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CHAPTER I
INTRODUCTION

.Space age technology and its applications have brought to light many
new problems in the selection of materials for systems which are designed
for operation in the complex space environment. -Requirements associated
with advancements in the space effort have resulted in the development of
surface materials which, when exposed to the harsh environment of space,
have desirable thermal-control properties and some degree of resistance
to degradation., These coatings are required to survive and function ef-
ficiently for periods of long exposure to conditions involving high
vacuum, intense ultraviolet radiation, penetrating radiation, micro-
meteorites and variable extreme temperatures.

The purpose of this study was to investigate experimentally the
effects of various types of radiation on thermal-control materials and
to obtain a better understanding of the environmental synergistic effects.
Materials with a specified ratio of o (solar absorptance) to ¢ (infra-
‘red emittance) were testea at various temperatures under a simulated
environment of partidle radiation, ultraviolet radiation, and low
density. Synergistié and accelerated effects produced on the materials
during the testing were investigated. Analysis of the experimental
program resulted in conclusions regarding the degree and characteristics
of simulation required for more realistic testing of thermal-control

materials.



Tests on thermal-control materials, until recently, have been con-
ducted under a low-density and ultraviolet radiation environment at room
temperature. "Although the existence of particle radiation (electrons,
protons, etc.) is generally acknowledged to exist in space, this para-
meter was ignored in the material testing phase. For close earth-
orbital and limited vehicle missions, the ultraviolet radiation of the
solar spectrum can be assumed to be the primary cause of thermal-control
material degradation. If mission trajectories include higher earth
orbital conditions or interplanetary flights for prolonged periods,
then other parameters such as particle radiation, will induce material

degradation.



CHAPTER II
SPACE VEHICLE THERMAL-CONTROL SYSTEM

The purpose of this chapter is to describe the phenomena of thermal
energy exchange of a space vehicle with its environment in order to es-
tablish the importance of the optical properties as related to the
thermal-control materials. A detailed theoretical analysis on the
Subject is not intended.

A thermal-control system at the vehicle's surface is necessary for
maintaining the temperature of the vehicle subsystems within their oper-
ational limits. The thermal-control system must remain sfable and oper-
ate unattended in the space environment for long periods of exposure.
The 1ow~deﬁsity environment affords only the heat transfer mechanism of
radiation (no convection) to exchange thermal energy between the vehicle
and its surroundings. For this reason, the temperatures of the sub-
gystems are mainly controlled by the over-all ability of the thermal-
control surfaces to emit, absorb, reflect, and/or transmit thermal
enérgyv

The environmental parameters of space of greatest interest to the
designer of a thermal-control system are solar radiation, planet radi~
ation and planet reflected radiation (albedo radiation). The heat sink
of space performs thermally as a blackbody at an effective temperature

only a few degrees above absolute zero (approximately 4 K). Thus,



the radiation to the vehicle from this background can be mneglected.
The thermal energy exchange of a vehicle and a space environment ‘is
shown in Figure 1. Discussion of the space environment is presented
in Chapter III.

VEHICLE EMISSION

DIRECT SOLAR RADIATION

EARTH REFLECTION
(ALBEDO) :

"

EARTH
EMISSION

-Figure l.,bThe Thermal Energy Exchange Between a Vehicle
and the Space Environment

The heat balance equation for the thermal energy exchange is

4 e o e o ' -
oel ag FoQ + o Fa'Qa+°’p. Fp prQV (2-1)



o = Stefar-Boltzmann constant,

¢ = Infrared emittance; the ratio of the energy emitted by the
vehicle's outer surface to that which would be emitted by an
ideal blackbody at the same temperature.

T = Absolute temperature of the vehicle.

o« = Solar absorptance; the fraction of incident solar energy
absorbed by ‘the vehicle surface.

F = Vehicle configuration factor for direct solar radiation.

Q = Solar radiation constant.

. = Albedo absorptance.

a
Fa = Vehicle configuration factor for albedo radiation.
Qa = Planet albedo radiation constant.

ab = Planet absorptance.

Fp = Vehicle configuration factor for planet radiation.
Qp = Planet radiation constant.

QV = Vehicle internal energy dissipation.

If one assumes that the spectrum of the albedo {solar radiation
reflected from the planet) is approximately that of the sun and the ab-
gorptance of the vehicle surface coating for planetary emission is ap-
proximately equal to the infrared émittance of the vehicle's surface

. 1 . .
coating (1), then the heat balance is represented as

4 _ . ; N
gel® = a, Fy QS + oo F Q, te FP Qp + QV . (2-2)

1. . . g . 14
Numbers in parentheses indicate references in the bibliography,



Dividing equation (2-2) by e
4 = + + F + . 2-3
oT og e Fo Qg T g, Fu Q pr /e (2-3)

For most missions the vehicle internal energy dissipation and planet
radiation is very small compared to the solar and albedo radiation.

With this assumption, equation (2-3) can be reduced to

oT% = ) (FS QS +F, Qa) ) (2-4)

From equation (2-4), it is noted that the temperature of the vehicle is
proportional to (as/e)%, since for any given vehicle configuration and
orbit the incident solar energy is constant.

Although a complete analysis of the thermal load on a space vehicle
is much more difficult that that depicted by equation (2-1), the importance
of optical properties as related to the thermal-control coatings is well
established. The thermal-control designer must have a full knowledge,
not only of the initial % /e values of the thermal coatings, but also
the change in‘ds/e values that will be brought about by degradation of
the material when exposed to the space environment. A more detailed
mathematical development and an exact analytical approach for different
vehicle configurations, under various launch and orbital conditions, is
presented by Hass, et al. (1), Heller (2), and Camack and Edwards (3).

The present state-of-art of the thermal design of space systems re-
quires a determination of the degree of degradation of these materials
in a simulated environment. Testing of thermal~control materials, in
most cases, has been accomplished in a simulated environment with little

regard to the synergistic and accelerated testing effects.



The objective of this research was to experimentally investigate
the effects of low density, temperature, proton radiation and electro-
magnetic radiation on thermal-control materials. Materials with a
specified ratio of as(solar absorptance) to ¢ (infrared emittance)
were selected for evaluation. Results of the investigation are pre-

sented in Chapter IX.



CHAPTER ITIIL
. RADIATION .ENVIRONMENT OF SPACE
Solar Radiation

The bulk of energy in the solar spectrum lies between the wavelength
limits 0.3y to 4.0y (lu = lOm4 cm = 104-§), with approximately 1 per cent
of the energy lying beyond each of these limits. The distribution.of
energy in the solar radiation incident on the earth's upper atmosphere
is shown in Figure 2, and the values of spectral irradiance are given -in
Table I (4). These values apply when the earth is at a mean distance
from the sun. The solar constant is equal to the area under the curve
in Figure 2 and has the value 0.140 W/cm®. The solar spectrum can be
arranged on a scale of frequency, or energy content as shown in Figure
3.

Spectral irradiance values for wavelengths shorter than 0.2, are
well approximated by a 4500 K blackbody source. These values, based
principally on such a source, are shown in Table I. In addition to
this continuum radiation there are‘a number of emission lines which con-
tribute a small amount of energy when compared to the continuum at wave-
lengths longer than 1400’&, but at the same time contribute the major
portion of the solar radiation at wavelengths shorter than 1400°A, -A

list of the stronger lines which have been observed and their intensities

are given in Table IL (5). The solar spectrum below 1000 A is shown in



Spectral Irradiance (W/co/p)
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. Figure 2. Solar Spectral Irradiance Outside the Earth's
Atmosphere at the Earth's Mean Distance from the Sun
(Ref. 4)
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TABLE L

