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Coatings on Metals and Plastics for Lunar Habitats and Equipment

Leo Nyman
Aalto University, Finland, leo.nyman@aalto.fi

The lunar surface is a harsh environment for future habitats and equipment. Lunar nighttime survival, in
particular, will pose a considerable engineering challenge. Coatings applied on various substrate materials
will be one of the key technologies for thermal engineers. Although many known coatings can provide
desirable thermo—optical properties in a lab environment, the use of such coatings on the lunar surface will
be complicated in many cases. For example, lunar dust particles can become electrically charged, and the
adherence of such particles to coated surfaces must be minimised. The extreme range of surface temperatures
on the Moon leads the thermal engineer to prefer coatings with a very low emissivity factor. Such coatings
are highly sensitive to the accumulation of dust. Technologies such as atomic layer deposition (ALD) and
indium tin oxide (ITO) coatings show promise as coating of metals and plastics, resulting in lower mass for

the overall thermal system.

keywords: Lunar exploration, Space thermal, Coatings, Emittance, ALD, ITO

Abbreviations
ALD Atomic layer deposition
AO Atomic oxygen
BOL Beginning of life
CTE Coefficient of thermal expansion
CVD Chemical vapour deposition
1SS International Space Station
ITO Indium tin oxide
JPL NASA jet propulsion laboratory
LDEF Long duration exposure facility
LPD Liquid phase deposition
PC Polycarbonate
PECVD Plasma enhanced CVD
PEEK Polyether ether ketone
PLD Pulsed laser deposition
PVD Physical vapour deposition
PVDF Polyvinylidene difluoride
RMS Root mean square
TRT Transfer radiation thermometer
uv Ultraviolet light

1. Introduction

A JPL study concluded that the key environmen-
tal challenges on the lunar surface are temperatures,
lack of atmosphere, radiation, soil properties, mete-
orites and seismic activity [10].

For the upcoming lunar surface missions, the sur-
face location will drive the design requirements for
habitats, rovers and other equipment. Hot and cold
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temperatures are experienced at the mid and equa-
torial latitudes, whereas a less dynamic temperature
environment is present at the poles. Passive thermal
control coatings can be utilised to provide mass sav-
ings in all these temperature environments. In addi-
tion to thermal aspects, coatings can also be used to
combat against dust accumulation, if voltage poten-
tials and electrically conductive surfaces or circuits
are used. Although the lunar atmosphere is not in-
herently corrosive, exhaust volatiles from descent and
ascent stage engines may contain corrosive elements,
and this should be taken into account in the selection
of coating materials. Also, many polymeric materials
need protective coatings against vacuum UV.

For space applications, the lack of atmosphere makes
radiative heat transfer the dominant mode for ther-
mal engineers [32]. This is also the case on the lunar
surface, since the regolith has a very low thermal con-
ductance [8, p. 38]. Coatings belong to a group of
passive thermal control systems. Their use is limited
by the degradation of thermo-optical properties [2,
p. 209]. A coating is a system consisting of a layer
or multiple layers upon a substrate. A layer can be
made of any substance. Further division can be made
between pigmented, contact and conversion coatings
[32].

When selecting materials that provide a very low
emissivity, gold is a natural choice. The physical and
optical properties of gold are excellent in this respect.
Gold has an inherently shiny and spotless surface, be-
cause of its resistance to corrosion. This was almost
certainly the reason why it was one of the first dis-
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tinct metals discovered by man.

The objective of this work is to evaluate a small group
of coatings, including gold, which might prove useful
for the upcoming lunar missions. The focus of the
experimental part is to study the emissivity of poten-
tially useful coatings. Next in this introduction sec-
tion, we briefly look at some historical missions and
generic requirements. The following section, Materi-
als and Methods, explains the experimental part. The
Theory and Calculation section provides supporting
information, and the final section presents and dis-
cusses the results, drawing some conclusions.

1.1 History of Space Habitat Coatings

When the first Skylab crew arrived at the orbit-
ing station a week and a half after the station itself
had been launched, visual inspection revealed discol-
oration and blistering on the station’s surface. It was
clear that better protective coatings must be devel-
oped for future space habitats.

The Salyut 6 mission operated an experiment called
the Vaporiser, which used the Isparitel apparatus in-
stalled in the scientific airlock. The cosmonauts used
it to produce thin-film coatings of aluminum and sil-
ver [14, p. 84]. Later, they executed more experi-
ments with substrate materials including glass, car-
bon, titanium and various other metals. The thin
coatings applied included gold, silver, copper and alu-
minum.

Since the early space stations, the various experi-
ments conducted on the space station Mir, LDEF
and ISS have provided a wealth of long-term expo-
sure data on various materials and coatings, exposed
to low Earth orbit conditions. Similar long duration
test campaigns will eventually be conducted on the
lunar surface, due to its special characteristics.

