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(57) Abstract: The invention relates to a method of manu-
facturing a charge dissipative surface layer on a member
made from or consisting of a dielectric polymeric material
or polymer-based composite which is intended to be used in
space and other extreme environments, the member having
at least one surface, in particular two opposing surfaces,
each of the surfaces having a flat or a three-dimensional
shape. The method comprises the steps of carbonizing the at
least one surface of the member in a vacuum environment
through ion bombardment with simultaneous surface renew-
al in a dynamic way, by bombardment of the at least one
surface with an ion beam formed in a gaseous linear high-
current technological ion beam source of rare gas and added
predetermined amount of a carbonaceous gas in the same
ion beam gas admixture in order to achieve a treated car-
bonized surface layer with a uniform surface resistivity in a
charge-dissipative range.
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Method for Manufacturing a Charge Dissipative Surface Layer

The invention relates to a method for manufacturing a charge dissipative surface
layer on a member made from or consisting of a dielectric polymer-based material
which is intended to be used in space and such a member.

In particular, the preseht invention relates to the field of surface treatment of die-
lectric polymeric materials with shaped and/or grooved polymeric surfaces, the
treatment of surfaces with embedded inorganic particles, or the treatment of die-
lectric polymer composites with inorganic particulate or fiber fillers. Charge dissi-
pative surface properties are needed for polymer-born devices, such as external
spacecraft or solar arrays components, for instance, Flat Cable Conductors
(FCCs) with long-term durability of this charge dissipation and other functional
properties in GEO space, or polymeric composites-based materials and devices
with long-term durability of this charge dissipation in GEO space and in other ex-

treme environments.

lon bombardment of polymers is widely used in the electronic and other device
manufacturing industry, mostly for photo-resists stripping in microelectronics, ion
implantation of polymers for optical waveguides formation, plasma surface treat-
ment to enhance adhesion of metals deposited on polymers and printability im-
provements, polymers’ micro-hardness increase, etc. In many cases the medium-
or high-dose ion bombardment of a dielectric polymer is causing surface cross-
linking or chain destruction due to energy transfer at atomic collisions, as well as
surface carbonization. Change of many surface properties have been found to be

“associated with the compositional, structural, and, quite often, morphological sur-

face transformations due to ion bombardment and selective sputtering of the pol-
ymers surfaces in vacuum. Some surface reduction due to ion beams sputtering,
gaseous atoms migration with the formation of volatile final products and their re-
lease from the surface of the polymers in vacuum, i.e. surface depletion of final
gaseous products, and, finally, surface carbon content increase (in the bombarded

CONFIRMATION COPY
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region), as well as simultaneous and subsequent surface structural reconstruction
is called “surface carbonization”. Significant change of mechanical and optical or
electrical properties, such as surface hardness, wear resistance, oxidation re-
sistance, and electrical surface conductivity, provided in a wide range of values
and wide temperature range, may be achieved by ion beam treatments of poly-

mers [1-5].

It is important to mention, that all the studies of surface conductivity, or surface
charge dissipation of dielectric polymers, provided by ion beam treatments, have
been done on flat, or, to say, planar polymer films, synthesized specifically for the

treatment experiments or produced industrially.

Not just advanced space polymer films in various space applications, but also pol-
ymer-based products, for instance, such as Flat Cable Conductors (FCCs) that are
used as connections between panels on solar arrays in geosynchronous (GEO)
orbits, would strongly benefit from providing charge dissipation to its both external
surfaces, to prevent the charge collection, arcing and associated damage under
radiation environment, especially when to be used in nowadays long-term space
missions. However, manufacturing the products for such applications with charge

dissipating surface properties might present difficulties.

The FCCs are manufactured in different sizes and shapes, based, for instance, on
DuPont Pyralux LF1010, that basically consists of a Pyralux LF1010 copper clad
laminate and same type coverlay, i.e. Kapton100HN (1mil) films, joined together
by a special temperature sensitive acrylic adhesive with thin copper strips pressed
in between them at processing stages, and the Cu foil strips ending in electrical
contacts outside the made structures [6]. Therefore, in FCCs 100 (Figures 1 and
2) the dielectric polymeric front and back films do not represent a flat, plain sur-
face, but rather have repeatedly shaped, or, to say, “grooved” surfaces 102, 202,
as can be seen in Fig. 1 for the front surface 101 and Fig.2 for the back surface

201. Since the ion beam treatment is of a line-of-site nature, with quite strong an-
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gular dependence of sputtering rate, this surface relief may influence the uniformi-
ty and effectiveness of any ion beam treatment, causing shadowing of the ion

beam by the walls of formed grooves.

Another critical difference in treatment of real FCC structures is the condition of
the back surface. In comparison with a shiny and smooth front FCC surface, the
back surfaces were found to be rough and, with small inorganic particles embed-
ded randomly throughout the surface which comes as a result of the specific tech-
nological process of manufacturing of the FCCs. The surfaces of FCC units have
been characterized extensively by SEM/EDS (Scanning Electron Microscopy / En-
ergy-Dispersive x-ray Spectroécopy) methods. Front (Fig. 3a and Fig. 3b) and
back (Fig. 4a) surfaces SEM images 300, 400 with various levels of magnification,
combined with elemental composition studies by EDS, have been used for com-
parative study of the front and back surface morphology and composition of FCCs
from a few manufacturing FCC sets. The part of the front side of the FCCs on top
of the Cu strips had a shiny flat surface (see Fig. 1). The plain parts of front FCCs
surfaces fully resembled Kapton HN surface, as analyzed by both SEM and EDS.
Small inclusion particles that could only be detected under high magnification, are
calcium phosphate (Ca3(PQ,).) particles. They are an essential additive in the
Kapton HN manufacturing process in order to reduce handling problems due to

electrostatic interaction.

Highly developed surface morphology became clearly evident upon the inspection
of the back surface, as shown in Fig. 4a that represent the “back side” surface un-
der high magnification. The back surface looks strongly damaged, and it can be
clearly seen in Figs. 4a that significant numbers of tiny, mostly submicron size par-
ticles are present in the polymer surface. The elemental composition of these par-
ticles can be evaluated by EDS. The detailed elemental composition of these par-
ticles corresponds in general to the composition of pumice particles, dust of which
is used in the manufacturing process as a water slurry under high pressure to en-
hance the copper adhesion to special acrylic adhesive used in FCCs production.
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(Pumice stone is made of the following oxides, according to Indian Granites [8]: 70
to 77 percent silica, 11 to 14 percent alumina, 3 to 5 percent potassium oxide, 3 to
5 percent soda, 1 to 3 percent ferrous oxide, 1 to 2 percent ferric oxide, 0.5 to 1
percent magnesia, less than 0.38 percent titanium oxides, and almost all these

elements have been found on the back surface by EDS).

It is an object of the present invention to provide a method for manufacturing
charge dissipative surface layers on a member made from or consisting of a die-
lectric polymer-based material such that the member fulfills requirements for use in
GEO space. It is a further object of the present invention to provide a correspond-

ing member.

These objects are solved by the independent claims. Preferred embodiments are

set out in the dependent claims.

According to a first aspect of the present invention, a method for manufacturing a
charge dissipative surface layer on a member made from or consisting of a dielec-
tric polymer-based material or composite which is intended to be used in space or
other extreme environments is provided. The member may be any product, such
as a FCC or a solar array component or a film like member. The member has at
least one surface, in particular two opposing surfaces, each of the surfaces having
a flat or a three-dimensional shape. The at least one surface may include those
with shaped or grooved surfaces, and rough surfaces with surface-embedded in-
organic dielectric particles, or dielectric polymer-_based composites with inorganic
dielectric fillers. The three-dimensional shape may be a shaped or grooved sur-

face.

The method comprises the steps of controllably carbonizing the at least one sur-
face of the member in a vacuum environment through ion bombardment with sim-
ultaneous surface renewal in a dynamic way, by bombardment of the at least one

surface with an ion beam formed in a gaseous linear high-current technological ion



10

15

20

25

30

35

WO 2015/074758 PCT/EP2014/003104

beam source of noble gas and simultaneously added predetermined amount of a
carbonaceous gas in the same ion beam gas admixture in order to achieve a
treated carbonized surface layer with a uniform surface resistivity in a charge dis-

sipative range.