SOLAR SPECTRAL IRRADIANCE DATA (Ref. &)

bl

Hh H H P

by A A A A A A A

(W W/ em® /) ) (W e/ (%) () Weef/p) 3
0.14 2 x 1078 9 x 107 0.42 0.102 11,7  0.74 0.130 52.7
0.15 7 x 1078 9 x 10‘3 0.425 0.189 12.4 0,75 0.127 53.7
0.16 1.8 x 1076 1.0 x 107 0.43 0.178 13.0 0.80 0.1127 57.9
0.17 4.1 x 1075 1.2 x 1073 0.435 0.182 13.7  0.85 0.1003 61.7
0,18 9,1 x 1073 1.7 x 1073 0.44 0.203 4.4 0,90  0.895 65.1
0.19 1.7 x 1074 2.5 x 1073 0.445 0,215 15.1  0.95 0.0803 68.1
0.20 3 x 1074 3.4 x 1673 0.45 0.220 15.9 1.0 0.0725 70.9
0.205 5 x 1074 5x 1073 0.455 0.219 16.7 1.1 0.0606 75.7
0.21 1.0 x 1073 8 x 103 0.46 0.215 17.5 1.2 0.0501 79.6
0.215 1.8 x 1073 1.1 x 10°2  0.465 0.215 18.2 1.3 0.0406 82.9
0.22 0.0030 0.02 0.47 0.217 19.0 1.4 0.0328 85.5
0,225 0.0042 0,03 0.475 0.220 19.8 1.5 0.0267 87.6
0.23 0.0052 0.05 0.48 0.216 20.6 1.6 0.0220 89.4
0.245 0.0054 0.07 0.485 0.203 21.3 1.7 0.0182 90.83
0.24 0.0058 0.09 0.49 0.199 22,0 1.8 0,0152 92,03
0.245 0.0064 0.11 0.495 0.204 22.8 1.9 0.01274 93.02
0.25 0.0064 0.13 0.50 0.198 23.5 2.0 0.01079 93,87
0.255 0.010 0.16 0.505  0.197 26,2 2,1 0.00917 94.58
0.26 0.013 0.20 0,51 0.196 24.9 2,2 0.00785 95,20
0.265 0.020 0.27 0.515 0.189 25.6 2.3 0.00676 95.71
0.27 0.025 0.34 0.52 0.187 26.3 2.4 0.00585 96,18
0.275 0.022 0.43 0.525 0.192 26.9 2.5 0.00509 96.57
0.28 0.024 0.51 0.53 0.195 27.6 2.6 0.00445 96,90
0.285 0.034 0.62 0.535 0.197 28.3 2.7 0.00390  97.21
0.29 0.052 0.77 0.54 0.198 29.0 2.8 0.00343 97.47
0.295 0.063 0.98 0.545 0.198 29,8 2.9 0.00303 97.72
0.30 0.061 1.23 0.55 0.195 30.5. 3.0 0.00268 97.90
0.305 0.067 1.43 0.555 0.192 31,2 3.1 0.00230 98,08
0,31 0.076 1.69 0.56 0.190 31,8 3.2 0.00214 98,24
0.315 0.082 1,97 0.565 0.189 32,5 3.3 0.00191 98.39
0.32 0.085 2,26 0.57 0.187 33.2 3.4 0.00171 98.52
0,325 0.102 2,60 0.575 0,187 33.9 3.5 0.00153 98.63
0.33 0.115 3.02 0.58 0.187 34.5 3.6 0.00139 98.74
0.335 0.111 3,40 0.585 0.185 35,2 3.7 0.00125 98.83
0.34 0.111 3.80 0.59 0.184 35.9 3.8 0.00114 98.91
0.345 0.117 4,21 0.595 0.183 36.5 3.9 0.00103 98.99
0.35 0.118 4,63 0.60 0.181 37.2 4.0 0.00095 99,05
0,355 0.116 5.04 0.61 0.177 38.4 4.1 0.00087 99,13
0.36 0.116 5.47 0.62 0.174 39.7 4.2 0,00080 99,18
0.365 0.129 5.89 0.63 0.170 40,9 4.3 0.00073 99.23
0.37 0.133 6.36 0.64 0.166 42.1 4.4 0.00067 99.29
0.375 0.132 6,84 0.65 0.162 43.3 4.5 0.00061 99.33
0.38 0.123 7.29 0.66 0.159 44,5 4,6 0.00056 99,38
0.385 0.115 7.72 0.67 0.155 45.6 4.7 0.00051 99.41
0.39 0.112 8.13 0,68 0.151 46.7 4.8 0.00048 99,45
0.395 0.120 8.54 0.69 0.148 47.8 4.9 0.00044 99.48
0.40 0.154 9.03 0.70 1.144 48.8 5.0 0.00042 99,51
0.405 0.188 9.65 0.71 0.141 49.8 6.0 0.00021 99,74
0.41 0.19% 10.3 0.72 0.137 50.8 7.0 0.00012 99, 86
0.415 0.192 11.0 0.73 0.134 51.8 8.0 0.00006 93,93

wavelength; H; = mean zero air mass spectral irradiance; P = percentage

of the solar constant associated with wavelengths shorter than the
tabulated A,



SOLAR ULTRAVICLET SPECTRAL-LINE INTENSITIES (Ref. 5)

TABLE

It

Atom Wavelength Mean Solar Irradiance
(A) (w/cn®) x 108
51 II 1817 2.0
8i 1% 1808 0.7
Al II 1671 0.1
Fe 11X 1663 0.3
Fe 1I 1660 0.4
¢ I 1656-1658 1.8
He 1IX 1640 0.1
I 1560-1561 0.7
¢ W 1550 0.4
Ay 1548 0.5
8i II 1533 0.2
51 IX 1527 6.2
Si 1V 1403 0.1
Si IV 1394 0.2
II 1336 0.6
¢ 1I 1135 0.5
Si 1I 1309 0.1
I 1306 0.4
0 I 1305 0.3
o I 1302 0.2
81 II 1265 0.2
Si II 1261 0.1
IT 1260 0.1
N Vv 1239 0.1
H I 1216 60.0
Si IIf 1206 0.1
¢ 11 1175-1176 0.5
N II 1086 0.3
0 VI 1038 0.8
¢ VI 1032 1.0
H I 1026 2.0
¢ III 977 2.0
w1t 912 1.5
Mg X 625 0.2
0 IV 608 0.3
He I 585 0.4
He II 304 3.0

(a) Lyman continuum

12
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Figure 4. The intensities in the spectral range below 1000 A must be re-
garded as tentative. Below 220 &, the spectrum consists of a rather
dense distribution of spectral lines, and it is convenient to consider

it as a continuum, rather than a line spectrum.

The solar spectrum below 0.3y must be obtained from rocket or satel-
lite observations, due to the opaqueness of the earth's atmosphere.
Virtually none of the solar radiation in this spectral range reaches
the earth's surface.

The visible and infrared (ultraviolet not included) portion of the
solar spectrum is well approximated in spectral quality by radiation from
a 6000° K blackbody. At wavelengths shorter than 0.2, the solar spectral
irradiance curve is well approximated by radiation from a 4500° K black-
body (6), (7). The total amount of radiation emitted by the sun is the

same as that from a 5800 K blackbody.
Albedo and Earth Radiation

Albedo radiation (reflected solar radiation), for near earth satel-
lites, consists of ultraviolet, visible, and infrared energy, having wave~
lengths between 0.29, and 4.0u. The other component, earth emission,
which makes up the thermal radiation exchange between the earth and the
satellites, consists of infrared energy, nearly all at wavelengths longer
than 4.0u. For earth radiation, it is of less importance to establish a
spectral distribution for use in thermal-control design of space systems
because most materials possess a monochromatic absorptance which is
practically independent of wavelength in the spectral region of earth

radiation. The best estimate for the behavior of earth emission and
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albedo radiation as a function of latitude for earth albedc radiation is
shown in Figures 5 and 6. The relative spectral distribution of albedo
radiations for three sky conditions are listed in Table III and plotted

in Figure 7 (8).
Particle Radiation

In the study of radiation effects on materials, the radiation parti-
cles of greatest interest are electrons, protons, and neutrons which
possess high penetrating power coupled with the faculty of producing
structural changes in matter.

