram of the Al-Si system (see Figure 35). It is a binary eutectic type phase diagram with limited 

aluminium and silicon solubility (Zolotorevsky et al. (2007)). The melting temperature of pure Al is 660 

°C. The maximum solubility of silicon in aluminium is 1.65%, which is achieved at the eutectic 

temperature of about 577 °C, while the 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 (Lasagni et al. (2008), Zhao et al. (2013)). 
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Figure 35: Al-Si phase diagram. Zolotorevsky et al. (2007). 

 

Concerning the microstructure, Saini et al. (2015) report three reference micrographs for hypoeutectic 

(1.65-12.6 wt% Si), eutectic (12.6 wt% Si) and hypereutectic (> 12.6 wt% Si) Al-Si systems (Figure 36).  

 

 

Figure 36: Al-Si microstructure for hypoeutectic (left) eutectic (centre), hypereutectic (right). Saini et al. (2015). 

 

As for the case of lead-tin with hypoeutectic composition, when cooling from the liquid phase, the Al-

1%Si alloy forms grains of the Al-reach ǟ-phase at first. Then, precipitates of the Ǡ-phase, pure silicon 

in this case, are formed, since silicon largely exceeds the solubility in aluminium at ambient temperature. 

Another example of microstructure for different types of hypoeutectic Al-Si systems is reported by 

Kim et al. (2017). In that particular case, even an undesired Ǡ-phase containing Fe was present. It can be 

observed (Figure 37) that for the lower composition of Si (0.8 wt%) only small precipitates of Si were 

present. Precipitation-free 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. Moreover, Kim et al. 

(2017) observed that the PFZ is evidence of the dissolved silicon having contact with pre-formed 

silicon particle.  
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Figure 37: Precipitated silicon particles after aging for 4 h at 573 K for (a) Al-0.8Si, (b) Al-3.0Si and (c) Al-9,5Si. Precipitation-free zones 

(PFZ) are present for 3 wt% Si composition. Kim et al. (2017). 

 

It was found that the Si precipitates have the usual diamond structure with atomic volume 21.4% 

higher than in solid solution FCC (Van Mourik et al. (1987)). Therefore, large stresses may develop on 

ageing. An example is represented by the lattice parameter of the ǟ-phase, Al-reach, as a function of 

ageing time in Figure 38.  
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Figure 38: The Al-rich phase lattice parameter aAl as a function of ageing time t for the solid quenched Al-1.4%Si. The ageing temperature 

applied is indicated. Van Mourik et al. (1987). 

 

The microstructure has a significant impact on the mechanical behaviour of the alloy, as shown in 

Figure 39. 

 

  
 

a) Youngõs modulus of Al-Si vs. Si content 

at room temperature: (1) results in the article 

and (2) results for conventional casting into 

a mould. 

b) Youngõs modulus of Al-Si alloys vs temperature for various Si 

contents: (1) 11.5 wt%, (2) 20 wt%, (3) 30 wt%, (4) 35 wt% Si, (5) Al-

11.5wt%Si-0.01wt%Sr. 

Figure 39: Al-Si Young modulus in various conditions. Nikanorov et al. (2005). 

 

Examples of Guinier-Preston zones in the Al-Si systems were identified in hypereutectic Al-20%Si 

matrix reinforced with 35% SiC particles (Ma et al. (2013)). According to the authors, òafter natural 

aging, spherical GP zones with a diamond crystal structure form in the supersaturated ǟ-Al matrix 

produced by high pressure solidification. The lattice parameter of the GP zones is 1.62 nm and their 

structure consists of Si3 atomic clustersó. 
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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 elements are used to increase its strength. 1%Si 

improves the mechanical properties of Al while maintaining its electrical conductivity and bondability 

via ultrasonic bonding. Previous studies on this include Harman et al. (1977), Krzanowski et al. (1990), 

Fitzsimmons et al. (1991), Geibler et al. (2009), Agyakwa et al. (2016). 