1.2 Requirements

The requirements for space habitat coatings de-
pend on several factors. Plastics need protection
against UV radiation, whereas metals do not. Both
of these substrates, however, should be protected
from atomic oxygen (AO). The ultra-thin lunar at-
mosphere does not contain AO particles in significant
quantities. However, cargo transported from Earth
will pass through the AO zone in low Earth orbit.
Also, the lunar crust contains 45 % oxygen by weight,
which will be one of the first valuable lunar resources
to be extracted by man [8, p. 635]. Lunar habitats
will leak some amount of Oz, which will be split by so-
lar UV into atomic oxygen particles. Therefore, right
from the beginning, coatings should be implemented
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that are resistant to AO.

1.2.1 Thermo—-Optical Properties

Considering the case of lunar nighttime survival,
the (thermal) emissivity of the coated surface should
be as low as possible, to reduce the amount of power
required for heating. In the ideal case, the spectral
response should be flat in the range of about 2.5..300
pm and have a 100 % reflectance. To simplify engi-
neering work, we can argue that the range of 3..50 um
is relevant in practice. For the lunar daytime, the sur-
face absorptivity is also important, due to the solar
irradiance. Related to this, we know that about 98 %
of the solar spectrum is within the wavelength range
of 0.28-3.9 pum. More details will follow in Chapter
3.

2. Materials and Methods

A total of 22 test articles were prepared for the
experimental part of this study (Table 1). 14 of these
test articles were machined and polished using basic
machine shop methods, with the copper and stainless
steel used during the tests being of normal hardware
store grade. The nickel used was 201 grade. The
remaining 8 test articles (silicon, transparent poly-
carbonate and one copper plate) had an industrially-
prepared smooth surface when received, and for these
test articles the machine-shop-polishing was omitted.
The silicon wafer test articles were cut from standard
100 mm discs used by the semiconductor industry.
The surfaces of the test-articles-to-be-polished were
first smoothed using grade 400, 800, 1200 and 2000
grinding papers. The final smooth surface was ob-
tained with a polishing compound, as shown in Fig-
ure 1. During the grinding and polishing, the surface
was inspected with an optical microscope, to deter-
mine the proper time of switching to a finer grade
paper and to the final polishing stage.

With all the test articles having a smooth surface,
the coating of the test articles began. Before coat-
ing, all the test articles were cleaned for 5 minutes
in an ultrasonic cleaner, filled with de-ionised wa-
ter. Next, they were wiped with standard IPA (iso-
propyl alcohol) wipes. Most of the test articles were
coated, while five test articles were left uncoated, to
act as a reference for the emittance measurements.
The coatings were deposited by the following compa-
nies: ALD coatings by Picosun Oy LTD, ITO coat-
ings by Beneq Oy LTD, electroplated-gold coatings
by Eforit Oy LTD and gold-palladium coatings by
VTT Technical Research Centre. All of these com-
panies are based in Finland. Both the ALD Al,O3
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Table 1: Test articles were 30x30 mm plates. Only
the polished side was coated and measured for
thermal emissivity at room temperature. The la-
bel is a unique identifier of a test article. The
substrate is the material from which the test ar-
ticle was cut. The test article surface was either
polished in the Aalto University’s Design Factory
machine shop or as received. The last columns
show the coating type and estimated or mea-
sured thickness. Reference test articles received
no coating at all. The LL91 was otherwise iden-
tical to LL2, except that LL91 had a few visible
scratches on its surface.

Label Substrate Surface Coating, thickness *
LL1 Copper MP SP ITO, 94 nm
LL2 Copper MP ALD Al;03, 9.5 nm
LL3 Copper MP ALD Al;O3, 19 nm
LL4 Copper MP ALD Al;O3, 28.5 nm
LL5 Copper MP EP Au, 500 nm
LL6 Nickel MP EP Au, 500 nm
LL7 Steel MP EP Au, 500 nm
LL9 PC AR SP AuPd, 30 nm
LL11  Copper MP No coating

LL12  Steel MP No coating

LL13  Nickel MP No coating

LL14  Si wafer AR No coating

LL21  Copper MP SP AuPd, 30 nm
LL22  Copper AR ALD Al;O3, 95 nm
LL31 Si wafer AR ALD Al>O3, 9.5 nm
LL32 Si wafer AR ALD Al;O3, 19 nm
LL33  Si wafer AR ALD Al;Os3, 28.5 nm
LL34  Si wafer AR SP ITO, 94 nm
LL41  Steel MP SP AuPd, 30 nm
LL51  Nickel MP SP AuPd, 30 nm
LL91  Copper MP ALD Al;0O3, 9.5 nm
LL92 PC AR No coating

* AR — As received (industrially prepared)
EP — Electroplated

MP — Mechanically polished

SP — Sputtered

and sputtered ITO coatings were produced by using
industry standard methods and 150 °C process tem-
perature. The processes selected for the electroplat-
ing produced a hard-gold coating, following typical
methods used by the supplier, except for the copper
test article which did not receive the nickel interlayer
that is normally applied. The exact alloying con-
stituents of this particular hard-gold are unknown to
the author, except that it contains cobalt and that the
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Fig. 1: Some of the test articles were polished in a
machine shop. Farecla G3 regular grade polishing
compound was used together with a cotton covered
rotating foam polishing head.

gold content was 99.8 %. The gold-palladium coat-
ings were produced with a Leica EM ACE200 with
an Au/Pd 80/20 (Leica) sputtering target. The pro-
cess was magnetron sputtering with argon plasma in
directional mode, pressure 4 - 10~2 mbar and 35 mA
sputtering current. Some of the finished test articles
are shown in Figure 2.

