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10. THERMAL CONTROL SYSTEM

10.1 INTRODUCTION

10.1.1 Thermal Environment

Throughout the various phases of every spacecraft mission there are significant variations
in the internal heat dissipated by components and in the external hcating fluxes. Spacecraft
components must also be maintained within specified operational temperature limits for high
reliability, although wider limits can be tolerated for spacecraft survival. Factors that must be
considered by the spacecraft thermal control system designer include allowable operating
temperatures, mission modes, energy absorbed by the spacecraft, internal heat generation, and
external heat radiation.

10.1.1.1 Allowable Operating Temperatures

The allowable operating temperatures are key factors in the design of a spacecraft or a
major subsystem. Typical subsystem design temperature levels for a spacecraft are as follows:

U 0to 60°C (32 to 140°F) for all systems in general,
° -18 to S0°C (0 to 120°F) for electronic equipment

* 0to 20°C (32 to 68°F) for storage batteries;

° 4 to S0°C (40 to 122°F) for propulsion sysiem;

21°C £ 1°C (70°F % 2°F) for precision optical systems; and
-184 to 121°C (-300 to +250°F) for solar array.

A relatively cool, narrow operating temperature range extends the useful lifetime of
batteries. Propulsion systems, on the other hand, may need a warm environment to avoid freezing
of propellants, i.e., hydrazine. A very tightly controlled temperature of 21°C (70°F) for precision
optical systems avoids optical performance degradation due to thermal deformation of optical
elements. And very low temperatures for some solid state detectors assure minimum internal
thermal noise and thus maximum signal-to-noise ratios.
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10.1.1.2 Typical Mission Modes

A spacecraft is exposed to a wide range of thermal conditions from prelaunch through
transfer orbit to operational orbit. Three possible mission modes are:

) Near-Earth Orbit, in which Earth emission and albedo (solar radiation reflected
from Earth) significantly affect the thermal design;

° Synchronous orbit, approximately 22,400 miles from Earth, where emission and
albedo are not particularly significant except at cryogenic temperatures; and

. Interplanetary flights in which the spacecraft moves toward or away from the sun.

10.1.1.3 External Energy Characteristics and Absorptance

The energy absorbed by a spacecraft depends on the thermai characteristics and area of its
outer surface, its orientation to the source of thermal radiation, and the characteristics of that
source. Geometric considerations determine in part how much erergy is absorbed on the outer
surface due to area size and spacecraft orientation. However, radiation source characteristics and
thermal surface properties are interrelated and require some amplification.

Important external radiation sources include the sun, albedo (planetary reflection), and
Earth emission. The intensity of solar radiation - parallel sun rays are assumed at these distances -
varies with the distance from the sun according to the inverse square law. The intensity also varies
spectrally, i.e., according to the wavelength spectrum, with the following approximate energy
distribution:

° Ultraviolet (wavelength less than 0.38 um): 7%

. Visible (wavelength between 0.38 and 0.76 um): 45.5%
) Infrared (wavelength greater than 0.76 um): 47.5%

The Earth's albedo is aimost diffuse, which means that from any fixed point on Earth, the
intensity of reflected radiation is almost uniformly distributed out from that point and is not
dependent upon the angle of incident radiation. The Earth's albedo is not a fixed value but varies
considerably with local conditions such as cloud cover. The spectral distribution is approximately
the same as the source (the sun). While not precise statements, for thermal design purposes it is
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adequate to consider the albedo as diffuse and its spectrum that of the sun. The Earth's emission,
on the other hand, is based on an apparent “black body” temperature of the Earth and its
atmosphere. (A “black body” emits the maximum amount of radiant cnergy at a given temperature
and wavelength.) A temperature of 450°R is commonly assumed, with the emission considered to
be diffuse.

The spectral distribution of the energy source is particularly important in spacecraft thermal
design since spacecraft coatings and surfaces are spectrally responsive to the radiation source. A
black coating absorbs almost ali of the impinging solar energy and has a flat spectral response, i.e.,
the same response to all wavelengths. A second surface mirror (e.g., glass or quartz, alurninized
or silvered on the back side, attached with adhesives to the spacecraft exterior), on the other hand,
reflects most of the solar radiation and shows a marked change over the spectrum, except for a flat
response in the solar band (see Figure 10-1).! Other coatings, in general, have surface character-
istics that vary between those of black bodies and second surface mirrors

ABSORPTANCE OR
EMITTANCE
1.0 ——
0.9 CAT-A-LAC
: FLAT BLACK PAINT
0.8 ag = 0.97
0.7 SOLARBAND ¢ =086
: (SOLAR ABSORPTANCE)
0.6
$-13-G-LO
0.5 WHITE PAINT
04f ag =020
0.3 €y = 0.88 2ND SURFACE MIRROR
0.2k (FUSED SILICA, SILVERED
: ON BACK)
0.1 ag =007
0 ' gy=078 | i
0.3 1 10 20

WAVELENGTH (4m)
O1M 94.013.23¢

Figure 10-1. Spectral Absorptance/Emittance of Several Materials and Coatings
The solar absorptance of spacecraft materials will, in general, increase over the lifetime ofa
mission - the longer the mission, the larger the increase. The magnitude of this increase cannot be

precisely determined, but must nevertheless be considered in all spacecraft thermal design.
Absorptance changes can be induced by the ultraviolet spectrum of solar radiation, by energetic
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particles, by contamination from materials outgassing during the various mission phases, and by
other factors such as high temperatures and the vacuum of space.

10.1.1.4 Internal Heat Generation

The heat generated by spacecraft components often presents difficult thermal design
problems becaus of local high heat densities, high dissipation, and wide changes over time.
Sources of this heat include electronic components, batteries, solar cells, and radioisotope
thermoelectric generators. These components, including bcth payload and support equipment, are
located inside the spacecraft, on the external surface, or deployed away from the spacecraft body
by means of supports. Heat generated by internal equipment is conducted and/or radiated to
radiator surfaces that reject it to space. Radiator surfaces are finished with selected coatings to
minimize the external flux absorbed and maximize radiation to deep space. Any external surfaces
not used as radiators are usually covered with multilayer insulation blankets. Major design
considerations include locating heat sources so as to temper the wide variations of heat in local
regions, and minimizing the temperature drop from the heat-generating component to the "radiator”
(the major panels or surfaces that radiate the heat to space).

10.1.2 Thermal Management Systems

The primary function of the thermal control system is to maintain nominal temperatures for
all components on board the spacecraft in al! external environments and under all operational
modes. The thermal control design may include a combination of suitable external coatings and/or
surfaces and insulation, the particular internal placement of components, and the use of other
thermal control hardware such as heat pipes, louvers, and heaters. Radiators are used to maintain
the heat balance within the space vehicle. The excess heat is radiated into deep space to maintain
relatively constant temperatures. Temperature levels are controlled by using selective absorbers to
limit absorbed solar or albedo energy, balanced with solar array electrically generated heat
dissipated from electronic boxes, and through energy previously stored in batteries and distributed
via heaters.

The spacecraft engineer has two methods to control temperature. These are the passive and
active methods. The overall thermal design is generally a combination of the two methods.
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10.1.2.1 Passive Therma! Control

The passive method controls temperature by the use of conductive and radiative heat paths.
This is done by selecting the proper geometrical surface configuration and optical properties of the
materials. Thermal coatings. thermal insulation, heat sinks, d »ublers, second surface mirrors, and

tapes are used to maintain the temperature in the passive thermal control method.

Thermal Coating Materials. The external spacecraft surfaces are radiatively coupied to
space, as the space is considered to be at absolute zero. Because these surfaces are also exposed to
external sources of energy, like the Sun, their radiative properties must be selected to balance the
internal dissipation, external energy sources, and the heat rejection to space, while maintaining the
desired operating temperature. The two properties of primary importance for external surfaces are
the emittance and solar absorptance. Generally, emittance is a function of temperature. For many
materials, however, an emittance at 300°C can be used over the expected temperature range ot a
sp.icecraft with acceptable accuracy. Spacecraft radiators are covered with thermal control coatings
to minimize the heat flux absorbed and to maximize heat radiation to space. These coatings have a
low solar absorptance and a high infrared emittance. Table 10-i lists the thermal optical properties
of some common thermal control coatings and components.
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Table 10-1. Thermal Optical Properties of Coatings and Components

T Material Absorptivity Emissivity
Aluminum ‘polished) 0.10 0.05
Aluminum silicone paint 0.25 0.28
Aluminized Kapton 0.35 0.60
Silvered Teflon 0.14 0.76
Silicon Oxide on polisheu metal 0.10 0.90
Titanium 0.80 0.18
White Paint (epoxy base) 0.22 0.81
Black Paint 0.84 0.80
Gola 0.40 0.06
Ablative material 0.90 0.90
Secoad Surface Mirrors, 0.15--mm silvered 0.07 0.78
fused silica
Solar cells 0.70 0.82

A coating consists of a layer (or layers) of any substance(s) upon a substrate. Optical
coatings have been used to control the temperature of satellites since the first successful orbital
flight in 1958. Since then coating materials have been developed to the point where reasonably
stable coatings are available that give a wide range of values of hemispherical emittance, €, »~fween

.1 and .9, and selected values of the solar absorptance, , between .1 and .9.
Three tynes of coatings can be identified:

1. Pigmented coatings that are mixtures of a pigment and a vehicle.

2. Contact coatings, formed by layers of a substance coated on a substrate without

chemical reaction occurring between the coating material and the substrate.

3. Conversion coatings that are layers of compounds formed by the chemical reaction

of the substrate with another material.

Radiators. Spacecraft thermal radiators require a low solar absorptance to minimize
absorbed solar and albedo heating, and a high inirared emittance to minimize radiator size for a
fixed heat rejection rate and radiator temperature. Second surface mirrors consist of a metal
(usually silver or aluminum) deposited on one side of a quartz sheet, installed with the glass or

quartz surface facing outward. The glass of the second surface mirror is transparent over most of
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the solar wavelengths so that most of the solar energy reaches the mirror surface i.e., the back side
metal, and is reflected back out into space. Equipment heat is conducted into the second surface
mirrors and to the glass or quartz front surfa-e from which it radiates to space. Glass is an
excellent emitter over the infrared spectrum. Figure 10-2 shows a schematic of a typical second
surface mirror application. Silvered Teflon functions ir an identical manner.

SUNLIGHT

\ 4

QUARTZ
5 MIL (127 pm)

1600A SILVER —>» 400A INCONEL

2 MIL ADHESIVE

a SPACECRAFT SURFACE

GIM 94.013.371

Figure 10-2. Cross- Sectional View of Second Surface Thermal Coutrol Mirrors

Thermal Insulation. Thermal insulation reduces the rate of heat flow per unit area
between two boundary surfaces. Multilayer insulations are used to reduce the temperature
fluctuations in components caused by time varying exteral radiative heat fluxes, and to minimize
the iemperature gradients in components caused by nonuniform external heating. These blankets
are also used to isolate internal components when necessary, and may also be used to chtain more
controlled values of performance. Hence, multilayer insulation reduces environmental heating
effects, cold case heater power requirements and the temperature gradients across structures.

Multilayer insulation blankets consist of several alternating layers of vacuum deposite.
aluminized 25 um Kapton and double aluminized crinkled innerlayers of Mylar or Kapton to
achieve a low emittance. These radiation shields are crinkled so that the conductance from shield-
to-shield is reduced by having only point contacts over a small fraction of the area, and allow
trapped gases to be replaced by high vacuum which is an excellent insulator in space. Instead of
crinkling, Dacron net separators or embossed plastic film are used to separate the radiation shields
and minimize the shield-to-shield conductance. All blankets are electrically grounded and provide
for venting during launch. Figure 10-3 shows a schematic of a typical blanket consisting of
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severai alternating layers of aluminized Kapton and crinkled inner layers, and optional Dacron net

separators.
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"SPACECRAFT"

Figure 10-3. Typical Multilayer Blanket Composition

For effective performance, the residual gas pressure within multilayer insulations must be
less than 10™ torr. To accomplish this and to protect the insulation from damage, adequate venting
is provided during ascent. Multilayer insulators are usually vented through the edges of blankets
or by perforations in the shields. Installation of multilayer insulation often involves cutting,
taping, and tailoring to fit the contours.

16.1.2.2 Active Thermal Control

Passive temperature control does have its limitations: added mass and surface area; poor
response to large variations in equipmént power dissipation; and degradations in the optical
properties. To overcome these limitations, active thermal control methods are used to complement
the passive techniques. In this method, the temperature of the equipment is continuously
monitored, and thermal control hardware is turned on or off when preset temperature limits are
reached. In this way, the equipment temperature is controlled and maintained within the desired
range. Thus, the thermal control hardware reacts to changing heating rates by adjusting the thermal
properties in accordance with preset temperature limits. Heaters and thermostats, louvers, heat
pipes, and spaceborne cooling systems are employed in the active thermal cont. . method. For
example, for spacecraft with high-power-dissipation equipment, such as high-power TWTA
(traveling wave tube amplifier), it may be more efficient in terms of added mass to use heat pipes to
increase thermal conductivity in place of heat sinks. A brief review of active control elements can
be found in books by P.R.K. Chetty and B.N. Agrawal >
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10.1.3 Design Implications to Future Spacecraft

The basic requirement for a coating to be used in spacecraft is long-term space stability for
periods of months and even of years. End of life (EOL) properties must be considered in designing
a thermal control system because : st coatings are known to degrade with time. The *-gradation
varies as a function of time as well as the orbit. The degradation is caused by the combined effects
of high vacuum, charged particles, ultraviolet radiation from the sun, and contaminaiion.
Contamination sources are: improper handling of thermal coatings; outgassing from the shroud
during ascent; thruster firings; and condensation of outgassed constituents of the spacecraft
materials, e.g., volatile materials and other thermal coatings. Person-tended vehicles may have

additional contamination from extra-vehicle activitics and vented waste products.

The solar absorptance (0L) of spacecraft materials will, in general, increase over the

lifetime of a mission - the longer the mission, the larger the increase. Absorptance changes can be
induced by the ultraviolst spectrum of solar radiation. In contrast, emittance (€) remains roughly
constant. Usually, paints are much more susceptible to this damage than mirrors or metallized
polymeric films. Contamination can produce immediate, significant increases in solar absorptance.
Atomic oxygen at low altitudes tends to erode many unprotected materials, such as Kapton, silver,
and carbon. The magnitude of this change cannot be precisely determined, but must nevertheless
be considered in all spacecraft thermal design.

Spacecraft designers frequently need coatings with 0, and € values tailored for a particular
application. These requirements range from low 0/high € for many thermal radiator applications
to many other combinations of low-to-high ot and low-to-high €. Figure 10-44 shows the range

of coatings and films that can be prepared in the la. oratory. Hence, different materials and surface
coatings can be used to provide almost any desired combination of absorptance and emittance
characteristics. Black paints, for example, have high solar absorptance, while white paints have
low absorptance; both, however, exhibit high emittance. By mixing black and white paints in
various proportions, various shades of gray can be creaicd to provide coatings with high emittance
and a range of solar absorptance. The same results may be achieved by a geometric black-and-
white checkerboard pattern. White paints and second-surface mirrors attached to the surface with
adhesives provide the high emittance and low solar absorptance required for many spacecraft
surfaccs, especially those used to radiate internally generated heat into space. Although second-
surface mirrors are costlier than paints, they are used more often because they are less subject to
degradation in space over long-life missions.
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Figure 10-5 shows that even though the selection is more limited there is still a wide range
of coatings suitable for short term applications (< 5 years). For long term applications (> 5 years),
this range of suitable materials is severely limited (see Figure 10-6). The "LDEF test" validated
only a few of these coatings for long term applications. These include Z-93 and YB-71 white
ceramic coatings, silver Teflon (when properly applied), thin chromic acid anodized aluminum and
possibly D-111 black ceramic coating.

Because of the different combinations of space environment censtituents, the range of
coatings that are usable in geosynchronous orbit (GEO) are somewhat different than for LEO
applications but are also very limited (see Figure 10-7 ).

With the limited range of proven coatings, designers of space hardware for long term
missions must accommodate the optical properties (0, €) of these coatings. The behavior of
coatings in the space environment is still not well understood and conservative end-of-life estimates
for coatings must be used. Until this materials/environment interaction is better understood and
improved coatings are developed, the stability of coatings in the space environment will continue to
be a limiting factor in the technology for long term missions.

10-10



BLACK SPRAYABLE
ABSORPTANCE, COATINGS
%
1.0 SELECTIVE
égi%?fk ABRAIDED METALS 1
CONVERSION & V4
L ANODIZED SURFACES
LT
- " - 1 GRAY & PASTELS
- | i SPRAYABLE
- METALLIC ' 1 COATINGS
L -1 SPRAYABLE "
COATINGS I i |
! = : !
| Ll
"-’ Elll.'lIllllllll'll'llll..t!llllllllllllll-Illlllllllllllll lll- 9
g : ___—-r""" P
$ 2 ——‘-—__ ! I
_—_bﬂ - (]
0.5 s 3 I ¢ ;
§ I
! SECOND . |
; : SURFACE ' 2
;i REFLECTORS :
st i 1 WHITE
: + — . SPRAYABLE
H COATINGS
Tosasstercaonenrnanensesnnrncns I LR Im L]
BULK METALS i .
UNPOLISHED i \
L]
- .. THIN FILM COATINGS &
POLISHED METALS -
0.0 L= — 1 1 | 1 1 1 1
0.0 0.5 1.0

EMITTANCE, &,
DIELECTRIC & SEMICONDUCTOR -
FILMS & COATINGS 0IM 94.013.088

Figure 10-4. Available Coatings and Surfaces

10-11

P




BLACK SPRAYABLE

ABSORPTANCE, COATINGS
> \
1.0 peme——SELECTIVE
ABSORBER
COATING A| |
i d
ABRAIDED METALS 2 ’
CONVERSION & ’/
ANODIZED SURFACES ¢ /
b L d
\ -’ { |
s’ [
ll” :
= 1
THIN FILM ," 1
COATINGS & - 1
POLISHED *  METALLIC ]
- METAL’S, SPRAYABLE )
P COATINGS ]
» ]
0.5 |- < !
[ |
| - SECOND 1
! O SURFACE i
L : g--"" REFLECTORS
: , WHITE
i " a SPRAYABLE
: '5““...4.:."!"' Q/’ COATINGS
-y GED G GED GED GED VD SNE GDF W G W En En AR SR ‘
— .
L \
- N
/ \
. - N
o™ h
d — T N 4
0 0 L y i i 1 L L A (] 1 1
0.0 / 0.5 1.0
EMITTANCE, g,
DIELECT" 'C & SEMICONDUCTOR
DIM 9301 RE

FILMS & OATINGS

Figure 10-5. Usable Coatings and Suifaces - LEO Short Term

10-12



ABSORPTANCE,

G
i.0
1
L SELECTIVE
| ¢~ ABSORBER /
COATING s
ANODIZED /i. /
- BLACK ==
COATINGS
- prom— BLACK
s’ -l SPRAYABLE
’ COATINGS
o |
B #
LDEF THIN P f ABRAIDED METALS
CAL COATING CONVERSION &
0.5 H ANCDIZED SURFACES
: - L-- -_-----J
i SSF ANODIZE
/ COATING WHITE
s SPRAYABLE
i ® COATINGS
! L Z93
S - SECOND " -
ANOAIZED SOLAR SURFACE \
REFLECTOR REFLECTORS :. .
i THIN FILM COATINGS & h YB71
POLISHED METALS
0 0 1 y H H J ' L 1 L
0.0 0.5 1.0
EMITTANCE’ eH 0IM 9401383

Figure 10-6. Usable Coatings and Surfaces - LEO > § years

10-13



ABSORPTANCE,

O
1.0
" SELECTIVE
| g~ ABSORBER
COATING
ANODIZED /
" BLACK -
COATINGS
- p,— BLACK
P -= SPRAYABLE
,/ f COATINGS
- 7 i
& f ABRAIDED METALS
48— CONVERSION &
0.5 |( H ANODIZED SURFACES
) B L_-----_--J
THIN FILM COATINGS &
- L&~ POLISHED METALS
WHITE
SPRAYABLE
g DIELECTRIC & COATINGS
SEMICONDUCTOR
FILMS & COATINGS
- SECOND i P
SURFACE : .
 — REFLECTORS U :
u— & ] ’
0 O L [N [ L l 1 1 1 |
0.0 0.5 1.0
EMITTANCE‘ EH OIM 9401184

Figure 10-7. Usable Coatings and Surfaces - GEO 1-7 Years

10-14



102 SUMMARY OF FLIGHT EXPERIMENT RESULTS

With the exception of the limited experimentation conducted aboard Skylab, the LDEF (69
months) and the COMES experiments (13 months, 2 days) on the MIR satellite have provided the
only retrievable space exposure opportunity to test the long term performance of thermal control
coatings. Many of the 57 LDEF experiments exposed thermal control coatings to the LDEF
environment either as test specimens or as operational coatings. In addition, several coatings were
used as thermal control surfaces on LDEF itself. The available thermal control coatings data from
the LDEF experiments and from the LDEF system have been reviewed. Tables 10-2 and 10-3 list
the experiments, their location on LDEF, and the coatings that are considered in this design guide
document.

Table 10-4 provides a summary of the space environment effects on LDEF thermal control
materials. More detailed sample evaluation and data analysis are provided in the subsequent
sections categorized by thermal control materials. This analysis has provided a wealth of
information that is now being made available to aid in the design of future spacecraft. Asan
example of this, International Space Station Alpha plans to employ the thermal control coating Z-93
extensively on large and complex structures. This is due in large part to the confidence generated
by the stability Z-93 demonstrated on the LDEF mission.

