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Abstract. ITL Inc. through its 30 years of activities in space exploration developed a number of unique processes for impairing new
properties to space-bound materials that are exposed in LEO, GEO and planetary environments to space factors like atomic oxygen,
ultraviolet radiation, charged energetic particles, etc.

For materials flown in LEO missions, the atomic oxygen remains the major hazard. We developed a number of surface modification
processes like Photosil, Implantox to change the surface structure of many polymer materials and paints and make them atomic
oxygen resistive. For systems operating in GEO orbits the charging effects are among the major hazards. Two surface modification
processed developed by ITL successfully solved these problems, while keeping the RF transparency of materials where necessary.
Keywords: Surface modification, space environment, low Earth orbit, Photosil™, Implantox™, SurfTex™, Carbosurf™, Carbosurf+

1.0 Introduction

Among the major problems encountered by
polymer materials, paints, graphite and polymer-
based composites in LEO and GEO space
environments one can mention erosion of
materials in LEO due to the atomic oxygen effects,
change in such functional characteristics like
thermal optical properties, surface charging and
space equipment performance degradation of high-
voltage solar arrays due to arcing in GEO and
secondary arcs on solar generators and a number
of other problems in long-term modern antennae
performance in GEO.

Higher energy erosion processes, such as
physical sputtering, are well understood for
polymers. Chemical reactions of polymer
oxidation at thermal energies, including those by
thermal atomic oxygen, are also well understood,
yet only a few attempts have been made to study
the basic aspects of the accelerated mechanism of Fig. 1. Optical and scanning electron microscopy analyses of
polymer erosion by energetic neutral beams [1, 2] materials exposed to LEO environment factors

Figure 1 provides a few examples of the effects of a) Optical image of the carbon fiber-epoxy 4-ply composite material tube

: _ : (~ 50 mm in diameter) exposed to the LEO environment for ~ 4.5 years
zzeizﬁhagébll(tag?ogarbon fiber-epoxy composite on the LDEF satellite; ») Enlarged scanning electron microscpy analysis

4 . . image of a region on the surface of the tube; ¢) and d) Optical images of

An extensive review on surface modi- cross-sectioned carbon fiber-epoxy 4-ply composite material tube; ¢) SEM
fication technologies developed for protection of image (secondary electrons) of a Kapton HN polymer exposed to a FAO
materials from the space environment and for flux of ~ 4E15 at/cm%s for 6 hrs in a LEO environment simulator; f) Planar
. .. . .. secondary electrons SEM image of a Kapton polymer with a protective
impairing to them new functional prop.ertles n coating exposed to a FAO flux of ~ 1E15 at/cm?/s for ~ 24 hours in a
different space environments was published in LEO simulator showing strong erosion of an area that contained, most
2010 [3]. The present paper will review briefly the probably, a defect or a pit through which the erosion started
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work on surface modification technologies that were developed at ITL either to protect the basic properties of the
materials [4 — 11] or to change them in a desirable way, without altering the bulk properties [12 — 14].

2.0 Surface Modification Processes Developed at ITL
2.1 Surface Modification Processes for Protection in LEO

Protective coatings of oxides, such as silicon and aluminum oxides, deposited on the surface of polymers or
composites provide improved erosion resistance in LEO environment. However, the thin oxide coatings when exposed
to thermal cycling in the LEO space environment develop cracks and/or spalling, mostly because of interfacial stresses
and differences in thermal expansion coefficients between the coatings and polymers they supposed to protect. These
destructive processes leave the underlying polymeric material exposed to FAO, thus causing extensive surface erosion.
High-quality protection of polymer-based materials in LEO, therefore, remains a major challenge, especially for future
long-duration missions or deployed space stations.

Surface modification processes designed for protection of materials from the harsh space environment factors
were developed as a complimentary to coatings approach and that in many cases are lacking the deficiencies of the
coating approaches. Two surface modification processes, one taking a “chemical route” [15] while the other followed the
“physical route” [16] were developed by ITL for protecting the polymer materials from erosion by atomic oxygen in LEO.

The Photosil™ process that represents the chemical approach, involves three major steps, i.e. UV/air pre-
treatment (activation) of the material, actual silylation, and UV/air post-treatment (stabilization) of the modified
material. The process is based on a silylation reaction allowing Si to be incorporated into the sub-surface region of the
originally treated material. A newly developed organic structure containing silicon, carbon, and oxygen atoms bonded
in a complex configuration is formed at the end of the process that stops the destruction of polymers, thermal control
paints and other organic-based materials in different oxidizing environments. It was confirmed through XPS and SIMS
depth profile analyses that the silicon atoms penetrated to a depth of at least 0.5 pum.