Fig. 2: A few examples of the finished test articles.

Emittance was measured using a Heitronics TRT de-
vice. The measured spectral range was 8-12 um,
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which does not fully cover the applicable black-body
curve (Figure 3), but is well positioned around the
peak of the curve to give meaningful results. The
measurement was done in a temperature and hu-
midity stabilized environment. The temperature of
the test articles was room temperature. A reference
black-body target with a known emittance of around
0.98 was used as a reference target during measure-
ments.

3. Theory and Calculation

This section is useful for a thermal engineer, as
it covers the critical aspects that govern the thermo-
optical properties of a solid surface. It is common to
express the performance of a thermal control coat-
ing using the factor «/e, where « is the ratio of the
normal solar absorptance to the hemispherical total
emittance (g). All the required details of these two
properties are explained by Touloukian et al. [32].

3.1 Thermal Radiative Properties

The main thermal radiative properties are emit-
tance, reflectance, absorptance and transmittance.
These properties change as a function of material,
wavelength, polarization, temperature and the an-
gle of incidence with the solid. For convenience, the
wavelengths are grouped as shown in Table 2.

Table 2: Thermal radiant energy range [32]. Wave-
length is denoted by A.

Range Labelling | A (nm)
UvC 100-280
Ultraviolet | UVB 280-315
UVA 315-400
Visible VIS 380780
IRA 780-1,400
Infrared IRB 1,400-3,000
IRC 3,000-1,000,000

3.2 Physics of Emissivity

When a body is irradiated, part of the incident flux
is reflected, part is absorbed and the rest is trans-
mitted. Based on this, we can write an equation
1=p 4+ a + 7, where p is the reflectance, o the
absorptance and 7 the transmittance. For opaque
materials, we can set 7 =0, and we get 1 = p + «.
Now, we use Kirchhoff’s law of thermal radiation,
which states that if the wave properties are constant
and the body is in thermodynamic equilibrium, then
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e(d) = a(f), where ¢ is the emittance and the an-
gle 0 specifies the observer angle. Based on these
equations, Touloukian et al. [32, p. 7a| used a sim-
plified formula for opaque objects, p + ¢ = 1. This
simplification has certain restrictions, which are ex-
plained in their book. However, we can interpret this
equation as follows. If we maximize the surface re-
flectance, we also minimize the emittance. For ex-
ample, a coarsely polished aluminum surface at room
temperature might have an emittance of € = 0.15 at
a specific narrow spectral range. Assuming that this
block of aluminum is thick enough to be opaque, we
know that its surface reflectance is p = 0.85 in the
same spectral range. A perfect black-body, a useful
theoretical concept, has an emittance of ¢ = 1.0 and
zero reflectance at all wavelengths.

Polished metals typically have low emissivity and
high reflectivity in both the visible and infrared spec-
trums. However, there are important variations and
some materials may exhibit different characteristics
in the visible versus infrared bands. For nonmetals,
the geometric distribution of the radiant energy emit-
ted or reflected from the surface is nearly constant
over the hemisphere. For metals, the geometric dis-
tribution is markedly different. For smooth metal
surfaces, the radiance increases with the angle from
the surface normal, with the maximum being some-
where less than 90° [32, p. 17].
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Fig. 3: Spectral radiance curve for a black-body at
two temperatures. At 300 K, the peak of the curve
is around 10 pm.

3.2.1 Surface Temperature

The radiant exitance of a black-body is given by
the Stefan Boltzmann law M, = oT*, where M, is
the total emitted power in watts per square meter
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over the total wavelength range, o is the Stefan-
Boltzmann constant and T is temperature in Kelvin.

3.2.2 Surface Roughness

The fact that radiant energy does not travel more
than some tens of nanometers in metallic solids
before being completely absorbed, is also important
when considering emissivity [17, p. 636]. Because of
this small length scale, the surface roughness, oxi-
dation and defects are as important as the material
itself, for determining the optical and thermal radia-
tive properties for metals. According to Touloukian
et al., a mechanically-polished surface will have a
lower reflectivity compared to PVD films [32, p. 24].
Some surface defects can be caused by mechanical
stresses.  Dielectric coatings are less sensitive to
the surface condition, because the emittance and
absorptance is affected by a much thicker skin depth
(i.e. bulk or volume phenomena) [32, p. 3a]. These
factors should be taken into account, especially
when designing coatings for inflatable structures and
pressurised vessels.