However, when the available data on these materials are evaluated along with the
preparation, exposure, and measurement conditions, there are several factors that complicate this
analysis. [n many cases there were no ground and/or flight control samples to establish a
measurement haseline and to determine the effects of aging alone on these materials. Where there
were control samples, many were either not stored under controlled conditions or were lost over
the unanticipated five year delay in the recovery of LDEF. This long and uncertain mission
duration also resulted in lost or incomplete pre-flight data and documentation. In addition, some
test samples were prepared using different techniques, procedures, mawerial batches, and sample
thicknesses. Finally, except for the 15 month in-flight data generated by the TCSE LDEF
Experiment S0069, all the thermal control coating data from LDEF consisted of measurements
conducted in air at nominal values of room temperature and humidity. It is important to note that
the measurements of solar absorptance and thermal emittance made after LDEF flight exposure
were taken on samples which had more or less recovered from the UV and radiation damage
experienced in flight. If this degradation were observed in the vacuum of space during flight, these
values of solar absorptance and thermal emittance may have been different.
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‘Table 10-2. Selected LDEF Experiments with Thermal Control Coatings

LDEF AO uv
Exp # Ref Row Atoms/cm? esh Title Pl Organization
S0069 45,67 | 98™® | .99xl 02l 11,200 Thermal Control Surfaces Wilkes, AZ Technology
Experiment (TCSE) Zwiener NASA/MSFC
AO171 8 8(389) 7.15x102! 9,400 Solar Array Materials Passive Whitaker NASA/MSFC
LDEF Exposure (SAMPLE)
AO114 9 3 1.3x1017 11,100 Interaction of Atomic Oxygen with | Gregory, Univ. of AI-HSV
Solid Surfaces at Orbital Altitudes | Peters NASA/MSFC
9 8.99XIOZ| 11,200
MO0003-5 10 3 1.3x1017 11,100 Thermal Control Materials Hurley UDRI
9 8.99x102! 11,200
M0003-18 | 11,12 3ME)® | 8.72¢104 10,500 DOD Materials Experiment Sub- | Jaggers, Aerospace Corp.
48 1o to Experiment 18 Meshishnea
HE)"™ | gggy02 | 11200
A0138-6 13 3(TE) 1.3x10!7 11,100 FRECOPA Guillaumon, | CERT
Paillous
M0003-8 14,15 1-12 27x103 4,500 LDEF Materials SIG Analysis Golden, The Boeing Co.
MO0003-10 16 Space & | to to Pippin,
Earth 9.0x102! 14,500 Bourassa
$1003 17 6 4.94x1019 6,400 Ton Beam Textured and Coated Mirtich, NASA/LaRC
Surfaces Experiment Rutledge
S1001 10,18 XTE) 1.3x10!7 11,100 Low Temperature Heat Pipe Kauder NASA/GSFC
A0076 Experiment and Cascade Variable
%LE) 8.99x102l 11,200 Conductance Heat Pipe Experiment
S0010 19 9(8°) 8.99x102! 11,200 Exposure of Spacecraft Coatings Slemp NASA/LeRC
. Young
A0034 20,21 3 (TE) 1.3x1017 11,100 AO Stimulated Outgassing Linton NASA/MSFC
9 (LE) 21
8.99x10 11,200
A0178 10,2223 ] 1.2.4-8 1.4x1017 6.400 High Resolution Study of Ultra- See ESTEC. Boeing,
2425, | 1011 to to Heavy Cosmic-Ray Nuclei References Aerospace, JPL.
26 8.4x102! 10.700 NASA
P0004-1 10,20 2 1.54x1017 9,600 Space Exposed Expt Developed for | See Boeing,
(Tray F) Students References Acrospace
@ Angle of ram
® LE = Leading Edge; TE=Trailing Edge
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Table 10-3. Thermal Control Coatings on LDEF Experiments

Thermal
Coating

S0069
TCSE

A0114
(UAH)

A0171
Sample

§1003
(IBEX)

S1001
A0076

M0003-5
(Dayton)

M0003

A0138-6
FRECOPA

A0178

P0004-1

MSIG

Z93

X

X(6)

S13G/LO

X

X

X(6)

A276

YB-71

D111

X
X
X

2302

2306

X

Chromic
Acid
Anodize

B B I O B B

R R AR R,

RTV 670/
A276

01650/
A276

Al
Kapton

Ag/
Teflon

Notes for Table 10-3:
1401-C10 (Nextel) Black, Z853 Yellow, Tiodize K17 Black, Tiodize K 17 White
2401-C10 (Nextel) Black, Black Chrome

35i0x over Kapton; 200, 500, 700, 1000A

4Acrylic/Urethane over Kapton; Silicone over Kapton, RTV 615 white paint

SNS43G; White Silicone Eu 203 MeSi. a Al 203 MeSi, PV100, TiO2 MeSi, DC 92-007

6White paints similar to S13G and Z-93: PY100, 536, PSB, SG11, FD, PSG 120 FD, and conductive white paints PCB-2, PCB-

T,.PCB 119
TBlack Paints similar to Z306: PU1, Cuvertin 306, VHT SP 102, HT 650, Electrodag 501, L300, PNC, PUC

10-17

e



Table 10-4. Summary of Performance of LDEF Thermal Control Materials

Observations

Principal Exposures

Engineering Significance

White Paints

A276 (leading edge) binder erosion, retention

2-9 x 10* atoms/cm®

Maintained thenmal ccutrol capability.

of optical properties 6000-1°,000 esh UV | EOL absoiptivity retainec

Mechanical integrity lost. ]
A276 (trailing edge) Specimens darkened, 2.3x10*' atoms/cm’> | EOL absorptivity dominated by thin
Reflown samples partially recovered 1450-11,000 esh UV | outer layer of binder.
absorptivity
793 remained white { AQ, UV Maintained thermal control capability.
YB-71 remained white AOQ, UV Maintained thermal control capability.
PCB-Z remained white AO, UV Maintained thermal control capability.
S$13G/L.O binder darkened AO, UV Absorptance increase limits

performance lifetime.

Black Paints

D-111 AOQ, UV Maintained thermal control capability.
Z306 (leading edge) AO, UV, Maintains thermal and optical
Binder erosion, absorptance and emittance Thermal cycling properties.
changes within measurement accuracy Mechanical integrity lost.
7302 (leading edge) AO, UV, Specular property lost.

Loss of binder and pigment essentially to
substrate, absorptivity intact, emittance reduced

Thermal cycling

Emittance reduction limits use as

ti.ermal control in AO evironment.®

Silvered Teflon (Ag/FEP)
Thickness changes in FEP layer of silvered AO Optical property changes
Teflon - slight decrease in emissivity
no change in absorptivity

-reflectance more diffuse

Bonded Ag/FEP to rigid substrate UV and/or AO Increases in solar absorptivity from
UV darkening of adhesive that
diffused through cracked Ag (due to
improper application procedures which
pre~cracked the Ag layer)

Embrittled FEP outer surface uv Reduced mechanical properties

FEP tape ripped along interface between Al and | Thermal cycling with | Failure in FEP tape

blankets

mechanical motion

Anodizations
Black chromium plated aluminum exhibited AQ, UV Performance predictions not easily
large variations in optical properties for made, use with caution
complex exposure histories on various panels)
Chromic Acid Anodized Aluminum shcwed AO, UV Good potential for space applications

only slight increases in absorptance or: i:ailing
edge

(a) Suspect the Z:{ uvas applied t‘nic-k‘:‘ man the Z302, which may account for differences in erosion end results.
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10.2 WHITE PAINTS

10.3.1 Natural Space Environmentai Effects on White Paints

The optical properties of white paints are summarized in Table 10-5. Some of these are
conventional white-pigment-in-a-clear-binder paints, but white ceramics (which could be used by
themselves for thermal control surfaces) are also included. The values of solar absorption (ct) and

thermal emissivity (€) are included.

Based on the results from the Space Shuttle flights and the LDEF mission, tae expected
natural space environmental effects on these white paints are listed in Table 10-6.” While the
geomagnetic field and the Earth's ionosphere are not expected to affect these paints, all the other
environments may affect o It is the organic binders that are especially vulnerable to crosslinking
and the production of color centers produced by solar UV and the particulate radiation in the Van
All-n belts. The organics also outgas (in space vacuum) and suffer erosion (in atomic oxygen).
The oxides are not expected to be affected by vacuum and atomic oxygen, but will be vulnerable

(as are the other paints) to impact damage.

Table 10-5. Optical Properties of White Paints Exposed to the LEO Environment

Paint Pigment Binder a €
A276 White TiO, Polyurethane 0.29 0.90
Z-93 White ZnO K2Si02 0.15 0.92
YB-71 White Zn)Til0y K2Si03 0.15 0.90
S-13CG/LO White Zn0 Methy!silicone 0.37 0.90
Chemglaze Z302 Black Carbon Polyurethane 0.97 091
D-111 Black Carbon Silicate 0.98 093
Clear Anodize Al1203 - 0.2-0.3 0.7-09
Bel - 0.09 0.66
Mg0O - ~0.095 ~09
Inorganic Materials Tid2 - ~0.2 -09
ZnS - ~0.09 ~05
Zn0 - 0.2 ~0.4
Zn(n - 0.29 0.78
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Table 10-6. Natural Environmental Effects on White Paints

£nvironmen Van Allen Micrometeoroid Hot
Material Sunlignt Vacuum Belts Objects Plasma Gases

S-13G/LO | May increase a | Outgas May increase & | May increase o May increase o | May increase ot
Z-93 May increasc o | Ontgas May increase o | May increase o May increase o | May increase o
Chemglaze | May ircrease o Outgas | May increase o May increase a | May increase ot Mav increase o
230

A276 May increase o | Ouigas May increase o | May increase 0. May increase ot | May increase o
YB-71 May increase o | Outgas May increase o | May increase o May increase ot | May increase o
Clear anodize] May increase O.

(A1203)

Bev - - - May increase o | May increase o | May increase O
Mg0 - - - May increase o. | May increase o May increase O
Inorganic - - - May increase o | May increase @ May incrense (¢
TiOp

ZnS May increase o - - May increase o | May increase o May increase o
7nd - - - May increase o | May increase @ | -

710

Primary Concern: Solar UV at all altitudes }

Atomic oxygen in LEO }  May increase &
Van Allen belts in MEO }

| Hot plasma in GEO )

. ——p— — s o ey 4o
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10.3.1.1 Thermal-Optical Properties

10.3.1.1.1 Effects of Mission Duration

The optical properties variations of several white paints on the LDEF satellite are
summarized in Table 10-7 (ref. 4). These white paints, part of the Thermal Control Surfaces
Experiment (TCSE) S0069 experiment, are good reflectors of solar energy while also being good
eniitters of thermal energy to the cold sink of space, i.e., they have a low solar absorptance (o)
and a high room temperature emittance (€x). The TCSE experiment combined in-space
measurements with extensive post-flight analyses of thermal control surfaces to determine the
effects of exposure to the low Earth orbit space environment.

Table 10-7. Optical Property Variations of White Paint Coatings on LDEF TCSE

Experiment
Solar Absorptance (a,)""" Emittance (EN)‘

Material Pre-flt In-flt (15 Mo)| Post-fit Aag Pre-fit | Post-flt Aen

A276 25 .30 .24 -.01 90 .93 .03

A276 w/RTV670 27 .53 .62 .35 91 .88 -.03

A276 w/Or550 .25 54 .59 .34 91 .89 -01

Z-93 14 A3 15 .01 .90 .92 .01

S13G/LO .18 22 37 19 .90 .89 -01

- YB-71 .13 12 .15 .02 - .85 .89 -01
7 YB-71 over Z-93 10 11 11 01 66 87 02

(@ Mission Duration: The TCSE operated for 582 days before battery depletion. The battery power was
finally expended while the sample carousel was being rotated. This left the carousel in a partially closed
position. This carousel position caused 35 of the samples to be exposed for the complete LDEF mission
(69.2 months), and 14 exposed for only 582 days (19.5 months) and therefore protected from the space
environment for the subsequent four years.

(b) Space Environmental Exposure: The LDEF was deployed with the TCSE located on the leading edge
(row 9) and at the Earth end of this row (position A9). In this config .tion, the TCSE was facing the
ram direction. The LDEF was rotated about the long axis where row 9 was offset from the ram direction
by about 8°. The exposure environment for the TCSE were:

Atomic oxygen fluence  8.99 x 102! atoms/cm?

Solar UV exposure 11,200 e<h

Thermal cycles ~34,000 cycles; -29°C (-20°F) to 71°C (160°F), £ 10°C (20°F)
Radiation (at surface) 3.0x 109 rads

(c) The primary TCSE in-space measurement was total hemispherical reflectance as a function of wavelength
(100 wavelength steps from 250 to 2500 nm) using a scanning integrating sphere reflectometer. Tt
measurements were repeated at preprogrammed intervals over the mission duration. The secondary
measurement used calorimetric methads to calculate solar absorptance and thermal emittance from
temperature-versus-time measurements.

(d) Laboratory measurements of spectral reflectance were obtained using Beckman DK-2A spectrophotometer
equipment with a Gier-Dunkle 203 mm integrating sphere.
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Solar absorptance, 0O, and normal emittance, €x, of several white paints on an aluminum
substrate on LDEF Experiment S0010, Exposure of Spacecraft Coatings (ref. 19), are
summarized in Table 10-8. Also shown are the 5-year 9-month exposure conditions for this
experiment, which was located in Tray B on Row 9, the leadirg edge of LDEF. The experimental
canister was opened for 10 months, early in the LDEF mission. This allowed flight data to be
obtained for 10-month and 5-year 9-month exposures on the selected coating specimens.

Table 10-8. Optical Property Variations of White Coatings on LDEF Experiment S0010

Preflight 10 Months 5.8 Years
Exposure Exposure
Coating og En Og €n Og €n
S13G/LO White Paint 158 0.90 182 0.89
Zinc oxide-silicone .163 0.90 206 .89
A276 White Paint 229 0.89 237 0.90 - -
Chemglaze 243 0.91 - - 259 0.88
YB-71 White Paint 121 0.91 123 091 - -
Zinc orthotitinate-silicate 128 0.90 - - 125 0.90
(@) it Bon Row 9:
Atomic oxygen 899 x 1021 atoms/cm2
UV radiation 100-400 nm; 11,000 hrs
Particulate radiation e-and p+: 25X 10° rad surface fluence Cosmic: 10 rads
Vacuum 1.33 x 10* - 1.33 x 10° N/m’ (10° - 107 torr)
Thermal cycles ~34,000 cycles: -29 to 71 oC, +11°C (-20 to 160 °F, +20°F)

The results show that the YB-71 (zinc orthotitinate/potassium silicate) paint has stable
optical properties when exposed to the LEO environment. Similar results were reported by B.
Stein,”® who reported stable optical properties for both the YB-71 and Z-93 white paints. The
solar absorptance for A276 increased to 0.259 from 0.243 after 5.8 years of space exposure. In
contrast, S13G/LO (treated zinc oxide/silicone) exhibited a 25 % increase in solar absorptance in
this study and in ‘he study by I-Iurley,lo although subjected to atomic oxygen in space and oxygen
from air upon return to Earth. This is surprising since exposure to air (oxygen) after UV
exposure is known to "bleach” the reflectance degradation caused by the UV.

X-ray Photoelectron Spectroscopy (XPS) and Energy Dispersive X-ray (EDS) studies of
these coatings indicate that a silicone molecular contamination film was deposited on the
specimens during LDEF. Such contamination films were also identified in other experiments on
LDEF.2% 3132 gince these silicones are typically converted to a silicate when exposed to atomic
oxygen,33 they are not easily removed from the surface of coatings. This contamination may
influence the mass loss and optical property data generated by this experiment.
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10.3.1.1.2 Effects of Varying Oxygen Exposures

Several thermal control paints were flown on LDEF (LLLF Experiment MO0O3 Sub-
Experiment 18)," including the white paints Chemglaze A276, S13G/LO, and YB-71. Both
S13G/LO and YB-71 were located on trays D9 (LE) and D3 (TE). The leading edge tray was
exposed to 11,200 equivalent sun hours of UV radiation aud an atomic oxygen fluence of
8.99x10%' atoms/cm’ while the trailing edge tray was exposed to 11i,100 equivalent sun hours of
UV radiation and an atomic oxygen fluence of 1.32x1C"” atoms/cm’. In addition, the A276 and
S13G/LG white paints were used on LDEF as a thermal control coating on the Experiment Power
and Data System (EPDS) sunshields (painted with Chemglaze A276) and the signal conditioning
unii (SCU) covers (painted with S13G/LO). These covers were used to protect data system
instrumentation for other experiments. These covers were locaied on the leading edge (row 8) and
trailing edge (row 4) of the spacecraft; row 8 is located 30° from the perpendicular of the atomic
oxygen vector, and row 4 is located 30° from the perpendicular of the wake region. Consequently,
these trays were exposed to different levels of UV radiation and atomic oxygen; samples from row
8 (referred to as leading edge samples) were exposed to 9,400 equivalent sun hours of UV
radiation and an atomic oxygen fluence of 7. 15x102! atoms/cm2, while samples from row 4
(referred to as trailing edge samples) was exposed to 10,500 equivalent sun hours of UV radiation
and an atomic oxvgen fluence of 2.31x 105 atoms/cm?2.

A summary of the solar absorptances for the thermal control paints are listed in Table 10-9.
The effects of low Earth orbit, which includes those induced by UV radiation and atomic oxygen.
varied significantly with each paint and its location on LDEF.

A276 White Paint. Samples of Chemglaze A276 located on the trailing edge of LDEF
darkened significantly due io UV-inauced degradation of the paint's polyurethane binder, while
leading edge samples remained white but exhibited severe atomic oxygen erosion of the binder.
Although the thermal control properties of the surface are not deleteriously affected, the surface has
lost its physical integrity and is easily damaged upon contact.

S13G/LO White Paint. Although the response of S13G/LO to low Earth orbit is much
more complicated, it also exhibited greater darkening on trailing edge samples as compared to
leading edge samples. The solar absorptance of the trailing edge has increased th.ceefold from an
initial value of 0.15. The leading edge has also degraded, but its solar absorptance has only
increased to 0.23. Almost all of the degradation occurs in the visible and ultraviolet wavelengths,
with very little degradation occurring above 1200 nm. The absorption peaks above 1200 nm have
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been identified as methyl silicone (binder) absorption peaks and are present in leading edge,
trailing edge, and control samples. The increase in solar absorptance of S13G/LO is due to UV-
induced damage of the methyl silicone binder on both the leading and trailing edge samples.
However, based on reflectance data, there is no evidence of damage to the encapsulated zinc
oxide pigment. This damage is not bleachable and does not recover upon exposure to air, even
after one year. Both the leading and trailing edge surfaces show oxidation of the methyl silicone
binder to silica, which is accompanied by a loss of methyl groups and a formation of a cracking
network on the surface. The extent of this cracking network depends largely on the atomic
oxygen fluence that the surface received. However, unlike A276 there was no preferential
removal of the binder by atomic oxygen from the leading edge surface.

YB-71 White Paint. YB-71 exhibited an apparent increase in its solar absorptance to
0.183 for both the leading and trailing edge samples from O. 130 on a laboratory controlled
sample. No measurements were made on tt flight samples prior to launch. The LDEF
investigators concluded that this white paint remained relatively stable and showed minimal
degradation since the similar values measured on the leading and trailing edge locations indicated
no significant effects of contamination or atomic oxygen.

Table 10-9. Effects of Varying UV/Atomic Oxygen Fluences on the Solar Absorptances of
White Paints on LDEF Experiment M0003-18

Type Location o UV (sun-hes) Atomic Oxygen (atoms/cm?)

S13G/LO Control 0.147 - -
DI(LE) 0.232 11,200 8.99x102!
D9(LE) 0.228 11,200 8.99x1021
D3(TE) 0.458 11,100 1.32x1017

) D3(TE) 0473 11,100 1.32x10!7

D8(LE-SCU) 0.257 9,400 7.15x1017
D4(TE-SCU) 0.496 10,500 2.31x10%

A276 Control 0.282 - -
DS(LE-SS) 0.228 9,400 7.15x10!7
D4(TE-SS) 0.552 10,500 2.31x10%

YB-71 Control 0.130
DA(LE) 0.182 11,200 8.99x102!
DXTE) 0.182 11,100 1.32x1017

TE=trailing edge; LE=leading edge: SS=sun shield cover; SCUasignal conditioning unit cover
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10.3.1.1.3 AO and UV Synergistic Effects

The prediction of material degradation due to the space environment is essential for the
design of spacecraft thermal systems. The space environment has several components, such as the
vacuum, atomic oxygen (in low Earth orbit), solar ultra-violet irradiation, the particles fluxes
(electrons and protons), micrometeoroids and debris, to which must be added the effects of
thermal cycling and contamination (both by chemical compounds with a low molecular weight and
by dust). However, it is difficult to reproduce in a laboratory the synergistic effects of these
different components and to recreate the real, complete space environment of a given mission (in
particular with respect to far ultra-violet radiation). Herce, experimenting in-orbit is of very great
interest for the study of material degradation due to the synergistic effects of the space
environment. In addition, it enables the validation of ground based simulations effects. Several
experiments on the LDEF and MIR spacecraft observed the resuits of the synergistic effects of the
space environment on the optical properties of white paint coatings.

LDEF Experiment A0034

Multiple specimens of five different types of white thermal control coatings, four white
zinc oxide or orthotitanate pigment with silicone or silicate binder based paint and one titanium
dioxide/polyurethane based paint, were exposed on LDEF Experiment A003470% A summary of

the five thermal coatings and their characteristic formulation is provided in Table 10-10.

Table 10-10. White Thermal Control Coatings on LDEF Experiment A0034

S13G zinc oxide in RTV602 silicone binder

S13G/LO zinc oxide in RTV602 silicone binder, improved formulation for low outgassing

7-93 zinc oxide in potassium silicate binder
YB-71 zinc orthotitanate
A276 titanium dioxide pigment in polyurethane binder

This experiment consisted of both a leading edge and trailing edge module, which housed
25 specimens of thermal control coatings in a sandwiched array of apertured compartments. The
module mounted on the leading edge of the LDEF provided direct exposure to the combined
space environment, including atomic oxygen, while the other module, mounted on the trailing
edge, was intended to provide comparable environmental exposure in the relative absence of
atomic oxygen. ~dditional levels of control for analysis were included by sealing the apertures of
selected specimen compartments in each module with quartz windows and metal covers. The
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windows were intended to exclude atomic oxygen while transmitting damaging solar ultraviolet
radiation. The metal covers provided controlled exposure to space vacuum in the absence of
atomic species and all but the most energetic of space radiation.

The thermal control coatings retrieved from the leading edge and trailing edge of A0034
were exposed e maximum and the minimum levels of atomic oxygen, respectively, with other
environmental exposure relatively equal. Based on the restricted field-of-view (approximately 25
degrees) and estimates of coating UV sensitivity, the estimated level of solar UV irradiation to
specimens of A0034 was 1500 equivalent sun hours. Table 10-11 summarized the space exposure
conditions for LDEF Experiment A0034.

Table 10-11. Space Exposure Condition of LDEF Experiment A0034

Space cxposure Condition
LDEF Position Atomic Oxygen Ultraviolet Vacuum
atoms/cm2 esh
Leading Edge Open 8.99x1021 1500 Yes
Quartz Window - 1500 Yes
Metal Cover - - Yes
Trailing Edge Open 1.32x1017 1500 Yes
Quartz Window - 1500 Yes
Metal Cover - - Yes

Tables 10-12 and 10-13 present the variations of the solar absorptance and emissivity of
the various white paint samples after their flight on LDEF. The effects of extended space
exposure on thermal control coatings of LDEF experiment AOG34 are dependent on several
fac.ors, including the type or composition of the coating and the combination of incident
environmental factors. For a few specimens, variant response to the same environmental
exposure indicates influences of specific coating formulation or preparation. LDEF leading edge
exposure, characterized by the degree of atomic oxygen exposure, apparently reveised the
damage induced by incident solar radiation. The principal exception is one of the S13G
specimens, which are known to rapidly recover from UV damage when exposed to oxygen,
exposed under an open aperture on the leading edge.

The visual appearance and optical properties of the polyurethane coating exposed under
open apertures on the leading edge were little changed despite the erosion of binder material by
atomic oxygen. Significant degradation of the A276 specimen exposed under a quartz window
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appears to be duplicated in an area of the open aperture specimen that was shadowed from direct
atomic oxygen impingement.

The most significant degradation to the zinc oxide or zinc orthotitanate coatings was
found in specimens of S13G and S13G/LO exposed to the aperture-limited level of solar radiation
and the minimal atomic oxygen fluence on the trailing edge. Specimens of Z-93 coatings were
least affected of all by exposure on the leading or trailing edge modules. Specimens of YB-71
coatings were affected only slightly more than Z-93 coatings. Preliminary results of BRDF and
surface profiling measurements indicated that the AO exposure on these coatings did not
significantly alter the diffuse properties.