-The principle particle radiation environments that a satellite or
a space vehicle encounters are:

a. the ionosphere

b. the auroral zone

c. the Van Allen radiation belts

d. the cosmic rays

e. the solar wind

The -ionosphere consists (9) of a succession of four distinct ionized
layers that blend into one another. The lowest level is the 'D" layer,
lying between 60 and 85 km. This layer is believed to be formed by
photo~dissociation of atmospheric atoms by solar Lyman-o {1216 A) radi-
ation. It is thickest and most dense at local noon and disappears com-
pletely at night. Because the local air density is high, the electron
collision frequency is high; therefore, the region is a strong absorber

of electromagnetic energy.
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RELATIVE SPECTRAL DISTRIBUTION OF ALBEDO RADIATION

TABLE III

UNDER VARIOUS SKY CONDITIONS (Ref. 8)

ga) R{a)

L B, v L e e R
0.29 0 0 0 0.53 0.378 0,668 0.807
0.30 0.882 0,221 0.477 0.5 0.252 0.663 0.812
0.31 0.892 0.761 0.534 0.55 - 0,333 0,637 0.795
0.32 0.848 0.749 0.553 0.56° 0:312° 0.615 0.770
0.33 1.000 0.920 0.705 0.57 0.288 0.590 0.752
0.34 0.858 0.813 0.648 0.58: 0:216 Q.581 0.748
0.35 0.815 0.802 0.661 0.59 0.262 0.563 0.734
0.36 0.744 0.746 0.634 0.60 0.241 0.541 0.717
0.37 0.768 0,796 0.700 0.0 0,134 0,396 0,554
D.38 . 0.871. 0.714 0.632 0.80 0,084 0,293 0.425
0.39 0.575 0.624 0.570 0.90 0.057 0.224 0.331
0.40 0.758 0.840 0.772 1.00 0.042 0.179 0.266
0.41 0,781 1.000 0.950 1.10° @.028 0,149 0.219
0.42 0.790 0.937 0.925 1,20 0.019 0.118 0.181
0.43 0.675 0.835 0.835 1.30 0.017 0.095 0.145
0.44 0.708 0.908 0.934 1.40 0.015 0.076 0.115
0.45 0.734 0.958 1.000 1.50. 0.013 0.063 0.093
0.46 0.649 0,892 0.960 1,60 0,010 '0.051 0.078
0.47 0,713 0.864 0.954 1.70 0.008 0.042 0.063
0.48 0.563 0.834 0.935 1.80 0.006 0,034 0.052
0.49 0.487 0.749 0.853 1.90 0.005 0.029 0.045
0.50 0.452 0.727 0,840 2,00 0.005 0.025 0.037
0.51 0.422 0.697 0.825 4,00 0.000 0.002 0.028
0.52 0.378 0,650 0.780

(a) Ry = the ratio of the spectral irradiance at wavelength

to the spectral irradiance at the wavelength of maximum
intensity

18
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The next highest layer is the "E'" layer, lying between 85 and 140
km. Photo-ionization is believed to be the cause of the formation of
this layer and is initiated by solar x-ray radiation, and the densest
electron concentration occurs at local noon. Occasionally a very thin,
intense layer, a few kilometers thick (called the sporadic "E" layer)
-forms within the main "E'" layer and results in abnormai ratio pro-
pagation.

The upper.two layers are the "F" 1 and "F" 2 layers. Radiation
emitted by the He , ion at 304 A is believed to be the cause of the
formation of these layers. -The - layers are very distinct in the daytime
but amalgamate during the night. Both regions possess the highest
electron concentration in the ionosphere--about 2.5 to 4.0 x 105
electrons cm_3‘—at local noon. The altitude of peak density is about
300 km. Above this the electron concentration falls off very slowly
as the altitude increases,

The auroral radiation fluxes are found more frequently between 65
and 70 degrees north and south magnetic latitudes (10). The loci of
the auroral radiation zones may be visualized as crown-like configurations
gitting over the polar caps. They are regions of intermittent luminosity,
which is produced by the collision of charged particles with the earth
atmospheric atoms. ‘As a result of the collisions, the electrons in the
outer shells of the gas atoms have their energy levels raised. Subse-
quently electronic relaxation produces the visible glow. These luminous
displays generally occur between 100 to 120 km altitude, but occasional
bursts have been measured at altitudes of 700 to 1200 km.

11

Electron fluxes measured during auroral storms are quite high (10

electrons cm > ‘-secnl). The energy range is about 10 to 100 kev.
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Agyroral proton fluxes are much lower than the auroral electron fluxes.
The flux is about 105 protons cmm2 -~sec-l3 with energies ranging up to
approximately 650 kev.

The Van Allen radiation belts are composed of an "inner' and '"outer"
belt. Radiation detectors carried on Explorer 12 indicated that the
inner and outer belts overlap noticeably and that the outer belt
occasionally possesses two zones of maximum intensity (11). However,
since previous measurements are strongly indicative of different origins
for the particles in each major zone, the concept of two distinct zones
will be maintained. Figure 8 illustrates a typical cross-section of the
radiation zones.

The most notable feature of the inner belt is its stability. The
intensity of this belt remains almost constant, even during periods of
intense solar activity. This is probably due to the effective shielding
provided this zone by the outer zone. The inner belt is composed mostly
of penetrating protons (E < 500 Mev) and low-energy electrons (E < 1 Mev).

The outer belt is composed of much less eunergetic protons and high-
energy electrons. The zone is extremely variable in both depth and in-
tensity. Explorer 12 data indicate that intensity varies by a factor
of ten (12). Figures 9, 10, and 11 present a reasonable estimate of
the proton and electron energy fluxes associated with the Van Allen
radiation belts.

Cosmic rays are normally classified as primary and solar. Primary
cosmic rays may originate from galactic or extra galactic origin and
are very high-energy particles (from 0.5 Bev to 20 Bev normally but

they occasionally reach as high as 1010 Bev)(13). Table IV gives the
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Figure 11. Contours of Constant Flux (electrons/cm2~sec) of Van Allen
Electrons Having Energies Greater Than 1.6 Mev (Ref. 10); Radial
Distance in Earth Radii
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“TABLE 1V

COMPOSITION OF GALACTIC COSMIC PARTICLES (Ref. 13)

Jedede

Particles Flﬁiv(R¥4“5 Bev) ‘Percent

Protons ~ .77/cn® sec ~ 84%

- Alpha Particles ~ .11/cm® sec ~ 147
Carbon, .Nitrogen, _ ‘

Oxygen#®%* ~,009/cm® sec ~ 1%

Z > 10 | ~.002/cm® sec ~0.25%

Gamma. Radiation &
Electrong#¥

*May be a false indication from measurements made in atmos-
phere.

**Some space experiments have indicated that lower flares of
gamma rays and high energy electrons may actually exist in the
galactic spectrum.

##*Rigidity, R, is the ratio of the particle’s momentum to its
charge R=Pc/Ze, where P -is the momentum (in units of Bev/c), c is the
velocity of light, Z is the atomic number, e is the unit charge, and
the resulting R is in billion electron volts.
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generalized composition of galactic cosmic radiation. The composition
of the particles can be described as about 90 per cent protons (hydrogen
nuclei), 10 per cent alpha particles (helium ions), plus small fractions
of heavier ions having atomic numbers up to around 30 (10). High-energy
gamma rays and electrons are virtually absent from cosmic rays fluxes.
-Table V gives the estimated flux of very high-energy galactic cosmic
rays impinging each day from all directions on a spherical spaceship

2

of 2 meters in radius. About 10 million cosmic rays of energy > 101

ev would be expected to impingé on the spacecraft daily. (17).

TABLE V

ESTIMATED FLUX OF VERY HIGH-ENERGY COSMIC RAYS ON A SMALL
SPHERICAL SPACESHIP (Ref. 17)

 Cosmic-Ray Energy Flux in Space Flux on Sphere
(ev) (particles/cm®sec ster) (particles/day)
(radius = 2 meter)

> 10" 107 10/
> 1012 107° 10°
> 10t 1078 10°
> 1017 10710 10!
> 10%° 1071 10°
> 10" 10713 1072

At times the surface of the sun becomes turbulent and ejects clouds
of charged particles and streams of radio, visual, x-ray and gamma ray
radiation in the surrounding space. -These eruptions are known as flares

and the charged particles are known as solar cosmic radiation. Protons
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are by far the most abundant nuclei in these events. The total proton
flux in free space resulting from these events varies over wide limits;
namely, from a few protons/cm°-sec to as much aS'104 protons/cm®-sec (18).
Figure 12 shqws a cross plot of flux versus energy for a typical solar
flare (19).

A large number of very low-energy particles are continuously given
off by the sun - in addition to the cosmic rays produced by solar flares.
This stream of particles ‘is called the solar winds. The most complete
measurements made so far are those by Mariner II (10). Beyond the earth's
gravitational field (outside the magnetosphere) was found a flux of
3 x 107 to 100 x 107 particles dm_z sec"1 with energy varying between
200 to 800 ev.

The radiation belt of high-energy electrons, created by the high-
altitude nuclear explosién (Starfish) over Johnston Island on July 9,
1962, and augmented by later Russian tesés, is of vital importance when
considering space radiation effects (10). The contours of constant
electron flux is shown in Figure 13. The decay time of this artificial
belt is so slow that it -is appropriate to assume no further decay for
missions in the near -future.