A surface is considered as being optically smooth,
it d < A/(8cos#), where d is the RMS surface
roughness height, A\ is the wavelength of the EM
wave and 6 is the the angle of incidence. Therefore,
a surface which is smooth in the visible range is also
smooth in the infrared range, but not necessarily vice
versa. By selecting an arbitrary wavelength limit
of 1.4 pm, we can derive the required RMS surface
roughness of 0.175 pym. Many commercial polishing
compounds have particles sizes in the range of 1..6
pm, with some finishing compounds consisting of
smaller particles as small as 0.25 pym. Therefore, it
should be possible to polish a large metallic surface
to optical smoothness in the infrared band with
inexpensive materials and tools.

The final surface roughness is a combination of
the substrate and the coating. In some cases, the
coating may increase the final surface roughness
significantly. Bessonov et al. deposited gold CVD
films using different precursors. The resulting
gold coatings had large differences in their surface
roughness [3]. In this case, even if the substrate was
sufficiently smooth, the applied coating was not.

3.3 Low Absorptance, Low Emittance Coatings

Several metals feature high reflectance and corre-
sponding low emissivity of thermal radiation. Ac-
cording to Macleod, gold is probably the best ma-
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terial for infrared reflecting coatings [24]. However,
recent projects in the field of infrared telescopes have
used protected silver for the construction of low-
emissivity mirrors [4]. The Gemini telescopes use
multilayer coatings, where one of the first layers is
metallic (silver), and the top layers protect this metal
from oxidation and other degrading reactions. Ac-
cording to Touloukian et al., metallic films with a
thickness of 200-300 nm will be opaque, and the char-
acteristics are nearly identical to bulk metal [32, p.
24]. This can be used as a guideline for determining
the thickness of the metallic layer. The protective
layers should be as thin as possible, in order to af-
fect the thermo-optical properties as little as possi-
ble, but thick enough to provide a robust protection.
This drives the protective layer thickness down to a
few nanometers or to some tens of nanometers. This
sounds very thin. However, ceramic coatings thicker
than this are often more prone to cracking, so limiting
the thickness of this layer has a number of benefits.
Because low emittance in most cases will be achieved
using conductive metals, the following lists some of
these metals with relevant information.

3.3.1 Gold

Almost any solid substrate can be coated with a
thin gold film using, for example, electroplating, elec-
troless deposition or PVD [7, p. 21]. It has been
shown that sputtering produces less porous gold coat-
ing than electroplating, thus providing a better pro-
tection for the underlying substrate. Also, sputtering
can be used to deposit very thin gold coatings. For
example, a 4..50 nm coating thickness is common for
scanning electron microscope targets.

It has been shown that low thermal emissivity is re-
lated to low electrical resistivity of the material near
the surface [9]. This phenomenon, known as the
Hagens—Rubens relation, was discovered in 1903. For
gold, its excellent electrical conductivity and resis-
tance to oxidation results from its special electronic
configuration. The first ionization potential of gold
is 9.2 eV, which explains its high corrosion resistance
[7, p. 13-15]. Gold has a high reflectance, but there
is a dip for wavelengths shorter than about 600 nm.
Silver does not have a similar dip, and therefore has
a colour closer to white. Figure 4 shows the IR re-
flectance curve for a high quality gold coating.
Practical gold coatings on optical components have
reflectance of > 98 % for wavelengths longer than 1
pm [22]. Commercially available polymer films with
gold coating have BOL emittance of ¢ = 0.02 and ab-
sorptance of o = 0.28. These values are listed in the
well-known Sheldahl Red Book.

Page 5 of 13



70th International Astronautical Congress, Washington DC, USA, 21-25 October 2019. Copyright (C) 2019 by Aalto
University. Published by the IAF, with permission and released to the IAF to publish in all forms.

A robust coating system must be compatible with
the underlying substrate. Gold coatings on copper
are typically done with a nickel layer between Cu
and Au to prevent the diffusion of these two metals.
Magnesium is a good engineering material for space
applications, due to its high strength to weight ratio
and other properties. However, it must be treated
with a complex multilayer coating system for protec-
tion against corrosion. Gold is one good choice for the
top surface layer. This will result in a robust coating,
suitable for space applications [13]. Gold coating on
nickel is very common. When deposited with immer-
sion plating, the gold film has a thickness of 50-100
nm [7, p. 235].

Pure gold is relatively soft, and as such, unsuitable
for several applications. Hard-gold coatings are used
in many industries. For electronics, these coatings
have a thickness in the range of 0.5—5 pm. The alloy-
ing metal used for gold hardening is commonly cobalt,
nickel or iron, with the final alloy still containing over
99 wt% gold [7, p. 269].
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Fig. 4: Normal spectral reflectivity of evaporated
gold on a fused quartz substrate in the spectral
range of 2-32 ym at temperature of 298 K. Depo-
sition was done in an ultra-high vacuum (5 - 107
mm Hg). Data reproduced from [32, p. 670].