Observations of fluorescence changes induced in the exposed coatings provided additional
evidence of environmental interaction. Suppression and color shifting of visibly color specific
fluorescence are strikingly evident in the three zinc oxide based coatings (S13G, S13G/LO, and
Z-93). The intrinsic yellow glow of these type coatings is visibly extinguished in the specimens
exposed through open apertures on the leading edge of the LDEF. Those on the trailing edge are
affected to a lesser degree. The fluorescence of these trailing edge specimens, under black light
illumination, is shifted to longer wavelengths (orange appearance). In contrast, the intrinsic
yellow fluorescence Z-93 coatings is visibly extinguished for specimens exposed through open
apertures on both the Leading and trailing edges. The visible fluorescence of these zinc oxide
based coatings is little changed by exposure under the quartz windows of either experiment
module; the differences are detectable only in the visual intensity or hue of the yellow glow.
These effects can be gauged from the relative black-light illuminated tones. The YB-71 coating
specimens provide no evidence of natural or induced fluorescence.
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Table 10-12. Synergistic Environment Effects on the Solar Absorptance of White Paints

Total Space Exposure | Control Vacuum Only UV Only
Exposure: (Open) (Metal Cover) (Window)
Coating Average Average Average
LDEF Leading Edge
S13G 0.17% 0.17 0.18
S13G/LO 0.19 0.18 0.19
Z-93 0.17 0.16 0.17
YB-71 0.17 0.16 0.19
A276 0.20 0.21 0.35
LDEF Trailing Edge
S13G 0.26 0.18 0.20
S13G/LO 0.28 0.17 0.21
293 0.17 0.16 0.16 ‘
YB-71 0.19 0.16 0.19 1‘

range using a Varian/Cary 2300 spectrometer
Table 10-13. Synergistic Environment Effects on the Emittance of White Paints

(@) Solar absorptance determined by measuring the spectral diffuse reflectance in the 200-2200 nanometers 1
|
|
|

Total Space Control Vacuum Only UV Only
Exposure: Exposure (Metal Cover) (Window)
(Open)
Coating Average Average Average
LDEF Leading Edge
S13G 0.88" 0.90 0.90
S13G/LO 0.87 0.89 0.89
Z-93 0.92 091 093
YB-71 0.89 0.89
A276 0.92 0.87 0.87
LDEF Trailing Edge
S13G 0.89 0.90 0.90
S13G/LO 091 0.89 0.89
Z-93 0.90 091 091
YB-71 0.89 0.89 0.89
C9 "Leading Edge” 8.1°.  AO Fluence = 8.99x10"" atoms/cm’; UV = 11,200 esh.
C3 "Trailing Edge” 171.9° AO Fluence = 1.32x 10" atoms/cmz; UV = 11,100 esh..

(a) Thermal emittance measured with a Gier-Dunkle DB-100 reflectometer

10-28




FRECOPA/LDEF and COMES/MIR Experiments

The COMES experiment consisted of four panels which were deployed by an cosmonaut
in space outside of MIR with the possibility of exposing samples on both sides, conventionally
identified as "V" and "R". Experiment AO 138-6 was part of the FRECOPA experiment located
on the trailing edge (row 3) of LDEF. The experiment was designed to allow exposure of a part
of the samples to the whole spacecraft environment, including launch and re-enty, by being laid
directly on the FRECOPA tray surface, while the other samples were protected from the external
environment of LDEF for all mission phases except free flight, by the means of a vacuum-tight
FRECOPA canister in which they were stored.

Space Environment Conditions on the LDEF and MIR Space Experiments: Due to
its position on the trailing edge of LDEF, the AO 138-6 experiment did not receive any oxygen
atoms during the mission, with the exception of a short period during the retrieval when it
received an estimated fluence of 1.32 x 1017 atoms cm2. The solar illumination was 1 1,100 esh
for the samples located on the tray and only 1448 esh for the samples inside the canister. The
particle irradiation dose (mainly due to the electron flux) was weak: 3 x 105 rads. The number of
temperature cycles was ~34,000 with temperatures within the ranges shown in Table 10-14. The
COMES/MIR space environment conditions for the "V" and "R" faces are also listed.

Table 10-14. Space Environment Conditions for LDEF FRECOPA and MIR COMES

FRECOPA-LDEF COMES-MIR
ENVIRONMENT CANKTER TRAY FACEYV FACER
Oxygen atoms cm2 0 1.3x10!7 1.2x1018 10 7.5x1019 (1) 3.5x1020 t0 5.8x1020 (D)
Solar UV (esh) 1448 11,100 2850(2) 1900(2)
Temp. Cold (°C) -20 to -26 -43 10 -52 -60 to -70 -60 to -70
Temp. Hot (°C) +67 to +85 +45 to +63 +10 to +30 +50 to +60

(D Estimated from AO reactivity erosion of Kapton 3.0 x 10-24 ¢cm3atom-1)and Terphane (3.0 x 10-24

cm3atom' 1 ) samples
(2)  Estimated from data of experiment calorimeter
Experimental Description. The solar reflection measurements were made with a
Beckman DK2A spectrophotometer with an integrating sphere, and the infrared emissivity
measurements were made with the Gier & Dunkle DB 100 device. It is important to underline
that the measurements were all taken in air on samples which had thus experienced more or less

intense recovery of the radiation damage.
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Table 10-15 presents the variations of the emissivity of various common white paint
samples after their flight on FRECOPA/LDEF and COMES/MIR.*

Table 10-15. Emissivity Variations of White Paints After Their Flight on
FRECOPA/LDEF and COMES/MIR

AO 138-6 LDEF COMES
Material €initia | Canister | Tray pc| Face V 5¢ Face R
1 Ae Ae

A276 0.877 -0.005 +0.005 +0.036
S36 0.856 0.001 -0.001
PV100 0.865 -0.001
PSB 0.895 -0.001 -0.003 -0.003
SGI1FD 0.854 -0.005 -0.005
PSG 120 FD 0.876 -0.002 0.000 +0.002
PCB-Z - conductive 0.872 0.000 +0.006 +0.003
PCB-T - conductive 0.815 0.000
PCB 119 - conductive 0.861 +0.008 +0.006

Table 10-16 presents the variations ¢! the solar reflectance of various white paint samples
after their flight on FRECOPA/LDEF and COMES/MIR (ref. 34).

Table 10-16. Solar Reflectarce Variations of White Paints After Their Flight on
FRECOPA/LDEF and COMES/MIR

AO 138-6 LDEF COMES
Material Rs;initial | Canister Tray Face V Face R

ARs ARs ARs ARs
A276 0.75 -0.24 -0.01 +0.05
S36 0.81 -0.04 -0.08
PV100 0.78 -0.08
PSB 0.83 -0.05 -0.01 -0.01
SGI11FD 0.82 -.0.04 -0.01
PSG 120 FD 0.80 -0.07 -0.04 -0.02
PCB-Z - conductive 0.78 -0.04 -0.01 -0.02
PCB-T - conductive 0.72 -0.10
PCB 119 - conductive 0.79 -0.01 0.01
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From these two tables, one observes that the white paints were less deteriorated following
the COMES experiment than after the FRECOPA experiment. This was especially true for the
A276 paint. It seems clear that the atomic oxygen cures the effects of the UV radiation. On the
R side, which received the most oxygen atoms, the solar reflectance of the A276 paint even seems
to have increased following the flight.

Table 10-17 shows the deterioration in the solar reflectance for different samples exposed
to different environments on the V side of the COMES experiment. See Table 10-14 for the
space environment exposure conditions.

Table 10-17. Synergistic Space Environment Effects on the Solar Reflectance Degradation
ARg of White Paints on the V Side of COMES

UV + AO + uv uv
Material Chemical Nature vacuum (A>190 nm) | (A>360 nm) Vacuum
AR((®) AR(D) AR(®) ARg(©)

PCBZ - Conductive Zinc Orthostannate/ -0.01 -0.01 -0.01 +0.01
silicone

PSG 120 FD(Astral) | ZnOisilicone -0.04 -0.03 0.00 0.00

SG 120 FD (MAP)

A 276 Polyurethane -0.01 -0.14 0.00 +0.01

PCB 119 - Zinc Orthotitanate -0.01 0.00 +0.01 +0.01

Conductive (doped)/Silicone

SG 11 FD Zinc Orthotitanate/ -0.04 -0.01 0.00 0.00
Silicone

PSB Zinc Orthotitanate/ 0.00 000 | +001 0.00
silicate |

(a) an ex posure to all of the parameters: ultraviolet solar radiation (including far UV), atoric oxygen, vacuum and the

temperature, AR =final R¢-initial R

(b) an exposure to ultra-violet radiation with a wavelength greater than 190 nm, to the vacuum and to the

temperature

(¢) an exposure to radiations with a wavelength greater than 360 nm, to the vacuum and to the temperature

(d) an exposure to the vacuum and to the temperature.

The deterioration generally found on the white paints is relatively low whether submitted
to the complete environment or under UV. The A276 paint is an exception; it suffered very
strong deterioration under UV with a wavelength greater than 190 nm but on the other hand its
solar reflectance is stable under UV + atomic oxygen. In the case of this paint, it has been
confirmed that the atomic oxygen decreases the extent of damage which would be experienced
under UV radiation acting alone, as had been clearly shown by many observations on LDEF. On
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the R side of COMES which received the most oxygen atoms, the solar reflectances of the A276
paint and the PCB 119 even seem to have increased following the flight. But the PSG 120 FD
and SG 11 FD paints on the other hand, appear to deteriorate more under UV + atomic oxygen
than under ultraviolet radiation alone.

MIR/Recoverable Cassette Container-1 (RCC) Experiment

The Russian RCC-1 Thermal Control Coatings experiment contained nine white thermal
control paints, of which only two were chemically similar to the U.S. white paints, Z-93 and YB-
71. Tables 10-18 and 10-19 summarize the effects of the space environment on the thermal
optical properties of the RCC-1 thermal control coating materials.”> These materials were
exposed to an AO fluence of ~10 x 10*! atoms-cm™ and ~600 UV esh.

Table 10-18. Space Exposure Effects on the Solar Absorptance of White Paints on the
Mir/RCC-1 Experiment

Reference Chemical Nature Solar Absorptance

Pre-Flight | Post-Flight Aa
AK-512-w TiO, + ZnO/acrylic resin 0.30 0.30 0.00
KO-5191 ZnO/silicone resin 0.18 0.20 0.02
KO-5258 ZnO + TiOfsilicone resin 0.27 0.31 0.04
TP-co-2 ZnOJ/potassium metasilicate 0.18 0.18 0.00
TP-co-10M | ZnO/asbestos 0.20 0.20 0.00
TP-co-11 ZnOJorthotitanate-potassium metasilicate 0.14 0.14 0.00
TP-co-12 ZnO/potassium metasilicate 0.19 0.19 0.00
TP-co-90 Zr titanate/potassium metasilicate 0.15 0.15 0.00
40-1-12-88 | ZrOy/silicone resin 0.21 0.28 0.07
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Table 10-19. Space Exposure Effects on the Emittance of White Paints on the Mir/RCC-1

Experiment

Reference Chemical Nature Emittance

Pre-Flight | Post-Flight Aa
AK-512-w TiO, + ZnO/acrylic resin 0.88 0.88 0.00
KO-5191 ZnC'silicone resin 0.89 0.89 0.00
KO-5258 ZnO + TiOfsilicone resin 0.90 0.89 -0.01
TP-co-2 ZnO/potassium metasilicate 0.97 0.94 -0.03
TP-co-10M | ZnO/asbestos 0.84 0.84 0.00
TP-co-11 ZnO/orthotitanate-potassium metasilicate 0.93 0.91 -0.02
TP-co-12 ZnO/potassium metasilicate 0.96 0.94 -0.02
TP-co-90 Zr titanate/potassium metasilicate 0.95 0.94 -0.01
40-1-12-88 ZrO,/silicone resin 0.92 091 -0.01

A number of these materiais did not experience any significant changes in solar
absorptance or emittance. The TP co-2, TT*-co-11, and TP-co-12 coatings were the most stable.
This result agrees with the LDEF findings (Z-93, YB-71) in that zinc oxide and zinc oxide
orthotitanate in metasilicate binders are the most stable upon exposure to the space environment.
The solar absorptance and emittance values for these materials are very similar, indicating
consistency of results. Furthermore, the diffuse reflectance spectra for TP-co-2 and TP-co-12 are
in general agreement with the U.S. equivalent Z-93, and the reflectance spectrum for TP-co-11 is
similar to YB-71.

In contrast, the 40-1-12-88 exhibited the highest increase in solar absorptance, 0.07, due
to the degrading effect of the solar UV. White paint 40-1-12-88 was found to be the least stable
material. This material is based on ZrO, and is known to be very sensitive to UV radiation.
Because this material exhibited no mass change (see below) it can be concluded that it is relatively
immune to AO attack, thereby preventing any cleaning erosion effect. Conversely, the coatings
TP-co-10M and TP-co-90 showed a mass decrease, but no change in optical properties. This is
consistent with the optical stability of these materials was maintained by AO erosion on the
exterior surface. No significant changes in emittance were observed for any of the materials.
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10.3.1.2 Mass Loss

The mass loss variations of several white pairts on an aluminum substrate on the LDEF
satellite are summarized in Table 10-20. These white paints were part of the LDEF experiment
S0010, Exposure of Spacecraft Coatings (ref. 19).

Table 10-20. Mass Loss of White Paint Coatings in LDEF Experiment S0010

Test Material Description ' Mass Loss'’
mg/cm2
_YB~71 on Aluminum AS
S-13GLO on Aluminum .19
A276 on Aluminum 23

(@)Atomic Oxygen Fluence = 2.6 x 1020 atoms/cm?

Mass loss was observed on the majority of the Russian RCC-1 Thermal Control Coatings
experiment white paints due to erosion by AO, as shown in Table 10-21.33 KO-5191 and TP-co-
11 demonstrated no mass changes, while the porous ceramic coating TP-co-12 demonstrated a
significant increase of 1.1 mg. It is believed that this increase i1s due to contamination from the
Mir Orbital Station condensing on the materials surface when cooled by the Earth's shadow. For
coatings which exhibited a mass increase, the contamination deposition effect obviously prevailed

over the AO erosion effect.

Table 10-2i. Environment Effects on the Mass Loss of White Paints on the Mir/RCC-1

Experiment
Reference Chemical Nature Mass (g)
Pre-Flight | Post-Flight Am (mg)
AK-512-w TiO, + ZnO/acrylic resin 4.3841 4.3837 -0.7
K0-5191 ZnQysilicone resin 4.5258 4.5258 0.0
K0-5258 ZnO + TiOfsilicone resin 4.6203 $.6206 0.3
TF ¢u-2 Z1.O/potassium metasilicate 4.6200 46197 0.3
TP-co-1CM Zn0/asbestos 4.6992 4.6973 1.9
TP-co-11 ZnO/orthotitanate-potassium metasilicate 4.5807 4.5807 ¢.0
TP-co-12 ZnO/potassium metasilicate 4.5260 4.5271 1.1
TP-c0-90 Zr titanate/potassiu..i metasili. ate 4.6095 4.6068 -2.7
40-1-12-86 ZrO,fsilicone resin B 4.6222 4.6223 0.1
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10.3.1.3 Summary of Flight Experiments Findings

The following are the major conclusive findings from flight and ground-based simulation
experiments for white paints

. Z-93, YB-71, PCB-Z white paints are stable.

Z-93P white paint has been requalified. In contrast, YB-71P has not been
successfully requalified. Hence, future use of this white paint is not
recommended.

. A276 white paint is affected by AO and UV.

Chemglaze A276 is not recommended as white thermal controi paint
for spacecraft that require any significant mission lifetimes due to its
susceptibility to UV degradation and atomic oxygen erosion. Ultraviolet
radiation causes a significant increase in the material’s solar absorption,
while atomic oxygen erosion of the binder results in a fragmented surface
and could cause particulate contamination to other areas of the spacecraft.
Its low cost and ease of application, however, make it much more
desirable for boosters and upper stage rockets that do not require
long mission lifetimes.

. S-13G/LO white paint on LDEF gave variable results.

A 100% increase in absorptivity should be accounted for in the spacecraft
thermal design of S13G/LO paint. 5>13GP/LO-1 has been successfully

requalified.
. Potassium silicate binders are stable; organic binders are not stable.
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10.3.2 A276 White Paint

Chemglaze A276 polyurethane white paint, used on many short term space missions
including Spacelab, is formulated for space applications requiring high reflectivity and low
outgassing, and provides excellent gloss and color retention.

It has a low solar absorptance (0.g) of 0.23 10.01 and a high room temperature normal

emittance (€y) of 0.90 +.05. Outgassing measurements according to ASTM E595-77 are %TML
= 0.99 and %CVCM=0.08.%

A276 is known to degrade moderately under long term UV exposure a:d to be susceptible
to AO erosion.

10.3.2.1 Composition
Binder: Polyurethane

Pigment: Titanium dioxide

10.3.2.2 Source
Manufacturer: Lord Chemical Products
2000 West Grandview Blvd
Erie, PA
Telephone. 814 868-3611

Cost: $61.50/gallon (1994 price)

10-36




10.3.2.3 Effects of the Space Environment

10.3.2.3.1 Thermal-Optical Properties

Absorptance and Emittance Properties. The average o values for A276 white thermal
control paint ranged from 0.22 +0.02 for the white appearance to 0.45 +0.05 for the dark brown
finisii, apparently due to contamination and UV degradation during flight. Actual measurements
ranging from 0.20 to 0.55. The white control sample had an o of 0.29. The € values for the
A276 showed nov change from the control sample value of 0.88 even though there was severe
color change. This can be attributed to the fact that the emissivity of painted coatings are more a
function of coating thickness and chemical matrix than other factors such as color. Table 10-22
summarizes the o and € measurements for A276 white paint after 5 years and 9 months exposure
on several LDEF experiments and on thermal control test disks located on selective tray clamps
placed around the LDEF periphe:ry.37

Table 10-22. LDEF Post Flight Absorptance and Emittance Results for A276 White Paint.

Location on AO atoms/cm’ Description Sample o ENQ o/e
LDEF #

E-12, H-6,F-6 4.94x10" to 1.33x10*' | White to light tan 6 22+£.02 | 91x.01 24
color

E-12, H-6,F-6 4.94x10" 10 1.33x10*" | Medium tan in 2 361.03 88 41
color

E-12, H-6,F-6 4.94x10" 10 1.33¢10* | Medium tan to 4 451.05 | 88101 Sl
dark brown

Tray clamp 1.32x10" Brown in color 1 .53 .38 .60

E-3#8

Tray clamp 4.94x10" Tan non-uniform 1 .42 .87 .48

E-6#8 color

Tray clamp 8.99x10" White in color 1 32 90 36

E-9#6

o “ 21 .

Tray clamp 1.35x10 Dull cream beige 1 .36 .87 41

E-12#6 color

Tray clamp Control Sample - 4 291 .01 .88 33
white

(1) Solar Reflectance: Devices & Services Solar Reflectomerter SSR-ER, Ver. 5.0
(2) Infrared Reflectance: Gier Dunkle Infrared Reflectometer DB-100, Normal Emittance
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The key result is that the environmental effects depend a yreat deal on the location of the
white paint on the spacecraft. For example, the specimens located on the leading edge (ram
direction) of LDEF showed that the organic binder of the A276 paint had been broken down by
the attack from AO which left only a white chalky pigment. In contrast, the specimens located on
the trailing edge (shielded from AO) had developed a hardened dark brown finish while other
specimens showed only patches of brown depending upon their orientation with respect to the AO
flux. This is demonstrated by comparing the experiment tray coated with A276 paint located on
row 6 with the tray located on the opposite row 12. Both trays received the same intensity of UV
flux during the mission, but because the LDEF was yawed 8°, the row 12 tray was exposed to a
~2700% larger increase in AO flux than the row 6 tray. The result was that row 6 tray remained
brown in color while the row 12 tray was bleached white with brown spots. The dark brown
areas were due to the UV polymerization of the A276 organic binder with an average o almost
twice as high as the white control sample a of 0.29.

Atomic oxygen exposure counteracts the effects of the UV radiation by removing the
material affected by UV. This is substantiated by the less deterioration exhibited by the A276
coating following the 1.1 year COMES/MIR flight experiment in comparison to the 9-month
exposure in a FRECOPA canister during the LDEF missions as shown in Table 10-23 (ref. 34).
The COMES experiment consisted of four panels which were deployed by a cosmonaut in space
outside of MIR with the possibility of exposing samples on both sides, conventionally identified as
"V"and "R". Experiment AO 138-6, part of the FRECOPA experiment located on the trailing
edge of LDEF, was designed to allow exposure of a part of the samples to the whole spacecraft
environment by being laid directly on the FRECOPA tray surface, while the remainder of the
samples were protected from the external environment of LDEF for all mission phases, except
free flight, by the means of a vacuum-tight FRECOPA canister in- which they were stored. On the
R side which received the most oxygen atoms, the solar reflectance of the A276 paint increased
(0 decreased) following the flight.

The A276 white paint on the side V of the COMES experiment suffered very strong
deterioration under UV with a wavelength greater than 190 nm but was stable under combined
UV and atomic oxygen exposures. Table 10-24 shows the deterioration in the solar reflectance
property for different A276 white paint samples exposed to the different environments. In the case
of this paint, it has been confirmed that the atomic oxygen has a repairing effect on damage due to
UV radiation, as has been clearly shown by the several observations on LDEF.
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Table 10-23. Solar Reflectance and Emissivity Variations of A276 White Paint After its

Flight on FRECOPA/LDEF and COMES/MIR

Thermal AO 138-6 AO 138-6 COMES COMES
Property LDEF LDEF
Canister | Tray Canister | Tray | Face V| FaceR | FaceV Face R
RS initiat | Einitial ARs ARs A€ Ag ARs ARs Ag Age
0.75 0.877 -0.24 -0.005 -0.01 +0.03 | +0.003 +0.036
Environmental Variations of LDEF and MIR Space Experiments: Due to its position on the trailing edge of

LDEF, the AO 138-6 experiment did not receive any oxygen atoms during the mission, with the exception of a
short period during the capture when it received a fluence evaluated at 1.32 x 1017 atoms cm=2. The solar
illumination was 11,100 equivalent sun hours (esh) for the samples located on the tray and only 1448 esh for
the samples inside the canister. The particular irradiation dose (mainly due to the electron flux) was weak: 3
x 105 rads. The number of temperature cycles was ~34,000 with temperatures within the ranges shown in the
table below.

Experimental Description. The solar reflection measurements were made with a Beckman DK2A
spectrophotometer with an integrating sphere. and the infrared emissivity measurements were made with the Gier
& Dunkle DB 100 device. It is important to underline that the measurements were all taken in air on
samples which had thus experienced more or less intense recovery of the radiation damage.

FRECOPA-LDEF COMES-MIR
ENVIRONMENT | CANISTER TRAY FACE V FACE R
Oxygen atoms cm’> 0 1.3x10!7 1.2x10'8 10 7.5x1019 1) | 3.5x1020 10 5.8x1020(D)
Solar UV (esh) 1448 11,100 2850(2) 1900(2)
Temg. Cold case (°C) .20 to -26 -43 10 -52 -60 to -70 -60 to -70
Temp. Hot case (°C) +67 to +85 +45 to +63 +10 to +30 +50 to +60

“)Estimated from AO reactivity erosion or Kapton (3.0 x 10-24 cm:;znom‘l yand Terphane (3.0 x l0'24 cm3a10m'l) samples
@ Estimated from data of experiment calorimeter

Table 10-24. Synergistic Space Environment Effects on the Solar Reflectance Degradation

ARg of A276 Coating on the V Side of COMES.