The XPS data for the thermal control paints indicated a sharp increase in silicon and oxygen contents in the outer
portion of the surface region with a decrease in carbon content and a nearly total disappearance of nitrogen, as a result
of Photosil™ treatment. These results verified the incorporation of silicon-containing groups and confirm the
modification of the sub-surface region of the original paint material.

No mass loss or morphology changes were evident for the Photosil™ treated polymer samples after FAO testing.
Moreover, the XPS surface content of samples before and after the FAO testing was practically the same for all
analysed samples. The FAO test results for the other Photosil™ treated samples showed that the erosion yields were
about one-to-two orders of magnitude lower than the erosion yield of untreated polymer samples as shown in Table I.

Summary of Erosion Yield for a number of materials treated by Photosil and exposed to AO Flux for 6 h?)?lie :
Material Treatment Erosion Yield (g/atom)
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Fig. 2 provides an example of a lacing tape, an aromatic polyamide (Nomex) flat braided tape impregnated with
a synthetic resin that is used on the International Space Station that was treated by Photosil and exposed to an O-plasma.

Thermal optical characteristics of pristine, Photosil™-treated, and Photosil/FAO-tested polyurethane-based paints
were also evaluated before and after surface treatment and FAO testing. All paints after surface treatment have
maintained their original thermal optical properties, even after FAO exposure. Both solar absorptance and thermal
emittance values remained essentially unchanged within the experimental uncertainty (oo = £0.02 and ¢ = £0.01).
A slight increase of the thermal emittance of the untreated samples after AO exposure was noticed that might be due to
roughening of the surface by non-uniform erosion of the paint.
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Fig. 2. Optical image (a) and SEM micrographs of lacing tape exposed to oxygen plasma
(Effective Fluence ~ 2. x 10%° atoms/cm?) before and after Photosil™ treatment. Magnification 2000x. (b) Untreated
surface, masked section; (c¢) Untreated surface, exposed section; (d) Treated surface, masked section; (e) Treated
surface, exposed section. The black line separates the masked and unmasked regions on the surface

Another surface modification process based on high energy ion beam sources was developed to modify space—
bound materials in order to provide new protective properties to their surfaces. A method of surface modification of
advanced polymers, graphite and carbon-based composites named Implantox™ and based on high-dose ion
implantation with Si, 4/, Si + Al, Si + B, Si + Al + B, Y, Sm, Gd and special oxidative post-treatment was developed and
patented in 1997 [6, 7, 9, 16]. The developed technology allowed increasing dramatically the erosion and oxidation
resistance of polymer—based materials together with substantial improvements in mechanical, electrical, and optical
properties.

The sequence of processes happening on an atomic level in the surface layers of a modified material, during
treatment by Implantox™ can be understood from the schematic drawing (Fig. 3). At the first stage, implantation with
high dose, and low or medium energy ions of specially selected metal or semi-metal elements is performed. During the
implantation process, the surface region is enriched with the implanted species (/), and a release of volatiles (4B, BC,
A», etc.) may occur at the same time, leaving a carbonized or graphitized surface layer on the original material.
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Fig. 3. Schematic presentation of the Implantox™ process

The second stage in the process is carried 600 s
out in appropriate oxidative environment A /
containing atomic oxygen (AO), for instance, i
under exposure to FAO flux. A number of g 400 o
processes are happening simultaneously at this g /
stage among which the oxidation of the remaining §
organics, the release of the formed volatiles = 200 o
(BxOy, AxOy, COy), and the oxidation of the § I | A— B B I g
implanted elements with formation of oxide(s)- ) e R SRR
based precipitates can be mentioned. The £ 0 h
implanted layer is then gradually converted to a “
layer of oxide(s)-based compound(s) and is

o . . .. -200
stabilized in this form, thus providing long-term 0 1 2 3 4 5
protection of the original polymer underneath. Exposure Time, hrs

The kmetl?s of mass loss upon exposure to FAO Fig. 4. Kinetic plots of mass loss of Kapton polyimide, implanted with
flux during the conversion and surface  silicon and aluminum (diamonds); with silicon, aluminum and boron
stabilization stages presents a clear indication of  (squares) and of an untreated sample (circles) under fast atomic oxygen
the development of erosion resistant, protective and vacuum ultraviolet irradiation exposure. Notice that mass lpss in
surface layer (Fig. 4). both 1mplanted samples stoppefl.sho.rtly after the start of the experiment,
indicating that full surface stabilization and protection were achieved
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The implantation energy range required to produce a 50-100 nm thick, modified, protective oxide—based layer in
most of the treated materials was determined to be 20-50 keV and the required ion dose range was found to be
10'°— 107 ions/cm?[16].