3.3.2 Silver

Silver has very high reflectance in visible and IR
bands. This metal is chemically unstable and soft,
and these properties necessitate the use of an addi-
tional protective coating. The Gemini telescopes are
using the following coating system: 1. Substrate, 2.
NiCrNy adhesor layer (5 nm), 3. Silver reflector layer
(200 nm), 4. NiCrNy adhesor layer (0.8 nm) and 5.
SiNy overcoat (15 nm). See Figure 5.
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Fig. 5: Reflectivity of the 4-layer protective coating
of the Gemini telescopes’ silver coated mirrors.
The protective multi-layer coating had a negligible
effect on the surface reflectivity. Data reproduced
from [4].

3.3.3 Aluminum

An oxide surface of AloO3 quickly forms on alu-
minum, even in a high vacuum. Therefore, surfaces
of pure Al cannot exist for long periods of time even
in the lunar environment [29, pp. 369-406]. This
alumina layer has a much lower reflectivity. MgFs
or LiF are often used to coat pure aluminum, in or-
der to prevent oxidation. However, this lowers the
reflectivity slightly [5]. Leafing aluminum paints may
have an emittance of € = 0.2, but these are not often
used in spacecraft [11, p. 142]. If the surface oxida-
tion can be prevented, aluminum offers an excellent
reflectivity over a wide spectral range (Figure 6).

3.3.4 Copper

Copper is a relatively noble metal, thus having a
good corrosion resistance. Copper alloys with excel-
lent resistance to stress corrosion cracking include the
following, listed here by their UNS number: C10200,
C12200, C10400—C10700, C70600 and C71500 [1, p.
252]. If the surface oxidation can be prevented,
copper offers an excellent reflectivity in the infrared
range (Figure 7).

3.3.5 Other Metals

Nickel-based coatings are very common. In ter-
restrial applications, nickel coatings are typically 5—
250 pm thick, depending on the requirements [1, p.
284]. Chromates are highly toxic and, therefore, al-
ternatives are currently being researched [1, p. 293].
Rhodium is sometimes used as a protective coating
for silver [1, p. 284]. It reflects light well, and
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Fig. 6: Normal spectral reflectivity of 65..110-nm
thick aluminum coating in the spectral range of
2-32 pm at temperature of 298 K. Aluminum rod
of 99.998 purity was evaporated on a fused quartz
substrate in vacuum (1-107° mm Hg). Measured
immediately after deposition. Data reproduced
from [32, p. 596].
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Fig. 7: Angular (45 °) spectral reflectivity of a copper
coating in the spectral range of 2.24-14.38 pm at
298 K temperature. Data reproduced from [32, p.
643].

is used in optical coatings. Metal alloys containing
rhodium have good resistance to oxidation. Cobalt
has a rather poor corrosion resistance [1, p. 292]|.
For many coating systems, stainless steel is the un-
derlying substrate. However, stainless steel can also
be used as the coating material. It does not have as
high reflectance as the best metals in this respect, but
it is highly resistant to mechanical wear and chem-
ically inert [26, p. 10]. It can therefore provide a
robust coating system for many substrates.
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3.4 High Absorptance, Low Emittance Coatings

Solar absorber surfaces are useful, for example in
solar thermal power systems. A black nickel coat-
ing can be applied on copper, steel and many other
substrates. Tabor investigated a system [31], where a
smooth copper substrate provided low emissivity, and
a thin black nickel coating provided a high absorp-
tance of the solar spectrum (Figure 8). Ni-pigmented
aluminum oxide has been measured to have an ab-
sorptance of & = 0.93 and emittance of ¢ = 0.16 [30].
Other similar coating systems include black cobalt
and black chromium. For low temperature applica-
tions, special paints could be used. The lowest emis-
sivity values for opaque paints seems to be around
0.15 [18].

%R

0 . . . . . . . . . )
2 4 6 8 10 12 14 16 18 20

Wavelength [micrometers]

Fig. 8: Reflectance of black nickel coating on copper
substrate in the spectral range of 0.4-20 um. The
graph suggests a high a/e ratio. Data reproduced
from [31].

3.5 Low Absorptance, High Emittance Coatings

Among all the metals, aluminum and silver have
the highest reflectance over the solar wavelength
range. One study reported, that high quality alu-
minum films can have 92 % solar reflectance, whereas
silver films reach 96 % [26, p. 32-33]. Austenitic steel
has a reported solar reflectance of 67 % [27]. In order
to obtain high emittance, dielectric coatings can be
used, transparent in the solar spectrum. One option
for this could be PVDF coatings.