Controllably carbonizing and simultaneously, i.e. constantly, renewing the sur-
face(s) enables achieving charge dissipative surfaces of the member (i.e. a mate-
rial or product) being durable and able to keep these properties for at least one
year in laboratory environment that defines the shelf life warranty as at least one

year after the treatment.

Furthermore, controllably carbonizing and renewing the surface of polymer- or
composite-based materials enables achieving charge dissipative properties with-

out changing its mechanical and bulk properties.

According to a further embodiment of the method, the ion beam may have an e-
nergy of 2.5 to 3 keV.

According to a further embodiment, the surface layer may comprise a charge dis-

sipative range of dozens MOhms/sq at room temperature.
According to a further embodiment, as carbonaceous gas acetylene may be used.

According to a further embodiment, the out-gassing of a polymer-based material of
the member may be produced in a vacuum environment, with follow-up heating up
to a temperature in a range between 50°C and 75°C, in particular 65°C, during
said bombardment of the at least one surface so as to reduce the treatment time

and enhance the carbonization quality.

According to a further embodiment, controllably carbonizing simultaneously and

renewing the at least one surface of polymer- or composite-based materials of the
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member enables to achieve charge dissipative properties by using only inert gases
and elements already present in the polymer-based surface. As an advantage, no

metals or metal impurities are required.

According to a further embodiment, the method is applied to members made of
copper strips laminated between Polyimide-based self-adhesive foils, e.g. Pyralux
Cove'rlay LF0110, which is intended to be used in electric and electronic applica-
tions, e.g. as flexprints or flat cable conductors, to produce charge dissipative sur-
faces while preserving mechanical and electrical bulk properties of these standard

products.

According to a second aspect of the present invention, a member made from or
consisting of a dielectric polymer-based material which is intended to be used in
space or other extreme environments is suggested. The member comprises at
least one surface, in particular two opposing surfaces, each of the surfaces having
a flat or a three-dimensional shape and a charge dissipative carbonized surface

layer on the at least one surface with a uniform surface resistivity.

As an advantage controllably carbonizing and renewing the surfaces according to
the method described above enables a member having charge dissipative surfac-
es which are durable and able to keep the charge dissipative properties for at least
15 years in GEO environment, as required for modern GEO space missions.

According to a further embodiment, the dielectric polymer-based material having
the treated carbonized surface layer(s) is durable at thermal cycling and keeps the
charge dissipative surface properties in a space-related temperature range of at
least +/- 150 °C (i.e. a temperature range from -150° Celsius to +150° Celsius).

According to a further embodiment, the carbonized polymer-based or composite
surface is a charge dissipative material surface with slightly darker visual appear-



10

15

20

25

30

35

WO 2015/074758 PCT/EP2014/003104

ance compared to untreated state-of-art members having no carbonized surface,

but without any change of surface morphology.

According to a further embodiment, the carbonized polymer-based or composite
surface is a charge dissipative material surface without any change of thermal
emittance and with some changes of solar absorptance in a way that does not
cause any significant differences in the final thermal optical characteristics in com-
parison with the pristine ones, after both of them being tested in a ground-based

GEO simulation facility for at least 15 equivalent years of GEO space exposure.

The invention is based on the consideration that it is not only necessary to make
both (or all) surfaces of a member, such as a FCC, charge dissipative, but also to
make sure that the applied surface treatment(s) does not modify in any way the
electrical properties of functional parts, such as copper conductors, and does not
change a polymer film thickness, as well as other functional properties. In order to
avoid formation of leakage currents between copper foil conductor edges and a
polymer matrix of the FCCs, all free Cu strip ends of the FCCs have to be masked

during the ion beam treatment, when using the current invention.

Electrostatic charging problems can be solved and even eliminated in the first
place by the present invention when used for surface treatment of dielectric poly-
mer composites with inorganic particulate or fiber fillers, or various products made
of them. For those composites the dielectric particulate fillers are not only on the
surface or embedded in it, but are distributed almost uniformly in the materials vol-

ume.

In other words, the invention provides a single or two-sided dielectric polymer-
based surface of material, film, or product with charge dissipative property, without
changing any other functional properties, by ion beam treatment with dynamic sur-
face renewal during formation of a carbonized surface of polymeric materials, films

or products with shaped/grooved polymeric surfaces, and on rough surfaces with
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surface embedded inorganic particles, or of dielectric polymer composites with
inorganic particulates or fiber fillers, and more particularly a method providing sin-
gle or two-side charge dissipative surfaces with product-specific surface conductiv-
ity selected in a range of required values and being charge dissipative in a wide
temperature range, such as the surfaces with properties that are needed for poly-
mer-born Flat Cable Conductors (FCCs) or dielectric polymeric composites-based
external spacecraft components, with long-term durability of this and other func-
tional properties during extended missions in GEO space environment and when

working in other extreme environments.

The invention has a plurality of advantages:

An advantage of the present invention is that a method is established to provide
charge dissipation for shaped/grooved or rough dielectric surfaces of polymers
and polymer-borne products, including those with embedded inorganic particles, or
on surfaces of dielectric polymer-based composites with inorganic particulate or
fibre fillers, with the provided surface charge dissipation durable in a wide temper-
ature range, such as, at least, of the (space-related) range +/-150°C, at multiple
thermal cycling, and for a long-term, ~ 15 years durable under GEO space radia-
tion and in other extreme environments. These advantages are achieved by an
ion-beam surface treatment that combines simultaneous noble gas ion beam sur-
face bombardment from a technological linear gaseous ion beam source and sur-
face renewal from the same source in an adjustable dynamic manner, adding a
required amount of carbonaceous gas in the ion source admixture. This is done in
order to compensate the preferential organics sputtering and prevent the shadow-
ing effect of the grooves edges and walls, and the effects of increasingly “sticking
out” of the embedded inorganic particles during ion bombardment, that is strongly
shadowing the ion beam treatment of the polymer, making difficult to provide sur-
face carbonization and, therefore, charge dissipation property of a thin external
layer on the surface. The surface treatment is done in vacuum by ion beam of rare

gases, preferably Ar, adding selected amount of carbonaceous gas, in particular,
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acetylene, in the ion beam source admixture, and at specially defined treatment

conditions.

Another advantage of the present invention is that the method is providing the se-
lected surface resistivity in the charge dissipative range on one or both surfaces of
a polymer-based material, film, or product and does not change any dimensions of

the treated target.

A further significant advantage of the present invention is that the method of mak-
ing the mentioned above polymer-based grooved or grooved /'contaminated” and
damaged surfaces, or polymer composites surfaces charge dissipative allows
providing a particular desired surface resistivity in the charge dissipative range of

dozens MOhm/sq at room temperature.

Still another advantage of the present invention is that the method of making the
charge dissipative single or double-sided polymer-based products or composite
materials allows other functional properties of material/product to remain essential-
ly unaffected, such as, for example, of the other functional properties of double-
sides treated FCCs.

Another advantage of this invention is that for a single or double-sided material or
product, such as, for instance, an FCC, treated in accordance with current inven-
tion, the surface resistivity is kept in the charge dissipative range in a wide tem-
perature interval, in particular, in the space-related temperature-range of +/- 150
C, and has been shown to be resistant to and durable in imitated GEO environ-
ment for a GEO space equivalent time of, at least, 15 years, so the treated FCCs
and other products, treated according to current invention, can be used success-
fully in modern long-term, at least, 15 years long GEO space missions.
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Another advantage of this invention is that for a single or double-sided material or
product, such as, for instance, an FCC, treated in accordance with present inven-
tion, the temperature of the sample can be kept at temperatures well below 100°C.

Controllably carbonizing the polymer-based or composite surface mentioned
above enables to achieve a charge dissipative material surface with slightly darker
visual appearance, but without any change of surface morphology and thermal
emittance, and with some change of solar absorptance in a way, that does not
cause any significant difference in the final thermal optical characteristics of the
treated FCCs in comparison with the pristine ones, after both of them being tested
in a ground-based GEO simulation facility for 15 equivalent years of GEO space

exposure.

