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Enhancement of Space Durability of Materials
and External Components Through Surface Modification

Y. Gudimenko,∗ R. Ng,† J. Kleiman,‡ and Z. Iskanderova§

Integrity Testing Laboratory, Inc., Markham, Ontario L3R 2R7, Canada
D. Milligan¶

MacDonald Detwiler Space and Advanced Robotics, Ltd., Brampton, Ontario L6S 4J3, Canada
and

R. C. Tennyson∗∗ and P. C. Hughes††

University of Toronto, Toronto, Ontario M3H 5T6, Canada

Results of surface modification treatment to improve space durability of main space–related thin polymer films,
a lacing tape, and several organic-based thermal-control paints by a patented PhotosilTM process are presented.
Results of ground-based testing in an oxygen plasma asher and in a fast atomic-oxygen beam facility imitating low-
Earth-orbit environment are also discussed. Characterization data before and after testing that include functional
properties measurement, surface analyses, and durability evaluation are presented, and the protective mechanisms
for Photosil treatment are discussed. Some of the samples that were treated in the program are similar to those in the
Materials on International Space Station Experiment–1, being exposed now on the International Space Station. A
number of space components including lacing tape and some external painted components of the Mobile Servicing
System of the International Space Station were treated by Photosil, and the results will be discussed briefly.

Introduction

P OLYMERS and polymer matrix composites have become vi-
tal engineering materials for spacecraft design because of their

light weight and excellent strength and the fact that they can be used
in applications where other materials could not, such as flexible, thin
thermal insulation blankets and flexible second surface mirrors. The
rationale to use polymeric materials and composites is quite simple:
they allow engineers to explore new applications and clearly offer a
scope for weight savings. Specially selected organic-based paints,
mostly black and white, are often used as optical and thermal-control
coatings. Advanced polymer materials, composites, and paints have
been used in spacecraft structures, payloads, thermal control compo-
nents, and power subsystem applications. One of the limits to using
polymers, polymer-based paints, and polymer matrix composites in
low Earth orbit (LEO) is the effect of atomic-oxygen (AO) erosion.
Unprotected polymeric materials exposed to the AO environment
in space undergo accelerated erosion, limiting their long-term use
capability. The erosion effects of AO on polymeric materials and
the use of various oxide-based protective coatings on thin polymer
films, with all of their advantages and drawbacks, particularly for
long-term missions, have been widely published.1−7

The patented PhotosilTM surface-modification technology8,9 has
been developed to provide an alternative solution to the severe prob-
lem of AO erosion of polymer-based materials and composites in
low-Earth-orbiting spacecraft. The Photosil process is a surface-
modification technology that substantially alters the surface struc-
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ture and chemistry of a polymer, incorporating silicon-containing
groups into the subsurface layer (i.e., up to 1 µm in depth) of the
polymer structure. The surface becomes a new material and attains
new properties. In essence, the Photosil process is a three-stage
surface treatment consisting of 1) photoactivation of the surface,
2) liquid-phase silylation, and 3) stabilization that allows effective
modification of a wide variety of polymers and composite mate-
rials, from polyethylene to complex polyimides.7−9 In silylation
reaction, the reactive hydrogen atoms from the functional groups
formed in the activation stage are replaced with silicon groups from
the chemical silylation agent, used for polymer surface treatment,
creating organo-silicon molecules derived from the original poly-
mer. Thus, the Photosil process produces a Si-containing uniformly
graded surface layer without an abrupt transition boundary, thereby
resisting cracking and spallation caused by thermal and physical
stresses. Under certain circumstances, the modified surface struc-
ture also has a unique self-healing capability. A key advantage of
the Photosil process is that only a thin layer near the surface is
modified, resulting in very little or no change to the bulk material
properties.

It was shown before, and confirmed further in this study, that
this surface-modification treatment can not only significantly re-
duce but even eliminate the AO erosion of polymer-based materi-
als used in spacecraft applications. Based on mass loss measure-
ments, the treated materials exhibited averaged erosion yield of
≤10−26 g/atom under fast (∼1–5-eV) atomic oxygen (FAO) beam
exposure, that is, two orders of magnitude lower than most pristine
polymer materials used presently for space applications. In many
cases, full surface stabilization and protection was successfully
achieved, as confirmed by scanning electron microscopy, showing
unchanged surface morphology. Various versions of the Photosil
treatment were applied to a variety of materials including: Kapton®

polyimide, Mylar® polyethylene therephtalate, polyetheretherke-
tone (PEEK), polyethylene, polyvinyl chloride, polyamide, graphite
fiber reinforced PEEK, and epoxy composites,7,8 and some work
was done for polyurethane-based paints.10 The technological pro-
cess was optimized in this study first for a number of space paints
and other space-related materials, including a lacing tape. This
treatment was also applied to metal-based external space compo-
nents, painted with the just-mentioned paints or their mixtures.
It is shown that in many cases the process does not significantly
affect the thermal-optical properties or mechanical properties of
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the treated materials, a critically important factor for many space
applications.