A study by Hass et al. showed that a two-layer coat-
ing of Al,O3 and SiOy with a suitable thickness, can
have high emissivity in the thermal IR band. The
same coating can also have a low solar absorptance,
making it suitable for applications where low «/e is
required [15]. However, for this coating the emit-
tance reduces rapidly at around 8-pum wavelength, so
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if high emittance is required, the temperature of the
body should be kept at less than about 100 °C.
White thermal control paints have been used exten-
sively during the history of spaceflight. However,
they are not an ideal solution. The « value is known
to increase due to prolonged exposure to UV, and
many paints are a source of outgassing. A white an-
odized aluminum is able to provide an a/e ratio of
0.2, with a 10.5-um thick coating layer [21] and min-
imal outgassing.

3.6 High Absorptance, High Emittance Coatings

Black anodization of aluminum is a common
method for spacecraft. Care must be taken that
the oxide layer becomes thick enough, or otherwise
the coating will lose its colour under UV exposure
or mechanical wear. On the the other hand, an an-
odized surface that is too thick will be prone to chip-
ping under thermal loads — a process that produces
unwanted loose microscopic metal chips to the sur-
roundings. There are several anodization techniques,
a good choice for space applications being anodizing
with an inorganic black colouring process [28§].

3.7 Inorganic Coatings

Inorganic coatings protect the substrate by their
barrier effect and by their ability to attenuate short
wavelength radiation. Matching of the CTE is im-
portant between the coating and the substrate. Some
examples are coatings of oxides, nitrides and borides.

3.7.1 Indium Tin Ozxide (ITO)

ITO has several interesting properties. It is an
electrically conductive oxide, transparent in the visi-
ble and near-IR bands and highly reflective in longer
IR wavelengths [20]. For the Aalto-1 CubeSat, the ex-
ternal black anodized aluminum surfaces were coated
with 100-nm layer of ITO. As a result, the solar ab-
sorptance of the surface was reduced only by 1.5 %,
while the coating created an electrically conductive
surface. The ITO process temperature for the Aalto-
1 black anodized aluminum panels was 150 °C. Ear-
lier trials using 300 °C caused surface cracking for
some of the panels. Because various colours can be
created for aluminum surfaces with the use of an-
odization techniques, it should be possible to manu-
facture a hybrid coating of pigmented alumina and
ITO, which possesses a desired /e ratio. If the low-
est possible thermal emissivity is sought, the ITO
layer should be made as smooth as possible. Kim
et al. [20] used a pulsed laser deposition (PLD) to
create smooth ITO layers. Another important aspect

TAC-19-D3.2B.11.x49434

of their research was that they were able to deposit
ITO films at room temperature. This makes PLD-
deposited ITO compatible with many polymeric ma-
terials that would not survive high process tempera-
tures.

3.7.2 Tin Oxide

Tin Oxide, or SnOy, deposited using LPD, is less
prone to cracking compared to ITO. The electrical
conductivity of tin oxide is low, but it can be used
as a dissipative material to avoid static buildup. It
shows promise as a protective coating for plastic parts
in space applications [12].

3.7.3 Silicon Oxides

Silicon Oxides, or SiOy, are commonly used coat-
ings for protecting polymers in space. For the large
ISS solar panels, SiOx coatings have been used to
protect the underlying polymers. PECVD is com-
monly used to deposit the SiOy coatings. However,
this method produces uneven deposition, so rela-
tively thick coatings have been used (around 130 nm).
Thick coatings are nevertheless prone to cracking un-
der thermal cycling [25].

3.7.4 Alumina

Alumina (Al;O3) is a widely used coating, with
an excellent strength-to-density ratio. It can be
deposited with an ALD process. ALD can be used
to coat complex shaped parts, resulting in a highly
uniform conformal coating. The part to be coated
can have almost any type of geometry. Alumina
has a good adhesion to a wide range of materials,
including silver [24]. As a dielectric material, an
alumina coating on silver is expected to increase
emittance. A crucial parameter is the coating
thickness. In one study, an Ag—Al;O3 system had a
measured emittance of approximately 0.035 at 4-pym
wavelength [4].

ALD Al,O3 is a promising coating, which could
substitute PECVD SiOyx coatings for protect-
ing polymers in space. Several benefits can be
recognized:

e ALD produces a highly conformal and uniform
coating layer.

e Coating thickness can be controlled in steps of
a single monolayer, which is about 0.1 nm for
Al;O3.

e Parts with any geometry can be coated.
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e Because ALD is a vacuum process, water vapour
is effectively removed from the part before the
application of the coating layer. The coating in-
hibits water absorption into the coated parts.

e Al;O3 can be applied at low temperatures, even
35 °C. However, better results are obtained when
using a process temperature of at least 100 °C.

e Thin Al;O3 coatings (5..40 nm thick) maintain
good adherence to flexible surfaces.

Minton et al. used TiOs combined with AlyOs3, to
evaluate the level of protection against AO and UV
for a few vulnerable polymer substrates. The results
indicated that a 2-nm layer of Al;O3, with the ad-
dition of 6 nm of TiO,, effectively protected the un-
derlying polymer against vacuum UV. The number
of ALD Al;Og3 cycles required to create a gas bar-
rier film was dependent on the substrate material. A
layer of AlsO3, with a thickness of 10 nm or more,

seems to provide a good level of protection against
AO [25].