These features are crucial for the E-sail application, especially in order to create multi-wires, as 

explained in the previous sections (Lau (1994)). The Al-1%Si 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. ASTM F487 ð 13, Standard Specification for Fine 

Aluminium-1% Silicon Wire for Semiconductor Lead-Bonding. Previous research suggests that silicon 

particle size should be limited to 0.5 µm (Lau (1994)). 

Typical specification values for Al-1%Si wire are shown in Figure 40. 

 

 

Figure 40: Typical specification values for Al-1%Si wire. Lau (1994). 

 

Aluminium-magnesium wires are also used for the same objective. Al-0.5%Mg has even a better 

breaking strength than Al-1%Si wires. Al-1%Si and Al-Mg (Al-0.5%Mg and Al-1%Mg) alloys are both 

used for the bonding wires to strengthen the aluminium produced in very thin wires (Liu et al. (1999)). 

The authors study the break strength, yield strength, elongation and resistance to corrosion, arguing 

that the desired mechanical properties are 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 shown in Figure 41, the authors find that the yield strength decreases 

progressively in the range 100 °C to 300 °C and then remains essentially constant up to 400 °C. òAl-

0.5%Mg has the highest break strength at lower and intermediate annealing temperatures, 125 °C-300 

°C. Al-1%Si and Al-1%Mg have essentially the same break and yield strengths over the entire annealing 

temperature rangeó. òThe wire grain structure experiences recovery, recrystallization, and grain growth 

as annealing temperature increases. At the same time, silicon tends to reprecipitate and coarsen at the 

grain boundaries and in the matrix since its solubility in aluminium is about 0.16% at room temperature 

versus 0.25% at 400 °C. The probability for silicon to precipitate and coarsen will increase as the 

annealing temperature rises. It is postulated that this phenomenon has an embrittling effect. Below 200 

°C, recovery and recrystallization predominate, and ductility and elongation increase as temperature 

increases. In the range 200 °C~250 °C, silicon precipitation and coarsening predominates, and causes 

elongation reduction. In the range 250 °C~300 °C, recrystallization and moderate grain growth 



56 
 

predominate again and elongation increases. Above 300 °C, both silicon precipitation and coarsening, 

and excessive grain growth induce elongation reductionó. 

While Al-0.5%Mg wires present a higher strength than Al-1%Si alloys (Liu et al. (1999)), they could be 

more subject to embrittlement for low and intermediate annealing temperatures ð 125 °C - 300 °C ð 

(low elongation to failure).  

In the case analysed by the authors, the cross sectional area of the 76 µm diameter wire is 0.004534 

µm2. Therefore, at 100 gram breaking strength, the strain is about 216 MPa.  

 

 
a) Breaking strength of 76 µm diameter wires annealed at various temperatures 
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b) Yield strength of 76 µm diameter wires annealed at various temperatures 

 
c) Elongation of 76 µm diameter wires annealed at various temperatures 

Figure 41: Mechanical properties of Al-1%Si wires. Liu et al. (1999). 

   

A later study (Liu et al. (2004)) argues that over 480 °C, the grains grow rapidly to ultra-long grains and 

single slip occurs easily, resulting in lower strength and greater elongation (10ð16%). 

The annealing temperature has a strong effect on the silicon precipitates concentration and grains 

dimension. However, even the previous history has an effect on the final mechanical properties (Liu et 

al. (1999), Lasagni et al. (2008)). Zenou et al. (2006) also report that both coherent precipitates and 

dislocation loops are present and that the usual diamond crystallographic structure was observed for Si 

precipitates.  

The effect of the annealing temperature on the dimension of the grains was also observed on Au wires 

(Takagi et al. (2016)). 
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Figure 42: Experimental results for the concentration of Si precipitates as a function of annealing temperature. The annealing time was 16h. 

Zenou et al. (2006). 

 

Moreover, the annealing time at a certain temperature has also a strong effect on the final mechanical 

properties (Liu et al. (2004)), as shown in Figure 43. 
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a) Strength at different annealing times 

 
b) elongation at different annealing times. 