Experimental
A number of materials and structures were treated and tested in

ground-based testing facilities in this program. Therefore, the ex-
perimental conditions for each group will be described separately.
Experimental work for each material was accomplished in two major
phases: screening and optimization. Mixed-level algorithm statisti-
cal experimental designs were implemented in both the screening
and optimization phases.

Surface Modification of Materials and External Space Components
Surface Modification of Polymer-Based Space Materials

Ten different types of polymer-based selected space materials
used mostly for thermal control and for other spacecraft applica-
tions were selected and used for this study. These materials were
treated by different versions of the Photosil surface-modification
technology. The materials represent clear and metallized thin poly-
mer films, such as Kapton H, Kapton HN, Mylar, and PEEK, in a
wide thickness range, as well as Kapton E, one of the prime can-
didates for inflatable structures and the so-called Gossamer Space-
craft materials,11 polymer-based lacing cord, and three Aeroglaze®

paints, white A-276 and two black, flat Z306 and glossy Z302, of-
ten used for thermal control and other space applications (Table 1).
For the paints, space-grade Al-alloy disks and space-grade titanium
alloy and stainless-steel metal coupons that represent the core mate-
rials of space components were used as substrates. Aeroglaze spec-
ifications for painting and curing involved a layer of special primer
prior to painting. The dry paint film thickness was ∼25–38 µm for
Z306, ∼51–76 µm for A276, and ∼35–42 µm for Z302.

Various versions of the Photosil technology, including the most
recent improvements and optimization, have been used. The vari-
able treatment parameters were the type (UV or UV and corona)
and energy of material pretreatment and posttreatment, which af-
fects mostly the surface activation and stabilization stages, the tem-
perature and time of silylation, and the type and concentration of
silylation agent. For every material, a special study was conducted
to optimize the activation and stabilization surface treatment con-
ditions and duration, using UV treatment, as in Refs. 7 and 8, or
a corona discharge +UV, as well as to optimize the silylation con-
ditions, both through temperature and the silylation solution varia-
tions. All treated materials underwent extended ground-based test-

Table 1 Specification of materials selected for surface modification

Material Chemical composition Supplier Sample characteristics

Kapton 100 H Polyimide film Sheldahl 1 mil
lot 92-02-1-1 Corp.

Polyester film Poly(ethylene DuPont 5 mil
Mylar type terephthalate)
500 D-1

Kapton 50 EAg Polyimide film/silverized L’Garde, Inc. 0.5 mil
Spec 3390 (for inflatables)

Kapton 50 EAu Polyimide film/goldized L’Garde, Inc. 0.5 mil
Spec 33902 (for inflatables)

PEEK film Polyetheretherketone film Westlake 3 mil
Plastics Co.

Kapton 500 HN Polyimide film DuPont 5 mil
Kapton 500 H Polyimide film DuPont 5 mil
Lacing cord Resin-impregnated Nomex MD Lace (tape)

HT-30-TVS fibers Robotics
Black paint Aromatic polyurethane- Lord Painted space-

Aeroglaze Z302 based thermal control paint Corp. grade Al alloy
(glossy) disks, d ≈ 40 µm

White paint Aliphatic polyurethane- Lord Painted space-
Aeroglaze A276 based thermal control paint Corp. grade Al alloy

disks, d ≈ 60 µm
Black paint Aromatic polyurethane- Lord Painted space-

Aeroglaze Z306 based thermal control paint (flat) Corp. grade Al alloy
disks, d ≈ 30 µm

Kapton E Polyimide film L’Garde, Inc. 0.5 mil

ing, and some of them have been provided for flight testing in the
Materials on International Space Station Experiment, currently be-
ing exposed to the space environment.12

Surface Modification of External Space Components and Lacing Tape
Various external International Space Station Mobile Servicing

System space components, painted by the same Aeroglaze paints,
and the lacing tape have been treated by Photosil for LEO space
durability improvement. The description of painted external space
metal components and tape that have been surface modified in the
present work, their visual images, and treatment details are given
in Table 2. In the treatment process of the painted surfaces of space
components, the activation stage was conducted in a custom-made
UV chamber under standard atmospheric conditions. This chamber
is equipped with UV low-pressure quartz mercury vapor lamps that
generate UV emission in the UV-C region with peaks at 254 and 185
nm. Four lamps, each 8.2 m long, are mounted in the chamber, with
six more portable lamps, each 0.3 m in length, being used as nec-
essary. UV treatment is used to create functional groups with active
hydrogen atoms, such as hydroxyl (OH), in the surface region of the
treated material. The activation process is a result of simultaneous
excitation of polymer molecules and attack by molecular oxygen, as
well as ozone, atomic oxygen, and singlet oxygen generated from
molecular oxygen by the UV radiation. Maximum shelf life of the
activated parts in this active state has been shown to be about 30 min;
hence, the silylation stage was preferably performed immediately
after activation.