3.8 Coatings for Dust Mitigation

Recent in-situ measurement of naturally occurring
dust accumulation on equipment placed on the lunar
surface, was conducted by Li et al. [23]. They mea-
sured an average dust accumulation of 21.4 ug/cm?
per annum on a horizontally-mounted sticky quartz
crystal microbalance located at 1.9 m above the sur-
face. This equals approximately a 0.7-pm layer of
accumulated dust over the exposed horizontal sur-
faces after a decade. Active dust removal by dielec-
trophoresis systems are currently in development to
combat dust accumulation [6].

4. Results

This section includes the results of the experi-
mental part, explained in Section 2. The measured
emittance of the test articles at room temperature
is shown in Figure 9. Due to the setup used, it is
suspected that the results contain inaccuracies, stem-
ming from small fluctuations in the room and test ar-
ticle temperatures. Some inaccuracies can be caused
by alignment errors of the test articles and the mea-
suring device. Because of these factors, these results
should be treated as advisory only, and it is better to
mostly compare the test articles against each other,
rather than to treat these values as an accurate data
source. The view angle of the TRT was fixed and
parallel to the test article’s surface normal. There-
fore, the results represent normal emittance ey.
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LL4 | 0.2
LL34 | 0.19
LL14 | o.19
LL21 | 0.19
LL1 | 0.8
LL31 | 0.8
LL32 | o.18
LL33 | o.18
LL7 | o0.18
LL3 | 0.8
LL92 | o.18
LL22 | o.16
LL6 | o016
LL12 | 013
LL13 | 0.12
LL9 | 0.1
LL51 | 0.09
LL5 | 0.09
a1 ] o006
LLot| | 0.1
LL11] | o0.008
LL2| 0.001

0 0.05 o1 015 02 025

Emissivity factor (epsilon)

Fig. 9: The measured normal emittance (ey) of the
test articles’ surface. The values represent the ra-
tio of the integrated radiant exitance at room tem-
perature to that of a black body, in the measured
spectral range of 8-12 ym. The LL2 is a copper
part coated with a very thin layer of ALD Al,Os.
See Table 1 for the descriptions of all test article
labels.

The LL2, which was a copper test article coated with
a very thin layer of ALD Al;Og3, had the lowest emit-
tance in this study. An almost identical test article
except for the few scratches on its surface, the L1L91
also had a very low emittance. The third test arti-
cle with a very low emittance was the LL11 (uncoated
copper). The highest emittance was measured for the
copper test article with a 28.5-nm thick ALD Al,O3
coating (LL4). All the other test articles had emit-
tance between these extremes.
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5. Discussion

The results suggest that inexpensive polished cop-
per plates could be manufactured and coated with a
thin protective ALD Al>,Og3 coating to produce low-
emittance surfaces that are suitable for lunar mis-
sions. These surfaces would have a high a/e ratio, so
they would warm up significantly in sunlight. During
a lunar daytime, this heat could be channelled to a
thermal energy battery or to a radiator. In the lunar
nighttime, the low-emittance surface would help to
reduce the power required for heating. Copper is an
excellent conductor of heat. The CTEs of copper and
alumina are both fairly low, and this should alleviate
concerns over thermal-cycling induced cracking of the
coating.

The Hagen—Rubens relation [16, p. 225] suggests that
a dielectric coating on copper should increase the sur-
face thermal emittance. The results of this study sup-
port this, although the emittance of the LL22 test ar-
ticle was lower than the LL4 test article, despite the
latter having a thinner Al;O3 coating. The difference
in emittance of these two test articles might be caused
by the fact that they had a different surface rough-
ness. It should be recalled that the surface roughness
affects the emittance. By having an optically smooth
copper surface, and a thin enough protective coating
(e.g. 5..10 nm of ALD Al;Os3), the surface emittance
should remain very low in the thermal IR band.

The test articles cut from silicon wafers had ex-
tremely smooth surfaces compared to the other test
articles. However, the electrical conductivity of the
surface of these silicon substrate test articles was only
moderate. The results are consistent with the previ-
ous observations. Surface smoothness must be cou-
pled with a good electrical conductivity for obtaining
low surface emittance.