Figure 43: Effect of the annealing time on the mechanical properties of Al-1%Si material. Liu et al. (2004). 

  

Lasagni et al. (2008) show the TEM images of Si precipitates after water quenching at 540 °C and slow 

heating to different temperatures. In this case, the amount of Si (1.7%) is just above the maximum 

solubility of the state diagram.  

 



60 
 

 

Figure 44: TEM micrograph of Al-1.7%Si showing dislocation and loops (left) and coarse Si inclusions along the grain boundaries (right). 

Lasagni et al. (2008). 

 

Figure 45: TEM micrographs of quenched Al-1.7%Si samples after heating at 3 K/min to (a) 270 °C, (b) 300 °C, (c) 370 °C, (d) 420 °C 

and isothermal holding at (e) 200 °C/10 h and (f) 300 °C /1 h. Lasagni et al. (2008). 

 

Al-1%Si annealed bonding wire was observed with TEM in the literature, showing a fine and elongated 

structure, as shown in Figure 46. Al-1%Si grains were also observed by Kim et al. (2009). 
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Figure 46: Microstructure of the as-received wire. Liu et al. (2004). 

 

For what concerns corrosion, Liu et al. (1999) demonstrated that both Al-1%Si and Al-0.5%Mg displays 

severe intergranular corrosion. 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 

5.4.1.1. FIB/SEM  images 

A simplified version of the E-sail heytether has been observed for the purpose of this study with the 

Helios Nanolab 600 (DualBeam). This instrument embeds both the capabilities of Scanning Electron 

Microscope (SEM) and of the Focussed Ion Beam (FIB) systems, which allow performing both the 

tasks of milling and imaging of the material surface. An image of the instrument installed at the 

òLaboratorio Interdipartimentale di Microscopia Elettronicaó (LIME) of University of Rome Tre is 

shown in Figure 47. 
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Figure 47: SEM-FIB Helios Nanolab 600 (Dualbeam) installed at LIME. 

 

The observed heytether was composed by a base wire with 50 µm diameter and a single loop wire with 

25 µm diameter.  

The bonding point presented a rough surface resulting from the contact with the ultrasonic bonding tip 

(Figure 48 a) and b)). 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 bonding point at higher 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 milling at lower currents (0.9 nA) to improve the quality of the surface to be observed. The in-

situ SEM with ionic source was used to take high-magnification images of the bonding cross section. 

Figure 48 c) shows the results of the cross-section preparation.  

The high magnification image (25000x) showed that the bonding was not complete and that voids were 

present at the interface between the base wire and the loop wire (Figure 48 d). 
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a) View of the bonding point of the heytether b) Detail of the bonding point 

  
c) Cross section at bonding point d) Defect in the bonding section 

Figure 48: SEM/FIB images of the bonding point of the heytether. 

 

5.4.1.2. TEM images 

TEM lamellas were prepared using the Helios Nanolab 600 (DualBeam). A metallic layer (Pt) has been 

deposited on the area of interest. Subsequent mills were then performed with gallium ions to reach a 

lamella thickness of about 1 mm. Then, the lamella 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 observed with the Transmission Electron Microscope (TEM) Philips CM120 

Analytical. The instrument has a LaB6 filament, a CCD camera Olympus Megaview III and an Energy 

Dispersive X-ray Spectrometry (EDS) probe EDAX DX4.  

An image of the TEM installed at the òLaboratorio Interdipartimentale di Microscopia Elettronicaó 

(LIME) of University of Rome Tre is shown in Figure 49. 
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Figure 49: TEM (Philips CM120 Analytical) installed at LIME. 

 

In Figure 50, the images illustrating the different stages of the lamella preparation for the sample are 

shown. 

 

  
a) Zone of TEM lamella extraction b) TEM lamella before the extraction from the double 

cross section 
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c) Top view of the lamella with the micromanipulator and 

the ion gun 

d) TEM lamella ready for analysis 

Figure 50: Stages of preparation of the TEM lamella using the SEM/FIB. 