A further advantagé of the invention is that the depth of the charge dissipative lay-
er is controlled by the energy of the noble gas ions and remains within the range of
dozens of nanometers without changing the bulk properties of the treated item.
The created layer is stable under thermal cycling and keeps its charge dissipative
properties at least in a temperature range of -/+150°C in inert atmosphere or vac-

uum.

The most successful treatment approach and conditions found in the current in-
vention were used for treatment of both sides of a representative amount of 50
short and long FCCs, and all testing results allowed to evaluate the developed sur-
face treatment’s full reproducibility and stability, showing, in addition, the stability
of the SR of the treated surfaces for at least one year in a regular laboratory envi-

ronment, that means having a shelf life warranty for at least 1 year long.

Further aspects and advantages of the present invention will become better un-
derstood with reference to the description in association with the following Figures
in which similar references used in different Figures denote similar components,

wherein:
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FIG. 1

FIG. 2

FIG. 3a, 3b

FIG. 4a

FIG. 5a, 5b

FIG. 6a, 6b

FIG. 7

FIG. 8

FIG. 9

F1G.9a

FIG. 9b

11

Optical images of front surfaces of randomly selected Flat Cable
Conductors (FCCs).

Optical images of back surfaces of randomly selected short and long
FCCs.

Planar Scanning Electron Microscopy (SEM) analysis results of an
“As Received” FCC front side as secondary electron SEM images
showing surface morphology at the front side of the sample at differ-
ent magnifications.

Planar Scanning Electron Microscopy analysis results of an FCC
sample in “As Received” condition as enlarged secondary electron
SEM images showing surface morphology at the back side

Planar Scanning Electron Microscopy analysis of the front side of
FCC sample after ion beam treatment as secondary electron SEM
images showing surface morphology at two levels of magnification.
Planar Scanning Electron Microscopy analysis of the back side of
FCC sample after ion beam treatment as secondary electron SEM
images showing surface morphology at two levels of magnification.
An X-ray Photoelectron Spectroscopy (XPS) survey scan of pristine
Kapton 100HN film.

An XPS survey scan of (Ar + C,Hy) ion beam treated Kapton 100HN
on the front surface of FCC (Spot 1).

An XPS survey scan of (Ar + C,Hy) ion beam treated Kapton 100HN
on the front surface of FCC (Spot 2).

A first table illustrating the elemental composition of pristine Kapton
100HN surface from an XPS survey in Fig.7.

A second table illustrating the elemental composition of (Ar + C2Hz)
ion beam treated two front surfaces of FCCs by XPS survey (in Fig.8
and Fig. 9).
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FIG.

FIG.

9¢
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Fig. 10a

FIG.

FIG.

FIG.

FIG.

FIG.
FIG.

FIG.

FIG.

FIG.

10b

10c

11

11a

12
13

14

14a

15
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A third table illustrating the elemental ID at high resolution quantifica-
tion for carbon C1s state in case of (Ar + C,H,) ion-beam surface
treatment of an FCC. _

Resistive torque values of standard and charge dissipative FCCs,
with both sides treated by the method of current invention.

A fourth table illustrating a comparison of surface resistivity meas-
urement results for front and rare surfaces of ion beam treated FCCs
by methods A and B.

A fifth table illustrating an overview of surface resistivity values of 50
both sides ion beam treated FCCs obtained with method B.

A sixth table illustrating surface resistivities before and after humidity
testing (60°C, 90-98% relative humidity) measured with method A.
Surface resistivities during long term storage in clean room environ-
ment and folded condition as measured with method A.

A seventh table illustrating the surface resistivity of FCCs before and
after thermal cycling as obtained with method A.

Surface resistivity of FCCs during thermal cycling in dry nitrogen.
Selected FCC samples (the first set) in the custom made sample
holder, wherein the set was photographed after a simulated GEO
testing equivalent of ~ 4 years GEO space exposure equivalent, and
then put back for further testing.

The FCC samples (the first set) in the custom made sample holder
after finishing the simulated GEO testing for 15 years GEO space
exposure equivalent.

An eighth table illustrating surface resistivity values of ion-beam
treated FCCs before and after simulated 4 and 15 years of GEO ex-
posure.

All FCC samples, for which the thermal optical chracteristics have

been measured.
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FIG. 16

FIG. 17

FIG. 17a

FIG. 17b

FIG. 17¢c

FIG. 17d
FIG. 18

13

Solar reflectance spectra and solar absorptance values for glossy
front (2B) and matt back (2M) sides of the pristine FCC sample of
Fig. 2.

Solar reflectance spectra and solar absorptance values for glossy
front (1B) and matt back (1M) surfaces of an ion beam treated FCC
(sample #1).

A ninth table illustrating thermal optical characteristics of ion-beam
treated (sample #1) and pristine (sample #2) FCCs before GEO imi-
tating testing.

A tenth table illustrating thermal optical characteristics of a pristine,
ion-beam treated, and GEO tested FCC samples, selected from the
first set.

A eleventh table illustrating thermal optical characteristics of ion
beam treated FCCs before and after 15 years of GEO simulated test-
ing for samples, selected from the second set.

A twelfth table illustrating surface resistivities of ESD tested FCCs.
Measured surface potential during a charging test at -145°C.

It has been found, that for all FCCs from a few manufacturing sets a significant

difference appeared between the shiny front surface and rough, matt and “gray-
ish”, “contaminated” back surface (Fig. 1 and Fig. 2). The back side surface

roughness and dark color, in addition, differed from one manufactured set of sam-

ples to another, and have been non-uniform even along every FCC sample (see
Fig. 2). Hence, differences between the regular plain Kapton 100HN film surfaces
and the real surfaces of the FCC’s that included features such as the formed

“grooves” on both sides, the presence of embedded inorganic particulate “contam-

inations” (pumice powder particles, as can be seen below) and strong roughness

of the back side, the temperature sensitivity of the adhesive, used in FCCs manu-

facturing, as well as Cu contacts masking issues — had to be considered.
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The state-of-art FCC manufacturing technology involves two abrasive cleaning
steps that are required to obtain good adhesion properties of the copper surface
for the subsequent steps in adhesive bonding. This is done with pumice stone
“powder” particulates water slurry that is sprayed under high pressure on the FCC
subassembly (from both sides), similar to same in the manufacturing line of printed
circuit board (PCB) manufacturing technology. This explains the difference in ap-
pearance and roughness of the back surface, as well as the presence of incorpo-
rated pumice particles, since the polymer film at the back side is exposed twice to

this treatment.

Due to strong preferential sputtering of the polymer matrix compared to the pumice
particle during ion beam treatment, the pumice particles in the surface/subsurface
layers become exposed and do not allow to achieve SR (surface resistivity) com-

parable to the treated front surfaces.

It is therefore important that not only the influence of the grooves on both sides of
FCCs on the uniformity of the surface resistivity resulting from the ion beam treat-
ment is reduced or even eliminated, but also that the problem of surface rough-
ness and presence of “embedded” pumice particles on the back side before or in
the process of ion beam surface treatment technological steps of the current in-
vention is tackled. Attempts to clean the back surfaces that involve mechanical,
chemical and combined mechanical/chemical treatments are unsuccessful in re-
moving the pumice particles. This precludes to subsequently use state of the art
means to treat this surface. The method according to the invention which is de-
scribed below leaves all the FCCs original polymer films thickness intact after an
ion beam treatment and achieve desired SR values and uniformity on both FCC
surfaces and, at the same time, satisfies all other FCCs functional requirements.

The surface treatment according to the present invention is done by a combination
of ion beam treatment and a sophisticated approach of a “constantly renewed car-
bonized surface”, that allows to compensate the organic surface preferential sput-
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tering in a dynamic fashion, i.e. during the treatment. This is achieved by using the
same gaseous ion beam source, but changing the gas composition by constantly
adding of a carbonaceous gas — in this particular case acetylene - to the noble gas
Ar supplied in the source. The carbonaceous gas dissociation in the plasma inside
of the ion beam source provide the accelerated C-containing ions for the dynamic
renewal of the grooved surface or grooved surface with embedded inorganic
(pumice) particles to prevent the angular dependent surface sputtering and the
shadowing effects, allowing at the same time the surface carbonization processes
to happen in the organic polymer part of the thin subsurface layer underneath the

constantly renewed surface.