UV + AO + uv uv
Chemical vacuum (A>190 nm) | (A>360 nm) Vacuum
Type Nature ARS(G) ARs(b) AR’(C) ARs(d)
White Paint Polyurethane -0.0t -0.14 0.00 +0.01

(a) an exposure to all of the parameters: ultraviolet solar radiation (including far UV), atomic oxygen,
vacuum and the temperature; AR =final R¢-initial Rg

(b) an exposure to ultraviolet radiation with .. vavelength greater than 190 nm, to the vacuum anc tc the
temperature

(c) an exposure to radiations with a wavelength greater than 360 nm, to the vacuum and to the temperature
(d) an exposure to the vacuum and to the temperature.
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10.3.2.3.2 IR Reflectance Measurements

Figure 10-8 shows the pre-flight, in-space, and post-flight measurement of the IR
reflectance curves for the A276 thermal control paint located on LDEF leading edge (row 9),4"
which was exposed to an atomic fluence of 8.99x10%" atoms/cm’. The unprotected A276 showed
degradation early in the 5.8 year exposure of the LDEF mission as the solar absorptance increased
t0 0.305 from 0.253 after 15 months. . These TCSE in-space measurements showed there was
not a sufficient amount of AO present early in the mission to inhibit UV degradation (see Table

10-7).
A276 White Paint - Sample C82
69.2 Months Exposure
1.0 Y H H T Y
0.9 e S SN PRE-FLIGHT ALPHA =253
R o8 ; _.POSTFLIGHT ALPHA =236 .
F 0.7 : :
L
E 0.6
C 05
T
A 0.4
N 03
C
g 02
c.1
0.0
0 250 500 750 1000 1250 1500 1750 2000 2250 2500
WAVELENGTH (nm) O1M 94.013.142

To derive the solar absorptance values, the spectral diffuse reflectance of each specimen was measured in the
range 200 - 2200 nanometers using a Varian/Cary 2300 spectrometer with integrating sphere attachment and
calibrated standards.

Figure 10-8. IR Reflectance of Exposed A276 White Paint on the LDEF TCSE
Experiment

Diffuse and specular IR reflectance measurements were made on several white paint
specimens. The spectral diffuse reflectance, as a measure of solar absorptance, increased
(Ao=+0.15) for the A276 specimen exposed under a UV grade quartz window (see Tabtle 10-
12)."
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10.3.2.3.3 Atomic Oxygen Effects.

Space Shuttle Flight Experiments. Experiments from Shuttle Missions STS-5 and STS-
8 demonstrated the effects of atomic oxygen exposure on material degradation.”'”’ 041 Whitaker
reported the effects of atomic oxygen on several paints from the STS-5 mission, including
Chemglaze A276.* Based on SEM resulits, she noted that the Chemglaze A276 developed a
porous surface, probably due to the atomic oxygen reacting with the polyurethane binder.
However, the total atomic oxygen fluence incident on the samples was only 9.9x10"® atoms/cm’,
which is significantly less than the fluence received on the leading edge of LDEF. Additionally,
the limited duration of the STS-5 Space Shuttle flight did not permit the evaluation of long-term
UV radiation effects.

LDEF Experiment. The effects of the LEO space exposure on the thermo-optical design
values of A276 white thermal control coating were determined by the Boeing Defense & space
Group on LDEF subexperiment M0003-8. 1543 Atomic oxygen fluences greater than 1021
atoms/cm2 was observed to maintain the optical performance of the A276 coating by eroding the
solar ultraviolet radiation-induced dark surface layer, i.e., "cleaning” the white paint surface.
Organic paint binders, such as the polyurethane used in the A276 paint, are affected by solar
ultraviolet radiation, which darkens their surface (i.e., raising o). It is postulated that the A276
ram-facing surfaces darkened during the earlier part of the mission when atomic oxygen flux was
relatively low, then were "cleaned up” during the last few weeks of the mission, when atomic
oxygen flux was substantially higher.

Figure 10-9 shows the changes in o for A276 paint disks as a function of location on LDEF.

Multiple specimens measured along a particular row indicated limited variability in absorptance.
The white paint surfaces facing the front of LDEF (rows 7 to 12 where the AO fluence ranged from

3.99x10%' to 8.99x10”' atoms/cmz) retained the ag of the control specimen (i.e., control specimen
05 was comparable to that from specimens on rows 9 and 10), while those

aSampl;_Q:smpnm; White-on-black disks of pclyurethane thermal control paint was applied to over two hundred
of the LDEF experiment tray ciamps. The thermal control disks are four cm diameter disks of Chemglaze Z306
black polyurethane thermal control paint appiied to the approximately center of 38% of the anodized 6061-T6
aluminum tray clamps. A three cm diameter aluminum foil disk, which had been coated with Chemglaze A276
white polyurethane thermal control pant, was adhesively bonded in the center of each black disk. Chemglaze 9924
primer was used prior to the application of Z306 on the tray c'amps, and prior to the application of A276 to the
adhesive backed aluminum foil. Approximately one hundred AZ276 white paint thermal control coating disks were
measured for absorptance and emittance. The measurements were made withont removing the disks from the clamps.
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on the trailing edge of LDEF (rows 1 to 6 where AO fluence ranged from 2.31x 10° to 4.94x10"
atoms/cm’) showed a doubling of oy compared to that of the control specimen.

Absorptance as a function of AO fluence is presenied in Figure 10-10. The fluence levels
are based on predictions from the LDEF AO fluence model developed by Boeirng.'“'45 Absorptance
data from Earth and space end disks are not included in Figure 10-10, due to a scatter in those data
which will be discussed in Section 10.3.2.3.4, Figure 10-13. From Figure 10-10, a fluence level
of 10°! oxygen atoms per cm’ was necessary to cause sufficient resin erosion in th2 A276 white
thermal control paint to maintain coating optical performance, removing the darkened resin which

degraded the coating's absorptance.

Emissivity, €, was not affected during the flight as shown in Figure 10-11. Statistical
analysis indicates a marginally significant increase in emittance for leading edge specimens (0.88 +
0.02) as compared to trailing edge specimens (0.86 0.02)."”* Control specimen emittance was
comparzble to measuremerits made for specimens on trailing edge surfaces, rows 1 through 6.

The absorptance and emittance measurements versus angie of AO incidence are shown in
Figure 10-12. The incidence angles are based on an assumed 8° offset in yaw angle for the LDEF
satellite. Figure 10-12 shows that the erosion effect of atomic oxygen maintains low absorptance
levels for the A276 paint for incidence angles up to 80°, with an apparent atomic oxygen effect
discernible to an incidence angle of 100°. Statistical analysis conducted on the emittance
measurements shown in Figure 10-12 indicated a marginal but significant increase in emittance for
leading edge white paint specimens (incidence angle less than 70°, € = 0.89%0.01) as compared to
the control (e = 0.87) and to trailing edge specimens {incidence angle greater than 100°, € =
0.8610.01). The increase in emittance is consistent with the roughening of ieading edge surfaces
observed by microscopy, caused by atomic oxygen erosion of the paint resin.
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10.3.2.3.4 Ultraviolet Radiation Effects

Figure 10-13 shows the solar absorptance measur ements for all of the A276 white thermal
control disks on LDEF subexperiment M0003-8 (ref. 44), including Earth and space end disks, as
a function of predicted solar fluence in equivalent sun hours.* Also included in Figure 10-13 are
data from LDEF Thermal Control Surfaces Experiment (TCSE-S0069) for comparison.“’ This
experiment was located on the leading edge (row 9) of LDEF and at the Earth end of this row
(position A9). In this configuration, the TCSE was facing the ram direction, which received an
AO fluence of 8.99 x 102! atoms/cm’ and a solar UV exposure of 11,200 esh.

SOLAR
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0.7
]
0.6 TRAILING EDGE
47 |b
ol
0.5 o
e .
04
v ] .
%AO;OT(HBE ﬂ ad , LEADING EDGE 3
o a oaQ
0.3 g ﬂ,gagﬂ o rg SPACE END.........coo.
CONTROL g g
H : a
0069 : S0069
PREFLIGHT ~ CARTHEND ®59 MONTHS
0.2 ‘ ‘ ;
0 5,000 10,000 15,000
SOLAR FLUENCL ¢ 7 011494.013.082

Note: The scatter in data obtained for the Earth and space ends disks of LDEF is ~own in Figure 10-13. Both Earth
and space end disks were predicted to receive approximately the same fluences of alomic oxygen, assuming no
vehicle pitch offset or over-riding effects of local environments. However, it is apparent that there were some local
differences in atomic oxygen fluence which resulted in the observed scatter. The trend of increased absorptance with
increasing UV exposure is still intact with the Earth and space end disk data. But the ends of LDEF were in the
transition region with regards to atomic oxygen fluence, where slight differences in surface orientation and position
could markedly affect atomic oxygen fluence. When compared to absorptance data fror the disks on LDEEF side
trays, data from the space end disks indicate incidence angles ranging from 85 to 105 degrees.

Figure 10-13. Solar Absorptance For A276 White Puint Disks vs. Ultraviolet izadiation
Exposure
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Figure 10-13 suggests a gradual absorptance increase for A276 with increasing UV
exposure in the absence of AO. This trend is confirmed by experiment S0069 data, which showed
an increase in the absorptance of A276 occurring in the early, low AO flux portion of the LDEF
mission. The data in Figure 10-13 suggest that all of the A276 paint disks were darkened
according to this trend in the initial years when LDEF was still in a relatively high orbit. With
orbital altitude decay, the AO flux began to increase rapidly. The AO fluence model predicted
that ~54% of the AO fluence on LDEF occurred in the last six months of the mission. It is
postulated that during this latter phas= the AO erosion removed UV damaged paint resin and
restored A276 absorptance to nominal values on leading edge specimens. It does not appear that
the trailing edge specimens have yet reach.ed an end-of-life condition versus UV exposure,
although the apparent rate of absorptance degradation with UV exposure has decreased
significantly for the highest level UV exposed specimens. It does, however, appear that the
leading edge specimens have reached an end-of-life condition versus AO exposure.

Results from LDEF Experiment MO003 Sub-Experiment 18 (ref. 11), confirmed the UV
interactions with A276 white paint. In this experiment A276 was used as a thermal control
coating on the Experiment Power and Data System (EPDS) sunshield covers. These covers were
used to protect data system instrumentation for other experiments. These covers were located
near the leading edge (row 8) and trailing edge (row 4) of the spacecraft; row 8 is located 30°
from the perpendicular of the atomic oxygen vector, and row 4 is ocated 30° from the
perpendicular of the wake region. Consequently, these trays were exposed to different levels of
UV radiation and atomic oxygen; samples from row 8 (referred to as leading edge samples) were
exposed to 9,400 equivalent sun hours of UV radiation and an atomic oxygen fluence of
7.15x1021 atoms/cm2, while samples from row 4 (referred to as trailing edge samples) was
exposed to 10,500 equivalent sun hours of UV radiation and an atomic oxygen: fluence of
2.31x105 atoms/cm?2.
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A summary of the solar absorptances, listed in Table 10-25, indicated that the leading edge
A276 samples darkened significantly due to UV-induced degradation of the paint's poiyurethane
binder, while leading edge samples remained white but exhibited severe AO erosion of the binder.
Although the thermal control properties of the surface are not deleteriously affected, the surface
has lost its physical integrity and is easily damaged upon contact.

Table 10-25. Effects of Varying UV/Atomic Oxygen Fluences on the Solar Absorptances
of A276 on LDEF Experiment M0003-18

Location UV (esh) Atomic Oxygen (atoms/cm?2) %
Control - - 0.282
D8(LE-SS) 9,400 715x102! 0.228
D4(TE-SS) 10,500 2 31x105 0.552

Note: TE = trailing edge; LE = leading edge; SS = sun shield cover

The effects of UV radiation on the optical properties of titanium dioxide have been
investigated previously.47 The reflectance spectra of titanium dioxide degrades significantly more
in the visible than the IR region, but almost completely recovers to the pre-irradiation values after
exposure to an oxidizing atmosphere. This suggests that most of the UV induced damage to the
Chemglaze A276 pigment could recover upon return of the LDEF spacecraft to Earth or on
interaction with atomic oxygen.
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10.3.2.3.5 Chemglaze A276 White Paint with Coatings

Comparison of the thermo-optical properties of A27€ samples flown on LDEF with and
without silicone overcoatings provides an excellent example of the synergistic effects of solar UV
and AO. Two materials used as protuctive coatings over A276 included RTV670” and 01650.°
Post-flight measurements of solar absorptance for the protected and unprotected A276 samples
showed that although both coatings protected A276 from AO erosion, the AZ76 white paint and
silicone overcoat degraded from solar UV exposure. Figures 10-14 to 10-17 show the changes in
the solar absorptance and reflectance for the uncoated and coated A276 white paint samples on the
LDEF TCSE-S0069 experiment.

A276 White Paint

0.7 ;
A276/RTV670
| SAMPLE C88

0.6

0.5 Lo o

A
B
S
SO
O R Q4 fereecrefflersisons
LB
AT O3|ffmmmmm i ... N . H
R A —
N 02 / .
> A276 SAMPLE C82
E 0.1 .
0.0 :
0 12 24 16 48 60 72
MISSION DURATION (months) O1M 94.013.141

Figure 10-14. Solar Absorpiance fur Uncoated and ¢ ated A276 White Paint

The AO eresion of the unprotected A276 on the LDEF leading edge remcved the UV
damnaged material, leaving a fresh undamaged surface and minimum solar absorptance changes.
Apparently, the oxidation and subsequent loss of the po'yurethane binder prevented significant
build-up of damaged material. The TCSE in-space measurements from the unprotected A276
showed there was sufficient AO present during the almost six year mission to inhibit UV
degradation (ref. 4).

Manutactured by General Electric. No leager being produced.
¢ Manufactured by Owens Illinois, Teievision Products Divisicn.
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In contrast, when protected from AO, the UV damaged surface material and contaminants
resulted in large increases in 0. A276 has been known to degrade readily under solar UV

exposure, much like the AO114 trailing edge sample and the clear overcoaied TCSE samples.

Apparently, the overcoat prevented material loss, but allowed solar UV damage of the A276

coating and possibly damage and darkening of the silicone protective layer. Figure 10-15 shows

the A276/RTV670 degradation model. Preflight, in-space, and post-flight measurements of

reflectance for the A276 white paint protected with both coatings are presented in Figures 10-16

and 10-17.
SOLAR
ABSORPTANCE REGRESSION LINE: o = ela+b ()
1.0 - . an31
—‘M
REGRESSION CONSTANTS
a: -0.984
b: 0.124 »
0.1 i il
0 10 100 A 1000
EXPOSURE TIME (months) 30 YEARS
a, =0.775
OI1M 94011381
Figure 10-15. A276/RTV670 Degradation Model
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A276/01650 White Paint - Sample C87

69.2 Months Exposure
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Figure 10-16. Solar Reflectance for Coated A276/01650 White Paint
A276/RTV670 White Paint - Sampie C88
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E Figure 10-17. Solar Reflectance for Coated A276/RTV670 White Paint
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10.3.2.3.6 Designs Considerations for the Space Environment

The A276 thermal control paint suffered from long exposure to the low Earth orbit space
environment. The LDEF study revealed that the A276 white paint displayed varying degrees of
thermo-optical property degradation depending upon the location on LDEF relative to the AO
flux and the amount of UV exposure received, as well as whether A276 had a silicone coating,
heace, providing an excellent example of the synergistic effects of solar UV und AO impingement.
Thermo-optical properties as a function of LDEF location and the effects of silicone coatings are
shown Figures 10-18 and 10-19.

The paint pigment binder was susceptible to both UV polymerization and AO erosion. The
AO erosion removed the binder from the A276. AO erosion effects, apparent on the paint surfaces
up to an incident angle of 100 degrees, prevented significant build-up of UV-damaged material.
On LDEF, the majority of the AO exposure occurred in the latter few months of the mission. This
AO exposure apparently eroded away the small amount of degraded surfaces (approximately over
20% during the first 15 months) seen on the ram-exposed S0069 samples during the first part of
the mission {see Figure 10-18). In contrast, when protected from AO the intact surface and
contaminants resulted in large increases in o (see Figure 10-19). Darkening of the trailing edge
white paint surfaces appears to be largely due to the solar UV induced
degradation of the paint resin, with some additional effect from degraded surface contaminants.

The following are recommendations for use of the A276 white paint coating:

e A 100% increase in absorptivity would be needed to account for in the spacecraft
thermal design if these paints are used.

e The use of the A276 white paint on spacecraft requiring precise thermal control on
extended low Earth orbit missions could produce unwanted thermal excursions as these
coatings degrade over time.

e Chemglaze A276 is not recommended as a white paint for spacecraft that require
any significant mission lifetimes due to its scsceptibility to UV degradation and AO
erosion. UV radiation causes a significant increase in the material's solar
absorption, while AO erosion of the binder results in a fragir~ntzc surface, which
could cause particulate contamination to other areas of the spacecraft. Its low cost
and ease of application, however, make it much more desirable for boosters ar J
upper stage rockets that do not require long mission lifetimes.
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Figure 10-18. Performance of A276 and A276 with overcoats on LDEF-Leading Edge
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Figure 10-19. Performance of A276 on LDEF Trailing Edge: Aa, vs. Exposure Time
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10.3.3 Z-93 White Paint

The ceramic non-specular white thermal control coating Z-93 (manufactured by the IIT
Research Institute) has a low solar absorptance (o) of 0.15+0.01 and a high room temperature

normal emittance (€1) of 0.90 £.05 for a typical 0.005 £0.001 inch coating thickness.

The Z-93 white paint has demonstrated excellent stability in the LEO environmen:. The
results from the 69 month LDEF mission, and in particular the Thermal Control Surfaces
Experiment (TCSE-SOO69),"8 have demonstrated this stability through the in-flight optical data that
were not subjected to the uncertainties of data generated from pre- and post-flight sample
measurements alone.

In addition to its stability in LEO, this coating can be deposited onto large, complex
structures with relative ease and with low weight and cost per square area. Asa result of these
characteristics, Z-93 has been baselined for use on the radiators and somc of the antennas which
will compose the critical and intricate structure of Space Station Freedom.

10.3.3.1 Composition

Binder: PS7 Potassium silicate®
Pigment: Zinc oxide (New Jersey Zinc Co., SP 500)

10.3.3.2 Source

Manufacturer: IIT Research Institute
10 West 35 Street
Chicago Illinois 60616
Telephone: 312 567-4432

Cost: $125/pint

4 This coating (Z-93P) is being requalified with PQ Corporation's Kasil 2130 potassium silicate binder.
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10.3.3.3 Ground-Based Simulation Testing

Comparative simulated space radiation testing was conducted on the original Z-93 and the
reformulated Z-93P white paint. The solar absorptance results, summarized in Table 10-26,
indicated that the reformulated paint, Z-93P performed comparably to the original version.”’

Table 10-26. Comparative Solar Absorptance Values for Original and Reformulated Z-93

Simulated Space K2130 Binder PS7 Binder
Environment
Pre- Post- Pre- Post-
Exposure Exposure Exposure Exposure
Atomic Oxygen:'
2..1x10* atoms/cm’ 165 164 159 156
Atomic Oxygen:2
1x10" atoms/cm’ 143 155 145 149
VUV:
9400 esh (130 nm)

1. Exposed in the Atomic Oxygen Drift Tube System (ACDTS)
e <0.1eV thermal energy AO neutral atoms
e 5x10" atoms/cm’/sec AO Neutral Flux

2. Princeton Plasma Physics laboratory (PPPL) System
e 10" atoms/cm’/sec AO flux

Plasma generated by 2.45 GHz, 1kW R-F Field

VUV radiation generated by plasma
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10.3.3.3 Effects of the Space Environment

The optical properties variations of the Z-93 white paint on the LDEF satellite are
summarized in Table 10-27 (ref. 4). This wlute paint, part of the Thermal Control Surfaces
Experiment (TCSE) S0069 experiment, was selected because it is a good reilector of solar energy
while also being good emitters of thermal energy to the cold sink of space.

Table 10-27. Optical Property Variation of Z-23 White Paint cn the LDEF TCSE
Experiment

Solar Absorptance (o)™ Emittance (gy)°
Matetial Pre-flt Infit (15 Mo) Post-fit Aog Pre-flt Post-fit AEN
793 14 i3 .15 .01 90 92 .02

(a) Mission Duration: The TCSE operated for 582 days betore battery depletion. The battery power was finally
expended while the sample carousel was being rotated. This left the carousel in a pariially closed position.
This carousel position caused 35 of the samples to be exposed for the complete LDEF mission (69.2
months), and 14 exposed for only 582 days (19.5 months) and therefore protected from the space
environment for the subsequent four years.

(b) Space Environmental Exposure: The LDEF was deployed with the TCSE located cn the leading edge (row
9) and at the Earth end of this row (position A9). In this configuration, the TCSE was facing the ram
direction. The LDEF was rotated about the long axis where row 9 was offset from the ram: direction by
about 8. The exposure environment for the TCSE were:

A:omic oxygen fluence 8.99 x 102! atoms/cm?

Solar UV exposure 11,200 esh

Thermal cycles ~34,000 cycles: -29 to 71 °C, £ 11°C (-20 to 160 °F, £20°F)
Radiation (at surface) 3.0 x 10° rads

(¢) The primary TCSE in-spacc measurement was totai hemispherical reflectance as a function of wavelength
(100 wavelength steps from 250 to 2500 nm) using a scanning integrating sphere reflectoraeter. The
measurements were repeated at preprogrammed intervals over the mission duration. The secondary
measurement used calorimetric methods o calculate solar absorptance and thermiz! emittaice from
temperatura-versus-time measuremeits.

(d) Laboraiory measurements of spectral reflectance were obtained using Beckinan DK-2A spectrophotometer
equipment with a Gier-Dunkle 203 mm integrating sphere.
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10.3.3.4 Design Considerations for the Space Environment

10.3.3.4.1 Thermo-Optical Properties

The unique in-space optical measurements performed on the LDEF Thermal Control
Surfaces Experiment (TCSE-S0069) provide a time history of changes in og. In Figures 10-20
and 10-21, Z-93 solar absorptance data is plotted against exposure time from several experiments
on the LDEF's leading and trailing edges, respectively. A small improvement in solar absorptance
occuired early in the mission which is typical of potassium silicate coatings like Z-93. Only a
small degradation was seen for the remainder of the mission. The data from the Z-93 samples
indicated that it was very stable over the LDEF mission, and data from three experiments
corroborated these findings for both leading and trailing edge samples. The solar absorptance of
7-93 was also not effected by the AO environment as shown by the AO114 trailing edge sample
(see Figure 10-21).

These in-space measurements also allowed investigators to develop a trend analysis and a
prediction model for the material and to better understand the damage mechanisms affecting its
optical stability (see Figures 10-22 and 10-23). The trend analysis studies also provide some
insight into the small changes that were measured.

There appears to be at least two mechanisms affecting the Z-93 solar absorptance foriie
LDEF mission. The firstis a decrease in 0 typical of silicate coatings i thermal vacuum. This
decrease is normally associated with loss of interstitial water from the ceramic matrix. Ground
laboratory simulation tests have shown this process takes a much shorter time than the TCSE flight
data suggest. This slower loss of water may be due to the cold temperature of the TCSE Z-93
sample mounted on a thermally isolated calorimeter. The temperature of the Z-93 sample ranged
from approximately -55°C to +6°C but remained well below 0°C most of the time. The short term
decrease in 0 is dominant for the first year of exposure after which a long term increase in O

becomes dominant (cef 4).
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Figure 10-20. Performance of Z-93 on LDEF - Leading Edge Ao, vs. Exposure Time
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Figure 10-23, Z-93 Degradation Model
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10.3.4.4.2 Micrometeoroid/Debris Impacts

The effects of multiple impact craters on the thermal radiative properties of Z-93 as a

function of time were calculated using an equation based on the fraction of damaged surface area.”’