The over-all particulate energy flux relationship for the space
environment is depicted in Figure 14. This figure gives a pictorial
view of the combined particle environment (20). One can see that the

solar wind environment becomes a major constituent when the total

energy of the regions are considered.
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CHAPTER IV
MECHANISMS OF MATERIAL DAMAGE BY RADIATION

The principal penetrating radiation of interest is comprised of:
(1) protons;.(2) electrons; and (3) photons.

The first two are corpuscular (possess a measurable rest mass);
whereas, the last one is electromagnetic (pOSSesses zero rest mass).
Hydrogen, whose nuclei is the proton, is by far the most abundant
element in the universe. The electron is a negatively charged parti-
cle with a mass of 9. 109 x-10‘28 gram whioh is about 1/1836 that of
the proton.

-The mechanism by which electromagnetic radiation interacts with
materials is a complex function of the energy of the radiation and the
atomic number of the material (21). At low energies, the photon can
cause ejection of only weakly bound’electrons surrounding an atom. As
the photon energy increases it can cause ejection of more strongly bound
electrons. The electromagnetic radiations arranged on a scale of wave-
length, frequency, and energy content are shown in Figure 3. Material
damage due to photon interaction is the result of three types; the
photo-electric effect, the Compton process, and pair production.

-In the photo-electric process a photon is completely absorbed in
a collision with an electron and the electron is ejected from the atom.

This can happen whenever the energy of the photon is greater than the

32
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binding energy of the electron. The difference between the electron
binding energy and the photon energy is carried away by the electron

{(22). Thus, the kinetic energy of the electron is given by
E=hv -0

where hv is the photon energy and §# is the binding energy of the electron.

The Compton process is the result of an elastic collision between a
photon and an electron in which part of the photon energy is transferred
to the electron and the photon is scattered with reduced energy. For
low incident photon energies, the scattered photon has nearly the same
energy as the primary photon; and, as the energy is increased, the
fraction removed by the scattered photon decreases and the electron
receives an increasing share of the available energy.

If a photon has an energy greater than twice the equivalent energy
of the rest mass of an electron, then the pair-production process can
occur. Since the energy of a rest mass electron is moc2 = ,511 Mev,
the minimum energy for a pair production is 1.02 Mev. -In the pair pro-
duction process the photon interacts with a nucleus and disappears with
the production of two particles, a positive and a negative electron.

The photon energy above the minimum 1.02 Mev appears primarily as ki-
netic energy of the pair of particles.

The energy region over which the three primary processes predominate
is shown in Figure 15 (23). It can be seen in the region of interest,
from a few tenths Mev to several Mev, that the Compton effect clearly
predominates as the energy-transfer mechanism,

BRoth the ultraviolet and the soft x-ray components of the sclar

spectrum possess sufficient energy per quantum to induce rupture of
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many chemical bonds which initiates chemical reactions. For example,
105 cal/mole represents the order of magnitude of the activation energy
or free energy change associated with many reactions. This value corre-
sponds to approximately 105/6.02 X 1023 = 1.6 x 10—19 cal/molecule or
about 4 ev/molecule. Since a photon energy of 4 ev corresponds to
wavelength of about 3000 &, irradiation by that part of the spectrum
shorter than 3000 A will produce reactions. The relatively high energy
per quantum, high absorption coefficient of materials, and the intensity
of ultraviolet radiation in space can, therefore, produce a profound
effect on certain materials. Organic polymers, because of the de-
pendence of their bulk physical properties on molecular weight and the
integrity of their skeleton of carbon to carbon bonds or other covalent
linkages, are more susceptible to degradation than metals, ceramics,

and inorganic compounds which are held together primarily by the stronger
coulombic interactions between atoms. The effect of ultraviolet radi-
ation on structural metals is negligible except for a static change that
is produced by the removal of electrons by the photo-electric effect
(22).

The predominant types of chemical reactions taking place in poly-
meric materials exposed to exciting or ionizing radiation are cross
linking and chain scission., Both processes are induced by free radical
formation and interaction and result in structural changes within or
between the adjacent polymer chains. Chain scission causes weight loss
and induced porosity of the material. Cross linking may be actually
beneficial depending on the material, but in general, excessive cross

linking of elastomers is harmful because of the loss of flexibility.
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In the case of rigid plastics, cross linking produces cracking and
crazing which results from internal stress formation (23).

Infrared and visible radiation does not possess sufficient énergy
per quantum to break chemical bonds in ordinary reactions. The princi-
pal effect of thisrradiationvis to increase thermal agitation -(vibration
and translation of atoms and molecules). However, many reactions in-
itiated by the higher energy ultraviolet photons will proceed at a
greater rate because of higher teﬁperature (23).

Particle radiation damage depends on the intensity, type and energy
of the irradiating particles and the material exposed. In a study of
radiation effects on materials, the radiation particles of greatest in-
terest are electrons, protons, and neutrons which possess high pene-
trating power. Low-energy particles, because of their shorter penetra-
tion range, distribute the ionization over a smaller volume of material
and therefore cause more intense radiation damage near -the surface than
an equal flux of high-energy particles (23).

Penetrating radiation will generally affect materials by changing
their chemical, electrical, or mechanical properties through one or more
of the following mechanisms:

a.. ionization,

b. dislocation of the crystalline structure, lattice displacements,

by electron or ion collision,

¢. contamination by absorption of the bombarding particles,

d. nuclear-reaction transmutations in the absorbing material,.
Typical threshold dosages of radiation to initiate damage are shown in

Figure 16 (24},
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The chemical and physical effects produced when radiation interacts
with matter are a direct consequence of the radiation energy absorption.
These radiation-produced effects may be permanent or transient; that
is, the effects may disappear after bombardment ceases. ‘Permanent
effects are most likely caused by competing rates of damage and re-
pair which are dependent on the dose rate. Transient effects are pre-
dominantly electric in nature and affect the performance of the material
while being bombarded. An annealing process, a function of temperature,
removes transient effects and returns the material to its original con-
dition before exposure. -Changes which anneal out at room temperatures

in a time interval of minutes or hours are called relaxation effects.



CHAPTER V
"LITERATURE" SURVEY
Radiation:Effects on Thermal Coatings

The over-all thermal-control system, as discussed in Chapter IT,
is designed for the purpose of maintaining the proper temperature
limits of the system while operating in a space environment. -Additives
such as pigments, plasticizers, and other coating ingredients, as well
as the type of surface on which the coating is applied, influence
the radiation stability of the coating. The parameters that determine
radiation reflectance include the ratio of indices of refraction of
plgment and vehicle, pigment-vehicle ratio, and pigment particle size
(25). Coatings which are highly pigmented are generally more resistant
to ‘radiation than similar class ceatings containing lesser amounts of
pigments. The resistance of organic coatings to radiation can be pre-
dicted to some degree from data available on polymers and plastics,
However, because of the complicating factors introduced by pigments,
plasticizers, and other coating ingredients, exact predictions of a
coating's resistance to radiation can be obtained only by experimental
testingv Detailed discussion of the problems involved in deriving
quantitative data regarding the space environment damage on materials

is presented in Chapter VI.

.39
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‘The -environmental testing of thermal-control coatings is compli-
cated by such variables as coating thickness and sample temperature
during the testing, both of which may -significantly influence the
degree of change in the solar absorptance during exposure to radiation.
The influence of sample temperature is particularly significant 'in
accelerated testing where the higher intensities can produce an in-
crease in temperature unless specifically compensated by effective
cooling., Figure 17 shows the influence of ultraviolet on spectral
absorptance of Alodine 401 for sample temperatures at 25° C and 70°
C {26). This same reference presents results on the ultraviolet
stability of other thermal-control coatings as well as the effects
of gamma radiation on solar absorptance of several selected white
paint-type coatings. Results of the investigation show that the
gamma radiation, used to simulate the effects of electron and preton
radiation, generally change the solar absorptance less than ultra-
violet radiaticn when compared bn the basis of equivalent time ex-
posures in -space. -Comparative effect of ultraviolet and vacuum
exposure on five selected coétings is shown in-Figure 18. The
titanium dioxide-silicone, zinc oxide and alodine 401 shows a re-
‘markable resistance to ultrévioiet radiation after an equivalent
300 sun hours when compared to titanium diecxide-epoxy and antimony
oxide-potassium silicate. The important thing te note in this figure
is the amount of damage experienced by the semicenductor pigment, TiO,
with two different vehicles: epoxy and silicone. However, not knowing
the pigment to vehicle ratio for the two coatings, it cannot be
postulated that the degradation difference was due entirely to the

vehicle.