 

The lamella was observed at a voltage of 120 kV in bright field. We observe elongated bands with high 

contrast aligned with the direction of wire drawing (Figure 51). The bands may be single grains or 

dislocations cells/subgrains. The cells/grains are highly elongated and some of them present a high 

density of dislocations.  

 

Pt protective layer 

Ion gun 

Micromanipulator 
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Figure 51: TEM lamella of the bare tether 

 

Selected Area Electron Diffraction (SAED) analysis was performed to obtain diffraction patterns of the 

samples. A diaphragm allows selecting a spot size smaller of the entire surface. The area 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 pattern produced by the three grains in figure below shows that the crystallographic 

directions of the different grains are very similar. This is in line with the hypothesis that they could be 

subgrains instead of grains. Amodeo et al. (1988) describe the subgrains as a òtwo dimensional 

honeycomb-like configuration in which there are regions of high dislocation density, the cell walls, and 

low dislocations density, the regions in between the wallsó. 

 

Drawing direction 
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Figure 52: diffraction pattern of the TEM lamella details showing the similar crystallographic orientation of the three cells/subgrains. 

 

Dense dislocation walls (DDWs) were identified inside the cells/subgrains, in line with what found by 

Bay et al. (1989) for aluminium and Ananthan et al. (1991) for copper. As described by Ananthan et 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 TEM micrographs obtained in our research. In our case, the DDWs seem to be 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 

identified as well. The MBs are attached to the DDWs and are generally composed by multiple 

dislocations walls (Bay et al. (1989)), as shown in the figure below.  
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a) Geometry of crossing DDW-MBs as they are often seen 

in thin foils from longitudinal sections in 30% cold rolled 

aluminium. 

b) Idealised microstructure in a thin foil from a 

longitudinal section of a fcc metal such as aluminium after 

rolling. 

Figure 53: schematic of the DDWs and MBs. RD is the rolling direction. Bay et al. (1989). 

 

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

specimen geometry (at angles of approximately 45° to the rolling direction and approximately parallel 

to the transverse section), but have no specific crystallographic orientation. Their function is to 

accomplish the subdivision of the grains into smaller, uniformly deforming volume elements. Second 

generation MBs are associated with concentrated shear (Ananthan et al. (1991)). 

Moreover, Ananthan et al. (1991) explain that, depending on the strain induced during the cold 

working, a higher percentage of grains will present DDW/MBs. This is in line with the observation 

made in our study, since only some of the cells/subgrains present this dislocation structure (see Figure 

54).  
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Figure 54: Details of the TEM lamella showing cell/subgrains with and without DDW/MBs. 
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Figure 55: Details of the TEM lamella. 

 

Energy-dispersive X-ray spectroscopy (EDS) was performed both inside a single cell/subgrain and in 

the precipitate (Figure 56). It was confirmed that the grain is pure Al.  

In the precipitate the weight percentage of Al detected was 65%, while the one of Si was 35%. Cu and 

Ga were also detected but are considered not to be present in the metal observed. In the case of Cu, it 

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 % of Si in the case of the eutectic. It is therefore concluded that the EDS system was 

not able to focus on one single Si particle, due to the limitations of the instrument, which also 

measured the Al surrounding the particle. 

It was not possible to detect any nickel in the lamella due to its very low quantity. 

 

Si precipitates 
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a) EDS spectrum in the grain b) EDS spectrum in the precipitate 

Figure 56: EDS spectrum of the ESAIL tether. 

 

5.4.2. Resistivity tests of tether wire  

Measuring the electrical resistivity of the wire is of particular interest as the electrical resistivity of pure 

aluminium and aluminium alloys is a function of the temperature, as shown in Figure 57. Therefore, the 

E-sail tether electrical properties may vary while travelling across the solar system and experiencing 

different equilibrium temperatures.  