The liquid-phase silylation was carried out in a specially de-
signed and constructed chamber, which allows one to treat three-
dimensional parts under low humidity (< 10%) and at temperatures
between 30 and 100◦C. Depending on the chemical structure of the
surface to be treated, a number of different silylating agents, diffu-
sion promoters, and solvents can be used to prepare the silylating
solution. The solution can be applied by one of the commonly used
painting techniques, such as dipping, brushing, spraying, depend-
ing on the size and dimensions of the parts. After the silylation at
the prescribed temperature and time, the parts were rinsed with a
solvent and dried under the silylation chamber conditions. The goal
of the silylation process, as described in Refs. 8–10, is to replace
the reactive hydrogen atoms from the functional groups formed in
the activation stage with silicon groups from the silylating agent,
creating the organo-silicon molecules derived from the original
polymer.
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Table 2 External space components protected by Photosil

Component Description Image

Grapple The grapple fixture is attached to a satellite
fixture or payload for the end effector of the
(currently flying) remote-manipulator-system (RMS) robot

arm to grasp and maneuver it.
The grapple fixture is painted with
polyurethane-based gray (Aeroglaze
A276:Z306), black (Aeroglaze Z306), and
white (Aeroglaze A276) paints.a

Target plate Target plate/rod is used as a visual
and rod alignment aid to assist the operator in
(currently flying) positioning the RMS robot arm end effector

over the grapple shaft for capture.
The visual cues of the target and rod are

painted with black (Aeroglaze Z306) paint
with white (Aeroglaze A276) markings.

Upper Socket extension tool, external component
housing of the Special Purpose Dexterous
(scheduled for Manipulator
2005 launch) Painted with gray paint (Aeroglaze

A276:Z306)

Lower Socket extension tool, external component
housing of the Special Purpose Dexterous Manipulator
(scheduled for Painted with gray paint (Aeroglaze
2005 launch) A276:Z306)

Baffle, Camera baffle built for the Special Purpose
camera Dexterous Manipulator
(scheduled for Painted with black paint
2005 launch) (Aeroglaze Z306).

Lacing tape Aromatic polyamide (Nomex) flat-braided
(currently lacing cord impregnated with a synthetic
flying) resin. The braided fiber lacing tape is

suitable for use with electrical wire harness assemblies.

aAeroglaze Z306 is a flat black absorptive paint, which consists of fumed silica and carbon black pigments in a polyurethane binder. Aeroglaze A276 is a white
reflective paint made from titanium-dioxide pigment in a polyurethane binder. Gray polyurethane-based paint is a mixture of the Z306 and A276.

Stabilization of the silylated surface is required for converting the
organo-silicon surface layer to a more oxidation resistant, oxida-
tively stable graded silicone-containing structure. The same setup
as for photoactivation was used for stabilization of the silylated
space components, and in every case the optimized conditions and
duration for both activation and stabilization have been found.

A resin impregnated aromatic polyamide (Nomex®) fiber flat-
braided lacing tape, suitable for spacecraft wire assemblies, was
treated in a continuous feed Photosil process (Fig. 1). In this setup,
the lace was continuously fed over a number of rollers mounted
along the three-stage process. The photoactivation stage of the lace
was conducted in an UV/ozone chamber system, and the activa-

tion conditions and duration have been optimized experimentally.
Following activation, the lace was fed through a cylindrical alu-
minum vessel, where the liquid phase silylation stage took place.
The vessel, filled with the silylating solution, was heated using a
heating tape, wrapped around it. The controlled heating maintained
the liquid bath inside the vessel at a prescribed temperature, which
was found to be the most effective condition for the lace silylation
process. After exiting the silylation bath, the lace was rinsed in a
solvent bath and air dried before being rolled onto a take-up spool.
The lace was fed through the system at a speed of approximately
3 m/h. Following a complete activation and silylation run, the lace
was reloaded onto the feed spool and carried once again through the
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Fig. 1 Schematic diagram of the continuous lace Photosil treatment facility.

UV/ozone system, where the silylated lace underwent stabilization
at experimentally optimized conditions.