Surface carbonization is a very wide associated term, in regard of ion beam treat-
ment of polymers. It covers a wide range, from few percent of exceeding carbon
concentration up to almost full “graphitization”, with significantly variable amount of
chemical bonding reconstruction, such as from sp? to sp° carbon bonding states, in
polymeric surfaces and subsurface regions, depending on a variety of ion bom-
bardment conditions. The final treated surface layers may be different in composi-
tion, structural specifics and final properties. Furthermore, due to the variable de-
grees of carbonization, various thicknesses of the modified subsurface layers due
to ion beam energy and the gaseous diffusion processes, the final change of ele-
mental chemical composition and chemical bonding re-structuring is also sensitive
to the temperature during bombardment. Therefore final functional properties of
the polymer-based treated surface, such as surface resistivity, thermal optical

properties, durability and radiation resistance can vary drastically.

Below, the ion beam surface treatment methodology according to the invention will

be described.

It is known, that during the technological ion-beam surface treatment procedures,
to reduce the treatment time, the samples should be exposed to high current en-
ergetic ion beams that is leading to significant surface sputtering and to elevated
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temperature. In addition, many ion-beam treatment facilities contain heating
sources to be utilized at certain stages in the process. For example, some treat-
ment stages at elevated temperatures may be used. However, strict temperature
limitations have to be followed in the current invention, i.e. not more than 110°C,
defined by the special adhesive used in FCCs production, even so the Kapton pol-
yimide is a high-temperature polymer, stable in vacuum up to more than 300 °C. A
special thermal control sensor is therefore incorporated and used in the vacuum

chamber, out of the “line of site” of the ion beam.

Since Kapton polyimide normally contains a significant amount of absorbed water
vapor, specific attention has to be paid to the out-gassing procedure. High vacuum
ion beam treatment with surface renewal can easily be disrupted by the presence
of minor moisture amounts due to samples dehydration and out-gassing of trapped
air bubbles in the vacuum chamber. Therefore, each treatment is conducted fol-
lowing a timely, normally 2 hours, high vacuum out-gassing stage, where the
FCCs temperature is kept around 35 °C. Then, without breaking the high vacuum,
the FCCs units, attached to a rotating drum, are treated by an ion beam of Ar with
added acetylene (C2H2) in the amount of 8 % (by vol%)

a) The KVARC-700 high-vacuum facility, equipped with a rotating 0.5m wide
stainless steel drum, low-to-medium ions energy high-current technological
linear gaseous ion beam source and an independent heater, can be used in

the process according to this invention.

Designated, polyimide pressure sensitive tape with silicone adhesive
(CGSTAPE-8358, 1 inch) can be used for taping the FCCs to the drum. The
Cu foil contacts will be masked with the tape, including 2.5 mm+/-1 mm of

the upper (polymer) surface, adjoined to the Cu contacts.

Then the facility door is closed, the vacuum pump turned on, and, after the

required vacuum of ~3x107 Pa is reached, the pre-heating of the FCC’s is
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performed by turning on the heater directed towards the rotating drum. Pre-
treatment heating up to 35°C in high vacuum was performed and continued
for around 2 hours for enhanced out-gassing of the FCCs, with temperature
control performed by a specially calibrated thermo-sensitive sensor unit lo-
cated inside the vacuum facility. The following ion beam treatment is per-
formed with a linear type gaseous ion source that is working on a calibrated
mixture of Ar and a carbonaceous gas (acetylene) under the process pa-
rameters and for the duration indicated below. After treatment completion,
that was experimentally found to be the best to perform for ~ 16 minutes,
the ion beam is turned off, as well as the vacuum, and the door opens au-
tomatically after finishing the treatment, to allow the FCCs and drum tem-
perature measurements for final temperature control confirmation. After
measuring the temperature, that should not exceed 62-65 °C, the FCCs
have to be left on the drum for cooling approximately ~ 30 min, and are then
taken off the drum to perform the measurements of SR of the carbonized
top surface layer. Meanwhile, the Ar ion beam bombardment can be used to

clean the drum in preparation for the next treatment step.

The front surface resistivity values around ~ 10 MOhm/sq, achieved by the
treatment using the current invention, remained unchanged after the FCCs
have been turned over, attached again to the drum, with the treated front
surfaces facing the already cleaned drum, and the back surfaces exposed
to a similar procedure. In such a way, the required both sides treatment of
FCCs used for space solar arrays applications can be successfully

achieved by the current invention.

The nominal best FCCs treatment results have been reached at the follow-

ing treatment parameters:

Facility: KVARC-700; lon Beam Gas Mixture of Ar (92 vol%)+ acetylene, 8
(vol%); '
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lon Beam Energy - 2.5 - 3 (keV); lon Beam Current - 195 (mA); Bias on the
drum -150 (V)
Temperature: <65°C; lon beam treatment duration — around 16 (min):

Now, the post-treatment SR measurement will be described.

Removal of each treated FCC from the drum has to be done very carefully to avoid
any damage to them. The units are placed on the SR measurement table, covered
with a soft (thick resin) cloth and a clean paper sheet. All SR measurements are
conducted using a special Probe Unit that was used successfully for a number of
years on polymer films or comparatively small samples/products with polymer films
at the top. The unit can be similar to the one described in [9]). Post-production SR
measurements are performed right after placing the FCC unit on the table, using
the calibrated SR measurement unit, and a Digital Multi-meter (Uni-Trend Tech-
nology, Model UT55) with a custom surface resistivity measurements probe or
Hewlett-Packard 4329A High Resistance Meter at a voltage V=100V with the

same custom surface resistivity probe.

The same treatment procedure has to be applied to the back side and post-

 treatment SR measurements then are performed, with the typical SR in the range

of 10MOhm/sq to 20MOhm/sq. The FCCs are considered as successfully treated
on both sides, if no visual defects appeared on both surfaces, and the SR values
everywhere on all treated FCCs front and back surfaces are below 80MOhm/sq.

It is possible to confirm by the follow-up SR measurements, that Surface Resistivi-
ty on both sides of a treated FCC does not change for at least 1 year or more
when kept in normal laboratory environment. This is a confirmation of at least 1
year shelf life warranty for the treated FCCs charge dissipative surface properties

provided by this invention.
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lon bean treatment is a very versatile technology that is used for various surface
modification options, and has such an ability as to change sometimes drastically
the surface morphology, that might be both a desired effect or a side effect to be
eliminated, depending on the applications. Some darkening might occur on both
sides of the treated FCCs. Such a visual effect may be associated either with mor-

phology or with surface composition change by the treatment.

By the follow-up surface analysis it can be shown that another important part of
the current invention is the absence of any influence of the developed ion beam
treatment with surface renewal on the surface morphology of both treated FCC
surfaces. The results of SEM analysis performed on the treated FCCs and pre-
sented in Fig. 5a and 5b for the front and Fig. 6a and 6b for the back surfaces, and
they fully confirm no change of surface morphology after the FCCs treatment on
the rotating drum. Therefore, the post-treatment darkening effect can be mostly
attributed to the elemental composition change - loose of light gaseous final prod-

ucts and possible chemical bonds reconstruction— surface carbonization.

Now, the results of a XPS analysis of a surface modified layer with regard to gen-

eral surveys and high resolution results will be described.

To evaluate the expected carbonization effect after using the method described
above for FCCs surface treatment, an XPS (X-ray Photoelectron Spectroscopy)
analysis may be performed mostly on the front surface, to avoid the pumice con-
tamination elements to affect the analysis of the treated surfaces. The XPS tech-
nique, that is used for the analysis of the elemental composition of the very top
surface layer of a few dozen angstroms (and 50-100 angstroms in a polymer), can
be performed on a Thermo Scientific Theta Probe XPS spectrometer (Ther-
moFisher, E. Grinstead, UK). The samples are run in standard mode and a mono-
chromatic Al K, X-ray source is used with a spot area of 400 um or less, as re-
quired. Where necessary, charge compensation is provided utilizing the combined
e’/Ar* flood gun. Position of the energy scale was adjusted to place the main C 1s
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feature (C-C) at 285.0 eV. All data processing is performed using the software

(“Avantage”) provided with the instrument.