Solar Absorptance and Thermal Emmittance

.30 ABSORPTANCE
. e
-28 —— =
- ——"
Y _—
.26
92)4' . . :
o0 = ULTRAVIOLET EFFECTS THERMAL EFFECTS
. (a5°c) (100°c)
.20
\~
18 —T \___ EMITTANCE
’ ‘ ‘ = e
.16 B e
L1 ZQU.V, at 70°C
1 | 1 NI NEE i Pt g 1aa]
1 -5 10 50 100 500 1000

Exposure, Hours

Figure 17. Thermal and Ultraviolet Effects on Solar Absorptance and Thermal

Emittance of Alodine 401 (Ref. 26)

%



Ratio of Solar Absorptance Before

42

2.00— ,

TITANIUM DIOXIDE EPOXY
180} X /

’ AN TIMONY OXIDE -

» 160~ POTASSIUM  SILICATE
fa)
2
A
1401
]
g
4
o
§ 120}
OO~
ZINC OXIDE-POTASSIUM SILICATE
80 1 I B ! R R DR i N |

5 iI0 50 00

Ultraviolet Exposure, hrs

Figure 18. Comparat‘i.\}e»Effect of-Ultraviolet and Vacuum Exposure on
Five Selected Coatings; Average Solar IntenSLt}_{ -3 Solar Constants
and Average Pressure. }:x-10" 6 torr (Ref. 26)- '



43

An extensive investigation has been undertaken by Zerlawt and Kaye
(27) for the purpose of developing stable thermal-control coatings with

the lowest possible ratio of solar abso;?tance‘to infrared emittance.

The investigators.conclude that zine tiwgﬁate—pOtassium.is relatively
stable with regard to vacuum-ultraviolet irradiation. A similar in-
vestigation is being undertaken—by Zerlaut et al, (28), (29), (30),

to develop stable white thermal-contr@l coatings. Various inorganic
pigments and organic and inorgénic vehicles have been tested under
vacuum-ultraviolet irradiation. To reduce the complexity of the
problems involved, pigments and paint vehicles were exﬁgsed individu-~
ally to ultraviolet radiation in vacuum. Results of these preliminary
tests were used for subsequent choice of potentially staBle paint |
formulations. Good stability and low degradation was exhibited by
zinc-oxide”type pigments. The references contain an abuﬁdancé of
information and data associated with the ultraviolet radiation
charécteristics of the coatings and problems related to the develop-
ment of stable coatings.

Reference 31 is a technology survey which reviews major NASA re-
search in the field of imgzganic protective coatings for thermal-
protection and lubrication purposes. The report was prepared by the
Denver Research Institute from data supplied by NASA research facilities.
It is a well writtenﬂ$omprehehsi?e review of inorganic coatings.

Miller and Campbell (32) conducted a series of tests with low
energy protons on several thermal-contxol paints. The samples were
irradiated at four specific enefgiéé between 50 and 400 kev. The

amount of degradation, which was calculated as a decrease in spectral
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reflectance in the 0.4 to 0.433 wmicron region for each material, was
‘found to be nearly linear with absorbed energy. The data indicated
that equal numbers of higher energy protons would produce a greater
change in solar absorption than protons of lower energy. In the range
-of fluxes investigated (1 x 10lO to 1 x 1012 protons/cm®-sec), the
damage was found to be nearly independent of flux effects. -Figure

19 shows the effect of proton irradiation on changes in reflectance

of zinc oxide-methyl silicone paint, for proton energy of 200 kev and
a flux of 2.0 x 100 p/cu®-sec.

Gillette et al (33) study the effects of protons and alpha parti-
cles on thermal and solar concentrator coatings. The particle energies
used in the tests were 1 to 9 kev and 2.5 Mev protons, and. 2 to 16
kev and 5.0 Mev alpha particles. Hydrogen and helium were used to
produce protons ‘and alpha particles, respectively. The test samples
‘included: (1) barrier-layer anodic-coated aluminum,.(2) vapor~-deposited
aluminum on an aluminum substrate, (3) chemcially brightened aluminum,
(4) zinc oxide/LIV-62 paint, and (5) zinc oxide/potassium silicate
paint. Results of the study showed that the solar reflectance or
absorptance of the barrier-layer ancdic-coated aluminum reflective
surfaces is not expected to change for solar charged-particle ir-
tadiation. The solar absorptances of the zinc oxide/potassium silicate
(Z-93) and zinc oxide/LTV-602 (S-13) spacecraft coatings will increase
substantially due to charged-particle irradiation,

After irradiation with kev-energy protons, vapor-deposited
aluminum surfaces became almost completely covered with small blisters

(about 0.2 micron in diameter) and large blisters (0.6 to 3 microns in
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diameter). The thickness of the vapor-deposited aluminum film was
approximately 1 micron and the estimated range of penetration of the

7.4 kev protons was approximately 0.2 micron. -Electron photomicrographs
of a cross section of a blistered surface indicated that the blister
depth was no greater than 0.2 micron which was comparable to the proton
penetration range (33).

Jorgenson (34) subjected several thermal-control surfaces to a
simulated solar-wind bombardment'invhydrogen and helium plasmas.

The thermal-control materials tested were Zn0 pigment with methyl
silicone binder (S5-13) and Zn0 pigment with potassium silicate binder
(Z-93). Results show that the thermal-control materials are vulnerable
to ‘damage by the bombardment of hydrogen (to simulate protons) and by
helium '(to simulate o-particles). The experiments show that the binder
is far more susceptible than the pigment to damage. Most of the damage
caused by the bombardment appeared to be due to broken and rearranged
bonds ‘or some other similar structure change. The extent of the damage
was related to the depth of penetration. Amount of damage to the
thermal-control materials was energy dependent; the higher the energy
of the bombarding ions, the greater the damage. Figure 20 shows the
spectral change in absorptance for Z-93 thermal-control coating after
bombardment by two doses of hydrogen - ions.,

Breuch, Doulgas and Vance (35) recently conducted a series of
radiation effects tests on thermal-control materials. The materials
were subjected to a combined environment of low density, ultraviolet
radiation and high-energy electrons., Test materials were irradiated

at various electron flux levels over specified temperature regions
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Figure 20. Spectral Change in Absorptance for Zine Oxide-
Potassium Silicate Paint after Bombardment
of 500 ev Hydrogen Ions

with an incident electron energy of 0.80 Mev. The resulting optical
damage (due to electrons only) was compared to similar data established
by ultraviolet radiation exposure. For most of the materials tested, the
spectral region of optical damage was different for the two environments.
Electron irradiated materials showed an increase in absorption in the
nearwinfrared and visible portion of the spectrum. The spectral curves
for ultraviclet exposure showed an increase in the same regions and

also indicated a shift to longer wavelengths of the apparent absorptioun
band. Figure 21 shows the apparent absorption as a function of photon
energy on White Kemacryl paint. Samples bombarded with electrons and

then exposed to ultraviolet radiation differ in optical damage from
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the superposition of damage induced by the separate environment. Figure
22 shows this relationship for White Kemacryl material.

From review of the ‘literature one can conclude that the space
-environment, primarily the combination of low-density, temperature,
electromagnetic radiation and particle radiation can produce property
changes 'in space system materials that could be detrimental to -the
mission success. The photon and pafticle~radiation environment will
optically degrade thermal-control materials. The correlation of
damage data presented in the literature is almost impossible because
many of the test parameters are not well defined. -Chapter VI will
further ‘discuss the correlation problem. A need exists for performing
combined environmental testing with ultraviolet and particle radiation
to evaluate synergistic and accelerated testing effects. Also, the
fundamental degradation mechanism(s) as a function of radiation type,

energy and .flux -should be thoroughly investigated.
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- CHAPTER VI
-ANALYTICAL CONSIDERATIONS

The purpose of this chapter is to discuss briefly the problems
associated with presenting quantitative data regarding the space-
environment damage on materials. It will show why valid quantitative
data on damage are not presently available and will indicate the need
for experimental testing. The degree of simulation necessary for
determining the damage threshold will be indicated where feasible,
although the main :interest in the research is directed toward the
space environmental effects on thermal-control materials. The first
part of the chapter will discuss the material problems 'in general.
-Particular emphasis will be directed toward thermal-control materials
‘in the latter part of the chapter.