Oxygen Plasma and Fast Atomic Beam Testing
Samples of materials listed in Table 1 and the specially prepared

testing coupons representing the painted space components materi-
als were tested in two different ground-based AO sources. An oxy-
gen plasma asher and a recently upgraded fast atomic oxygen beam
facility were used to test the samples before and after Photosil treat-
ment, to determine the effectiveness of the AO protection. Plasma
testing provides, in a comparatively easy way, the ability to create
high-AO effective fluence exposures, but with thermal energy AO
and other plasma species, and uncontrolled VUV radiation.13−15

FAO beam testing more closely resembles the real LEO environ-
mental conditions. It was shown many times in our ground-based
studies that the oxygen plasma asher testing seems to be too harsh
an environment for testing advanced self-protecting or surface mod-
ified polymeric and polymer-based materials.13−15 Therefore, FAO
beam testing is specifically required for ground-based testing and
durability evaluation of those types of materials.

Plasma exposure tests were conducted in a low-temperature, in-
ductively coupled radio frequency plasma asher. The asher operated
at 13.56 MHz with the following settings: rf power ∼200 W, oxy-
gen pressure ∼100 mtorr ±5%, oxygen input ∼100 sccm ±5%,
and minimum average equivalent fluence ∼1.9 × 1020 atoms/cm2.
The test and witness samples were placed in a holder and posi-
tioned in the middle of the 8-liter asher reactor. All samples were
preconditioned in the plasma facility under vacuum for ∼24–48 h
for outgassing. The samples were exposed to the plasma for a min-
imum period of 5 h, which is equivalent to a total effective fluence
of about 1.9 × 1020 atoms/cm2, as established from the mass loss
for a control Kapton 500 HN sample (∼820 µg/cm2). Mass loss of
the surface-modified samples was also measured by an electronic
microbalance after the same time of plasma exposure.

FAO beam exposure tests were conducted in the recently modern-
ized University of Toronto Institute for Aerospace Studies/Integrity
Testing Laboratory Space Simulator similar to that described in
Refs. 7–10. Each sample was placed in a holder that oriented the
sample at 45 deg to the trajectory of the FAO beam. The samples
were exposed to FAO with an energy ∼3.0 eV at an average flux of
1 × 1016 atoms/cm2 · s for a minimum period of 8–10 h and were
held at a constant temperature for the duration of the test. More de-
tails on the FAO system can be found in Refs. 2 and 7. Similar control
sets of samples were placed in the same chamber for the duration
of the test outside the FAO beam. The mass loss of each of these
samples was subtracted from the mass loss of the matching FAO-
exposed specimen to account for mass loss caused by outgassing. If

no measurable mass loss occurs on the treated materials after FAO
exposure, the estimated erosion yield cited for those materials rep-
resents the lower limit of mass loss, which could be measured by
an electronic microbalance. In other words, when no mass loss can
be measured within the accuracy of the equipment used the erosion
yield associated with the resolution of the equipment is cited.

Surface Analysis and Characterization
To evaluate the changes in composition, structure, surface mor-

phology, and functional characteristics, a number of complementary
surface analysis and characterization methods have been used. The
methods include X-ray photoelectron spectroscopy (XPS) and scan-
ning electron microscopy combined with energy dispersive spec-
troscopy (SEM/EDS), with SEM employed in various modes.

For the treated external space components, described in Table 2,
the major purpose of the applied paints was to improve the vi-
sual appearance and create the required color contrasts. In general,
however, all thin polymer film materials and space paints of this
program are mostly used as thermal control materials for space
applications.16 Therefore, the influence of the Photosil treatment on
the major thermal-optical characteristics, solar absorptance α and
thermal emittance ε, has been also analyzed.

Solar absorptance of the pristine, silylated, and silylated/FAO-
tested materials has been measured using a spectrophotometer
(Beckman Instruments, Model DK-2A) equipped with an integrat-
ing sphere. The solar absorptance in UV, visible, and near in-
frared (IR) ranges of the spectrum, covering the range 200–2450 nm
was measured, and the final value was defined in accordance
with the ASTM-E903 specification.17 Thermal emittance of the
same samples was measured in accordance with the ASTM-E408
specification,18 using an infrared reflectometer manufactured by
Gier Dunkle Instruments, Model DB100.

XPS analysis was carried out using a modified SSL SSX-100
x-ray photoelectron spectrometer. Survey scans of all samples were
obtained using a 600-µm x-ray spot size and 150-eV pass energy.
The samples were analysed under a nickel grid to minimize peak
distortion caused by charging effects.

SEM studies of all samples were performed on a Jeol JSM-T300
model microscope. The surfaces of the polymer samples were coated
with a thin layer of carbon to prevent charging. An EDS x-ray mi-
croanalysis system URSA, manufactured by Mektech, was used for
elemental analysis in some cases.