 

 

Figure 57: Electrical resistivity of pure aluminium and aluminium allows as a function of temperature. Hatch (1984).  
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Moreover, the electrical resistivity of wires can be affected by the mechanical treatment during the 

production process (Wei et al. (2011), Rosenbaum et al. (1958)). As an example, the plot of the 

fractional change in the electrical resistance during isothermal aging at 200 °C after various quenching 

treatments is presented in Figure 58 (Rosenbaum et al. (1958)).  

 

 

Figure 58: Plot of the fractional change in the electrical resistance during isothermal aging at 200 °C after various quenching treatments. 

Rosenbaum et al. (1958). 

 

The electrical resistance of an Al-1%Si wire (TANAKA  (2015)) with 32 µm diameter has been 

measured. The sample has been prepared by ultrasonically bonding the wire to a copper support.  

The ultrasonic bonding of wires was made using a Kulicke and Soffa Industries Inc. ultrasonic bonding 

machine (model 4123) provided by the Institute for Photonics and Nanotechnologies of CNR.  

 

 

Figure 59: View from of the bonding tip. 
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After the bonding was made, the length of the sample was measured using optical images of the 

sample. Images were taken both of the front view and of the side-view using a Nikon DS-Fi1 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 length of the sample was measured 

using the side image Figure 60 (b) and was 18.5 mm. 

 

  
a) Sample U7 front view b) Sample U7 side view 

Figure 60: Sample used for the resistivity measurement. 

 

The measurement of the electrical resistance has been done using a HP 34401A Digital Multimeter with 

6½ digit resolution. The 4-wire configuration has been used to get a higher accuracy compared to the 

2-wire set-up. 

5 resistance measurements were taken. The mean value was 0.6610 Ǘ, with a standard deviation of 

0,0007 Ǘ. The resultant resistivity was 2.87x10-8 Ǘm. This value was close to the nominal resistivity of 

aluminium (2.82x10-8 Ǘm). 

 

5.5. TETHER  COATING ACTIVITIES  

5.5.1. ESAIL project coating  

The state of the art of the E-sail coating is described in the ESAIL FP7 project technical document 

Project D22.1 (Rauhala et al. (2013)).  

In the frame of the ESAIL FP7 project, the emissivity of the wire was measured by heating the wire in 

vacuum while measuring the voltage drop across the wire; in this way, a resistance value was obtained 

as a function of the wire temperature (Figure 61). The emissivity measured was 0.06 (double than the 

bulk material). However, no measure was performed for the absorbance, so it was not possible to 

determine whether the optical properties of the coating (ǟ/ǣ ratio) were fitting the requirements or not. 

 



74 
 

 

Figure 61: Measured emissivity of tether wire samples measured in the frame of the ESAIL project. Rauhala et al. (2013). 

 

Moreover, after a first attempt of Al2O3 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 

beyond the 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 production (i.e. using a reel 

to reel process).  

Another feature required for the tethers would be to be able to prevent cold welding. Even if this could 

be obtained by using self-lubricating coatings, a properly designed oxide layer could be able to provide 

the required properties. In the ESAIL FP7 project, tests were conducted to simulate the cold welding 

response and it was demonstrated that a properly designed coating is able to prevent cold welding 

(Rauhala et al. (2013)). 

The Al2O3 ALD coating produced in the frame of the ESAIL FP7 project has been observed with a 

SEM/FIB instrument and the images are reported in Figure 62. 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 bonding point. This 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 coating 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 would only constitute a low 

percentage of the overall tetherõs surface. However, it is a drawback when considering the prevention 

of short circuits in case of tetherõs failure.  
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a) SEM view of the bonding point b) Detail of the bonding point  

  
c) Details of the bonding point  d) Measured thickness of the Al2O3 coating (97 nm). 

 
e) View of the cross section in the loop wire 
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f) Closer image of the cross section in the loop wire g) Cross section of the Al2O3 coating (100 nm thick). 

 
h) Cross section at the bonding point 

  
i) Cross section at the bonding point l) Al2O3 coating cross section at the bonding point 

Figure 62: SEM/FIB images of the Al2O3 coated heytether (50 µm base wire + 25 µm loop) wire as produced in the ESAIL 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 (Al2O3, TiO2, 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 Hassan 

et al. (2017) and are reported below. 