For the purpose of ‘this chapter the space environmental parame-
ters to be considered are low density, temperature and radiation.
Although the discussion will consider each environment parameter
separately, the synergistic parameter effects on the material pro-
perties will in most cases be different than the sum of property
effects of individual parameters. An. attempt will be made to point

out this different where appropriate.
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Low Density

The IOWfdensity_environment of space ‘is usually specified in
‘units of torr*. For space applications, the low density environment
is considered as a region of free molecular flow, or Knudsen flow,
where the mean free path of the gas becomes greater than the dimension
of the system. The mean free path (D) of air at 300° K is approxi-

mately equal to (44):

(6-1)

For example, if the pressure was 10‘6 forr then D = 5000 cm (2000
inches).

In most cases the magnitude of the pressure (molecular density)
associated with the low-density environment would be considered
necessary for a particular environmental parameter to produce material
damage. -Thus, the degree and rate of damage could be enhanced by
‘the magnitude of the molecular density.

Flux can be defined as the magnitude per unit of time per unit
of area. The low~density environment of space most generally is
not considered to be described in terms of flux. However, -on the
other hand, the flux of molecules (molecular flux) impinging on a
surface is a function of the environment pressure. Molecular. flux
can be theoretically calculated by the use of distribution laws and

kinetic theory. The kinetic theory expression for the number of

*
Measurements of pressure are usually expressed in torr units in
honor of Torricelli, who invented the barometer. One torr ‘is the
pressure exerted by a column of mercury one millimeter high at 0° ¢,
45 latitude at sea level. :
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molecules of a gas that strike a unit area per wunit time, F, is (4):

F=1/4 (V) (6-2)

where N is the number of molecules per -unit volume of gas and Va
is the average velocity of the molecules from kinetic theory. The

definition of N 1is:

18 P

N =9.656 x 10 T (6-3)
where P 1is pressure in torr and T 1is temperature (UK)° The defi-
nition of V is:

a RyT L
2
v, - (D) (6-4)

where Ry 1s the universal gas constant and M is the molecular
weight. Substituting for N and Va in the Meyer expression
(equation 6-2) the flux, F, of molecules impinging on a surface becomes,

2 - -
F = 3,513 x 1022 &(torr) -2 o -1 (6-5)
JMT

For example, for oxygen at 300° K (27° C) and pressure of 10-6 torr,
F =3,57 x lO14 collisions per cm® per sec. If each oxygen molecule
which hits the surface adhered to it, the surface would be covered
with a monolayer of oxygen in about one second. Therefore, pressure,
when defined in terms of density in molecular flow, can be considered
in this light to be described in terms of flux. This could be very
important when the mechanism for material damage depends on the
surface interface.

The two most important effects of low density on materials are

sublimation or evaporation and loss of surface film. These losses
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can be calculated by using the Langmiur equation (39)

P

=171

M |
T (6-6)

. . . 2
rate of evaporation or sublimation, gm/cm -sec

W =

‘P = P(T) = vapor pressure of the material, torr.

‘M = molecular weight of the material in the gas phase.
T = temperature, K.

which dates back to 1913 and was developed through the use of the
Maxwell-Boltzmann Distribution Laws and Meyer's expression for the

‘rate of ‘evaporation, or condensation, at equilibrium. For most elements
of ‘interest this type of loss rate can be calculated, since the wvapor
pressures and molecular weights are well established.

In the case of alloys, loss by evaporation is a complicated pro-
cess, which involves the loss of the more volatile constituents through
‘the solid alloy. The evaporation process ‘includes diffusion of the
volatile elements from the basic material, dissociation and diffusion
through the oxide surface films and diffusion of the oxide films.

-Each process, diffusion and dissociation, is also a function of
temperature (40).

The rate of loss calculations of inorganic compounds are very
difficult, because the 'loss may occur by several mechanisms. Molecules
of the compound may sublime. Sublimation vapor pressure data can usually
be found in the literature or derived for a particular temperature from
the Clausius~Clapyron -equation of thermodynamics.  With a known vapor
pressure the loss rate can be calculated by equation (6~6). Many

-inorganic compounds decompose into more wvolatile compounds under a



low-density environment. The calculation of the rate of loss, which
is enhanced by decomposition into elements or simpler compounds, -can
be accomplishéd by knowing the decomposition pressure (41). For

example,

MoS, (solid) - Mo (solid) + Sg (gas)

‘Mg0 (solid) -~ Mg (gas) + 1/2.0, (gas),

the loss rate can be calculated from the equilibrium constant, K,
for the reaction which can be expressed in terms of the partial
pressures of the gaseous constituents. With a known K, the decom-
position pressure can then be computed and the loss rate derived

through equation (6-6). The equilibrium constant for many reactions
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can be obtained from the tabulated free energy values for the compound

and its decomposition products by the free energy relation (42).

"AF = -RT 1n K (6-7)

&
L]

change in free energy

=
U

universal gas constant

=
i

temperature

=
1]

equilibrium constant

Temperature

Temperature is another environmental parameter that must be con-
sidered in evaluating material damage. Space systems are designed

for operation within a specified temperature range. The specified

temperature range depends on the materials of the individual components

of the system. -Again, the synergistic effects play an important role
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in over-all damage mechanism. Therefore, even though the effects of
temperature alone on material damage can realistically be determined,
only a qualitative determination of damage can be made because of the
functional inter-relationship of temperature and the other environmental

parameters.
Radiation

‘Theoretical calculations for estimating radiation damage become
very difficult, even when the radiation mechanism that is causing
the damage-is’known° Unfortunately, in most cases the particular
‘mechanism ‘is :unknown. The mechanism by which electromagnetic radia-
tion interacts with materials ‘is a complex function of the energy of
the radiation and the atomic number of the material. -Material.éémage
due to photon interaction-is the result of three types: the photo-
electric.effect, the Compton process, and pair production. In'the
‘region of ‘interest, from a few tenths Mev to several Mev, the Compton
effect predominates "in the energy-transfer mechanism.

Particle and electromagnetic radiation damage depends on the
intensity, type and energy of the irradiating particles and the ex-
‘posed material. Protons have a lower energy threshold for producing
atohic displacement than do -either electrons or photons. ‘Electrons
and photons have a lower energy threshold for producing ionization
‘than protons. Therefore, protons will be more ‘damaging in materials
susceptible ‘to atomic ‘displacement (43).

The ‘type of radiation will in general determine the mechanisms

for material damage. However, this does not mean that ionization and
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atomic displacement can not occur simultaneously. -Even if the radiation
damaging mechanism(s) is (are) known it becomes necessary to know the
mass absorption coefficient, ionization energy, secondary damage mecha-
nism and other characteristics of both the radiation process and the
absorber. -An accurate determination of damage requires the knowledge
‘of the damage mechanism for the various types of radiation. 1In

selected materials it 'is possible to compute qualitative estimates

of damage for the various types of radiation.

-In discussing intensity, both the magnitude and the flux of the
radiation environmental parameter must be considered. For an example,
particle radiation generally has energies of the order of a million
electron volts which are very high compared to the bonding energies
and excitation or ionization potentials of chemical systems (4 ev to
25 ev), but the average flux of these particles could be so small
that the total energy flux (magnitude) is less than that of the electro-
magnetic ultraviolet radiation.

The magnitude of radiation exposure is generally expressed as
‘the "'dose'. .The "dose' is defined as the magnitude of the radiation
énergy'to which the material was subjected. The "absorbed dose" is
described in terms of energy actually absorbed in the ‘material. The
energy absorbed by the material depends on the type of the radiation
field (photons, protons, electrons, or mixed) and the energy distri-
bution of the field components. Although the equal energy-equal
damage concept may hold reasonably well for selected materials, it
does not hold for the majority of materials. In other words, 'some

materials are damaged by any energy transfer from the radiation field;
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other materials are permanently ‘damaged only when the energy transfer
mechanism ‘involves the nuclei of the -atoms of the material, as in dis-
‘placement processes, Therefore, although the magnitude of the energy
absorbed is known, it is not sufficient to convey all the information
necessary to estimate the damage.

The radiation environmental parameter is most commonly described
in terms ‘of flux. The degree of damage to materials could be a
function of ‘the radiation energy flux. .Most quantitative data re-
ported in the literature -does not consider the energy flux but only
the total dosage required for material damage. However, for most
materials there could exist a competing mechanism within the material
that is directly related to the energy flux. It is possible, for
selected radiation energy fluxes, that the material could possess a
self-annealing or repairing property that would prevent any measur-
able degradation. To estimate the anticipated'damage, the flux de-
pendence of the material along with total expected dosage must be
considered. Since, for most materials, this flux dependence’is not
known it is very difficult to make damage estimates.