Survey scans of pristine Kapton100HN (as a baseline for comparison) and ion-
beam modified Kapton100HN from the front surfaces of treated FCC are present-
ed in Figs. 7 to 9, and the elemental compositions from the XPS surveys are given
in the tables of Figs. 9a and 9b.

The survey scan of pristine Kapton HN is shown in Fig. 7. Next survey scan, the
one for the front surface of (Ar +C2H2) ion beam surface treated FCC, taken in the
middle of the treated plain area on top of the Cu strip, is shown in Fig. 8. Making a
comparison, total absence of N and Si, the drop in oxygen, and significant in-
crease of C at the surface is seen after this treatment. Additional XPS survey scan
results at another spot, taken from another randomly selected (Ar+C2HZ2) ion
beam treated FCCs, are shown in Fig. 9, and are in good agreement with the re-
sults in Fig. 8, and fully confirm the strong carbonization effect causing the surface
composition change of the FCCs treated by the current invention, as defined by
XPS.

This means, that the very thin “virtual” carbon-rich layer, dynamically deposited
and sputtered away during treatment, does not prevent the carbonization effect to
happen under it, in the subsurface polymer layer, during ion bombardment. From
the survey scans above and the quantitative results derived from them it is clear
that for ion beam treated Kapton 100HN, located on top of the FCCs, the main
element on the surface is carbon (91-92 at %), as a result of surface carbonization
due to the performed treatment. Some oxygen is still present at the surface — from
~7 at% to ~10 at% that is indicative that the attained composition is due to the
changes in the KaptonHN material and not to deposition of a carbon layer on the

surface.
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The de-convolution of individual peaks in high resolution XPS spectra is, usually,
indicative of the amount of different types of chemical bonds for a specific element,
indicated by the shifts of the binding energy. For instance, the de-convolution of
the carbon peak, listed in the table of Fig. 9c, can be indicative of the presence of
a high amount of “disturbed” C-C bonds (~85%), around ~ 10-12 % of carbonyl C
bonds with oxygen, and around ~2% of carboxylic C bonds with oxygen in the

modified top surface layer.

In order to identify the thickness of the sub-surface layer a ToF-SIMS (time of flight
secondary ion mass spectroscopy) depth profiling technique can be used. A car-
bon-profiling would be straightforward; however, the gradual transition of the car-
bonized layer to the pristine polymer represents a challenge for any clear distinc-
tion. The approach to use the depth distribution of the element from the ion
source, in this case Argon, is not feasible because of the gaseous state leading to
outgassing of Ar during the FCC treatment in vacuum. Therefore a tracer element,
Silicon, is used, which can be implanted by mixing a small, tracing amount of
Silane (SiH4) into the ion beam source working gas during ion beam treatment of
a dedicated FCC sample for ToF-SIMS depth profiling analysis. Finally, the ToF-
SIMS depth profiles are correlated with literature values [10] for sputtering of Kap-
ton HN with Argon ions under similar conditions to derive the sputtering time-depth
correlation. The depth of the ion beam treatment with constant surface renewal as
applied on FCC products was determined to be about/below 50 nm. A theoretical
calculation by using the TRIM code (Transition of lons In Matter [9]) for implanta-
tion of silicon yielded comparable values and thus corroborated the experimental

findings.

In the following an evaluation of manufacturing a charge-dissipative layer on a

FCC will be described in more detail.

In the description of the method according to the invention, the FCC was already

featured as an example of a shaped/grooved dielectric polymeric surface with sur-
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face embedded inorganic particles or dielectric polymeric composites. It is the pur-
pose of this section to demonstrate the features that can be obtained by the sug-

gested process on the actual product FCC.

The purpose of the FCCs is to connect the power and signal harness in between
panels and yoke of a solar array wing. As a consequence the FCC takes part in
the deployment movement of the solar array wing in space. The key properties of
the standard FCC are therefore linked to electrical and mechanical bulk properties.
Due to the charging environment in space e.g. in geostationary orbit and the die-
lectric properties of Kapton (polyimide), the standard FCC builds up a charging
potential during its in-orbit life. This represents a risk for electro-static discharge
(ESD) or arcing towards the photovoltaic assembly and power connectors in close
vicinity. Hereinafter, a set of 50 FCCs with charge dissipative surface obtained by
the inventive process (innovative example |E) is characterized in its bulk properties
and compared to standard FCCs (comparative example CE). The stability and per-

formance of the charge dissipative surfaces was furthermore tested.

The comparative examples and the examples treated according to the invention

were prepared as follows:
a) Comparative example CE

The standard flat cable conductors (FCC) used on solar arrays of e.g. geostation-
ary telecommunication satellites are procured. They consist of the following con-

figuration:

Conductor: SE-Cu, blank, as rolled (DIN 1787/1791/17670), 127uym *4pm thick-

ness

Cover foils: DuPont Pyralux Coverlay LF 0110 25/25 - polyimide film with acrylic
adhesive; 25um Kapton HN + 25uym adhesive; 50um *3pm
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b) Inventive example IE:

50 standard FCCs, identical to the CE, with different sizes (105mm, 205mm) are

treated with the following ion beam process:

Facility: KVARC-700 high vacuum with rotating drum (0,5m wide, stainless steel)
Process conditions:

- starting vacuum approx. 3x10° Pa; 2 hours of vacuum bake out at 35°C before
treatment

- linear type ion beam source with a mixture of argon (92 vol%) and acetylene
(C2Ha, 8 vol%)

- ion beam energy 2,5-3 keV; ion beam current 195 mA; bias on drum 150V

- temperature <65°C; duration of treatment 16 min

- second surface treated in separate process run with same process conditions

- fixation of FCCs to drum and masking of copper ends and adjacent rim of Kapton
surface with polyimide pressure sensitive tape with silicone adhesive (CGSTAPE-
8358, 1 inch)

The 50 FCCs were treated in several process runs on both sides.

IE and CE were compared in all bulk and surface properties relevant for their ap-
plication as an interpanel connection in a deployable solar array. A summary of the
results is given hereafter.

Mechanical and electrical bulk properties

The resistive torque of ion beam treated FCCs was measured at different tempera-

tures (-90°C, 23°C, and 150°C, Figure 10) and compared to results of standard
FCCs. The resulting small values for the different configurations (with different
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length) lie close to the values of the standard FCCs and show in general no impact

on the deployment.

The resistive torques of the ion beam treated FCCs were also determined after 10
thermal cycles between -175°C and 150°C. They remained unchanged within
measurement precision. A standard test for FCCs to demonstrate robustness dur-
ing folding operations is called flexural strength test (5 cycles of 40 folding opera-
tions). It consists in repeated folding around a mandrel with specified diameter, in
this case 3mm. The treated test samples passed this test successfully. It was
demonstrated that the present invention as applied on standard FCCs had no im-

pact on their mechanical bulk properties.

The relevant electrical bulk properties of the FCC consists in the continuity of the
copper conductors, the insulation resistance between copper to copper conductor,
and the insulation resistance between copper conductor and Kapton cover foil.

These properties were determined for all ion beam treated FCCs that underwent
any testing activity. All treated FCCs passed the continuity test (measurement on
individual copper lines, voltage drop at 100mA). The insulation resistance between
copper to copper conductors was measured by alternating connection of the indi-
vidual copper lines to a positive and negative pole with a bias voltage of 500V. The

obtained
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- Flexural strength (5 cycles of 40 folding operations)
- Humidity test 60°C, 90-95% relative humidity, 96 hours
- Storage in clean room environment with climate control for 180 days in folded

condition representative for a folded solar array wing

The results obtained after these exposure tests remained in accordance to the
standard FCC (no discontinuity, resistance values above 20GQ). Therefore, the
electrical bulk properties of the standard FCC are not impacted by the inventive

process to obtain charge dissipative surfaces.
Surface properties

The surface resistivity was determined by a two point probe and a bias voltage of
100V. In order to obtain good contact to the non-planar and microscopically rough
surface (back side of FCC) the electrodes were chosen to be of soft conductive
silicone foam (method A). A second method using metallic electrodes and a soft
non-conductive pad underneath the charge dissipative FCCs (method B) yielded
also good agreement of values compared to the first method, as shown in the ta-
ble in Fig. 10a.