A (Beta) = A, - [D&e *F * Tyf]

where: A (Beta, time) = effective or average value of solar

absorptance or emittance at each Beta
angle

Beta = degrees from velocity vector or ram
direction

A, = solar absorptance or emittance of original
coating

D,e = difference between coating and substrate
absorptance or emittance

F, = fraction of damaged surface area per year

Ty = number of years exposed

Figures 10-24 and 10-25 show the results of impacts on Z-93 white coating for three
different Beta angles of 0, 90, and 180 degrees, for up to 39 years in orbit. Both solar
absorptance and thermal emittance decrease slightly with time. The larger spall/crater diameter ratio
for Z-93 and other ceramic binder paints does not significantly affect the solar absorptance
or thermal emittance values. When the coating and substrate thermal radiative properties are .
significantly different, then the effect of impacts is greater. This effect is shown in Figure 10-24 :
and 10-25, by comparing the larger change in emittance than in absorptance. Bare aluminum
substrate has a very low emittance ~4%, compared to the Z-93 value of ~92%. In corparison
aluminum absorptance is ~4% (low value} and Z-93 ~14%. Actually, the exposed aluminum
absorptance in the spalled area is probably closer to the Z-93, which means the changes shown on
Figure 10-24 are even less.

10-59




EFFECTIVE
SOLAR
ABSORPTANCE

0.17

|
i
‘ 0.16 SOLAR ALPHA 0° RAM
= e == SOLAR ALPHA 90°
|

0.15 = = SOLAR ALPHA 180°

ool 1t 1 i 11 1.1 1111 U O I [ | [ B . N
0 5 10 15 20 25 30
TIME (YEARS) 01M 94013076

Figure 10-24. Z-93 M/OD Effect on Solar Absorptance vs Time
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10.3.4 YB-71 White Paint

YB-71 white paint is a ceramic non-specular zinc orthotitanate (ZOT) white coating. It has
a low solar absorptance (o) of 0.12 01 and a high room temperature emittance (eT) 0f 0.90

+.05.

10.3.4.1 Composition

Pigment: Zn,TiO4 (IIT Research Institute)
Binder: PS7 Potassium silicate® (GTE Sylvania Inc.)

10.3.4.2 Source

Manufacturer: IIT Research Institute
16 West 35 Strect
Chicago Illinois 60616
Telephone: 312 567-4432

Cost: $950/pint

€ This coating (YB-71P) is being requalified with PQ Corporation’s Kasil 2130 potassium silicate binder.
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10.3.4.3 Ground-Based Simulated Space Testing

Comparative simulated space radiation testing was conducted on the original YB-71 and the
reformulated YB-71P white paint. The solar absorptance results, summarized in Table 10-28,
indicatec that the reformulated paint, Z-93P did not performed comparably to the original

- sl
version.”

Table 10-28. Comparative Solar Absorptances for Original and Reformulated YB-71

Simulated Space K2130 Binder PS7 Binder

Environment

Pre-
Exposure

Post-
Exposure

Pre-
Exposure

Pos!
Exposure

Atomic?xygen:' .
1.0x10%" atoms/cm’

125

125

133

126

VUV
22,600 ESH

Atomic Oxygc:n:2
1x10” atoms/cm’ 127 193 133 152
VIV

9400 esh (130 nm)

1. Exposed in the Atomic Oxygen Drift Tube System (AODTS)
e <0.1 eV thermal energy AO neutral atoms
e 5x10'" atoms/cm’/sec AO Neutral Flux
2. Princeton Plasma Physics laboratory (PPPL) System
e .0 atoms/cm’/sec AO flux
o Plasma generated by 2.45 GHz, 1kW R-F Field
e VUV radiation generated by plasma
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10.3.4.3 Effects of the Space Environment

This white paint were part of the LDEF Thermal Control Surfaces Experiment (TCSE)
S0069 experiment, and was selected because it is a good reflector of solar energy while also being
a good emitter of thermal energy to the cold sink of space. The optical properties variations of the
YB-71 white paint on the LDEF satellite are summarized in Table 10-29 (ref. 4). The YB-71

coatings on the TCSE behaved similarly to the Z-93 samples. A small increase in the infrared
reflectance early in the mission caused a decrease in 0. This was offset by a slow long-term

degradation resulting in a small overall increase in ag. The samples with YB-71 applied over a

primer coat of Z-93 had a somewhat lower absorptance that the other YB-71 sainples. Current

Table 10-29. Optical Property Variations of YB-71 White Paint on the LDEF TCSE

Experiment
Solar Absorptance (a,)*™* Emittance (g,)’
Material Pre-fit | In-fit (15 Mo) | Postfit Aog Pre-fit | Post-fit AeN
YB-71 A3 A2 A5 02 .90 .89 -01
YB-71 over Z-93 10 11 A | o 85 87 02

@) Mission Duration: The TCSE operated for 582 days boiore battery depletion. The battery power was
finally expended while the sample carousel was being rotated. This left the carousel in a partially
closed position. This carousel position caused 35 of the samples to be exposed for the complete LDEF
mission (69.2 months), and 14 cxposed for only 582 days (19.5 months) and therefore protected trom
the space environment for the subsequent four years.

(b) Space Environmental Exposure: The LDEF was deployed with the TCSE located on the leading edge
(row 9) and at the Earth end of this row (position A9). In this configuration, the TCSE was facing :he
ram direction. The LDEF was rotated about the long axis where row 9 was offset from the ram
direction by about 80, The exposure environraent for the TCSE were:

Atomic oxygen fluence  8.99 x 1021 atoms/cm?

YB-71 samples are consistently below 0.10 solar absorptance (ref. 4).

Solar UV exposure 11.200 esh
Thermal cycles ~34,000 cycles: -29 10 71 °C, £11°C (-20 to 160 °F, +20°F)
Radiation (at surface) 3.0 x 169 rads

t¢) The primary TCSE in-space measurement was total hemispherical reflectance as a function of
wavelengii (100 wavelength steps from 250 to 2500 nm) using a scanning integrating sphere
retlectometer. The measurements were repeated at preprogrammed intervals over the mission duration.
The secondary measurement used calorimetric methods to calculate solar absorptance and thermal
emittance from temperature-versus-time measurements

(d) Laboratory measurements of spectral reflectance were obtained using Beckman DK-2A
spectrophotomceter equipment with a Gier-Dunkle 203 mm integrating sphere.
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10.3.4.4 Designs Considerations for the Space Environment

Figures 10-26 and 10-27 show the change in o of several YB-71 samples located on the
leading and trailing edges of LDEF, respectively. The YB-71 samples were flown on both the
TCSE-S0069 and M0003-5 LDEF experiments. A regression analysis performed on the TCSE
leading edge solar absorptance values calculated from the spectral reflectance data yielded a power
regression line (see Figure 10-26). (Although log/log plots of experimental data can be
misleading, trend analysis are useful to examine the possibility of trends and the potential of an
empirical performance prediction model.) The YB-71 coatings on the TCSE behaved similarly to
the Z-93 thermal control coating. A small increase in the infrared reflectance early in the mission
caused a decrease in solar absorptance (see Figure 10-26). This was offset by a slow long term
degradation resulting in a small overall increase in solar absorptance.

The M0003-5 YB-71 showed a slightly higher Actg than those samples on TCSE. There
was no significant difference in the performance of leading and trailing edge samples on M0003-5.
In addition. the TCSE samples were consistently more stable than the M00O3 samples. The YB-71
samples were prepared for LDEF before the development of YB-71 was finalized. These
differences could be due to batch variations of this new coating.
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Figure 10-26. Solar Absorptance of YB-71 and YB-71/Z-93 on LDEF Leading Edge
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10.3.5 S13G/LO White Paint

S13G/LO white paint is a non-conductive zinc-oxide methylsilicone non-specular white
coating.‘ It has a low solar absorptance (o) of 0.18 0.1 and a high room temperature emittance

(eT) of 0.90 £0.05 for a typical 0.008 £0.001 inch coating thickness.

10.3.5.1 Composition

Binder: Stripped methylsilicone (General Electric RTV 602).
Pigment: Zinc oxide SPS00 (New Jersey Zinc Co.), PS7-treated
Solvent: Toluene, USP (US Pharm.)

S13G/LO is a white thermal control paint that incorporates a zinc oxide pigment in a methy!
silicone binder. The ZnO pigment is reactively encapsulated in slurry with the PS7 potassium
silicate to enhance its stability against UV radiation. Outgassing charucteristics are enhanced by

devolatiliztion of the binder at 423 K and a vacuum of the order of 7x 10" Pa for 24 hr.

Zinc oxide was originally thought to be one of the most stable white pigments to uv
irradiation in vacuum.>> However, in 1965 serious doubts arose due to discrepancies between
ground-based and in-flight experiments. 354 As a result, it was determined that the original zinc
oxide-based silicone coatings (S-13) were not as stable as first predicted. This instability has been
attributed to the formation of an easily bleachable (by oxygen) infrared absorption band ( ~700 -
2800 nm).” This damage was not observed by pust-cxposure reflectance measurements
performed in air, since exposure to the atmosphere resulted in a rapid and complete recovery of the

, 56
UV-induced damage.

Since the ultraviolet-induced infrared absorption band develops rapidly in zinc oxide and is
easily reversed upon exposure to oxygen, it has been suggested that the infrared phenomenon is

. . ‘ , g 53
not related to bulk phenomena but is associated with the photodesorption of oxygen. Gilligan

I The S12G/LO white paint evaluated in the LDEF experiments is no longer in production. Due to the withdrawal
of the RTV-602 binder and the PS-7 encapsulant for the zinc oxide pigment, the coatings is being
reformulated and requahfied. A new methylsilicone binder 884 from Wacker is being evaluated with PQ
Corporation's Kasil 2130 potassium silicate being used as the pigment encapsulant. Data presented in this
section are for the discontinued version of S13G/LO. The new version designation will be S13GP/LO-1.
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explained the infrared optical behavior of ZnO on the basis of a free-carrier abserption mechanism.
Absorbed photons create electron-hole pairs in a "depletion zone" with the holes discharging
adsorbed oxygen from the surface of the pigment particles. The zinc oxide pigments therefore
becomes electron rich with the electrons accumulating in the infrared-active conduction band,

resulting in an increase in the infrared absorption.

The methyl silicone binder itself does not offer an effective barrier to photodesorption
reaction on the surface of zinc oxide since it does not "wet" the pigment particles. Consequently, a
method was developed to reactively encapsulate the zinc oxide pigment particles with potassium
silicate to provide stability to the surface. Studies have shown that the reactively-encapsulated zinc
oxide pigment greatly reduces UV-induced infrared degradalion.‘S7

There is additional UV-induced degradation observed in the S13G/LO paint system due to
degradation of the silicone binder. When exposed to ultraviolet radiation, the methyl silicone
binder exhibits induced ultraviolet-visible absorption. Only a portion of this damage observed in
S13G/LO recovered upon exposure to oxygen,ss‘sx indicating that the degradation is not limited to
bleachable surface defects but may be the result of bulk polymer degradation.SS Gaseous products
have been observed to evolve during exposure of a methyl silicone/TiO, paint system to UV
radiation in vacuum and are primarily hydrocarbon molecules. These hydrocarbon molecuies are a
result of bulk degradation of the methyl silicone binder.”’

10.3.5.2 Source
Manufacturer: IIT Research Institute
10 West 35 Street
Chicago Illinois 60616
Telephone: 312 567-4432

Cost: $480/pint
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10.3.3.3 Ground-Based Simulation Testing

Comparative simulated atomic oxygen space environmental testing was conducted on the
S13G/LO (no longer in production) and the reformulated S13GP/LO-1 white paint (a new
methylsilicone binder 884 from Wacker is being evaluated with PQ Corporation’s Kasil 2130
potassium silicate being used as the encapsulant for the zinc oxide pigment) The solar absorptance
results, summarized in Table 10-30, indicated that the reformulated paint, S 13GP/LO-1, performed

comparably to the original version.”

Table 10-30. Comparative Solar Absorptance Values for Original and Reformulated Z-93

Simulated Space K2130 Binder PS7 Binder
Environment

Pre-Expusure | Post-Exposure | Pre-Exposure | Post-Exposure

Atomic Oxygen:*
1.0x10*" atoms/cm’ 204 204 209 214
VUV: 22,000 esh

Atomic Oxygen:"
1x10°' atoms/cm’ 203 209 210 215
VUV: 9400 esh (130 nm)

(a) Exposed in the Atomic Oxygen Drift Tube System (AODTS)
e <0.1eV thermal energy AQ neutral atoms
e 5x10" atoms/cm’/sec AO Neutral Fiux
(b) Princeton Plasma Physics laboratory (PPPL) System
e 10" atoms/cm’/sec AO flux
e Plasma generated by 2.45 GHz, 1kW R-F Field
e VUV radiation generated by plasma
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10.3.5.3 Effects of the Space Environment

Previous atomic oxygen experiments on Shuttle Missions STS-5 and STS-8 did not reveal
any noticeable degradation to S13G/LO.%" Solar absorptivity and scanning electron microscope
(SEM) photographs did not indicate any atomic oxgyen erosion of the surface of SI3G/LO.

The S13G/LO samples on the LDEF Thermal Control Surfaces Experiment (TCSE)
S0069 experiment degraded significantly on the LDEF mission. The TCSE experiment combined
in-space measurements with extensive post-flight analyses of thermal control surfaces to
determine the cffects of exposure to the low Earth orbit space environment. This white paint was
original selected because it is a good reflector of solar energy while also being good emitters of
thermal energy to the cold sink of space. The optical properties variations are summarized in
Table 10-31 (ref. 4).

Table 18-31. Optical Property Degradation of S$13G/LO White Paint on the LDEF

TCSE Experiment
Solar Absorptance (a,)""* Emittance (€y)"
Material Pre-flt In-fit (15 Mo) Post-flt Adg Pre-flt Post-flt AeN
S13G/LO 18 .22 .37 .19 90 .89 -0l

(1) Mission Duration: The TCSE operated for 582 days before battery depletion. The battery power was
finally expended while the sample carousel was being rotated. This left the carousel in a partially
closed position. This carousel position causcd 35 of the samples to be exposed for the compleie LDEF
mission (692 months), and 14 exposed for only 582 days (19.5 months) and therefore protected from
the space environment for the subsequent four years.

(b) Space Environmental Exposurg: The LDEF was deployed with the TCSE located on the leading edge
(row 9) and at the Earth end of this row (position A9). In this configuration, the TCSE was facing the
ram direction. The LDEF was rotated about the long axis where row 9 was offset from the ram
direction by about 8. The exposure environment for the TCEE were:

Atomic oxygen fluence  8.99 x 102! atoms/em?

Solar UV exposure 11.200 esh
Thermal cycles ~34,000 cycles: -29 to 71 °C, £11°C(-20 to 160 °F, £20°F)
Radiation (at surtace) 3.0 x 107 rads

(¢) The primary TCSE in-space measurement was total hemispherical reflectance as a function of
wavelength (100 wavelength steps from 250 o 2500 nm) using a scanning integrating sphere )
reflectometer. The measurements were repeated at preprogrammed intervals over the mission
duration. The sccondary measurement used calorimetric methods to calculate solar absorptance and
thermal emittance from temperature-versus-time measurements.

(&) Laboratory measurements of spectral reflectance were obtained using Beckman DK-2A
spectrophotometer equipment with a Gier-Dunkle 203 mm integrating sphere.




Figure 10-28 shows the degradation in the reflectance spectra for the S13G/LO samples on
the TCSE and AO114 LDEF experiments in Figures10-28 and 10-29, respectivc:ly.62
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Figure 10-28. Reflectance Spectra for S13G/LO White Paint on LDEF TCSE Experiment
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S13G/LO was flown on LDEF Experiment M0003 Sub-Experiment 18 (ref. 11) on trays
D9 (LE) and D3 (TE). The leading edge tray was exposed to 11,200 equivalent sun hours of UV
radiation and an atomic oxygen fluence of 8.99x10°' atoms/cm,’ whereas the trailing edge tray was
exposed to 11,100 equivalent sun hours of UV radiation and an atomic oxygen fluence of
1.32x10"" atoms/cm.? In addition, the S13G/LO white paint was used on LDEF as a thermal
control coating on the signal conditioning unit (SCU) covers. These covers were used to protect
data system instrumentation for other experiments. These covers were located on the leading edge
(row 8) and trailing edge (row 4) of the spacecraft; row 8 is located 30° from the perpendicular of
the atomic oxygen vector, and row 4 is located 30° from the perpendicular of the wake region.
Hence, these trays were exposed to different levels of UV radiation and atomic oxygen; samples
from row 8 (referred to as leading edge samples) were exposed to 9,400 equivalent sun hours of
UV radiation and an atomic oxygen fluence of 7.15x1021 atoms/cm,2 while samples from row 4
(referred to as trailing edge samples) was exposed to 10,500 equivalent sun hcurs of UV radiation
and an atomic oxygen fluence of 2.31x105 atoms/cm.2

A summary of the solar absorptance variations is listed in Table 10-32. S13G/LO exhibited
greater darkening on trailing edge samples compared to leading edge samples. The solar
absorptance of the trailing edge increased threefold from an initial value of 0.15. The leading edge
also degraded, but its solar absorptance only increased to 0.23. Almost all of the degradation
occurred in the visible and ultraviolet wavelengths, with very little degradation occurring above
1200 nm. The absorption peaks above 1200 nm are methy! silicone (binder) absorption peaks and
are present in leading edge, trailing edge, and control samples.

Table 10-32. Effects of Varying UV/Atomic Oxygen Fluences on the Solar Absorptances
of S13G/LO on LDEF Experiment M0003-18

Location UV (esh) Atom.¢c Oxygen (atoms/cm2) og
Control - - 0.147
D9(LE) 11,200 8.99x 1021 0.232
DO L) 11,200 8.99x1021 0.228
D3(TE) 11,100 1.32x1017 0.458
D3(TE) 11,100 1.32x1017 0.473
D8(LE-SCU) 9,400 7.15x1021 0.257
D-!'TE-SCU) 10,500 2.31x10° 0.496

Note: TE = trailing edge; LE = leading edge; SCU = signal conditioning unit cover
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The increase in solar absorptance of S13G/LO on both the jcadinc and trailing edge
samples is attributed to UV-induced damage of the methyl silicone binder since reflectance data x
revealed no evidence of damage to the reactively-encapsulated zinc oxide pigment. This damage is
not bleachable and does not recover upon exposure to air, even after one year. Both the leading
and trailing edge surfaces showed oxidation of the methyl silicone binder to silicate (SiOx), which
is accompanied by a loss of methyl groups and a formation of a cracking network on the surface.
The extent of this cracking network depends largely on the atomic oxygen fluence that the surface
received.
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S13G/LO white paint was also used as a thermal control coating on a few experiment
surfaces and cover shields on LDEF.* Summarized in Table 10-33 are the exposed surface
coating optical properties and o/e averages for the S13G/LO white paint. The absorptivity for the
| white surface S13G/LO was 0.20 £0.02 , which increased to 0.35 30.05 for the yellow surfaces.
The actual measurements ranged from 0.17 for the white surfaces to a 0.43 for the darkest yellow
surfaces. The typical unexposed paint ove specification for S13G/LO is 0.18/0.90. The
emissivity for the S13G/LO, like that of the A276, did not vary with color change and the average
for all readings was 0.89 +0.01. Reflectance spectra of S13G/LO test samples from trays D9 (LE)
and D3 (TE) are shown in Figure 10-29

Table 10-33. LDEF Post-Flight Absorptance and Emittance Results for Exposed

S13G/LO
Location on Space Description No. of ag'” e /e
LDEF Environment Samples
C-3 Trailing Edge 1.32x10"atoms/cm’ | Dark Yellow to 2 39 89 44
11,100 esh Brown
D-3 Trailing Edge 1.32x10"atoms/cm’ | Yellow-Tan in 4 35+.05 | .89%.01 39
11,100 esh color
G-6 Earth End 3.33x10”atoms/cm’ | White to Tan in 8 21£.02 | .90 23
4,500 esh Color
C-9 Leading Edge 8.9 10”atoms/cm’ | White w/Brown 5 20+£.02 | 87%.01 23
g Edg
,200 esh spots
D-9 Leading Edge 8.99x10™atoms/cm’ | White-Beige in 3 27+.05 | .89%.01 30
11,200 esh Color

(1) Solar Reflectance: Devices & Services Solar Reflectomerter SSR-ER, Ver. 5.0
(2) Infrared Reflectance: Gier Dunkle Infrared Reflectometer DB-100, Normal Emittance
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The significant change in the solar absorptance of this white paint agrees with the early
flight data obtained on S-13 G coating. Figure 10-30 shows the change in solar absorptance of S-
13 G coating versus flight iime in esh as measured from several flight experiments.* The
degradation of the S-13G coating that was observed on OSO 11 is similar to the LDEF data. The
duration of the data acquistion for OSO I was less than one month. Data for Mariner V and the
Lunar Orbiters exhibit increased damage due to the particulate environment in deep space.
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Figure 10-30. Comparative Solar Absorptance Changes of S-13 G Coating vs Flight Time
for karly Space Missions

£ 0SO 111 was launched on March 8, 1967 in a near circular orbit (of about 550 km) with a 33° angle of inclination
relative to the Equator.
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10.3.5.4 Design Considerations for the Space Environment

10.3.5.4.1 Thermal-Optical Properties

There is a wide variation in the results from the different LDEF experiments for S13G/LO.
These differences are unexplained at this time. Figures 10-31 and 10-32 show the change in ag of
several S13G/LO samples located on the leading and trailing edges of LDEF. There does not
appear to be any clear correlation between ram and wake locations with respect tc degradation in
o,. A regression analysis performed on the o values calculated from the spectral reflectance data
takon in space and in post-flight measurements yielded a power regression line. This power
regression model,®5shown in Figure 10-33, falls in the middle of the spread of data reported for the
various experiments (see Figures 10-31 and 10-32). The regression mode! predicts a 30 year enu-
of-life value of 0.61 for S13G/LO. Although log/log plots of experimental data can be musleading,
trend analysis are useful to examine the possibility of trends and the potential of an empirical
performance prediction model.
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The LDEF experiments revealed that the paint S13G/LO, as well as A276 and Z306,
suffered from long term exposure to the low Earth orbit space environment. The paint pigment
binders were susceptible to both UV polymerization and AO erosion. LDEF also revealed that
the A276 and S13G/LO white paints displayed varying degrees of thermo-optical property
degradation depending upon the location on LDEF relative to the AO flux and the amount of UV
exposure received.

Although laboratory testing of the reformulated SI13GP/LLO-1 white paint indicate
similar solar absorptance performance to the discontinued S13G/LO white paint (see
Table 10-30), additional flight test data are needed to predict its long-term degradation for
extended low Earth orbit missions. In the interim, it is recommended that a 100% increase
in absorptivity should be accounted for in the spacecraft thermal design if the S13GP/LO-1
paint is used.
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10.3.5.4.2 Micrometeoroid/Debris Impacts

The effects of multiple impact craters to the thermal radiative properties of S13G/LO as a
function of time were calculated using an equation based on the fraction of damaged surface area
(ref. 52).

As (Beta) = Ao - [Da,e * Fa * Tyr]

where: A, (Beta, time) = effective or average value of solar

absorptance or emittance at each Beta
angle

Beta = degrees from velocity vector or ram
direction

', .

A, = solar absorptance or emittance of original
coating

D,. = difference between coating and substrate
absorptance or emittance

F, = fraction of damaged surface area per year

Ty = number of years exposed

The effects on S13G/LO are minimal (see Figures 10-34 and 10-35) since the spall to crater
ratio is low. For this coating, the atomic oxygen, ultraviclet radiation, and contamination will have
a greater long-term effect than meteoroid/debris impacts (ref. 4).
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10.3.6 White Tedlar Film

10.3.6.1 Composition
Polyvinylflouride film

Thermal properties: o = 0.250, €y = 0.890

10.3.6.2 Source

Manufacturer: DuPont

10.3.6.3 Effects of the Space Environment

White Tedlar is another material that was expected to degrade over the 5.8 year LDEF
mission due to solar UV exposure. Instead, the optical properties of this material improved
slightly (ref. 4). Figure 10-36 shows the solar absorptance data (ref. 64). White Tedlar was
located on the leading edge, row 9, of the LDEF S0069 TCSE Experiment, which received an
atomic oxygen fluence of 8.99x10%' atoms/cm’. The surface remained diffuse and white, similar
to pre-flight observations.