Results and Discussion
Thin Polymer Films, Polyamide Fiber Lacing Tape, and Paint Samples

The results of oxygen plasma testing of space-related thin-film
polymeric materials, lacing tape, and paint samples and coupons are
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Table 3 Process identification for Photosil treatment and oxygen plasma testing results

Photosil Averaged relative
Material Chemical composition process ID erosion rate

Kapton H 1 mil Polyimide film Kapton H (C)a ≤0.16
lot 92-02-1-1

Mylar polyester Poly(ethelene- Mylar (C) ≤0.25
Mylar type 500D-1 terephthalate)

Kapton EAg Kapton 50E/silverized Kapton Ag (C) ≤0.16
spec 3390

Kapton EAu Kapton 50E/goldized Kapton Au (C) ≤0.16
spec 33902

PEEK natural film Polyetheretherketone PEEK (C) ≤0.25
Kapton 500 HN Polyimide film Kapton 500 HN (C) ≤0.14
Kapton 500 HN Polyimide film Kapton 500 HN ≤0.16
Kapton 500 H Polyimide film Kapton 500 H (C) ≤0.14
Kapton 500 H Polyimide film Kapton 500 H ≤0.16
Kapton 50 E Polyimide film Kapton E (C) ≤0.16
Lacing cord Braided fibers, synthetic resin Lacing tape n/a
Black paint Aromatic polyurethane- Black paint ≤0.1

Aeroglaze Z302 based paint
White paint Aliphatic polyurethane- White paint ≤0.1

Aeroglaze A276 based paint
Black paint Aromatic polyurethane- Black paint ≤0.1

Aeroglaze Z306 based paint
Kapton 500 HN Polyimide film Pristine 1.00

a(C) is used to identify corona pretreatment.

presented in Table 3. The averaged erosion rate, which is the mass
loss of the treated material specimen, averaged by plasma testing
time, and relative to the mass loss of a Kapton 500HN witness, used
as a standard, is presented for every material for different variants
of the treatment process. To normalize the averaged erosion rates in
the plasma facility,19 the rate of erosion (by mass loss) for untreated
Kapton 500HN was set to 1.0.

Some mass loss (mass change) can occur under AO exposure
not only by erosion of the surface-modified samples (if any), but
also because of additional oxidative surface conversion to fully sta-
bilized protective oxide(s)-based “skin” during final stabilization,
with competitive processes of volatiles release and oxygen uptake.
The mass loss and the calculated average relative erosion rate given
in such cases are just semiquantitative indications of the improved
durability in an AO environment and require complementary SEM
and other studies. In a preliminary study, all of the pristine materials
used in this program demonstrated an oxygen plasma asher testing
erosion rate quite close to Kapton 500 HN, and so it is clear that a
reduction of plasma erosion rate by at least an order of magnitude
(Table 3) was achieved for all of the treated materials.

The results of mass loss for all tested materials under the FAO
beam are presented in Table 4. As can be seen from these results,
the mass loss for the treated polymer films and lace was strongly
reduced, being almost negligible for the metallized Kapton E and
the lace, and with no measurable mass loss for the treated paints.
The averaged erosion rate was not calculated because for surface-
modified materials it is very difficult to distinguish between mass
changes caused by the surface conversion processes at the surface
during FAO exposure and the mass loss caused by erosion by FAO
beam, if any. The conversion process is nonlinear, as determined
by the measurements of the kinetics of mass loss of the modified
polymer-based organic materials under FAO exposure.8−10 It is prac-
tically impossible to distinguish the mass loss caused by reduced
erosion and some mass loss (or mass change) caused by conversion
process, that is, final stabilization of the treated samples that occur
under the FAO beam. The final conclusion about durability improve-
ment requires SEM studies at high magnification for evaluation of
any change of surface morphology (see the following SEM results).

As just mentioned XPS surface analysis was used to characterize
and verify the surface modification of the thin polymer films, lacing
tape, and all paints used in this program. The results for films and
lace are presented in Tables 5 and 6. For all Photosil-treated thin
polymer films, the carbon content on the treated thin subsurface
layer was significantly reduced, while the oxygen amount increased,