The surface resistivity was measured on the small FCCs (105mm) in the center.
Three measurements along the 205mm FCC were taken. The table in Fig. 10b
lists the surface resistivities obtained for 50 FCCs (note: The averages of three
values for long FCCs are given; the maximum and minimum values cover all val-
ues). The upper required limit for the surface resistivity was derived from theoreti-
cal considerations and set to 80MQ/sq. The aim was to remain well below this re-
quirement with values closer to 10MQ/sq. The method according to the invention
allowed achieving this goal for both sides of the FCCs despite the non-planar sur-
face and the difference on microscopic scale (roughness and inorganic contamina-
tion). Although the differences of the smooth front and rough back surfaces, con-

taminated to various degrees, could not be completely eliminated, the inventors
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managed to minimize their influence on the treatment results. This achievement
can be considered as an exceptionally good outcome of the developed innovative

treatment technology.

In comparison the surface resistivity of the untreated FCC with a pristine Kapton

surface (CE) were in the insulating range 10"°-10"° Q/sq.

The stability and performance of the surface resistivity was tested against the most
relevant environmental conditions during on-ground and in-orbit life, namely:

- Humidity (accelerated storage)

- Long term storage in representative on-ground environment

- Thermal cycling

- Particle (protons, electrons) and UV radiation representative for geostationary
orbit

- Charging environment in geostationary orbit including worst case conditions were
chosen that cover the qualification requirements for external surfaces in telecom-

munication satellite projects

The surface resistivity remained stable against humidity testing. The data in the
table of Fig. 10c shows some measurement related spread. This is especially true

for the rough sides of the FCCs (see e.g. lower value after humidity test of 7 r).

A second aspect that has been tested was the stability of the surface resistivity in
long term storage in a typical clean room environment with climate control and in
folded condition. The surface resistivity was measured after 1, 2, 4, 8, 14, 25,
66,120, and 180 days (Fig. 11). A stable behavior over this time frame is con-

firmed.

Similar measurement results have been obtained in parallel on randomly selected
FCC samples preserved under laboratory conditions for 12 months. Controllably

carbonizing the polymer-based or composite surfaces as described above enables
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to achieve a charge dissipative material surface whose resistivity behaves stable

under typical on-ground tests and environmental conditions relevant for the FCC.
SR stability under thermal cycling

The table in Fig. 11a lists the surface resistivities measured with method A before
and after thermal cycling. The values are unchanged (only minor differences due
to measurement spread; note: The values deviate to some extend to the table in
Fig. 10b because of the different measurement methods A and B, remain however

within very good agreement for this range of surface resistivity).

During thermal cycling (in dry nitrogen) the surface resistivity was measured in
situ. Fig. 12 shows the dependence of the surface resistivity versus temperature.
These results fully confirm that the surfaces of treated FCCs kept their charge dis-
sipative properties through the entire temperature range. These data allowed iden-
tification of the surface conductivity mechanism using the approach of [16, 17].
The numerical approximations of 1/SR(T) curves lead to the conclusion, that the
surface conductivity mechanism is, most possibly, a three-directional variable rate
hopping conductivity mechanism, similar to the one confirmed for ion beam treated

thin polymer films in [18].
SR stability in GEO simulated conditions

It is impossible to exactly reproduce the space environment for ground testing of
space system elements because of the variety and complexity of the environments
and their effects on materials. The reliability of test results depends on simulating
the critical effects of the space environment for a particular mission. The main ob-
jectives of the simulation are to obtain test results that are adequate to the material
behavior in a space environment and to use existing radiation sources and meth-

ods available in the test laboratory.
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During the design of space systems, it is necessary to simulate long mission time
in reasonable ground time. For this reason, it is necessary to perform accelerated
tests. It is often required to use dose rates that may be orders of magnitude higher
than in the natural space environment. The main requifement for the correct simu-
lation in radiation tests involves simulating the correct effects on materials in space

by considering the type, spectrum (energy), and absorbed dose rate of radiation.

Treated and untreated FCC units had been exposed to GEO-imitating environment
following [12] using a unique testing facility. The samples and their results descri-
bed herein were included in the test campaign in addition to the FCCs presented
in the table in Fig. 10b. Therefore the labeling of the samples in this chapter is in-
dependent from the set of 50 samples. The GEO simulation facility was designed
for studying physical-chemical properties of materials and coatings under separate
and combined action of space factors that may influence the materials in GEO.
Those factors to consider are vacuum as low as 107 Pa, electrons and protons
with energies up to 50 keV, solar electromagnetic radiation up to 10 SEE (solar

exposure equivalent) and temperature in the range of +150°C.

Every set of randomly selected short FCC units had been placed in a special cus-
tom-made sample holder and subjected to combined irradiation consisting of pro-
tons, electrons and ultra-violet light. The first set of three FCC units had been sub-
jected to 33 hours of combined p* + €™ + UV irradiation, with proton energy E, = 20
keV, current density equal to J, = 5-10""'s™ cm™, electrons energy E. = 40 keV, cur-
rent density of Jo= 5:10"'s"'em™ and with simultaneous UV exposure. The select-
ed conditions correspond to a total proton fluence equal to F, = 6:10'%m™ that
roughly corresponds to 15 years of equivalent GEO space exposure. Due to well-
known limitations, the UV exposure was selected at 2 times the intensity of solar
light. Temperature of the samples was kept around 52°C during testing experi-

ments.
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Photos of optical images of the tested first set of samples had been taken, and
surface resistivity measurements performed after intermediate timing of ~ 4 years,
and then after final 15 years of space equivalent GEO exposure. Fig. 13 and Fig.
14 show the results of the intermediate and the final appearance of the samples
1301, 1302, 1303 and 1401, 1402, 1403. Apparent visual differences (the degrees
of darkening) demonstrate the increasing effect of simulated GEO radiation on the
surfaces of tested FCC units. It is obvious that both sides of pristine (included in a
first set) and ion-beam treated FCCs as included in the first and second set of
samples and exposed to GEO-simulating environment, become darker after 4
years, and finally strongly blackened after 15 years of equivalent GEO exposure.
The images in Fig. 14 clearly illustrate the visual differences between the front and
back surfaces of tested FCC units 1401, 1402, 1403 - the front side of exposed
FCCs (1401) looked almost black, but remained glossy, while back surface looked
dark grey-blackish, and remained matt (1402, 1403).

The second set of GEO tested FCC units, as it was mentioned above, included
three ion-beam treated samples that have been tested up to the same 15 years of
GEO simulated space equivalent exposure. Two short ion-beam treated FCC units
(samples #51 and #52 in Fig. 15) have been exposed by back and front surfaces,
correspondingly, and the back surface of a piece of ion-beam treated long FCC
has been exposed as well, with this sample to be used later for surface analysis.
One can see similar strong darkening on the second GEO tested set of samples,
as was observed on the first one. The changes in quantitative characteristics of
the ion-beam treated and GEO-tested units, such as surface resistivity and ther-

mal optical properties have been evaluated.

Surface resistivity values were measured for all FCC samples for both GEO tested
sets. The front and back surfaces of radiation exposed ion-beam treated FCCs
and pristine samples (to have the baseline values for comparison and evaluation

of the testing effects) were measured.
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For tested pristine FCCs, after an equivalent of 4 years and 15 years of GEO
space exposure, the SR values of the front and the back surfaces remained above
10° MQ/sq (10° Q/sq), i.e. far above the required 80M MQ/sq. For the second test-
ed set, a decrease in measured SR values was indicated on all ion-beam treated
samples after 15 years GEO space equivalent ground-based testing, and these

results are presented in the table of Fig. 14a.