As with A276, Tedlar has been shown to be susceptible to AO erosion. The erosion effect
of AO is the apparent reason for the lack of surface degradation of these flight samples. The TCSE
in-flight data showed that only a small degradation in solar absorptance was seen early in the LDEF
mission. The solar absorptance increase to 0.26 from 0.25. This indicated that, as with the A276
samples, there was sufficient AO early in the mission to erode away dainaged material or otherwise
inhibit significant degradation. The subsequent high AO fluence eroded away all the damaged
surface materials, and even provided a slight improvement in solar absorptance. The post-flight
solar absorptance after 69 months was 0.22 compared to the pre-flight solar absorptance
measurement of 0.25.
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Figure 10-36. Solar Absorptance Variations With Space Exposure for White Tedlar
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10.3.7 PCBT White Paint

PCBT is a flexible tin orthotitanate/silicone conductive non-specular white coating. The
white paint is typically used as a coating for Kapton and Mylar substrates.

Thermal properties: o = 0.26 $+0.02; £y = 0.78 £0.04
After UV irradiation of 750 esh at 25°C; Aa, = 0.08
10.3.7.1 Composition
Binder: Elastomer Silicone (Dow Coming R4-3117)
Pigment: Tin orthotita~ ate
10.3.7.2 Securce

Manufacturer: MAP Company
Z.1. Chemin de la Rijole
09100 Pamiers, France
Tel. 33 61 60 27 00; Fax. 33 61 60 23 30

Cost: 6,000 French francs/K (1994 prices)
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10.3.7.3 Effects of the Space Environment

10.3.7.3.1 Thermal-Optical Properties

The PCBT coating showed promise during a 9-month LDEF FRECOPA experiment and
during the 1.1 year COMES/MIR flight experiment, as shown in Table 10-34 (ref. 34).
Experiment AO 138-6 was part of the FRECOPA experiment located on the trailing edge of LDEF.
The solar reflection measurements were made with a Beckmann DK2A spectrophotometer with an
integrating sphere, and the infrared emissivity measurements were made with the Gier & Dunkle
DB 100 device. It is important to underline that the measurements were all taken in air on samples
which had thus experienced more or less intense recovery of the radiation damage.

Table 10-34. Solar Reflectance and Emissivity Variations For PCBT White Paint on LDEF

AO 138-6 LDEF AO 138-6 LDEF
Canister Tray Canister Tray
Type RS initial | Einitial ARs ARs Ae ae
White paint conductive 0.72 0.815 -0.10 0.000

Wmmm;mm Due to its position on the

trailing edge of LDEF, the AO 138-6 experiment did not receive any oxygen atoms during the mission, with
the exception of a short period during the capture when it received a fluence evaluated at 1.32x 10! 7 atoms am-
2. The solar illumination was 11,100 equivalent sun hours (esh) for the samples located on the tray and only
1448 esh for the samples inside the canister. The particle irradiation dose (mainly due to the electron flux) was
weak: 3 x 107 rads. The number of temperature cycles was ~34,000 with teinperatures within the ranges
shown in the table below.

ENVIRONMENT CANISTER TRAY
Oxygen atoms cm? 0 1.32x10!7
Solar UV (esh) 1448 11,110
Temp. Cold case (°C) -20 to -26 -43 to -52
Temp. Hot case (°C) +67 to +85 +45 10 +63
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10.3.8 PCBZ White Paint

PCBZ whitc paint is a rigid zinc orthostannate/silicone conductive non-specular white

thermal control paint. It is typically used as a coating for rigid aluminum alloy surfaces.
Thermal properties: o = 0.26; €y = 0.83
After UV irradiation of 1045 esh at 25°C: Ao = 0.03

10.3.8.1 Composition

Binder: Methy! pheny! silicone (Rhone Poulenc Rhodorsil 10 336)

Pigment: Zinc orthostannate ZnSnO4

10.3.8.2 Source

Manufacturer: MAP Company
Z.1. Chemin de la Rijole
09100 Pamiers, France
Tel. 33 61 60 27 00; Fax. 33 61 60 23 30

Cost: 7,400 French francs/K (1994 prices)
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10.3.8.3 Space Environmental Effects

10.3.8.3.1 Thermal-Optical Properties

The PCBZ coating showed promise during a 9-month LDEF FRECOPA experiment and
during the 1.1 year COMES/MIR flight experiment, as shown in Table 10-35 (ref. 34). The
COMES experiment consisted of four panels which were deployed by an cosmonaut in space
outside of MIR with the possibility of exposing samples on both sides, conventionally identified as
"V"and "R". Experiment AO 138-6 was part of the FRECOPA experiment located on the trailing
edge of LDEF. The experiment was designed to allow exposure of a part of the samples to the
whole spacecraft environment by being laid directly on the FRECOPA tray surface, while the other
part of samples was protected from the external environment of LDEF for all mission phases,
except free flight, by the means of a vacuum-tight FRECOPA canister in which they were stored.
Comparison of the LDEF and MIR flight data indicated less degradation for PCBZ following the
FRECOPA experiment than after the COMES experiment

Table 10-35. Solar Reflectance and Emissivity Variations of PCBZ White Paint on
FRECOPA/LDEF and COMES/MIR

AO1386 LDEF AO138-6 LDEF COMES COMES
Canister | Tray | Canister | Tray | FaceV Face R Face V Face R
Type Rs initial | Einitial ARs ARs At At ARs ARs Ac Ag
White paint 0.78 0.872 -0.03 0.000 -0.01 -0.02 +0.006 +0.003
conductive
Environmental Variations of LDEF and MIR Space Experiments : Due to its position on the trailing edge of LDEF, the AO

138-6 experiment did not receive any oxygen atoms during the mission, with the exception of a short period during the

capture when it received a fluence evaluated at 1.32 x 10!7 atoms cm=2. The solar illumination was 11,100 equivalent sun
hours (esh) for the samples located on the tray and only 1448 esh for the samples inside the canister. The particle irradiation

dose (mainiy due to the electron flux) was weak: 3 x 105 rads. The number of temperature cycles was ~ 34,000 with

temperatures within the ranges shown in the table below.
FRECOPA-LDEF COMES-MIR
ENVIRONMENT CANISTER TRAY FACE V FACE R
Oxygen atoms em2 0 1.3x10'7 1.2x1018 10 7.5x1019 (D) 3.5x1020 10 5.8x1020 (1)
Sotar UV (esh) 1448 11,110 285042) 1900(2)
Temp. Cold case (°C) -20to -26 -43 to -52 -60 to -70 -60 to -70
Temp. '™ tcase (°C) +67 to +85 +45 to +63 +10 to +30 +50 to +60

(DEstimated from AO reactivity erosion of Kapton (3.0 x 1024 cmYatom! )and Terphane (3.0 x 1024 cm3atom” h samples

(2) Estimated from data of experiment calorimeter
Experimental Description, The solar reflection measurements were made with a Beckman DK2A
spectrophotometer with an integrating sphere, and the infrared emissivity measurements were made with the Gier
& Dunkle DB 100 device. It is important to underline that the measurements were all taken in air on samples
which had thus experienced more or less intense vecovery of the radiation damage.
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Table 10-36 shows for the deterioration in the solar reflectance of PCBZ exposed to
different environments on the V side of the COMES experiment. The deterioration generally found
on this white paint is relatively low whether submitted to the complete environment or under UV.

Table 10-36. Synergistic Space Environment Effects on the Solar Reflectance Degradation
ARg of PCBZ on the V Side of COMES

UV + AO + uv uv
Chemical Nature vacuum (A>190 nm) | (A>360 nm) Vacuum
Type AR(®) AR(b) AR(©) AR(d)
Conductive Zinc Orthostannate/ -0.01 -0.0t -0.01 +0.01
White Paint | silicone

(a) an exposure to all of the parameters: ultraviolet solar radiation (including far UV), atomic oxygen, vacuum
and the temperature; ARg=final Rg-initial Rg
(b) an exposure to ultra-v-olet radiation with a wavelength greater than 190 nm, to the vacuum and to the

temperature
(c) an exposure to radiations with a wavelength greater than 360 nm, to the vacuum and to the temperature
(d) an exposure to the vacuum and to the temperature.

Space Environment on the V side of the COMES experiment:

; Atomic Oxygen, atoms em2 1.2x10! 810 7.5x10 19(h
| Solar UV (esh) 2850(2)
; Temp. Cold case (°C) -60 to -70

Temp. Hot case (°C) +10 to +30

(1) Estimated from AO reactivity erosion of Kapton (3.0 x 1024 cm Satom hand Terphane

(PET) (30x 10'24 cm3atom'l)samplcs
(2) Estimated from data of experiment calorimeter
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10.39 PCB 119
PCB 119 is a conductive non-specular white coating.

Thermal properties: o =0.15; €y = 0.83

10.3.9.1 Composition
Binder: Silicone (Rhone Poulenc Rhodorsil 10336)

Pigment: Zinc orthotitanate (doped)

10.3.9.2 Source

Manufacturer: MAP Company
Z.1. Chemin de 1a Rijole
09100 Pamiers, France
Tel. 33 61 60 27 00; Fax. 33 61 60 23 30

Cost: 7,400 French francs/K (1994 prices)

10.3.9.3 Space Environmental Effects

10.3.9.3.1 Thermal-Optical Properties

The PCB 119 showed promise during the 1.1 year COMES/MIR flight experiment as
shown in Table 10-37 (ref. 34). The COMES experiment consisted of four panels which were
deployed by a cosmonaut in space outside of MIR with the possibility of exposing samples on both
sides, conventionally identified as "V" and "R". The solar reflection measurements were made
with a Beckmann DK2A spectrophotometer with an integrating sphere, and the measurements of
infra-red emissivity with the Gier & Dunkle DB 100 device. It is important to underline that the
measurements were all taken in air on samples which had thus experienced more or less intense

recovery of the radiation damage.
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Table 10-37. Solar Reflectance and Emissivity Variations of PCB 119 on the COMES/MIR

Face V Face R Face V Face R
Type Rs €initia ARs ARs Ag Ae
initial i
White paint conductive 0.79 0.861 -0.01 0.01 +0.008 +0.006
Environmental Variations of MIR Space Experiments:
ENVIRONMENT FACE V FACE R

Oxygen atoms cm2 I.ZxIO|s 1o 7.5x1019“) 3A5x102° to 5.8xl020 ()

Suiar UV (esh) 28502 1900(2)

Temp. Cold case (°C) -60 to -70 -60 to -70

Temp. Hot case (°C) +10 to +30 +50 to 460

M
@

Estimated from data of experiment calorimeter
Estimated from AO reactivity erosion of Kapton (3.0 x 1024 cm 3atom™ Hand Terphane
(PET) (3.0x 10°+*

cmatom’!) samples

Table 10-38 shows the deterioration in the solar reflectance for the PCB 1 19 white paint

exposed to difierent environments for the COMES experiment. The deterioration generally found

on this white paint is relatively low whether submitted to the complete environment or under UV.

It should be remembered that the degradations considered here are those recorded after the samples

have been returned to the air; those which might have been observed in orbit would have been

different. On the R side of COMES which received the most oxygen atoms, the solar reflectanc »
of the PCB 119 even seem to have increased following the flight.

Table 10-38. Synergistic Space Environment Effects on the Solar Reflectance Degradation
ARg of PCB 119 on the V Side of COMES

UV + AO + uv uv ‘
Chemical vacuum (A>190 nm) {A>360 nm) Vacuum
Type Nature ARs(a) ARs(b) ARS(C) ARs(c)
Conductive Zinc Orthotitanate -0.01 0.00 +0.01 +0.01
White Paint { (doped)/Silicone

temperature

(c) an exposure to radiations with a wavelength greater t
(d) an exposure to the vacuum and to the temperature.

(a) an exposure to all of the parameters: ultraviolet solar radiation (including far UV), atomic oxygen, vacuum
and the temperature; AR j=final R¢-initial Rg

(b) an exposure to ultra-violet radiation with a wavelength greater than 190 nm, to the vacuum and to the

han 360 nm, to the vacuum and to the temperature

Space Environment on the V side of the COMES experiment:

‘ Atomic Oxygen, atoms cm’

2

12x1018 10 7.5x1019(D

Solar UV (esh) 285042)
Temp. Cold case (°C) -60to -7)
Temp. Hot case (°C) +10to +30

(1) Estimated from AO reactivity erosion of Kapton (30x 1024 cm Satom Nyand Tesphane
(PET) 30x 10-24 cm3atom™!) samples

@

Estimated from data of experiment calorimeter
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10.3.10 PSB

PSB is a non-conductive white silicate thermal control paint.

Thermal properties: o = 0.14 20.02; €4, = 0.90 £0.04

After UV irradiation of 1080 esh at 25°C: A, = 0.62

10.3.10.1 Compesition
Binder:

Pigment:

10.3.10.2 Source

Manufacturer:

Cost:

Potassium silicate

Zinc orthotitonate

MAP Company

Z.1. Chemin de la Rijole

09100 Pamiers, France

Tel. 33 61 60 27 00; Fax. 33 61 60 23 30

7,200 French francs/K (1994 prices)
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10.3.16.3 Space Environmental Effects

10.3.10.3.1 Thermal-Optical Properties

The PSB coating showed promise during a 9-moath LDEF FRECOPA experiment and
during ithe 1.1 year COMES/MIR flight experiment, as shown in Table 10-39 (ref. 34). The
COMES experiment consisted of four panels which were deployed by a cosmonaut in space
outside of MIR with the possibility of exposing samples on both sides, conventionally idc tified as
"V" and "R". Experiment AO 138-6 was part of the FRECOPA experiment located on the
trailing edge of LDEL. The experiment was designed to allow exposure of a part of the samples
to the whole spacecraft environment by being laid directly on the FRECOPA tray surface, while
the other part of samples was protected from the external environment of LDEF for all mission
phases, except free flight, by the means of a vacuum-tight FRECOPA canister in which they were

stored.

Table 10-39. Solar Reflectance and Emissivity Variations of PSB White Paint on
FRECOPA/LDEF and COMES/MIR

A0 1386 LDEF AO 1386 LDEF COMES COMES
Canister Tray Canister Tray Face V | FaceR Face V Face R
Type RS initial | Einitial ARs AR~ Ae Ae ARs ARs Ag Ag
White paint | 0.83 0.865 -0.05 -0.01 -0.001 -0.003 | -0.01 -0.003
Environmental Variations of LDEF and MIR Space Experiments: Due to its position on the trailing edge of

LDEF, the AO 138-6 experiment did not receive any oxygen atoms during the mission, with the exception of a
short period during the capture when it reccived a f'aence evaluated at 1.32 x 10'7 atoms cm 2. The solar
illumination was 11,100 equivalent sun hours (esh) for the samples located on the tray and only 1448 esh for
the samples inside the canister. The particle irradiation dose (mainly due to the electron flux) was weak: 3 x
103 rads. The number of temperature cycles was ~34,000 with temperatures within the ranges shown in ihe
table below.

Experimental Description. The solar reflection measurements were made with a Beckman DK2A
spectrophotometer with an integrating sphere. and the infrared emissivity measurements were made with the
Gier & Dunkle DB 100 device. It is important to underline that the measurements were all taken in air on
samples which had thus experien. _d more or less intense re-overy of the radiation damage.

FRECOPA-LDEF COMES-MIR
ENVIRONMENT CANISTER TRAY FACE V FACE R
Oxygen atoms cm’ 0 1.3x10!7 1.2x10'8 10 7. 5x10 19 (D 3.5x1020 1o 5.8x1020 (1)
Solar UV (esh) 1448 11,100 285012 1900¢2)
Temp. Cold case (°C) -20to -26 -43 to -52 -60 to -70 -60 to -70
Temp. Hot case (°C) +67 10 +85 +45 (o +63 +10 to +30 +50 to +60

(D Estimated from AO reactivity erosion of Kapton (3.0 x 10-24 ¢ Jatom Dand ferphane (3.0 x 1024 cm3atom ™) samples
2 Estimated from data of experiment calorimeter

10-90




From Table 10-39, one observes that the PSB white paint was less deteriorated following
LEO exposure during the COMES experiment than during the FRECOPA canister experiment.
Apparently, the higher atomic oxygen fluence level on the V-side of the COMES experiment
removed the material affected by the UV radiation.

Table 10-40 shows for the COMES experiment the deteriorations in the solar reflectance for
the PSB coating exposed to different environments. The deterioration generally found on this
white paint is relatively low whether submitted to the complete environment or under UV.
However, the solar reflectance degradations reported are those recorded after the samples have
been rewurned to the air; the solar reflectance values which might have been observed in orbit could
have been different.

Table 10-40. Synergistic Space Environment Effects on the Solar Reflectance Degradation
ARg of PSB Coating on the V Side of COMES

UV + AO + uv Uuv
Chemical Nature vacuum (A>190 nm) (A>360 nm) Vacuum
Type AR(®) AR (b) AR (€) AR D)
White Paint | Zinc Orthotitanate/ 0.00 0.00 +0.01 0.00
silicate

(a) an exposure to all of the parameters: ultraviolet solar radiation (including far UV), atomic oxygen. vacuum
and the temperature; AR¢=final R¢-initial Rg
(b) an cxposure to ultra-violet radiation with a wavelength greater than 190 nm, to the vacuum and to the
temperature
(c) an exposure to radiations with a wavelength greater than 360 nm, to the vacuum and to the temperature
(d) an exposure to the vacuum and to the temperature.

Space Environment on the V side of the COMES experiment;

B g s v T s e w

T Y

Atomic Oxygen, atoms em2 1.2x10!8 t0 7.5x1019 ()
Solar UV (esh) 2850(2)

Temp. Cold case (°C) -60 to -70

Temp. Hot case (°C) +10 to +30

() Estimated from AO reactivity erosion of Kapton (3.0 x I0'24 cm 3mom'hand Terphane

(PET) 3.0x 1024 cm3axom") samples
2) Estimated from data of experiment calorimeter

.~ s S o —— s e —
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10.3.11 SG 11 ¥D
SG 11 FD is a non-conductive silicone white paint.
Thermal properties: o = 0.13 +0.02; ey = 0.80 £0.04

After UV irradiation of 1000 esh at 25°C: Ao, = 0.02

10.3.11.1 Composition

Binder: Silicone (Rhone Poulenc RTV 121)
Pigment: Zinc orthotitanate

10.3.11.2 Source

Manufacturer: MAP Company
Z.I. Chemin de la Rijole
09100 Pamiers, France
Tei. 33 61 60 27 00; Fax. 33 61 60 23 30

Cost: 7.400 French francs/K (1994 prices)

10.3.11.3 Space Envirormental Effects

103.11.3.1  Thermal-Optical Properties

The SG 11 ED coating showed promise during the 1.1 year COMES/MIR flight
experiment, as shown in Table 10-41 (ref. 34). The COMES experiment consisted of four panels
which were deployed by a cosmonaut in space outside of MIR with the possibility of exposing
samples on both sides, conventionally identified as "V and "R". The solar reflection
measurements were made with a Beckmann DK2A spectrophotometer with an integrating sphere,
and the infrared emissivity measurements were made with the Gier & Dunkle DB 100 device. It is
important to underline that the measurements were all taken in air on samples which nad thus

experienced more or less intense recovery of the radiation damage.
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Table 10-41. Solar Reflectance and Emissivity Variations of SG 11 FD on COMES/MIR

Face V Face R Face V Face R
Type Rs €initial ARs ARs Ae Ae
initial
White paint 0.82 0.854 -0.04 -0.01 -0.005 -0.005
Environmental Variations of MIR Space Experiments:
COMES/MIR
ENVIRONMENT FACE V FACE R
Oxygen atoms cm’> 1.2x10!8 10 7.5x10 19D 3.5x1020 t0 5.8x1020¢D
Solar UV (esh) 285012 1900/2)
| Temp. Cold case (°C) -60 to -70 -60 to -70
Temp. Hot case (°C) +10 to +30 +50 to +60

(1) Estimated from AO reactivity erosion of Kapton (3.0 x 10-2% ¢m Satom'1 Jand Terphane

(PET) (30 x 1024 cmjatom") samples
2)  Estimated from data of experiment calorimeter

L uble 10-42 shows for the COMES experiment the deterioration in the solar reflectance for
the SG I'1 FD white paint exposed to diffe at environments. The deterioration generally found on
this white paint appear to deteriorate more under UV + atomic oxygen than under ultra-violet
radiation alone. However, the solar reflectance degradations reperted are those recorded after the
samples have been returned to the air; the solar reflectance values which might have been observed
in orbit could have been different.

Table 10-42. Synergistic Space Environment Effects on the Solar Reflectance Degradation
ARg of SG 11 FD on the V Side of COMES

UV + AO + LIAY [SAY
Chemical vacuum (A>190 nm) | (A>360 nm) Vacuum
Type Nature AR (a) ARg(b) AR(©) ARS(C)
White Paint Zinc Orthotitanate -0.04 -0.01 0.01 0.00
/Silicone

(@) an exposure to all of the parameters: ultraviolet solar radiation (including far UV). atomic oxygen, vacuum
and the temperature: AR =final R¢-initial Rg
(b) an exposure to ultra-vic _t radiation with a wavelength greater than 190 nm. to the vacuum and to the
temperature '
(¢) an exposure to radiations with a wavelength greater than 360 nm. io the vacuum and to the temperature
d) an exposure to the vacuum and to the temperature.

Space Environment on the V side of the COMES experiment:

Atomic Oxygen, atoms em? 1 2x1018 10 7 5x10 19 (D
Solar UV (esh) 285012)

Temp. Cold case (°C) -60 to -70

Temp Hot case (°C) +10 to +30

(1) Estimated from AO reactivity erosion of Kapton (10 x 1044 ¢m "mom'[)and Terphane
(PET) (30 x 104 cmYatom™ Hy samples
(2)  Estimated from data of expenment calonmeter
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10.3.12 PSG 120 FD

PSG 120 FD is a non-conductive zinc oxide methylsilicone white thermal control paint

10.3.12.1 Composition
Binder: Silicone elastomer (Rhone Poulenc RTV 121)

Pigment: Zinc oxide SP 500 (New Jersey Zinc Co.,)

10.3.12.2 Source

Manufacturer: ASTRAL
Peintures et Vernis, 164 rue Ambroise Croizat, 93024
Saint-Denis. Cedex 1, France
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10.3.12.3 Space Environmental Effects

10.3.12.3.1 Thermal-Optical Properties

The PSG 120 FD coating showed promise during a 9-month LDEF FRECOPA experiment
and during the 1.1 year COMES/MIR flight experiment, as shown in Table 10-43 (ref. 34). The
COMES experiment consisted of four panels which were deployed by a cosmonaut in space
outside of MIR with the possibility of exposing samples on both sides, conventionally identified as
"V" and "R". Experiment AO 138-6 was part of the FRECOPA experiment located on the trailing
edge of LDEF. The experiment was designed to allow exposure of a part of the samples to the
whole spacecraft environment by’ being laid directly on the FRECOPA tray surface, while the other
part of samples was protected from the external environment of LDEF for all mission phases,
except free f''ght, by the means of a vacuum-tight FRECOPA canister in which they were stored.