2.2 Surface Modification Processes to Impair New Functional Properties

A surface modification texturing process, Surftex™ was developed at ITL that changes the reflectance of the
surface in a controlled manner from completely specular to almost completely diffuse [12, 13]. The developed process
is based on ion-beam bombardment of the surface with noble gases. As a result of such treatment, the specularity of the
treated surfaces can be reduced dramatically, with the surface morphology changing from metallic-like and shiny to
complete milky, white appearance.

The developed process was applied to Silver / Inconel-coated on the back Teflon thermal protective coverings
[12—14] that were attached using an adhesive to cameras and other equipment on the International Space Station.

Fig. 5 shows the total and diffuse reflectance of a 127 pum thick Silver/Inconel metallized Teflon sample after its
mirror-like surface was treated with Krypton ions. As can be seen from Fig. 5, after the ion-bema treatment, most of the
light was reflected as diffused, with the diffused reflectance almost equalling the total reflectance. The developed
treatment allowed reducing dramatically the specularity of Silver/Inconel metallized Teflon thermal control films and
eliminating glare, without significantly affecting their thermal optical properties
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Fig. 5. Total (Rr) and diffuse (Rp) reflectance measurements for a Ag/Teflon sample
after an exposure to a Krypton gas ion-beam

2.3 Charge Dissipative Ion-beam Treatment Process Carbosurf™

A few variants of a surface modification technology, Carbosurf that were developed to achieve charge dissipative
properties on the surface of polymers are based on the controlled carbonization of the surface layer of thin polymer
films [17, 18]. Temperature stable surface resistivity (SR) in the charge dissipative range, from ~2 MQ/sq up to
150 M€Y/sq, has been achieved on hydrocarbon and partially fluorinated polyimides due to surface carbonization using
specially selected ion beam treatment conditions. The created surface resistivity can be tailored to the desired values for
particular applications on a variety of space polymer films. The Carbosurf treatment is performed using ion beams,
without affecting the mechanical and any other properties of the polymeric material underneath, and may be scaled-up
using industrial high-intensity ion beams.

The main advantage of surface carbonization over technologies currently available is a low dependence of the
achieved surface resistivity on temperature and excellent RF performance. Fig. 6 presents the results of measurements
of SR behavior in the temperature range from —150°C to +150°C for two treated polymers, namely, CP1 treated by
Ar*ion beam and Kapton HN exposed to Kr* ion beam [19]. As can be seen from Fig. 6, the ion beam treated samples
keep the surface resistivity in the appropriate range of values over the whole range of measured temperatures.
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The other important feature of the Carbosurf™-treated materials, i.e. their full RF permeability. The significant
distinction of the developed surface carbonization technology from deposition of semi-conductive coatings is that the
Carbosurf™ treatment is “graded” into the material thus eliminating any sharp interfaces that could be a weak point of
the alternate coatings’ technologies.
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Fig. 6. Semi-log graphs of the T /4 temperature dependence of surface resistivity of a few polyimide samples with
different Carbosurf treatments. The found T-dependence is an indication of variable range hopping conductivity
mechanism in the thin Carbosurf-treated surface layer of polymers

Charge dissipation and RF transmittance of Carbosurf™ treated polymers provide a broad range of required SR
values in a very thin top surface layer, without any influence on the rest of material and on RF transmittance. By tuning
the process parameters, it is possible to obtain surface resistivity changes in a range over 5 orders of magnitude, as well
as variable thermal optical properties with a weak temperature dependence of surface resistivity at low temperatures and
no RF losses in the treated materials.

3.0 Summary

Surface modification technologies present a viable alternative for protection and impairment of new functional
properties to polymers, paints and other carbon-based materials and structures used in space. The surface modification
processes developed at ITL provide an alternative solution to the problems caused by different space environmental
factors to polymer-based materials, composites and paints used in LEO/GEO spacecrafts. The developed processes
allow drastically reducing the atomic oxygen erosion by creating a self-healing protective layer that allows, in turn,
protecting the major functional properties like the thermal optical properties.