After 15 years of GEO equivalent testing all tested front and back surfaces of ion-
beam treated FCCs remained fully charge dissipative. The surface resistivity addi-
tionally decreased on all tested ion-beam treated FCCs during the time of GEO
equivalent testing, coming to SR values in a narrow range of (3-7) MQ/sq after 15
years of GEO space equivalent testing. It means, that the phenomenon of so-
called radiation-induced surface conductivity [13] was observed on all ion-beam

treated FCC samples during testing.
Thermo-optical properties in GEO simulated conditions

SAince during the practical service of the FCCs in solar arrays, they will be exposed
to GEO space environment, i.e. represent a part of external functional structures,
another very important part of this study was the full characterization of Thermal
Optical characteristics of the front and back sides of pristine and ion-beam treated
FCCs samples, as well as for those exposed to GEO imitating conditions. Fig. 15
presents all samples used in this evaluation for thermal optical characteristic

measurements.

In Fig. 15 from left to right, samples of the first and second tested sets (1510 and
1520) as well as the untested reference set (1530) are presented and are marked
separately (#5, #1, #6 — first tested set, #51, #52, Long — second tested set, #2, #3
— pristine and ion-beam treated (but not tested) FCCs, from left to right). All GEO
simulation tested front and back surfaces are almost blackish (fronts) or dark-

greyish (backs), and are easily distinguishable ~ the front being glossy, and the
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back — matt. For the two last non-tested samples at the right hand side # 2 is a
pristine, and #3 is an ion-beam treated, both non-tested FCC samples. For them
the thermal optical properties have been measured to have a baseline for compar-

ison.

Solar reflectance spectra have been measured for all FCCs shown in Fig. 15 and
solar absorptance values a have been calculated, based on these measurements,
following the ASTM standard E903 [14]. Thermal emittance ¢ was measured fol-
lowing the ASTM standard E408 [15].

The results for a pristine FCC sample #2, labelled 2B for front glossy side and 2M
for back matt side are presented in Fig. 16, and the spectra and the solar absorp-
tance o values for both glossy front (1B) and matt back (1M) surfaces of an ion-

beam treated sample #1 are presented in Fig. 17.

It is clearly seen that the ion-beam treatment reduced the reflectance in both visi-
ble and near infrared spectral regions (compare Fig. 16 and Fig. 17). The thermal
emittance measurement results had shown insignificant change of € on both sur-
faces due to ion-beam treatment, and all these thermal optical results are present-

ed in the table in Fig. 17a.

The change in solar absorptance due to the performed ion-beam treatment for
front FCC surface is around Aas = 0.09, and for the back surface it is around Ao =
0.12. The thermal emittance measurements did not show any measurable change

after ion-beam treatment.

To provide the forecast of their potential end-of-life (EOL) properties after 15 years
in GEO space environment, the solar reflectance spectra and solar absorptance
values of two pristine (samples #5 and #6) and one ion-beam treated (sample #1)
FCCs after full GEO-imitated testing have been measured. The solar absorptance

on the exposed pristine and treated surfaces increased in both visible and infrared
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areas, coming to agont= 0.79 for the front of a pristine sample (sample #5) and to
Upack = 0.82 for the back of a pristine sample (sample #6) and Apack = 0.82 for the
back surface of an ion-ream treated FCC (sample #1) due to long-term GEO-
simulated exposure. Thermal emittance measurements showed insignificant

changes, with the thermal emittance remaining around € = 0.80 + 0.02.

In addition, the pre-test solar reflectance spectra and solar absorptance values for
4 ion-beam treated FCCs before and after GEO imitating testing have been meas-
ured. A strong decrease of solar reflectance does happen in the visible part of the
spectra for all tested FCCs, in qualitative agreement with the darkening effects
observed due to testing. These thermal optical characteristics have been collected
and are presented in the tables in Fig. 17b and 17c. A conclusion can be made,
that the developed ion-beam treatment does increase the solar absorptance of the
treated FCCs surfaces; however, it practically almost does not have an influence
on the final thermal optical characteristics of the FCCs after 15 years in GEO
space environment. The darkening effects in pristine and ion-beam treated surfac-
es and change of both thermal optical characteristics are almost equally strongly

pronounced on both sides of pristine and ion-beam treated FCCs!
Charge dissipative properties verified by ESD testing

The fact that the surface is sufficiently charge dissipating was confirmed in a dedi-
cated ESD test at a worst case temperature of -145°C which simulated the rele-
vant charging environment for external surfaces in geostationary orbit. In the ESD
test a second set of samples was tested which was exposed before simultaneous-
ly to particle and UV radiation representative for geostationary environment (sam-
ples #51 and #52 of Fig. 15).

The ESD test was conducted with the following conditions:
- 20 and 400 keV electron beams diffused in energy and angle for space like

energy distribution and flux homogeneity on a sample diameter of 20 cm.
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- Fluxes: 20 keV 250 pA*cm? (=1,56*10° s'*cm™), 0-400keV 50 pA*cm
(=3,12*10% s™cm™); and 4 x fluxes of 20 keV and 0-400keV (worst case
environment from customer requirements for external surfaces on telecom-
munication satellites)

- Test temperatures: RT, -145°C

- Vacuum 10°hPa

Two sets of FCCs were tested: i) beginning of life meaning as treated and ii) GEO
tested. Both sets of samples were exposed to the charging environment with one
smooth and one rough FCC side. The potential was measured as well as its de-

cay. Detection of arcing was ensured by the facility setup.

The worst case (-145°C, 4x standard geostationary) charging environment was
tested on as treated FCCs and GEO aged FCCs. No arcing was observed. The
highest potential which was observed for the as treated samples with the rough
side exposed was below 150V and thus far below any critical potential, e.g. 1000
V. The relaxation of the potential was very fast after the electron source was
switched off. This is due to quick charge depletion via the grounding connection. In
addition mono-energetic charging at low electron energies and -145°C was per-
formed and showed again the same behavior. In this case the test demonstrated
that even if the charging was limited to the upper layers the potential relaxation

was again fast and efficient via the grounded surface (Fig. 18).

The same conditions were applied to the GEO aged FCCs. In contrast to the as
treated FCCs they almost did not build up any potential. This can be explained by
the even lower surface resistivity which is obtained after exposure to electron and

proton radiation (see the tables in Fig. 14a and 17d).

In contrast, untreated FCC (CE), exposed to the same ESD test, showed surface

charging above any critical voltage and subsequent electrostatic discharge.
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LIST OF REFERENCE SIGNS

Flat Cable Conductor (FCC)

front surface

grooved surface of FCC 100 of the front surface 101

back surface

grooved surface of FCC 100 of the back surface 201
magnified SEM image of front surface of state-of-art FCC 100
magnified SEM image of back surface of state-of-art FCC 100
FCC

FCC

FCC

FCC

FCC

FCC

FCC

first set of GEO simulated FCCs

second set of GEO simulated FCCs

untested reference samples
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CLAIMS

A method for manufacturing a charge dissipative surface layer on a member
made from or consisting of a dielectric polymer-based material or composite
which is intended to be used in space or other extreme environments, the
member having at least one surface, in particular two opposing surfaces,
each of the surfaces having a flat or a three-dimensional shape, the method
comprising the steps of
- carbonizing the at least one surface of the member in a vacuum envi-
ronment through ion bombardment with simultaneous surface renewal,
by bombardment of the at least one surface with an ion beam formed in
a gaseous linear high-current technological ion beam source of noble
gas and constantly added predetermined amount of a carbonaceous
gas in the same ion beam gas admixture in order to achieve a treated
carbonized surface layer with a uniform surface resistivity in a charge

dissipative range.

The method according to claim 1, wherein the ion beam has an energy of

2.5to 3 keV.

The method according to claim 1 or 2, wherein the surface layer comprises

a charge dissipative range of dozens MOhms/sq at room temperature.

The method according to one of the predetermined claims, wherein as car-

bonaceous gas acetylene is used.

The method according to one of the predetermined claims, wherein out-
gassing of a polymer-based material of the member is produced in a vacu-

um environment, with follow-up heating up to a temperature in a range be-
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tween 50°C and 75°C, in particular 65°C, during said bombardment of the
at least one surface so as to reduce the treatment time and enhance the

carbonization quality.