Energy is a parameter of the radiation environment which refers
‘to the energy of the electrons, protons, and photons. The mechanism
of radiation interaction with the material is the most ‘important
"influence in the over-all determination of ‘degradation. There are
two principal areas in which radiation exerts its influence. One
‘is the area of threshold interaction and the other is the absorption
characteristics of the material. Ionization and atomic displacement

not only vary with the particle type but are also functions of the



energy level of the particle. The energy levels necessary for ioni-
zation are well known for most materials. The energy level required
to cause atomic displacement in a particular material may be calcu-
lated explicitly (45). The problem in estimating material damage is
that usually both ionization and atomic displacement can occur simul-
taneously and the amount of energy flux devoted to each is known only
qualitatively.

Absorption characteristics of materials are functions of enefgy
and the type of particle (45). Unfortunately, for many of the
materials having space applications, the absorption characteristics
are unknown for the various types of particles which make up the
space environment and can be determined only by experimental testing.
The necessary data required to estimate damage -from the interaction
thresholds and the absorption characteristics of the material are
very limited. For most space applicable materials, the data are
not available.

The most important factor:influenéing damage to materials is
the material itself. As discussed in the preceding sections, radia-
tion damage to materials occurs primarily by ionization and‘the
atomic displacement processes. -Average jonization energy, I, has
been the subject of theoreticallstudy by many investigators, but
realistic values for most materials are always obtained from experi-
ment. Baker and Segre (46, 47) measured the first four values in
the table below and the other values were derived by extrapolation.
The table shows a marked relationship between atomic_number of the

materials and the ionization energy.
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TABLE VI

LONIZATION ENERGIES FOR: MATERIALS

MATERIAL ATOMIC NO, I(ev)
H 1 15.6
C 6 76.5
Al 13 150.0
Air - 80.5
N 7 88.0
0 8 98.0
H,0 -- 68.0
Fe 26 400.0
Pb 82 1100.0

Penetration Range

‘The penetration range for charged particles at various energy
levels for aluminum are listed in the following table (49). For
alpha particles, protens, and electrons the penetration range 'is
that thickness required to reduce the intensity essentially to zero.
For gamma rays and neutrons, the thickness 1s that required to reduce
the intensity to half the incident value.

The penetrating power of particulate radiation is not thecretically
understood. Although the physical basis of the penetrating phenomena
has been well understood for a period of time (48), discrepancies

between theory and experiment can be ascribed to the mathematical



60

TABLE VII

PENETRATING POWER OF CHARGED PARTICLES IN ALUMINUM

RADIATION ENERGY PENETRATING RANGE

PARTICLES (Mev) (inches)
Alpha 1 0.001
10 0.004
100 0.14
Proton ’ 1 0.005
10 0.014
100 0.75
300 7.9
Electrons 1 0.06
3 0.21
Gamma Ray 1 1.7
5 3.7
Neutrons 2 3.5

problems involved in applying an accurate collision theory. If one
assumes that charged particlesJ in passing through matter, will lose
their kinetic energy predominantly through inelastic collisions with
atomic ‘electrons, which is considered appropriate. for protén.penetration,
the energy loss per unit path‘length-can be calculated from the following

expression (48):

_—t 2 2
; %._ __Tﬂremvz N{z[ 1n 2‘“}’ -1n (1-6%) -8%] - zcl} (6-8)

=5}
fi

particle energy

"
L]

particle path length
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z = atomic number of the incident particle
e = charge of the incident:particle
‘v = particle velocity
m = particle rest mass
‘N = number of stopping atoms per cubic centimeter of
material
-Z = atomic number of the stopping -material
I = average excitation potential of an electron of the
absorbing material
B = relativistic correction term equal to the particle
velocity/velocity of light (v/c)
Ci = correction term for binding effects of the:ith shell
The term (-dE/dx) is also known as the stopping power of the absorbing
material. -The mass stopping power can be expressed as (-dE/dx) x (1/p)

which is the energy loss per gram per cm®

of absorbing material and
will be denoted as m(—dE/dx)° The reciprocal of the stopping power
(RSP) is equal to the distance traveled per unit change of energy

(~dx/dE). Integrating over the entire energy range gives the mean

distance traveled by ‘the particle before it comes to rest.

E
(RSP)mean‘= J m(‘”:%i) dE (6-9)
0
Since (-dx/dE) tends ‘to become infinite as E approaches zero, the
usual practice is to integrate between limits.
To obtain range-energy relationship for materials, three ap-
‘proaches can be considered: (1) theoretical calculation of RSP,

(2) experimental measurement of (- dE/dx) and calculation of RSP,
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(3) direct measurement of range-energy relationship (49). Because
of the lack of data pertinent to space materials and the lack of
validity of the theoretical equations for low-energy levels due to
inner electrons moving at high velocities compared to the incident
particle, it is necessary to establish an empirical range-energy
relationship. The procedure in this study was to use experimental
range data for Al and Oy and establish an empirical relationship
for the materials of interest.

For nonrelativistic protons, the relative mass stopping power

of two materials is given by the following ratio (49):

q (- dB/dx),  Z,A, (In[2 mv? - 1nI,)

= ¥ J e (6-10)
m ( dE[dx)Z ZzAl (1n[2 mv®]- lnlz)

where Z/A represent the number of electrons per gram in the absorb-
ing material. The binding effects are neglected in this expression.
In order to calculate the range-energy relationship in a compound,
for example TiO,, it is necessary to assume the energy loss of the
compound was proportional to the fraction by weight of each element
in the compound:

. 9E . . 4E . 4 "
ol @10, = * T o Gy + * 05) (=g, (6-11)

By the use of equations (6-10) and (6-11) and the availability of
range data for Al and Oy an estimated range-energy relationship can
be computed for thermal-control materials. The stopping power for
TiOg is shown in Table VIII. The mass experimental stopping powers

for Al and 0, were taken from Allison and Warshaw (50). The mass



TABLE VIII

STOPPING ‘POWER FOR PROTONS IN MATERIALS

m(dE/dx) (kev~cm2-mgml)

E;ZE;; IVASY Ti. 02(1) Ti0,
(kev) ' '
20 405 339 420 405
40 412 349 572 511
60 435 371 636 563
80 434 372 64b 569
100 416 358 646 1566
150 366 317 612 531
200 334 289 552 479
250 314 273 498 437
300 293 255 450 396
350 279 243 414 367
400 268 234 384 . 342
450 258 225 356 1320
500 - 250 219 332 301
550' - 241 212 316 | 287
600 233 204 298 272

(1) Experimental stopping powers, taken from Ref. 50
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stopping power for Ti was calculated from equation (6-10) and the mass
stopping powers for the compound, TiO,, was calculated from equation
(6-11).

Range-energy data for the compounds were calculated by plotting
reciprocal values of m(~ dE/dx) versus energy and then extrapolating
the curve to zero energy, and integrating graphically. Reciprocal
stopping power versus proton energy for TiOg is shown in Figure 23,

with the range-energy data shown in Table IX.
Sputtering

Throughout the discussion on radiation damage to materials, con-
sideration has been given only to the particular high-energy parti-
cles that were absorbed by the material. In applications where the
material surface characteristic is important the effect of physical
sputtering must be considered. Sputtering is the removal of atoms
and molecules from a surface by the bombardment of high velocity
impinging particles. The momentum~-transfer theory is well accepted
as the means of ejection for all energies. This theory assumes that
the impinging particle transfers sufficient momentum to a surface-
bound particle for the impacted particle to escape from the surface.
In this theory it is not necessary to know the mechanism of transfer
nor the energy of the bound particle. The energy required is thought
to be either the energy of sublimation (~ 4 ev, depending on the
material and the location of the atom in the crystal structure) or
the displacement energy in radiation damage theory (~ 25 ev for most

substances).
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TABLE IX

RANGE~ENERGY DATA FOR PROTONS IN MATERIALS

~Proton Energy R(mg/cm?)
(kev) Ti0,
20 .013%
40 .035%
60 . 064
80 .095
100 .130
150 .221
200 \ .320
250 429
300 . 549
350 .680
400 .822
450 .973
500 1.134
550 1.304
600 1.483

&
‘Extrapolated Values
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Several mechanisms have been proposed to explain the transfer of
momentum ‘from the ion (impinging particle) to the sputtered particle.
.None, however, can explain all observed facts. -Redus-(51) has analyzed
many of these mechanisms and proposed the following properties for the
yet to be found correct mechanism:

a. The scattering cross-section or the depth at which dis-

‘placements result in sputtering must change drastically
with energy and decrease beyond a specific range of energy.
Sputtering yield (atoms out/ions in) varies greatly with
energy, the minimum being less thanlOd3 at a few tens

of evs and the maximum being -about 10 at approximately

10 kev.

b. The-sputtering yield (atoms out/ions in) will depend on
the 'lattice parameters. -Preferential sputtering takes
place in the direction of close-packed chains in-single
crystals, |

c. ‘The sputtering yield is a function of the angle of in-

cidence of the ions, with minimum yield at normal inci-
dence.