Table 10-43. Solar Reflectance and Emissivity Variations of PSG 120 FD White Paint on
FRECOPA/LDEF and COMES/MIR

B AO 138-6 LDEF COMES
Canister | Canister Face V Face R Face V Face R
Type |Rs jpitiad | Cinitia ARs Ae ARs ARs Ae A
White 0.80 0.876 -0.07 -0.002 -0.04 -0.02 0.000 -0.002
paint
Environmenta! Variations of LDEF and MIR Space Experiments: Due to its position on the trailing edge of LDEF, the

AO 138-6 experiment did not receive any oxygen atoms during the mission, with the exception of a short period during

the capture when it received a fluence evaluated at 1.32 x 10 17 atoms cm“2. The solar illumination was 11,100 equivalent
sun hours (esh) for the samples located on the tray and only 1448 esh for the samples inside the canister. The particle

irradiation dose (mainly due to the electron flux) was weak: 3 x 10 rads. The number of temperature cycles was ~ 34,000

with temperatures withir the ranges shown in the table below.

FRECOPA-LDEF COMES-MIR
ENVIRONMENT CANISTER TRAY FACE V FACF. R
Oxygen atoms cm2 0 1.3x10'7 1.2x10'8 10 7.5x10 19 () 3.5x1020 t0 §.8x1020 (D)
Solar UV (esh) 1448 11,100 28502 1900(2)
Temp. Cold case (°C) -20 10 -26 -43 to -52 -60 to -70 -60 to -70
Temp Hot case (°C) +67 to +85 +45 to +63 +10 to +30 +50 to +60

(M Egtimated from AO reactivity erosion of Kapton (30 x 10724 cmatom”! )and Terphane (3.0 x 10-24 cm3atom!

) Egtimated from data of experiment calonmeter
Experimental Cescription, The solar reflection measurements were .sade with a Beckinan DK2A
spectrophotometer with an integrating sphere, and the infrared emissivity measurements were made with the
Gier & Dunkle DB 100 device. It is important to underline that the measurements were all taken in air on
samples which had thus experienced more or less intense recovery of the radiation damage.

) samples
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From Table 10-43, one observes that the PSG 120 FD white paint was less deteriorated
following LEO exposure during the COMES experiment than during the FRECOPA canister
experiment. Apparently, the higher atomic oxygen fluence level on the V-side of the COMES
experiment removed the material affected by the UV radiation.

Table 10-44 shows for the COMES experiment the deteriorations in the solar reflectance for
the PSG 120 FD white paint exposed to different environments. The deterioration generally found
on this white paint appear to deteriorate more under UV + atcmnic oxygen than under ultra-violet
radiation alone. However, the solar reflectance degradations reported are those recorded after the
samples have been returned to the air; the solar reflectance values which might have been observed
in orbit could have been different.

Table 10-44. Synergistic Space Environment Effects on the Solar Reflectance Degradation
ARg of PSG 120 ¥D on the V Side of COMES

UV + AO uv Uv
Chemical + vacuum (A>190 (A>360 Vacuum
Type Nature ARs(a) nm) nm) ARS(C)
AR (P) AR(©)
White Paint ZnO/silicone -0.04 -0.03 0.00 0.00

(a) an exposure to all of the parameters: ultraviolet solar radiation (including far UV), atomic oxygen,
vacuum and the temperature; AR =final R¢-initial R¢
(b) an exposure to ultra-violet radiation with a wavelength greater than 190 nm, to the vacuum and to
the temperature
(c) an exposure to radiations with a wavelength greater than 360 nm, to the vacuum and to the
temperature
(d) an exposure to the vacuum and to the temperature.

Space Environment oa the V side of the COMES experiment:

Atomic Oxygen, atoms cm 2 1.2x10'8 10 7.5x10 19D
Solar UV (esh) 285002)

Temp. Cold case (°C) 6010 -70
Temp. Hot case (°C) +10 to +30

(1)  Estimated from AO reactivity crosicn of Kapton (3.0 x 10-24 cmjatom'T)and Terphane

(PET) (3.0 x 1024 cmat.. 1y samples
@) Estimated from data of experiment calorimeter
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104 BLACK PAINTS

10.4.1 Natural Space Environmental Effects on Black Paints

10.4.1.1 Thermal-Optical Properties

Black paints use carbon as a pigment, which gives them near-unity values of o and €. The

optical properties of black paints are summarized in Table 10-45.56

Table 10-45. Optical Properties of Typical Black Paints

Material Pigment Binder o €
Chemglaze Z302 Carbon Polyurethane 0.97 0.9i
D-111 Carbon Silicate 0.98 0.92
Thermatrol Carbon 0.94 0.92
3M Velvet Carbon Polyester 0.95 0.92
Kemacryl Carbon 0.92 0.92
CAT-A-LAC Carbon Epoxy 0.95 0.92
Anodize Organic Dye A1,0,+H,0 0.8-0.9 0.7-0.9

Table 1046 is a listing of the expected effects of the natural space environments on these

black paints (ref. 68). The net effects of solar UV, Van Allen belts, impact damage, hot plasma,

and atomic oxygen will be to reduce o (make the paints less absorptive of sunlight). Only the

geomagnetic field and the Earth's ionosphere are not expected to affect these black paints. The

organic binders limit the radiation and the proton resistance of these paints.

Table 10-46. Expected Natural Environmental Effects on Black Paints

Material | Sunlight | Vacuum | Van Allen Objects Hot Gases
Belts Plasma

Chemglaze | decrease a | Outgas decrease o decrease o decrease a | Erosion, Glow decrease a
Thermatrol | decrease @ | Qutgas decrease o decrease o decrease a | Erosion, glow decrease o
3M Velvet | decrease a | Outgas decrease o decrease o decrease a | Erosion, glow decrease &
Kemacryl decrease o | Outgas decrease o decrease ot decrease a | Erosion, glow decrease o
Cat-A-Lac- | decrease o | Outgas decrease o decrease ot decrcase a | Erosion, glow decrease a
Anodize - - - decrease o

Primary Concem is decrease in a for the following environments:

- Solar UV at all aluiudes
- Atomic oxygen in LEO
- Van Allen Belts in MEO

|_— Hot plasma in GEO
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10.4.1.1.1 Effects of Mission Duration

The space environment effects on the optical properties of several biack paints on the
LDEF satellite are summarizad in Table 10-47. These black paints were part of the Thermal
Control Surfaces Experiment (TCSE) S0069 experiment. The TCSE experiment combined in-
space measurements with extensive post-flight analyses of thermal control surfaces to determine
the effects of exposure to the low Earth orbit space environment. The primary TCSE in-space
measurement was hemispherical reflectance as a function of wavelength (100 wavelength steps
from 250 to 2500 nm) using a scanning integrating sphere reflectometer. The measurements were
repeated at preprogrammed intervals over the mission duration. The secondary measurement
used calorimetric methods to calculate solar absorptance and thermal emittance from temperature-
versus-time measurements.

Table 10-47. Optical Property Variations of Black Paints on LDEF TCSE Experiment

Solar Absorptance (o)™ Emittance (gy)"
Infit
Material prefit | (15 Months) | Postfit | Aog | Prefit | Postfit | Aey
D111 Black 98 .99 .99 .01 93 .90 -03
7302 Black .97 98 98 .01 91 .92 .01
Z302 w/O1650 98 .99 .99 .01 90 .90 0
Z302 w/RTV670 98 .99 .99 .01 91 .90 -.01

(a) Mission Duration: The TCSE operated for 582 days before battery depletion. The battery power
was finally expended while the sample carousel was being rotated. This left the carousel in a
partially closed position. This carousel position caused 35 of the samples to be exposed for the
complete LDEF mission (69.2 months), and 14 exposed for only 582 days (19.5 months) and
therefore protected from the space environment for the subsequent four years.

t)] mﬁnﬂmmnm_h&mm The LDEF was deployed with the TCSE located on the leading
edge (row 9) and at the Earth end of this row (position A9). In this configuration, the TCSE was
facing the ram direction. The LDEF was rotated about the long axis where row 9 was offset from
the ram direction by about 89. The exposure environment for the TCSE were:

Atomic oxygen fluence  8.99 x 1021 atoms/cm?

Solar UV exposure 11,200 esh

Thermal cycles ~34,000 cycles: -29 to 71 °C, £11°C (-20 to 160 °F, £20°F)
Radiation (at surface) 30x 10° rads

(c) The primary TCSE in-space measurement was total hemispherical reflectance as a function of
wavelength (100 wavelength steps from 250 to 2500 nm) using a scanning integrating sphere
reflectometer. The measureinents were repeated at preprogrammed intervals over the mission
duration. The secondary measurement used calorimetric methods to calculate solar absorptance and
thermal emittance from tempcrature-versus-time measurements.

(d) Laboratory measurements of spectral reflectance were obtained using Beckman DK-2A
spectrophotometer equipment with a Gier-Dunkle 203 mm integrating sphere.
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10.4.1.1.2 AO and UV Synergistic Effects

FRECOPA/LDEF and COMES/MIR

Table 1048 presents the effects of different space environments on the solar reflectance
and the emissivity for various black paints on FRECOPA/LDEF and COMES/MIR (ref. 34).

Table 10-48. Solar Reflectance and Emissivity Variations of Black Paints on
FRECOPA/LDEF and COMES/MIR

AO 138-6 LDEF COMES/MIR
Canister | Canister | Face V | Face R | Face V | Face R
Material Rs £initial ARs Ae ARs ARs A€ Ae
initial
PUI 0.03 0.885 +0.04 -0.002 +0.06 +0.06 +0.032 +0.032
7306 0.04 0.906 +0.035 +0.06 +0.026
Cuvertin 306 0.03 0910 +0.03 +0.025
VHT SP102 0.05 0.860 +0.013 +0.001
HT650 0.03 0.873 0.01 — 0.001
Electrodag 0.04 0.791 +0.02 +0.014
501
L300 0.05 03843 +0.035 -0.013
PNC 0.08 0.796 +0.02 -6.040
PUC 0.07 0.757 +0.03 +0.01 +0.127 +0.119
Environmental Variations of LDEF and MIR Space Experiments: Due to its position on the trailing edge of LDEF, the

AO 138-6 experiment did not receive any oxygen atoms during the mission, with the exception of a short period during
the capture when it received a fluence evaluated at 1.32 x 10 17 atoms cm-2. The solar illumination was 11,100 equivalent
sun hours (esh) for the samples located on the tray and only 1448 esh for the samples inside the canister. The particle
irradiation dose (mainly due to the electron flux) was weak: 3 x 105 rads. The number of temperature cycles was ~ 34,000
with temperatures within the ranges shown in the table beiow.

FRECOPA-LDEF * COMES-MIR
ENVIRONMENT CANISTER TRAY FACE V FACE R
Oxygen atoms om2 0 1.3x10!7 1.2x10!8 0 7.5x1019 () 3.5x1020 0 5 8x1020(D
Solar UV (esh) 1448 11,100 2850/2) 1900/2)
Temp. Cold case (°C) -20 1o -26 -43 to -52 -60 to -70 -60 to -70
Temp. Hot case (°C) +67 to +85 +45 to +63 +10¢to +30 +50 to +60

(D Egtimated from AO reactivity erosion of Kapton (3.0 x 1024 cm3atom")and Terphane (3.0 x 1024 cm3a(om'l) samples
@ Estimated from data of experiment calorimeter
Experimenial Description, The solar reflection measurements were made with a Beckman DK2A spectrophotometer with
an integrating sphere, and the infrared emissivity measurements were made with the Gier & Dunkle DB 100 device. It is
important to underline that the me-isurements were all taken in air on samples which had thus experienced more or less
intense recovery of the radiation damage.
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MIR/Recoverable Cassette Container-1 (RCC) Experiment

The Russian RCC-1 Thermal Control Coatings experiment contained two black paints,
both of which were separately uncovered and protected by quartz glass to the space environment.
Tables 10-49 and 10-50 summarize :he effects of the space environment on the thermal optical
properties of the RCC-1 thermal control coating materials.®” These materials were exposed to an
AO fluence of ~10 x 10*' cm™ and ~600 UV esh.

Table 10-49. Space Exposure Effects on the Solar Absorptance of Black Paints on the

Mir/RCC-1 Experiment
Reference Chemical Nature Condition Absorptance
Pre-Flight | Post-Flight Aa
AK-243 Black pigment/acrylic resin Uncovered 0.98 0.92 -0.06
Protected by quartz glass 0.98 0.97 -0.01
FP-5246 Black pigment/fluoroplastic solution Uncovered 0.98 0.96 -0.02
Protected by quartz glass 0.98 0.98 0.00
Table 10-50. Space Exposure Effects on the Emittance of Black Paints on the Mir/RCC-1
Experiment
Reference Chemical Nature Condition Emittance
Pre-Flight | Post-Flight | At
AK-243 Black pigment/acrylic resin Uncovered 0.95 0.94 -0.01
Protected by quartz glass 0.95 0.95 0.00
FP-5246 Black pigment/fluoroplastic sotution Uncovered 0.92 091 -0.01
Protected by quartz glass 0.92 0.91 -0.01

Both black paints were degraded by space environment exposure. These coatings
revealed a significant decrease in solar absorptance. The AK-243 and FP-5246 coatings that were

protected by quartz glass did not experience noticeable changes in their characteristics.
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10.4.1.2 Mass Loss

Mass loss was observed on the black paints flown on the Russian RCC-1 Thermal Control
Coatings experiment, as shown in Table 10-51 (ref. 69). The greatest mass loss was observed on

the black paint FP-5246 and is related to the carbon content in the coating pigment binder which is

susceptible to AO
Table 10-51. Space Exposure Effects on the Mass Loss of Black Paints on the Mir/RCC-1
Experiment
Reference Chemical Nature Condition Mass (g)
Pre-Flight | Post-Flight | Am mg
AK-243 Black pigment/acrylic resin Uncovered 4.3839 4.3784 -5.5
Protected by quartz glass 4.3619 4.3608 -1.1
FP-5246 Black pigment/fluoroplastic solution } Uncovered 4.3783 4.3717 -6.6
Protected by quartz glass 4.4102 4.4099 -0.3
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10.4.1.2 Summary of Flight Experiment Findings

The following are the conclusive findings from flight experiments for black paints:
e D-111 black paint is stable
e Potassium silicate binders are stable (e.g., D-111)

e Organic binders are not stable (e.g., Z302, Z306)
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10.4.2 Chemglaze Z302 and Z306 Black Paints

7302 and Z306 are polyurethane based gloss and flat black paints, respectively.

Both Z302 and Z306 black paints are primarily used for substrates in space applications

requiring low outgassing characteristics while providing high thermal absorptivity properties.
Both Z302 and Z306 have a high solar absorptance (o) of 0.9510.01 and a high room
temperature normal emittance (€n) of 0.90 $05. Outgassing measurements according to ASTM
E595-77 are %TML = 1.39 and %CVCM=0.01% for Z302, and TML = 1.0, and %CVCM=0.02
for Z306.%® Z302 has a gloss rating of 93 at an incident angle of 60°, whereas 2306 has a

maximum gloss rating of 15 at an incident angle of 85°.

Both Z302 and Z306 are known to degrade moderately under long term UV exposure and

to be susceptible to AO that results in erosion of the polyurethane binder and the carbon pigment.

10.4.2.1 Composition

Binder:
Pigment:

10.4.2.2 Source

Manufacturer:

Cost:

Polyurethane
Carbon

Lord Chemical Products
2000 West Grandview Blvd
Erie, PA

Telephone. 814 868-3611

Z302: $50.40/gallon (1994 prices)
Z306: $42.00/gallon (1994 prices)
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10.4.2.3 Effects of the Space Environment

16.4.2.3.1 Thermal-Optical Properties

2302 gloss black paint, flown on the TCSE/LDEF S0069 experiment, was observed to be
susceptible to AO interactions that resulted in significant erosion of the polyurethane binder and
carbon pigment when not protected from AO effectively. Two of the S0069 Z302 coatings were
exposed to the environment for the total 5.8 years of the LDEF mission. These unprotected Z302
samplc surfaces eroded down to the primer coat. Two other samples were exposed for only 19.5
months and, while they did erode, still had good solar absorptance properties (ref. 4) as
suminarized in Table 10-52.%°

Table 10-52. Optical Properties of Black Paint Z302 on LDEF TCSE Experiment

ab,c

Solar Absorptance (Q,) Emittance (gy)*

In-flt Post-flt
Material Pre-flt 15 19.5 Aoy Pre-flt | Post- AeN
Months Months fit
Z302 Black 97 .98 98 01 91 9?2 .01

(a) Misston Duration: The TCSE operated for 582 days before battery depletion. The battery power was
finally expended while the sample carousel was being rotated. This left the carousel in a partially
closed position. This carcusel position caused 35 of the samples to be exposed for the complete
LDEF mission (§9.2 months), and 14 exposed for only 582 days (19.5 monihs) and therefore
protected from the space environment for the subsequent four years.

(b) Space Environmental Exposure: The LDEF was deployed with the TCSE located on the lecding edge
(row 9) and at the Earth end of this row (position A9). In this configuration, the TCSE was facing
the 'm direction. The LDEF was rotated about the long axis where row 9 was offset frem the ram
direciion by about 8°. The exposure environment for the TCSE were:

Atomic oxygen fluence  8.99 x 102! atoms/cm?

Solar UV exposure 11,200 esh

Thermal cycles ~34,000 cycles: -29 to 71 °C, £11°C (-20 to 160 °F, +20°F)
Radiation (at surface) 3.0 x 109 rads

(c) The primary TCSE in-space measurement was total hemispherical reflectance as a function of
wavelength (100 wavelength steps from 250 to 2500 nm) using a scanning integrating sphere
reflectometer. The measurements were repeated at preprogrammed intervals over the mission
duration. The secondary measuremcint used calorimetric methods to calculate solar absorptance and
thermal emittance from temperature-versus-time measurements.

(d) Laboratory measurements of spectral reflectan:¢ were obtained using Beckman DK-2A spectrophotometer
equipment with a Gier-Dunkle 203 mm integrating sphere.

Unprotected samples of Z302 located on the trailing edge of the LDEF AO1 14 experiment
showed considerable change (decrease) in o, presumable due to a loss of material even with the

reduced AO exposure. The AO114 Z302 sample was completely eroded from the unprotected and
uncovered portion of the AO114 sample.
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In contrast, Z306 was observed to be optically stable for an AO114 (leading edge) and an
AO171 (row 8) sample after 69 months exposure to the LEO environment (see Figure 10-37).
However, an A0114 sample and an A0138-6 (FRECOPA) sample, both wake positioned,
exhibited solar absorptance changes of about -0.04, as shown in Figure 10-37.
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Figure 10-37. Performance of Z306 Black Paint on LDEF - Leading and Trailing Edge
Ao, vs. Exposure Time
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The Z306 coating on a Kapton substrate experienced more degradation after the 1.1 year
COMES/MIR flight experiment (complementary bleaching due to the higher atomic oxygen fluence
levels) in comparison to the 9-month exposure in a FRECOPA canister during the LDEF mission,
as shown in Table 10-53 (ref. 34). The COMES experiment exposed samples on both sides of
four panels, conventionally ident’ “ed as "V" and "R." Experiment AO 138-6, part ¢ the
FRECOPA experiment located on the trailing edge of LDEF, was designed to allow exposure of
some of the samples to the whole spacecraft environment by being laid directly on the FRECOPA
tray surface, while the remaining samples were protected from the external environment of LDEF
for all mission phases, except free flight, by the means of a vacuum-tight FRECOPA canister in
which they were stored.

Table 10-53. Solar Reflectance and Emissivity Variations of Z306 Black on
FRECOPA/LDEF and COMES/MIR

AO 138-6 LDEF COMES
Canister Canister Face V Face V
Type RS jnitial €initial ARs Ae ARs At
Black paint 0.04 0.906 +0.035 -0.008 +0.06 +0.026

i - Due to its position on the trailing edge of LDEF, the AO
128-6 experiment did not receive any oxygen atoms during the mission, with the exception of a short period during the
capture when it received a fluence evaluated at 1.32 x 10!7 atoms cm-2. The solar iliumination was 11,100 equivalent sun
hours (esh) for the samples located on the tray and only 1448 esh for the samples inside the canister. The particle

irradiation dose (mainly due to the electron flux) was weak: 3 x 107 rads. The number of temperature cycles was ~ 34,000
with temperatures within the ranges shown in the table below.

FRECOPA-LDF¥ COMES-MIR
ENVIRONMENT | CANISTER TRAY FACE V FACE R
Oxygen atoms cm2 0 1.3x10!7 1.2x10'8 10 7.5x10 19D | 3.5x102010 5.8x1020 (D
Solar UV (esh) 1448 11,100 2850(2) 19002
Temp. Cold case (°C) -20 to -26 -43to -52 -60 1o -70 -60 to -70
Temp. Hot case (°C) +67 to +85 +45 to +63 +10 to +30 +50 10 +60

(D Estimated from AO reactivity erosion of Kapton (3.0 x 10-24 cm3atom ™ }yand Terphane (3.0 x 10 4 cmatom™!) samples

@ Estimated from data of experiment calorimeter

Experimental Description. The solar reflection measurements were made with a Beckman DK2A
spectrophotometer with an integrating sphere, and the infrared emissivity measurements were made with the
Gier & Dunkle DB 100 device. It is important to underline that thc measurements were all taken 1n air on
samples which had thus experienced more or less intense recovery of the roliation damage.
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The optical properties of the Z306 black paint on an aluminum substrate on the LDEF
satellite are summarized in Table 10-54. This black paint was part of the LDEF experiment

S0010, "Exposure of Spacecraft Coatings."'9

Table 10-54. Optical Property Changes of Z306 Black Paint Exposed on LDEF S0010

Preflight 10 Months 5.8 Years
Exposure Exposure
Coating o Ex g N o En
Z306 Black Paint 926 0.91 911 091 - -
Chemglaze 922 0.92 - - .902 0910
Space Environment Exposure Conditions For Tray B on Row 9 of LDEF S0010
Atornic oxygen 8.99 x 10?' atoms/cm?
UV radiation 100-400 nm; 11,200 hrs
Particulate radiation e- and p+: 2.5 x 10° rad surface fluence Cosmic: 10 rads
Vacuum 1.33 x 10* - 1.33 x 10”° N/m? (10 - 107 tomr)
Thermal cycles ~34,000 cycles:-29 to 71 °C, £ 11°C (-20 to 160 °F, +20°F)

Chemglaze Z306 black paint was used as the primary thermal control coating on all LDEF
interior structural members and experiment tray bottoms. The Z306 measurements taken from
the LDEEF interior gave an average o/€ of 0.96/0.92 with a small variation of +0.01 for both o and
€. The Z306 showed good durability on the interior surfaces of the LDEF, but these surfaces
were not subjected to direct AO and UV exposure (see Table 10-55).¥

‘Table 10-55. Absorptance and Emittance Post Flight Results for LDEF Chemglaze Z306

Black Paint.
Location on LDEF | Atomic Oxygen |  Description No. of g’ e’ ose
atoms/cm Samples
E-9 Leading Edge 8.99x10™ Black w/primer 3 91 +06 | 93+.01 .98
visible
LDEF Interior None Black 5 96+01] 92+01] 1.04

(1) Solar Reflectance: Devices & Services Solar Reflectomerter SSR-ER, Vcr. 5.0
(2) Infrared Reflectance: Gier Dunkle Infrared Reflectometer DB-100, Normal Emittance
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The Z306 thermal control coating was exposed on the leading edge module of LDEF
Experiment A0034.% Cumulative exposure to solar radiation was restricted by geometry of the
coating compartments and apertures from the unobstructed mission integrated level. Based on
the restricted field-of-view (approximately 25 degrees) and estimates of coating UV sensitivity
the estimated level of solar UV ir.adiation to specimens of A0034 was 1500 equivalent sun hours.
Table 10-56 summarizes the space environmental conditions for this experiment. Each module of
this experiment housed 25 specimens of thermal control coatings in a sandwiched array of
aperture compartments. The module mounted on the leading edge of the LDEF provided direct
exposure to the combined space environment, including atomic oxygen. Additional levels of
control for analysis were included by sealing the apertures of selected specimen compartments in
each module with quartz windows and metal covers. The windows were intended to exclude
atomic oxygen while transmitting damaging solar ultraviolet radiation. The metal covers provided
controlled exposure to space vacuum in the absence of atomic species and all but the most
energetic of space radiation.