The method according to of one of the preceding claims, wherein by con-
trollably carbonizing and simultaneously renewing the at least one surface
of polymer- or composite-based materials enables to achieve charge dissi-
pative properties by using only inert gases and elements aiready present in

the polymer-based surface.

The method according to of one of the preceding claims, wherein it is ap-
plied to members made of copper strips laminated between Polyimide-
based self-adhesive foils which is intended to be used in electric and elec-
tronic applications to produce charge dissipative surfaces while preserving

mechanical and electrical bulk properties of these standard products.

A member made from or consisting of a dielectric polymer-based material
which is intended to be used in space or other extreme environments, com-
prising at least one surface, in particular two opposing surfaces, each of the
surfaces having a flat or a three-dimensional shape and a charge dissipa-
tive carbonized surface layer on the at least one surface with a uniform sur-

face resistivity.

The member according to claim 8, wherein the dielectric polymer-based
material having the treated carbonized surface layer is durable at thermal
cycling and keeps the charge dissipative surface properties in a tempera-

ture range of at least +/- 150 °C.

The member according to claim 8 or 9, wherein the carbonized polymer-

based or composite surface is a charge dissipative material surface with
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slightly darker visual appearance compared to untreated state-of-the art

members, but without any change of surface morphology.

The member according to one of the preceding claims 8 to 10, wherein the
carbonized polymer-based or composite surface is a charge dissipative ma-
terial surface without any change of thermal emittance and with some
changes of solar absorptance in a way that does not cause any significant
differences in the final thermal optical characteristics in comparison with the
pristine ones, after both of them being tested in a ground-based GEO simu-

lation facility for at least 15 equivalent years of GEO space exposure.

The member according to one of the preceding claims 8 to 11, wherein the
carbonized polymer-based or composite surface is able to keep the charge

dissipative properties for at least 15 years in GEO environment.

The member according to one of the preceding claims 8 to 12, wherein the
at least one surface is a rough surface having embedded inorganic particles

or particulate/fiber fillers in the composite.
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Peaks (P)\Peaks . Si2p P2p Cls . Ca2p Nls Ols
Kapton 100HN 0.11 2.14 69.80 0.17 6.14 21.64
Fig.9a
Selected FCC front/ion | C1s |~ N1s | Nals | O1s | Sizp
" beam treatment - - At% At% - At% At% | At%
FCC front1/(Ar+ C2H2) |92.20 0.56 0.06 7.09 0.09
FCC front2/(Ar+ C2H2) | 91.29 0.65 0.45 7.55 0.05
Fig.9b
Name Peak BE | FWHM eV . [Area(P) |At. % SF
Cis 284.68 1.38 36598.04 | 85.30 1.000
CisA 286.37 1.72 4253.48 9.92 1.000
CisB 287.84 1.24 881.98 2.06 1.000
CisC 289.25 1.73 1162.07 2.71 1.000

Fig. 9¢
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SR soft electrodes
FCCID SR soft pad (MQ/sq)
(MQ/sq)
No1-front 14 10
No1-rear 14 12
No2-front 10 7
No2-rear 15 11
No3-front 7 6
No3-rear 7 8
No4-front 8 6
No4-rear 8 8

Fig. 10a
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B
A:

FCCID Side Surf. Res. [MQ/sq]l | Side Surf. Res. [MQ/sq]
1 short f 20 r 25 -
2 long f 9 r 13
3 short f 12 r 16
4 short f 13 r 23
5 long f r 12
6 short f r 23
7 short f 1" r 24
8 short f 11 r 29
9short f 13 r 35
10 short f 12 r 32
11 short f 11 r 26
12 short f 10 r 17
13 short f 10 r 29
14 short - f r 22
15 short f r 19
16 short f 10 r 17
17 short f 11 r 16
18 long f 7 r 23
19 short f 9 r 30
20 long f 6 r 10
21 long f 10 r 16
22 long f 7 r 13
23 long f 6 r 11
24 long f 6 r 13
25 short f 6 r 14
26 short f 8 r 21
27 short f 7 r 18
28 short f 6 r 18

Fig.10b
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A
B
B:
FCCID Side Surf. Res. [MQ/sq] Side Surf. Res. [MQIsq_]
29 short 7 r 18
30 short f 10 r 14
31 short f 7 r 12
32 long f 7 r
33 long f 6 r
34 long f 5 r
35 long f 5 r
36 long f 9 r 13
37 short f 7 r 16
38 short f 6 r 13
39 short f 7 r 16
40 short f 7 r 21
41 short f 8 r 24
42 short f 5 r 19
43 long f 6 r 14
44 long f 8 r 16
45 long f 8 r 20
46 long f 11 r 21
47 short f 8 r 16
48 short f 14 r 15
49 short f 10 r 24
50 short f 7 r 18
average average
front ’ ° rear ’ hd
max 20 max 35
min 5 min 5
STD 2,8 STD 6,4

Fig.10b




WO 2015/074758 PCT/EP2014/003104
13722
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FCCID P Y P v
[(MQ/sq] [MQ/sq]
1M1f 20 21
Mr 58 66
7f 16 19
7r 76 58
16 f 18 21
16r 35 44
Fig. 10c
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C
C: D

FCCID pre TC [MQ/sq] post TC [MQ/sq]
32-fa 10 10

32-fb 5 5

32-fc 14 14

32-ra 17 22

32-1b 7 11

32-rc 12 15

34-fa 8 8

34-fb 4 4

34-fc 7 8

34-ra 13 15

34-rb 7 9

34-rc 14 17

35-fa 8 9

35-fb 3 4

35-fc 8 9

35-ra 15 17

35-rb 9 11

35-rc 23 25

37-fa 20 21

37-fb 6 : 7

37-fc 11 14

37-ra 25 31

37-rb 12 16

37-rc 23 27

23-fa 10 14

23-fb 5 6

Fig. 11a
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C
D
D:

FCCID pre TC [MQ/sq] post TC [MQ/sq]

23-fc 9 10

23-ra 23 24

23-rb 9 15

23-rc 19 22

24-fa 9 10

24-fb 4 6

24-fc 11 12

24-ra 22 22

24-rb 12 16

24-rc 30 31

Fig. 11a
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- # . 1B . : mm. | 2B | 2M -
side Glossy (front) Matt (back) Glossy (Front) Matt (back)
Ol 0.655 0.712 0.565 0.592
€ 0.82 0.83 0.83 0.83
Fig. 17a
Canmt Qi - Solar : Thermal -~ |
SamplelD .|~ Side’ -} ppsorptancea | Emittancee Lale
o Front (#2) 0.565 0.81 0.70
Pristine
Back(#2) 0.592 0.80-0.81 0.74
lon-Beam Front (#1) 0.691 - 0.695 0.79-0.80 <0.88
Treated Back (#1) 0.712- 0.714 0.80 <0.89
Front (#5), 0.787 0.78-0.82 1.01
pristine
GEO-Tested Back(#6), 0.821 0.79-0.81 <1.04
pristine
Back (#1), ion
beam treated 0.817 0.79-0.81 <1.04
Fig. 17b
, . Solar Absorptance | Thermal Emittance | = '
 Sam Ielb Side |— _ () I RGN (- N o
o plelb . | Befor | Afte | . ., . | Befor | Afte | Befor | Afte
. : B Aa Ae _
T 1 e r g e r D e | r
Short FCC 51 0.81
(ion beam Back | 0.694 '7 0123 | 081 | 079 | 0.02 | 0.86 |1.03
treated)
Short FCC 52 0.78
(ion beam Front | 0.695 '7 0092 ] 081 (078 ] 0.03 | 0.86 |1.01
treated)
Long FCC piece 0.82
(ion beam Back | 0.714 '0 0106 | 081 | 0.8 | 0.01 | 0.88 |1.02
treated)

Fig. 17¢




WO 2015/074758

211722

PCT/EP2014/003104

FCCID exposed side SR [MQ/sq]}
1 front 20

9 rear 35

51 rear 7 (BOL 63)
52 front 3 (BOL 11)

Fig. 17d
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