Table 4 Results of FAO testing for materials treated
by Photosil technology

Mass loss after
Material Treatment FAO exposure, µg/cm2

Kapton 500 HN Pristine (witness) 660
Kapton 500 HN Silylated 60
Kapton 500 H Pristine 650
Kapton 500 H (C) Silylated 70
PEEK Pristine 570
PEEK Silylated +50
Mylar Pristine 860
Mylar Silylated 70
Kapton 50 E Pristine 190
Kapton 50 E Silylated 70
Kapton 50 EAg Pristine 340
Kapton 50 EAg Silylated 10
Kapton 50 EAu Pristine 340
Kapton 50 EAu Silylated 30
Kapton 500 HN Pristine 720
Kapton 500 HN Silylated 30
Kapton 500 HN (C) Silylated +50
White paint A276 Pristine 480
White paint A276 Silylated 0
Black paint Z302 Pristine 550
Black paint Z302 Silylated 0
Black paint Z306 Pristine 280
Black paint Z306 Silylated 0
Lacing cord Pristine 200
Lacing cord Silylated 20

and ∼15–25 at.% of Si appeared at the surface (see Table 5). These
compositions, based on previous results,7−10 are clear indications
of a successfully completed Photosil surface treatment. The XPS
elemental composition analysis revealed that in the upper layer of the
Photosil-treated lacing tape the fluorine content has dropped sharply
and the contents of silicon and oxygen have increased significantly.
As a result of the Photosil treatment, silicon content has increased
dramatically up to 20 at.% while oxygen makes up 23 at.% of the
surface content (Table 6). These data confirm the modification of
the uppermost surface region of the lace.

SEM at various magnifications was used to study the surface fea-
tures of AO-exposed polymer films and lace and the erosion protec-
tion capability of the Photosil process for those materials. The SEM
micrograph in Fig. 2 shows an untreated lace sample exposed to
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Table 5 Surface composition of pristine and silylated materials as determined by XPS

Elemental composition, at.%

Materials/treatment C O N Si

Kapton 500 HN pristine 76.62 16.64 6.33 0.36
Kapton 500 HN silylated 37.71 37.61 0.76 23.92
Kapton 500 HN silylated (C) 36.15 40.25 0.85 22.75
Kapton 500 H pristine 76.63 16.67 6.44 0.10
Kapton 500 H silylated 33.96 41.46 0.72 23.86
Kapton 500 H silylated (C) 39.71 37.48 0.82 22.00
Kapton 50 E pristine 77.31 16.09 6.28 0.24
Kapton 50 E silylated (C) 53.94 26.91 2.85 16.30
Kapton 50 E Ag pristine 77.31 16.09 6.28 0.24
Kapton 50 E Ag silylated (C) 45.23 30.12 0.79 23.86
Kapton 50 E Au pristine 77.47 15.99 6.22 0.24
Kapton 50 E Au silylated (C) 54.30 27.54 2.91 15.26
Mylar 500-1 pristine 73.13 26.62 0.00 0.07
Mylar 500-1 silylated (C) 36.85 39.22 0.47 23.46
PEEK pristine 81.45 15.89 0.00 2.56
PEEK silylated (C) 42.11 35.91 0.78 21.20
Kapton 100 H (1 mil, Sheldahl) pristine 77.65 15.65 6.53 0.10
Kapton 100 H (1 mil, Sheldahl) silylated 50.10 32.59 2.46 14.85

Table 6 Surface composition of lace material (at.%) as determined
by XPS

XPS chemical content, at.%

Specimen Treatment C O Si N F

Lacing tape Control (untreated) 52.50 13.86 2.01 0.87 30.76
Photosil 43.70 23.34 20.39 0.05 12.52

Fig. 2 SEM micrograph of oxygen plasma exposed untreated lac-
ing tape (effective fluence ∼2.0 ×× 1020 atoms/cm2) with magnification
2000××: a) masked section and b) exposed section.

oxygen plasma for a total effective fluence of 2.0 × 1020 atoms/cm2,
estimated from the mass loss of a control Kapton HN specimen that
was exposed to the environment along with the tested lace. The left
section that represents the untreated lace masked from AO shows no
change in surface morphology, as expected; by contrast, the exposed
area (right section) shows the typical highly eroded surface texture
and the development of surface pores.

The Photosil-treated lace in Fig. 3 exhibits no visual features
after exposure to oxygen plasma. For comparison purposes, the left
section of the Photosil-treated lace was also masked from plasma,
and the right section was exposed to plasma. No change in surface
morphology was evident between these two sections, as noted in the
SEM micrograph (Fig. 3). These visual results have demonstrated
the protection effectiveness of the Photosil process. Similar results
have been obtained after FAO beam testing.

Table 7 Erosion yielda of polyurethane-based paints used on external
space components

Erosion yield, g/atom

Material Treatment Plasma asher Fast AO beam

Black paint Control (untreated) 8.90E−24 0.62E−24
Z306 Photosil 0.60E−24 0.06E−24

White paint Control (untreated) 7.92E−24 0.51E−24
A276 Photosil 0.25E−24 0.003E−24

Gray paint Control (untreated) 4.69E−24 1.00E−24
Z306/A276 Photosil 0.41E−24 0.07E−24

Black paint Control (untreated) 7.6E−24 0.52E−24
Z302 Photosil 0.5E−24 0.05E−24

aValues are strictly used as a means of comparison of averaged mass loss between
untreated and Photosil-treated samples (see text).