Gold coatings thinner than about 100 nm are more
and more transparent to visible light. This fact has
been utilized in visor coatings for astronaut helmets.
The Canadarm used in the ISS is protected using gold
coatings, in addition to Beta cloth blankets. Gold
coatings are the preferred choice for fulfilling many
of the needs for lunar missions, inside and outside of
the habitats and equipment used. The material con-
sumption of this precious metal can be reduced, by
selecting a thickness for the coating layer that fulfils
the requirements. For low-emittance surfaces, about
300 nm should be enough. For example, let’s consider
a geodesic dome structure with a diameter of 18 m
on the lunar surface. If we apply a 300-nm hard-
gold coating to two-thirds of the surface area, the
coated area will be about 680 m? and the amount
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of gold required about 4 kg. This is roughly 190,000
USD with today’s market value. Considering the re-
quirements, this is not an expensive solution. If the
gold is only used to provide a barrier coating, then
a thinner layer would be sufficient. Gold is highly
ductile, and a surface area of at least 25 m? can
be coated with just 30 g of Au. For the dome ex-
ample just introduced, just 0.8 kg of gold would be
sufficient for a barrier coating. Other metallic ele-
ments are less ductile, and more material would be
required to cover an equivalent area [7, p. 17]. As it
was earlier stated, almost any material can be gold
coated. However, gold-coated aluminum should be
avoided, as there will be a growth of intermetallic
non-conductive layer above temperatures of 125 °C
[19]. It is common to use a nickel interlayer when
gold coating stainless steel. However, the supplier
of electroplated gold coatings for this study has an
alternative method which does not require a nickel
interlayer for stainless steel. Gold coatings have ex-
tensive spaceflight heritage, and should prove useful
also for the upcoming lunar missions. If the surface
is intended to be cleaned with mechanical brushing,
for dust removal, then hard-gold alloys must be used
for wear resistance.

For lunar habitats and equipment placed on the sur-
face, the temperature of the coating will very much
depend on the insulation used in the main struc-
ture. In order to minimize the power used by heaters
in keeping a habitat interior warm during a lunar
nighttime, the habitat surface (coating) temperature
should be kept as low as possible. The following ex-
amples will illustrate this. For a black-body surface
with a temperature of 100 K, the emitted power (ther-
mal radiation) is approximately 6 W/m?. The corre-
sponding values for temperatures of 200 K and 300 K
are 91 W/m? and 459 W/m?, respectively. Figure 3
illustrates this for 200 K and 300 K.

5.1 Recommendations for Further Studies

Although copper, gold and other excellent con-
ductors of electricity provide a low emittance sur-
face, their use in large construction elements incurs
weight and cost penalties. In order to get the best
of both worlds, we could create large elements from
thermoplastics and then coat them to obtain the de-
sired thermo-optical properties. This sounds easy,
but some complications exist. The substrate and the
coating should not have a large gap between their
CTE values. Metals typically have a much lower
CTE compared to thermoplastics, and this must be
taken into consideration. Also, the adhesion of dif-
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ferent material bonds must be ensured. The list of
requirements is long, and is driven by the generic re-
quirements of man-rated space habitat design and the
lunar surface environment. In short, the coating sys-
tem should be robust, and compatible with the se-
lected substrate(s). We could start by selecting some
suitable engineering plastics, such as PC or PEEK,
for the structural base (substrate). For the multi-
layer coating, the initial layer could be made using
copper electroplating. This process requires that an
initial conductive layer is first applied. This could be
made from a conductive nanosilver ink, which has a
cured film thickness of 1..2 um. The cured ink might
be a good interlayer between the polymer and the
copper, which have dissimilar CTE values. In order
to provide a low emittance, the copper layer should
have a minimum thickness of about 300 nm. The top
layer could be made with Al,O3 ALD, which provides
a good adhesion, and does not increase the surface
roughness. This layer should be as thin as possible,
while still acting as an effective gas barrier. Based
on the results of this study, an ALD Al,O3 coating
with a thickness of 5..10 nm should be tested as part
of this concept. The emissivity measurements should
be done using multiple incidence angles, in order to
derive the total hemispherical emittance (ep).

6. Conclusions

The goal of this study was to derive recommenda-
tions for further work, based on: 1) The feasibility of
the methods used to produce the 22 test articles, 2)
the measured thermal IR emittance of the test arti-
cles, 3) relevant theory and 4) reported work of other
authors.

Although we cannot guarantee the accuracy of the
results in Section 4 to a great degree, they do pro-
vide a useful comparison of different types of coat-
ings and substrates. For example, the polished cop-
per plates with a very thin ALD Al;O3 coating show
great promise as a technology for upcoming lunar
missions. This Cu—Al;O3 system might provide an
alternative to gold coatings in some applications. Our
results suggest that the polishing of the copper plates
could be done in a typical machine shop using inex-
pensive tools and materials.

ITO coatings are a robust system that have been
used in spacecraft over several decades. This, and
the unique properties of such a coating will ensure its
part in various missions to the lunar surface. Active
dust removal by dielectrophoresis systems could be
built using area-selective ITO and ALD coatings.
Book values for absorptance and emittance should
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be used with caution. The aim should always be to
measure the actual values of sample parts, in order
to improve the performance of a passive thermal sys-
tem in question. When designing coating systems
for lunar nighttime survival, accurate measurements
should be performed over a temperature range of at
least 100..400 K and covering as much as possible of
the 3..50 pm spectral range.
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