As we already discussed in Hassan et al. (2017), the ESAIL PF7 project demonstrated that ceramic 

coatings deposited by Atomic Layer Deposition (ALD), such as Al2O3, are beneficial in preventing cold 

welding of the tethers. ALD is a modified form of chemical vapour deposition technique which 

produces highly conformal coatings that are precisely controlled at Ångstrom level due to self-limiting 

surface reactions and separate introduction of material precursors in a cyclical manner. ALD coatings 

are without line of sight restrictions as in plasma enhanced vapour deposition, pinhole free and without 

defects. It is also possible to obtain different stoichiometries of Ti-Zn mixed oxides by tuning ALD 

parameters.  

In this study, low thickness TiO2, ZnO and Ti-Zn mixed oxide coatings 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.  

SiO2, Al2O3 and Indium tin oxide (ITO) thin film coatings with thicknesses higher than 50 nm applied 

by sputtering or vapour deposition are widely used in aerospace applications as protective coating. SiO2 

coating was Magnetron sputtered on Kapton® H polyimide used for solar array of International Space 

Station. SiO2 and polytetrafluoroethylene Teflon® coatings, when deposited by co-sputter deposition, 

are less prone to crack due to their ability to conform to flexure compression and expansion of 

substrate. Painted coatings based on ZnO and Zn2TiO4, considered for their UV stability, have proven 

to maintain their thermo-optical properties in space environments, compared to zirconia, alumina, and 

silica pigments. The reason for using TiO2 and ZnO is their high optical visibility, electrical 

conductivity and thermal stability compared to bare Al oxide. 

The geometry of E-sail aluminium tethers 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 

conformality of the coating (Alessandri et al. (2009), Borgese et al. (2011), Hazra et al. (2012)). 

It is well known that aluminium is a high reflecting metal in the whole visible and infrared range. As a 

consequence, it absorbs less than 10% of the solar energy. One way to increase such a value would be to 

grow a thin oxide layer. Roberto Li Voti has performed some numerical calculations for different oxide 

layers (Al2O3, ZnO and TiO2) and different thicknesses by using the optical properties found in the 

literature (Devore (1951)). It 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 Figure 63 the absorbance, averaged over the solar spectrum (from 350 nm to 2 µm), is shown as a 

function of the thickness of the oxide layer for Al2O3, ZnO and TiO2. Absorbance is calculated for normal 

incidence (dashed line) and over the whole solid angle of acceptance (continuous line).  

By a first inspection of Figure 63, a maximum of absorbance can be obtained for thin films of about 50-

100 nm for all the investigated oxides, giving a strong case for our experimental work. Thin films act in 
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this case as anti-reflecting coatings and maximise the absorbance. The other minor oscillations of the 

curves are due to interference effects (Li Voti (2012), Li Voti et al. (2012)).  

   

 

Figure 63: Average optical absorbance of Al2O3, ZnO and TiO2 coated aluminium versus the thickness of the oxide layer. Hassan et al. 

(2017). 

 

The mixed oxide contained Ti and Zn in mole ratio 1.75 (Borgese et al. (2011)), selected on the basis of 

the observed electrical resistivity (Hazra et al. (2012)). TiO2 and Ti-Zn mixed oxide grown in the 

selected conditions are amorphous. It was also observed that ZnO is polycrystalline (Alessandri et al. 

(2009)). Table 1 resumes all the samples considered in the present study, specifying substrate, coating 

material and thicknesses, with nominal and experimental values obtained by FIB and optical 

measurements respectively. 

The flat aluminium samples (series 4000, 4.4 % Si) were polished to obtain roughness average about 20 

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 samples (Hassan et al. 

(2017)). These samples can be considered smooth for what concerns the emissivity according to Wen et 

al. (2009). Their roughness should not affect the emissivity of the samples due to the fact that the 

infrared wavelengths are much higher than the dimension of peaks and valleys of the surface.  