Fig. 3 SEM micrograph of oxygen plasma exposed Photosil-treated
lacing tape (effective fluence ∼2.0 ×× 1020 atoms/cm2) with magnifica-
tion 2000××: a) masked section and b) exposed section.

Polyurethane-Based Paints for Painted External Space Components
Table 7 summarizes the average erosion yields, averaged by mass

loss and time of exposure, for untreated and Photosil-treated paints,
following both methods of ground-based accelerated AO exposure.
These relative values represent the upper limits of these values and
are used only for comparison because as already mentioned, for the
treated paints some mass loss might be caused not by erosion, but
by surface conversion under the AO fluxes. Photosil-treated paints
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demonstrated those erosion yields upper limits about 1–2 orders of
magnitude lower than the erosion yields of their respective untreated
samples in both the plasma asher and FAO beam tests. These results
demonstrated the AO erosion resistance of Photosil-treated paints
and confirmed the successful surface modification of the painted
space components.

The surface chemical compositions, in relative atomic percent-
age, for control (pristine) and Photosil-treated paints were obtained
from the XPS analysis. The results are shown in Table 8. Note that
only survey scans for the elements of interest (C, O, Si, and N)
were conducted. The XPS data indicate that considerable change
has occurred in the Photosil-treated surface. The comparison be-
tween the control and treated paint samples shows the reduction
of the carbon content and verifies the incorporation of silicon and
oxygen into the surface region of the original paint material. These
results again confirm the modification of the subsurface region of
the polyurethane-based paints.

To effectively demonstrate the detrimental effect of AO expo-
sure and the protective effectiveness of Photosil, an experiment
was conducted where one-half of a painted coupon (left half) was
treated by the Photosil process and the other half was left untreated.
Photographs of gray (A276:Z306) and black painted coupons after
6- and 12-h oxygen plasma exposures are shown in Figs. 4 and 5, re-

Table 8 Surface composition of polyurethane-based paints
(at%) measured using XPS

XPS chemical content, at.%

Specimen Treatment C O Si N

Gray paint Control (untreated) 75.07 20.47 1.44 3.02
(A276:Z306) Photosil 40.29 32.92 26.33 0.46

Black paint Control (untreated) 70.38 27.77 0.35 1.50
Z306 (flat) Photosil 41.32 32.23 26.17 0.28

White paint Control (untreated) 75.78 19.47 0.56 4.20
A276 Photosil 40.77 31.15 27.45 0.63

Black paint Control (untreated) 72.33 23.45 1.62 2.6
Z302 (glossy) Photosil 30.64 42.85 26.15 0.36

Fig. 4 Painted test coupons exposed to oxygen plasma for 6-h (effective fluence ∼2.4 ×× 1020 atoms/cm2): a) gray (mixture of Z306 and A276) paint
and b) black (Z306) paint.

spectively. Visual results indicate the untreated half of the gray paint
specimen exhibited considerable surface erosion after 6-h plasma
exposure (effective fluence ∼2.4 × 1020 atoms/cm2) while the pro-
tected half was not eroded. The erosion was detected by visual
observations of surface appearance and color change. The visual
inspection also revealed that the AO eroded the polyurethane resin
portion of the paint, leaving behind the pigments. The untreated gray
surface attained a white powdery appearance (Fig. 4a). The loosely
bounded white fine powders on the paint surface are the exposed
titanium-dioxide pigments. The untreated black paint developed
into a porous and powdery dark-gray surface (Fig. 4b). After the
12-h plasma exposure (effective fluence ∼4.3 × 1020 atoms/cm2),
the Photosil-treated half remained almost intact with minor color
fading. However, the untreated half was completely eroded, in par-
ticular the black (Z306) paint eroded to the point of exposing the
primer (yellow) (Fig. 5b). The black paint, which consists of carbon
black in polyurethane binder, was significantly eroded because of
the reactive nature of AO to both carbon pigment and polyurethane.
The gray (A276:Z306) paint, which contains polyurethane resin,
titanium dioxide, and carbon pigments, also was severely eroded.

Fig. 5 Painted test coupons exposed for 12 h to oxygen plasma (ef-
fective fluence ∼4.3 ×× 1020 atoms/cm2): a) gray (mixture of Z306 and
A276) paint and b) black (Z306) paint.