Ion-beam based surface modification treatments allowed to impair new functional properties to surfaces like
reduced glare or increased surface conductivity that extended the use of traditional space materials in space
applications.
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IIpouecu moBepxHeBUX MoAM(ikaumiid MJA BUKOPUCTAHHH B HABKOJO3EMHHMX
i reocranioHapHMX opoOiTaX i IVIAHETAPHHUX CEPeI0OBHINAX

S1. U. Kneiiman

Annomayin. Komnanisn ITL Inc. 3a 30 pokis ceoci disiibHocmi 6 2any3i 00CHIONCEHHS KOCMOCY PO3poobULa psio YHIKAIbHUX NPOYecis
3a6e3neuyoms HO8I 61acmMU8oCni Mamepianié SUKOPUCIOBYEAHUX 68 KOCMOCI, K NI0OQIOMbCsL GNIUBY MAKUX KOCMIMHUX (aKmopis
na wHaskonozemuux (LEO) i, eeocmayionapuux op6imax (GEQO) i 6 nianemaphnux cepeoosuwax, AK amoMAapHuii KuceHb,
yvmpaghionemoge GURPOMIHIOBAHHSL , 3APSIONCEHT eHeP2eMUYHT YACMUNKU, | M.O.
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Jna mamepianie, wo naimarome 6 Miciax Ha Hagxonosemuux opbimax (LEQO), amomapnuii KuceHv 3aIUMAEMbCA 207108HOI0
nebesznexoro. Mu po3pobuiu psio npoyecie no moougixayii noeepxui, makux sx Photosil, Implantox, siki doseonsiome 3minumu
CMpPYKmypy No6epxui 6a2amvox nonimepHux mamepianie i ¢apo i 3pobumu ix cmivkumu 0o Oii amomapHo2o KucHio. [ns cucmenm,
wo npayiorome Ha eeocmayionaprux opoimax (GEQO), eghexmu nog's3amni 3 erekmpuyHuMu 3apa0amu Ha NOBEPXHPCMi GIOHOCANbCS
00 uuCIa OCHOBHUX Hebesnek. []ea npoyeca nogepxresoi moougpixayii, pospobneni ITL, ycniwno supiwunu yi npobremu, 30epiearoyu
npu ybomy, 0e HeoOXiOHo, NOBHY padio NPOHUKHICIL Mamepianis.

Kniouosi cnoea: 3osniwne smina, kocmiune omouenns, nusvka 3emnsma opbima, PHOTOSIL™, IMPLANTOX™., SurfTex™,
CARBOSURF™, Carbosurf +.

Hpoueccm MOBEPXHOCTHBIX MO)II’I(I)HKaIII/Iﬁ AJIA HCITOJIBb30BAaHUA B OKOJI03€MHBIX
H reoCTalilmoOHapHbIX opﬁnTax U IVIaHETAPHBIX Cpe€aax

s1. 1. Kneiitman

Anunomayua. Komnanua ITL Inc. 3a 30 nem ceoeil OeamenvHocmu 6 o00RACMU UCCIE008AHUL — KOCMOCA pazpabomana psio
VHUKATbHBIX NPOYecco8 0becneuusalowux Hosble CE0UCMEA MAMEPUualam UCnoab3yeMbiX 6 KOCMoce, KOmopble no08epeaiomcs
6030elicmeuio makux Kocmudeckux gaxmopog na oxonosemuwvix (LEO) u, eeocmayuonapmeix opoumax (GEO) u 6 naanemaphvix
cpeoax, Kak amoMapHulil Kuciopoo, yibmpapuonemosoe usiyyenie, 3apaxceHtvle SHepeemuyecKue 4acmuybsl, u m.o.

s mamepuanos, 1emarowux 8 MUCCUsx Ha okonosemuvix opoumax (LEQO), amomaphwlil KUCIOPOO OCMAemcsi 21A6HOU ONACHOCMbIO.
Mot paspabomanu pso npoyeccog ho moouguxayuu nosepxnocmu, maxux xkax Photosil, Implantox, komopbie no3eonsiom usmeHums
CMpYKMypy N0GEPXHOCMU MHO2UX NOIUMEPHBIX MAMEPUAnos U KpacoK U coenams ux YCmouuugblMu K 6030eliCmeuio amomapHo2o
Kucnopooa. /[na cucmem, pabomarowux Ha ceocmayuoraprvix opoumax (GEQ), agpgpexmul céazannvie ¢ anekmpuieckumu 3apaoamu
Ha NOBEPXHPCMU OMHOCAMCA K YUCTY OCHOBHBIX onacHocmell. [lea npoyeca nogepxnocmmoii moouguxayuu, paspabomannuvie ITL,
VCREWHO pewunu Smu npoonembvl, COXPAHss NPu SMOM, 20e HeoOX00UMO, NOIHYIO pAOUO NPOHUYAEMOCTL MAMEPUATO8.

Knruesvie cnosa: Buewnee usmenenue, xocmuueckoe oKkpydiceHue, Huskas 3emnsnas opouma, PHOT! OSIL™  IMPLANTOX™,
SurfTex™, CARBOSURF™, Carbosurf+.
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