Table 10-56. Space Exposure Conditions of LDEF Experiment A0034

LDEF Position Atomic Oxygen Ultraviolet Vacuum
atoms/cm esh
Leading Edge Open 9.0x10" 1500 Yes
Quartz Window - 1500 Yes
Metal Cover - - Yes

The LEO environment effects on the solar absorptance and on the infrared emittance of
the Z306 black paint are summarized in Table 10-57. The visual appearance and optical

properties of the polyurethane coatings exposed under open apertures on the leading edge were
little changed despite the erosion of binder material by atomic oxygen. Observations of

fluorescence changes induced in the exposed coatings provide additional eviden~e of

environmentai interaction. An olive-green fluorescent emission was observed in specimens of

2306 black absorber coatings exposed under open or quartz windowed apertures, in contrast to

the unexposed control material which was not visibly fluorescent. The intensity of the stimulated

glow was comparatively weak for the specimen exposed under the window, and the coloration

was only observed when the specimen was viewed at a small angle.
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Table 10-57. LDEF Leading = dge Space Exposure Effects on the Solar Absorptance and
» mittance of Z306 Black Paint

Property Total Spacc Exposure”’ Control Vacuum Only UV Only
(Open) (Metal Cover) (Window;
Infrared Emittance 0.80 0.84 0.83
g
Solar Abscb)rptance 0.96 0.95 0.95
("

(a) Thei.nal emittance measured with a Gier-Dunkle DB- 100 reflectometer

{b) Solar absorptance Jetenained by measuring the spectral diffuse reflectance in the 200-2200 nanometers range
using a Varian/Cary 2300 spectrometer

{(c) average values on LDEF Leading Edge

10.4.2.3.2 ™lass Loss

Mass loss of the Z306 black paint on an aluminum substrate on the LDEF satellite is
summarized in Table 10-58. This black paint was part of the LDEF experiment S0010, "Exposure

of Spacecraft C oatings."'g

Table 10-58. Mass Loss of Black Paint Z306 in LDEF Experiment S0010

Materials Mass Loss '
mg/cm’
Z30¢ 1 Aluminum .26

(a) Atomic Oxygen Fluence = 2.6 x 1020 atoms/cm?2
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10.4.2.3.3 Coated Z302 Black Paint

In anticipation of erosion effects, protective 01650 and RTV670 coatings were applied
over some of the Z302 samples to evaluate their effectiveness. Two ot the TCSE Z302 coatings
were exposed to the environment for the total 5.8 year LDEF mission. The samples with
overcoats of either RTV670 or OI650 showed little change in solar absorptance as shown in
Table 10-59. However, the surface of the silicone overcoatings have undergone some significant
morphological changes. These changes are demonstrated primarily through the formation of
fissures in the silicone likely resulting from the shrinkage of the overcoat material as it lost mass

from AO, radiation and general LEO space environmental exposure.

Table 10-59. Optical Property Variations of Coated 7302 Black Paint on LDEF TCSE

Experiment
Solar Absorptance (a,)-.b.c Emittance (€y )
Infit
Material Pre-fit | (15 Months) | Post-fit Avg Pre-fit | Postit AeN
7302 Black 97 98 98’ .01 91 92 01
Z302 w/01650 .98 .99 .99 .01 .90 90 0
Z302 w/RTV670 .98 .99 .99 .01 N 90 -01

(a) Mission Duration: The TCSE operated for 582 days before battery depletion. The battery power
was finally expended while the sample carousel was being rotated. This left the carousel in a
partially closed position. This carousel position caused 35 of the samples to be exposed for the
complete LDEF mission (69.2 months), and 14 exposed for only 582 days (19.5 months) and
therefore protected from the space environment for the subsequent four years.

®) wlmnmgnm_ﬁmm The LDEF was deployed with the TCSE located on the leading edge
(row 9) and at the Earth end of this row (position A9). In this configuration, the TCSE was
facing the ram d  tion. The LDEF was rotated about the long axis where row 9 was offset from
the ram direction by about 80. The exposure environment for the TCSE were.

Atomic oxygen fluence  8.99 x 1021 atoms/cm?

Solar UV exposure 11,200 esh

Thermal cycles ~34,000 cycles: -29 to 71 °C, +11°C (-20 to 160 °F. £20°F)
Radiation (at surface) 3.0 x 107 rads

(c) The primary TCSE in-space measurement was total hemispherical reflectance as a function of
wavelength (100 wavelength steps froin 250 t0 2500 nm) using a scanning integrating sphere
refleciometer. The meacurements were repeated at preprogrammed intervals over the mission
duration. The secondary measurement used calorimetric methods to calculate solar absorptance and
thermal emittance from temperature-vessus-time measurements.

(d) Laboratory measurements of spectral reflectance were obtained using Beckman DK-2A
spectrophotometer equipment with a Gier-Dunkle 203 mm M&ﬂsphcm.

Performance comparison of Z 202 and Z202 with overcoats is shown in Figure 10-38.
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Figure 10-38. Performance oi Z302 and Z302 with Overcoats on LDEF - Leading and
Trailing Edge Aa, vs. Exposure Time

7302 with overcoated paints were evaluated on the STS-41G Space Shuttle flight and the

resulis are summarized in Table 10-60

7

Table 10-60. Optical Property Variations of Coated Z302 Black Paint on STS-41G

Evaluations 72302 Glossy Black | Z302 Glossy Black | Z302 Glossy Black
with OI651 with RTV-602 with MN41-1104-0
Overcoat Overcoat Overcoat
Exposed flight specimens optical 972 969 970
property, absorptivity (o)
Nominal control values of 972 973 972
absorptivity (@)
Mass loss of flight specimen due none negligible negligible
10 atomic oxygen exposure
Comments on Exposure effects Maintains specular Loss of Z302 specular | Loss of Z302 specular
character of 2302 character character

10-111

SUNT



10.4.2.3.4 Design Considerations for the Space Environment

The study revealed that the paint Z306 suffered from long term exposure to the low Earth
orbit space environment. The paint polyurethane binders is susceptible to both UV polymerization
and AO erosion.

4
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10.4.3 D-111 Black Paint

D-111 black paint, a non-specular black coating, is recommended for applications with
small surface areas. It is not recommended for applications with large surface areas.

Thermal properties: o = 0.98 +0.02; ex = 0.93 +0.04

10.4.3.1 Composition

Binder: Silicate
Pigment: Carbon
10.4.3.2 Source

Manufacturer: IIT Research Institute
10 West 35 Street
Chicago Illinois 60616
Telephone: 312 567-4432

Cost: $125/pint
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10.4.3.3 Effects of the Space Environment

D111 black coating samples flown on LDEF demonstrated to be relatively stable in both
optical properties and appearance in the LEO environment in both the ram and wake orientations. A
summary of the performance of the D-111 black paint on both the leading and trailing edge of
LDEF is presented in Figure 10-39.
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Figure 10-39. Performance of D-111 Black Paint on LDEF - Leading and Trailing Edge:
Aoy vs. Exposure Time
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This black paint specimens were part of the LDEF Thermal Control Surfaces Experiment
(TCSE) S0069 experiment, which combined in-space measurements with extensive post-flight
analyses of thermal control surfaces to determine the effects of exposure to the low Earth orbit
space environment. The optical properties are summarized in Table 10-61. The D-111 coating
was observed to be very stable with exposures to atomic oxygen fluence. This was not expected
since the pigment is a carbonous material and one may have expected some AO reaction with the

pigment. However it may be assumed that the glass binder effectively protected the pigment from
AO interaction.

Table 10-61. Optical Property Variations of Black Paint D-111 on LDEF TCSE
Experiment

ab.c

Solar Absorptance (c,) Emittance (g,)°

In-fit
Material Pre-fit (15 Months) Post-fit Aoy Pre-fit | Post-fit AN
D111 Black .98 .99 .99 .01 .93 .90 -.03

(9 Mission Duration: The TCSE operated for 582 days before battery depletion. The battery power
was finaily expended while the sample carousel was being rotated. This left the carousel in a
partially closed position. This carousel position caused 35 of the samples to be exposed for the
complete LDEF mission (69.2 months), and 14 exposed for only 582 days (19.5 months) and
therefore protected from the space environment for the subsequent four years.

(b) Space Environmental Exposure: The LDEF was deployed with the TCSE located on the leading
edge (row 9) and at the Eartt: end of this row (position A9). In this configuration, the TCSE was
facing the ram direction. The LDEF was rotated about the long axis where row 9 was offset from
the ram direction by about 8°. The exposure environment for the TCSE were:

Atomic oxygen fluence  8.99 x 102! atoms/cm2

Solar UV exposure 11,200 esh

Thermal cycles ~34,000 cycles: -29 to 71 °C, £ 11°C (-20 to 160 °F, +20°F)
Radiation (at surface) 3.0 x 107 rads

(¢) The primary TCSE in-space measurement was total hemispherical reflectance as a function of
wavelength (100 wavelength steps from 250 to 2500 nm) using a scanning integrating sphere
reflectometer. The measurements were repeated at preprogrammed intervals over the mission
duration. The secondary measurenient used calorimetric methods to calculate solar absorptance and
thermal emittance from temperature-versus-time measurements.

(d) Laboratory measurements of spectral reflectance were obtained using Beckman DK-2A
spectrophotometer equipment with a Gier-Dunkle 203 mm integrating sphere.
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The effects of the low Earth orbit UV radiation and atomic oxygen space environnent on
the solar absorptance of the black paint D-111 are summarized in Table 10-62. This black paint
was located on both the leading and trailing edge of LDEF Experiment MOOO3 Sub-Experiment
I8 (ref. 11). The D-111 coating was stable for both of these positions with the exception of one
of the M0OO3 trailing edge sample. As with the YB-71 black paint, the D-111 remained relatively
stable and showed minimal degradation with the different I -«cations on LDEF. This behavior is in
contrast to trailing edge samples of A276 which darkened significantly due to UV-induced
degradation of the paint's binder, while leading edge samples rema ned white but exhibited severe
atomic oxygen erosion of the binder. Although the response of SI13G/LO to low Earth orbit is
much more complicated, it also exhibited greater darkening on trailing edge samples as compared

to leading edge samples.

Table 10-62. Effects of UV/Atomic Oxygen on the Solar Absorptance of D111 Black Paint

LDEF Location Space Environment g
UV (esh) Atomic Oxygen (atoms/cm?)
Control 0.97!
DY(LE) 11,200 8.72x 1021 0.933
D3(TE) 11.100 1.32x1017 0.968

Note: TE = trailing edge; LE = leading edge

10.4.3.4 Designs Considerations for the Space Environment

D-111 is a diffuse black paint that performed very well with little change in either optical
properties or appearance as a result of the LDEF mission.
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10.4.4 MH21S/LO and MH21!I Black Paints

These paints are ceramic flat, non-specular black coatings. These non-urethane coatings
are being considered for space applications where a low- or high-temperature condition exists, and
where applications can tolerate a surface coated with a silicone having a unique combination of
desirable features. At present, the urethanes are the predominantly used flat-biack coating materials
because of their ease of application, their durability, their ease of maintenance, and their acceptable
optical properties. However, urethane based black coatings have been shown to be susceptible to
the atomic oxygen space environinent. In addition, these paints replace the D-111 black paint that
contains a carbon pigment, which may be susceptible to atomic oxygen erosion effects.

10.4.4.1 Composition

MH21S/1.0

Binder: Silicone

Pigment: Glass ceramic
MH211

Binder: Silicate (Kasil 2120)
Pigment: Glass ceramic

10.4.4.2 Source
Manufacturer: IIT Research Institute
10 West 35 Street
Chicago Illinois 60616
Telephone: 312 567-4432

Cost: $950/pint
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10.4.4.3 Thermal-Optical Properties.

Figure 10-40 shows the measured reflectance for MH21S/LO at angles varying from 20 to
80 dt:grees.72 Optical measurements were performed with a Perkin-Elmer Lambda-9
spectrophotometer, having an accuracy of $0.02, in accordance with ASTM-E-903. The solar
absorptance/reflectance was measured as a function of wavelength and angle of incidence (20, 40,
60. and 80 degrees). The absorptance values at the varying angles were calculated from these
measurements, and are also shown in Figure 10-40.

MH21S/LO black paint has a total hemispherical emittance of ey = 0.86. This resalt,
shown in Figure 10-41, was obtained using the vacuum calorimetric method as described in
NASA Refirence Document TND-1716 over a temperature range of -10,,  to =100°C.

The total normal emittance value, £y = 0.90, was measured using a Gier-Dunkel DB-100
infrared reflectometer according to ASTM-408. The emittance represents an integrated value for
the 5- to 25-um wavelengths with a $£0.02 accuracy.
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Figure 10-40. Reflectance Measurements of MH21S/L.O Silicone Paint from 29 to 80
Degrees as a Function of Wavelength and Angle of Incidence.

08| "

IITRI MH21S/LO € = .86

HEMISPHERICAL/
EMITTANCE
06F
04F
0.2 | | | ] |
100 150 200 250 300 350 400

TEMPERATURE (K)

0IM 94013372

Figure 10-41. Total Hemispherical Emittance vs. Temperature for MH21S/LO Silicone
Black Paint
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10.4.4.4 Effects of the Simulated Space Environment

10.4.4.4.1 Ultraviolet

A 1,000-hour equivalent sun hours (esh) ultraviolet degradation test was performed on the
MH21S/LO black paint at a pressure of 10°® torr with reflectance measurements being made in
situ. A Spectrolab X-25 solar simulator using a Xenon lamp with an air-mass-zero filter was used
to provide the one-Sun exposure. Reflectance measurements were made in air prior to UV
exposure and under vacuum. The measurements in vacuum were made after 100, 200, 500, and
1,000 hours. No change on the reflectance values was observed from the pre-test values. &

10.4.4.4.2 Atomic Oxygen Exposure

An atomic oxygen test was performed on the MH21S/LO silicone black paint by exposing
it to an anisotropic oxygen plasma to estimate its stability relative to Kapton under the same
environmental conditions. The result shown that this black paint is 19 times less affected by the

oxygen plasma under the same environmental conditions than Kapton.

10.4.4.4.3 Particle Irradiation

The MH21S/LO silicone black paint was simultaneously exposed to low-energy, 3.5-KeV
protons at a fluence level of 3.02 x 10" p/cmz, obtained with a flux of 2 x 10° p/cmzlsec in
conjunction with 428 esh of UV exposure. No change or degradation in reflectance was
observed.

The MH21S/LO silicone black paint was exposed sequentially to one MeV electron and
then to one MeV proton. The fluences were 7.5 x 10" e/cm?, obtained with a flux of 4.6 x 10"
e/cm’/sec, and 1.5 x 10" p/cmz, obtained with a flux of 9.29 x 10'° p/cm2/sec. Reflectances were
obtained before and after cach exposure. No change or degradation in reflectance was observed.

10.4.4.4.4 Electrostatic Charge

An electrostatic charge test was carried out on the MH21S/L.O silicone black paint on a
coated 6- by 5-in. aluminum plate. The painted plate, while in vacuum, was irradiated with 10-
KeV electrons at a current density of a 10-nA/cm’ beam from an electron flood gun. The
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resulting charge buildup was then measured with a contactless electrostatic probe. The
MH21S/L.O silicone paint charged to a high 7600 volts. This test measurement gives a relative
indication of the sample's propensity for a charge buildup in a space environment.

10.4.4.4.5 Outgassing Test

The outgassing test was performed in accordance with ASTM E-595. The MH21S/L.O
silicone black paint was spray coated onto primed, thin aluminum foils, then allowed to cure at
ambient temperature for a minimum of 7 days. After the high-vacuum exposure at 125°C for 24
hours, the IITRI MH21S/LO silicone black paint exhibited a final TML of 0.19% and a CVCM of
0.01%. These results are based on an average of two test samples. This silicone paint meets the
outgassing criteria for space applications with ample margin.

10.4.4.4.6 Surface Contamination Test

The MH21S/LO black paint was tested for surface contamination by using the adhesive
tape-lift method to determine the amount and particle size removed from the surface. This paint
exhibited clean surfaces with a 300-500 cleanliness class level. The different class levels are
described in MIL STD-1246B and the measuring and counting are described in ASTM F24.

10.4.4.4.7 Thermal Cycling

The MH21S/LO silicone black paint was spiayed onto three different substrates: 0.062-in.
aluminum 6062; 0.005-in. Kapton H film; and 0.062-in. G- 10 epoxy fiberglass. This paint was
easily applied to all three primed substrates with a smooth, uniform thicknesses without paint
buildup or flow from the surfaces during the application process. An adhesion test was conducted
on the substrates after thermal vacuum cycling from -100°C to +150°C for the Kapton and G-10
epoxy fiberglass samples, and from -100°C to +225°C for the aluminum sample. This cycling test
was done at a controlled rate of 2°C per minute in a 10°® torr vacuum. None of the test samples
showed any crazing or loss of adhesion after 100 cycles in any of the three adhesion tests.
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104.5 PU1 Black Paint

PUI is a non-conductive black polyurethane coating.

Thermal properties: o = 0.96 10.02; e = 0.89 £0.04

104.5.1 Compesition
Binder:

Pigment:

104.5.2 Source

Manufacturer:

Cost:

Polyurethane
Carbon

MAP Company

Z.1. Chemin de la Rijole

09100 Pamiers, France

Tel. 33 61 60 27 0C; Fax. 33 61 60 23 30

1,520 French francs/K (1994 prices)
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10.4.5.3 Effects of the Space Environment

10.4.5.3.1 Thermal-Optical Properties

The PU1 coating showed promise during a 9-month LDEF FRECOPA experiment and

during the 1.1 yew. COMES/MIR flight experiment, as shown in Table 10-63 (ref. 34). The
COMES experiment consisted of four panels which were deployed by a cosmonaut in space

outside of MIR with the possibility of exposing samples on both sides, conventionally identified as
“V" and "R". Experiment AO 138-6 was part of the FRECOPA experiment located on the trailing
edge of LDEF. The experiment was designed to allow exposure of a part of the samples to the
whole spacecraft environment by being laid directly on the FRECOFPA tray surface, while the other
part of samples was protected from the external environment of LDEEF for all mission phases,
except free flight, by the means of a vacuum-tight FRECOPA canister in which they were stored.

From Table 10-63, one observes that the black paint deteriorated more for COMES than for
FRECOPA (complementary bleaching due to the atomic oxygen).

Table 10-63. Solar Reflectance and Emissivity Variations of PUil1 Black Paint on

FRECOPA/LDEF and COMES/MIR

AO 138-6 LDEF COMES
Canister | Canister Face V Face R Face V Face R
Type Rs €initial ARs Ae ARs ARs Age Ae
initial
Black 0.03 0.885 +0.04 -0.002 +0.06 +0.06 +0.032 +0.032
paint

Environmental Yagations of LDEF and MIR Space Experiments: Due to its position on the trailing edge of LDEF, the

AO 138-6 experiment did not receive any oxygen atoms during the mission, with the exception of a short period during

the capture when it received a fluence evaluated at 1.32 x 1017 atoms cm-2.
equivalent sun hours (esh) for the samples located on the tray and only 1448 esh for the sample. inside the canister. The

particle irradiation dose (mainly due to the electron flux) was weak: 3 x 105 rads. The number of temperature cycles was

~34,000 with temperatures within the ranges shown in the tabie beiow.

The solar illumination was 11,100

FRECOPA-LDEF COMES-MIR
ENVIRONMENT CANISTER TRAY FACE V FACE R
Oxygen atoms cm’2 0 1.3x10!7 1.2x10'8 10 7 5x10 19 | 3.5x1020 10 5.8x1020())
Solar UV (esh) 1448 11,100 2850(2) 1900(2)
Temp. Cold case (°C) -20 10 -26 -43 to -52 -60 10 -70 -60 to -70
Temp. Hot case (°C) +67 to +85 +45 to +63 +19t0 +30 +500+50 |

3

(D Estimatad from AO reactivity erosion of Kapton :3.0 x 10-24 cm3atom ! )and Terphane (2.0 x 1024 cm3atom™!) samples
@ Estimated from data of experiment calonmeter

Experimental Description, The solar reflection measurements were made with a Beckman DKZA
spectrophotometer with an integrating sphere, and the infre = emissivity measurcments were made with the
Gier & Dunkle DB 100 device. It is important to underline that the measurements were all taken in air on

samples which had thus experienccd more or less intense recover;, of the radiation damage.
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10.4.6 Cuvertin 306 Black Paint
Cuvertin 306 is a non-conductive black coating.

Thermal properties: ¢ = 0.97 20.02; €4 = 0.88 £0.04

10.4.6.1 Composition
Binder: Polyurethane
Pigment: Carbon
10.4.6.2 Source

Manufacturer: Henckel
Allemagne, rrance
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10.4.6.3 Effects of the Space Environment

10.4.6.3.1 Thermal-Optical Properties

The Cuvertin 306 coating showed promise during a 9-month LDEF FRECOPA
experiment and during the 1.1 year CCMES/MIR flight experiment, as shown in Table 10-64 (ref.
34). The COMES experiment consisted of four panels which were geployed by a cosmonaut in
space outside of MIR with the possibility of exposing samples on both sides, conventionally
identified as "V" and "R". The solar reflectance measurements were made with a Beckman DK2A
spectrophotometer with an integrating sphere, and the infrared emissivity measurements were
made with the Gier & Dunkle DB 100 device. It is important to underline that the measurements
were all taken in air on samples which had thus experienced more or less intense recovery of the
radiation damage.

Table 10-64. Solar Reflectance and Emissivity Variations of Cuvertin 306 Black Paint on

COMES/MIR
Face V Face R Face V Face R
Type RS initial | Einitial ARs ARs Ae Ag

Black paint 0.03 0.910 +0.03 +0.025

Environmental Variations of MIR Space Experiments:

COMES/MIR
ENVIRONMENT FACE V FACE R
Oxygen atoms cm2 1.2xi0'8 10 7.5x1019(D 3.5x1020 10 5.8x1020(1)

Solar UV (esh) 2850(2) 1500

Temp. Cold case (°C) -60 to -70 -60 to -70

Temp. Hot case (°C) +10to +30 +50 to +60

(I} Estimated from AO reactivity erosion of Kapton 3.0 x 10-24 cm 3atom' I )and Terphane

(PET) (3.0x 1024 cm3atom™ ) samples
(2) Estimated from data of experiment calorimeter
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10.4.7 Electrodag 501 Black Paint
Electrodag 501 is a ceramic non-conduciive non-specular black coating.

Thermal properties: o, = 0.96 10.02; €5 = 0.80 +0.03

| 10.4.7.1 Composition
Binder: Fluorocarbon

Pigment: Carbon

104.7.2 Source

Manufacturer: Acheson
Port Huron, Michigan
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10.4.7.3 Effects of the Space Environment

10.4.7.3.1 Thermal-Optical Properties

The Electrodag 501 coating showed promise during a 9-month LDEF FRECOPA
experiment and during the 1.1 year COMES/MIR flight experiment, as shown in T