GUDIMENKO ET AL. 333

Table 9 Thermal-optical properties of pristine, silylated, and
silylated/FAO-tested thin space-related polymer films

Thermal optical properties

Materials/treatment α ε α/ε

Kapton EAg/pristine 0.186 0.413 0.45
Kapton EAg/silylated (C)a 0.207 0.425 0.48
Kapton EAg/silylated (C)/FAO 0.212 0.428 0.49
Kapton EAu/pristine 0.488 0.424 1.15
Kapton EAu/silylated (C) 0.495 0.440 1.13
Kapton EAu/silylated (C)/FAO 0.483 0.430 1.12
Kapton H (1 mil, Sheldahl) pristineb 0.347 0.644 0.54
Kapton H (1 mil, Sheldahl)/silylated 0.351 0.647 0.54
Kapton H (1 mil, Sheldahl) silylated/FAO 0.352 0.651 0.54

a(C) indicates corona pretreated. bMeasured with shiny Al foil backing.

Fig. 6 SEM micrograph of untreated black (Z306) paint after FAO
exposure (effective fluence ∼3.6 ×× 1020 atoms/cm2) with magnification
500××.

Fig. 7 SEM micrograph of Photosil-treated black (Z306) paint after
FAO exposure (effective fluence ∼3.6 ×× 1020 atoms/cm2) with magnifi-
cation 500××.

Both the resin and the carbon black were eroded away from the
surface leaving behind the titanium-dioxide pigment particles. The
stability of pigment particles is attributed to the AO resistance na-
ture of titanium dioxide. The degradation effects of AO exposure on
these paints have been widely published.1,5,6

In addition to the plasma asher exposure, FAO beam testing was
conducted on the painted coupons. The SEM image in Fig. 6 clearly
demonstrates the severe degradation effect of FAO on pristine black
(Z306) paint. The polyurethane binder was eroded from the sur-
face leaving the exposed loosely bound carbon black pigment. In
contrast, no binder erosion was detected in the SEM micrograph of
the FAO-exposed Photosil-treated paint (Fig. 7). Stability similar
to that with FAO exposure was confirmed by SEM studies for the
white (A276) and gray (A276:Z306) paints.

Thermal Optical Properties of Thin Films and Paints
The results of the measurements of the major thermal optical

properties—the most important for thermal control applications—
for some of the advanced thin polymer films and for all paints,

Table 10 White, black, and gray Aeroglaze paints on space-grade
Al-alloy or other space metal substrates, corresponding

to external space components

Thermal optical properties

Material/treatment α ε α/ε

Black paint Z302/pristine 0.962 0.824 1.16
Black paint Z302/silylated 0.973 0.850 1.15
Black paint Z302/silylated/FAO 0.942 0.835 1.14
White paint A276/pristine 0.170 0.880 0.19
White paint A276/silylated 0.172 0.876 0.19
White paint A276/silylated/FAO 0.173 0.878 0.19
Black paint Z306/pristine 0.971 0.912 1.06
Black paint Z306/silylated 0.983 0.911 1.07
Black paint Z306/silylated/FAO 0.959 0.899 1.07
Gray paint (A276:Z306) 0.879 0.882 1.00
Gray paint/silylated 0.885 0.892 0.99
Gray paint/silylated/FAO 0.887 0.894 0.99

corresponding to the space components, are presented in Tables 9
and 10. The data were collected on pristine, surface-modified, and
modified/FAO tested materials.

It is evident from the results that for specially selected Photosil
treatments the surface modification does not significantly affect the
thermal-optical properties of the materials. The stabilization effect
prevents them from being changed under FAO exposure in LEO-
simulated ground-based testing. The ability to maintain the thermal-
optical properties of the advanced polymer-based thermal control
materials after the applied surface modification treatment and after
the following FAO exposure is very important for various space
applications.

Conclusions
A surface-modification process Photosil was successfully applied

to a number of thin polymer space-related films, polymer thermal
control materials, painted surfaces of external spacecraft compo-
nents, as well as to a polyamide fiber-based lacing tape. All treated
materials were effectively protected from atomic oxygen erosion,
as was confirmed in a series of ground-based tests. The surface
chemistry of the treated materials was substantially altered, and the
silicon content on the surface increased to the range of 15–25 at.%,
depending on the material. The main thermal optical properties of
the treated materials, such as the solar absorptance and the thermal
emittance, did not change. The surface morphology of the treated
materials remained unchanged, after ground-based testing in a fast-
atomic-oxygen beam facility and oxygen plasma asher. The Photosil
technology has proved to be a practical solution for protection of
the polymer materials in LEO. Through incorporating of silicon-
containing functional groups into the subsurface layer of the poly-
mer structure, the surface modification creates unique stabilization
and protection properties, so that the Photosil process can be used
for polymer modification with potential application for long-term
flights in the LEO space environment.
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