TiO2, ZnO and TiZnO were deposited by ALD in the Savannah 100 flow reactor (Ultratech 

Cambridge Nanotech Inc.) at 90 °C. Titanium source was tetrakis(dimethylamido)titanium (TDMAT 

99.999%; SigmaðAldrich, Germany). Zinc source was diethylzinc (DEZ; 99.999%; SigmaðAldrich, 

Germany). Oxygen source was ultrapure water (H2O Conductivity 0.054 µS/cm) produced directly 

from tap water with a Direct-Q system (Millipore, Italy). Detailed description of deposition parameters 

and processing cycles for the studied materials have been already reported (Hazra et al. (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 TiO2, ZnO and mixed oxide on Si wafer substrate 

(Hassan et al. (2017)). 

The optical absorbance and emissivity have also been measured on the flat samples. The experiments 

and results are discussed in chapter 6.  

 

Table 1: Description of the studied samples. Substrate, coating material and nominal thickness are reported respectively in the 1st, 2nd and 3rd 

column. Thickness measured by coupled FIB-SEM measurements and estimated by fitting of reflectance spectra are reported in the 4th and 5th 

columns respectively. 

SAMPLE THICKNESS 

(NM) 

N. Substrate Coating Nominal FIB -SEM 

0 Al tether  _ _ 

1 Al tether TiO2 25 33.7 (2.3) 

2 Al tether TiO2 50 51.9 (3.3) 

3 Al tether TiO2 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 TiO2 100 102 (1) 

11 Flat Al ZnO 100 55 (7) 

12 Flat Al Ti-Zn mixed oxide 100 144 (3) 

 

 

5.5.3. Microstructural properties of the coatings 

The thickness of the ALD coatings was measured with a FEI Helios NanoLab600 FIB/SEM dual-

beam instrument at University of Roma Tre (LIME laboratory). A cross-section of the coated tether 

was made using the ion beam; the coating was then observed using the in-situ SEM. 

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 non-flat surface seen from the gun was completely covered by 

the coating. Afterwards, platinum was preliminary deposited in order to protect the surface of the 

sample from the subsequent milling. This way, the artefacts created during the milling of the material 

were minimised. Then, the milling was performed using a relatively low value of ionic current (0.28 

nA). The same current was used also to clean the surface at the end. Finally, the in-situ SEM with ionic 

source was used to take high-magnification images of the coating cross section. Using the ionic source 
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instead of the electron source allows to obtain higher contrast between 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 deposited 

on tethers and flat aluminium substrates. Figure 64 shows 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 where 

coating thicker than 50 nm is shown. The surface is rough and presents grooving (Figure 64 c), with 

repetitive patterns in the longitudinal direction of the wire. This is probably related to the drawing 

process of wire production. This feature is still visible at the highest thicknesses, as expected due to the 

conformal features of ALD coatings. A layer is present on the uncoated tether surface (Figure 64 a) and 

underneath the coating (Figure 64 d). This layer is probably native Al2O3, naturally formed on the 

surface of aluminium.  

The accuracy of thickness measurements by FIB cross section and following SEM image analysis may 

be affected by the removal of some coating from surface during the cross-section preparation. For this 

reason, two tests are performed on the same sample, protecting the cross section with different 

materials. Platinum and carbon are used as protective layers for measurements of sample n. 7, whose 

SEM images are reported in Figure 65 (a) and Figure 65 (b) respectively. The average calculated 

thickness, based on the measurements reported in Annex A, is not significantly different in the two 

cases, confirming that the measured thickness is comparable. Figure 65 (b) also shows that the ALD 

coating can effectively penetrate inside cracks. The calculated average thicknesses obtained from FIB 

measurements are reported in Table 1. 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 difficulty to create the cross section in perfect perpendicular 

conditions.  

 

 

Figure 64: 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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Figure 65: SEM image of FIB cross section of sample 7 protected with a layer of platinum (a) and carbon (b). 
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