The validity of published data is often difficult to evaluate and
it 'is often quite conflicting. Most of the published literature does
not clearly define the true test conditions, thus leaving the reader
only a choice of accepting or rejecting the data. Further experi-
mental investigation is required to determine the effects of pressure,
temperature ‘and particle flux on sputtering yield.

Surface condition of the material, which is very important is a

function 0of the environmental pressure. -Contamination by absorption
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and other surface films would tend to lower the yield. If the environ-
mental pressure is high a large percentage of the sputtered atoms
could return to the surface, lowering the yield.

High temperatures of the materials increase the rate of sublimation,
which cannot be differentiated from sputtering. High temperatures would
also assist in reducing the surface contamination.

The energy with which a particle strikes the space vehicle is given
by half the product of the square of the relative velocity between the
space vehicle and the particle and the mass of the particle. The
thermal energy (4 3/2 kT) is considered completely negligible since
a particle at 2500° K has only a mean thermal energy of .321 ev.
Assuming the threshold for low energy sputtering is based on the heat
of sublimation and using the following empirical equation developed by

Redus (51) from data by Baden, et al (52),

S = 1074 (E - Et)a (6-12)

S = sputtering yield (atoms out/ions in)

E = particle impact energy (ev)

Et' threshold energy (ev)
The sputtering yields for aluminum, SAl’ by oxygen and nitrogen bom-
bardment are shown in Table X (values were doubled to accouat for angle
of incidence).

The lower energy corresponds to orbital velocity and the higher
energy value to escape velocity. 1If sputtering is caused by this type
mechanism, then electrons would be expected to cause no sputtering

yield. However, if sputtering is a form of radiation damage, or a
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TABLE X

SPUTTERING YIELDS FOR ALUMINUM

E (ev) Et Al (ev) ‘SAl

-3

0, 10.6 4.0 8.6 x 10
20.8 4.0 5.6 x 1072
N, 9.3 4.0 5.6 x 107>
18.2 4.0 4.0 x 1072
-4

0 5.3 4.3 2.2 x 10
10.4 4.3 7.5 x 1073
N 4.6 bt 8.0 x 1070
9.1 bt 4.3 x 1073

similar mechanism, sputtering by electrons should start around 200 Kev.
Sputtering yields from electrons were not available in the literature,
Sputtering rates from solar corpuscular radiation could cause serious
problems because of the ‘high densities and high energies of the ionized
particles. TFor a quiet sun, we shall assume a density of 100 particles/
cn® and a mean proton velocity of 500 km/sec; for an active sun, a den-
-sity of 104»partic1es/cm9 and a velocity of 1500 km/sec, for a maximum
period of 104 sec. From this it can be computed that 2.5 x 102 and
3.9 x 10 -X of aluﬁinum would be removed in a year by sputtering by
solar corpuscular radiation.
From this discussion one can conclude that sputtering caused by
particle bombardment should result in a damaging effect to most materials.

The damage would be mostly that of surface roughness. For materials

which are highly absorbent to the incoming particles, damage through
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surface sputtering would be less pronounced. Highly penetrating parti-
cles should cause more damage -through atomic displacement and ionization
than by surface sputtering. High energy protons and heavier charged
particles have sufficient mass to produce sputtering. Electrons,
because of their small mass, should not cause any appreciable sputtering
for energy levels less than 200 Kev.

-The general conclusion that can be made regarding analytical con-
sideration of damage estimates is that many assumptions are required
in the analysis. Many of the assumptions are necessary to simplify
the calculations in view of the complexities of the environment and
the present state of the knowledge of the mechanisms of material damage.
This is particularly true regarding compounds used as thermal-control
materials. To obtain reliable damage estimates, simulation testing
appears to be the only answer. The proper simulation of the environ-
mental components on a -real time scale would provide a method for
accurately predicting the damage. Through the use of analytical tech-
‘niques resulting from proper environmental testing of materials the

over-all evaluation of material damage can be accomplished.



CHAPTER VII
EXPERIMENTAL APPARATUS AND EXPOSURE TECHNIQUES

The combined simulation of proton, ultraviolet and low density
testing was performed in the AVCO Corporation Space Simulation Facility

located in Tulsa, Oklahoma (Figure 24).
Proton Source

" A high voltage Van de Graff accelerator was used to génerate
protons over the energy range of interest. The proton energy range
of the accelerator without an auxiliary power supply extends from
a maximum of approximately 0.5 Mev to a minimum of 100 kev. Through
the use of an auxiliary power supply, it was possible to provide an
energy range of ions from 3 kev to 100 kev. The generator is also
capable of accelerating electrons over the same range of energies
as positive ions. An analyzing magnet system was provided for over-

all mass analysis of the ion beam.
Solar Simulator

The solar spectrum covering the wavelength range from 0.2 to
4.0 microns was simulated by a single 5000 watt mercury-xenon lamp
(Hanovia). The solar simulator was fabricated by Aerospace Corporation.

Radiation from the lamp was collected by a large elliptical mirror
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coated with a selective front face filter (Bausch and Lomb 90-8 re-
flective coating)  in order to closely match the spectrum with that of
the Johnson spectrum (Figure 2). A fused quartz optical system was
provided to transmit the filtered radiation. The beam from the solar
simulator was directed through a quartz entry port of the vacuum
chamber onto the test specimen.

‘The solar simulator was calibrated with an Eppley Mark III
filter radiometer, and a Hy Cal Engineering Pyrheliometer. The
pyrheliometer had been calibrated against a National Bureau of
Standards Lamp. Continuous monitoring of the intensity of the solar
simulator was accomplished with a.calibrated thermocouple radiometer
located in the chamber. The solar simulator was calibrated in place
by fabricating a pyrheliometer holder, similar to the  sample holder,
.so that the detector, .during calibration, was located in the same

'position as ‘the sample in the chamber,
Vacuum: Chamber

'The vacuum chamber was essentially a stainless :steel cylinder with
associated roughing, titanium sublimation, and sputter -ion pumps (Figure
25). The chamber was 16 inches internal diameter and 30 ‘inches long
(inside)., The double wall chamber was constructed of Type 304 stain-
less steel. It was capped at both ends with metal-to-metal type stain-
less steel high vacuum seal flanges. An annulus between the chamber
walls ‘served as a coolant passage for either watér or liquid nitrogen.

Around the mid-periphery of the Working area, 4 four-inch diameter

ports spaced 90 degrees apart provided means of introducing test specimens,
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radiation, measuring devices and other control apparatus into the test
region. One of these ports provided visual observation of the experi-
ments. Instrumentation feedthroughs were introduced into the working
area in a region near the optical baffles. These feedthroughs pro-
vide power, fluids, and instrumentation to the chamber test area.
Another four-inch port, identical with those on the walls, was located
on the bulkhead of the test section end of the chamber.

An insulating jacket was provided for the chamber which curtailed
the heat flux during bakeout and operation of the chamber. Tungsten
heater elements were mounted on the inside walls of the test section
which provide a capability of heating the chamber walls of the test
section to a maximum temperature of approximately 700° F. A thermo-
couple to monitor the wall temperature was attached to the inside
wall of the test section.

The pumping system of the chamber used a combination of metallic
vapor deposition, sputter ion, cryogenic, and physical absoprtion
processes, thus eliminating the vapor backstreaming and contamination
problem associated with an oil diffusion pumping system.

The primary pump of the system is a titanium sublimation type
located in one end of the chamber. An optical baffle, to prevent
titanium vapor migration into the test section, was located between
the pump and the test section. The pumping speed of this pump is
approximately 5000 liters/second for nitrogen and approximately
10,000 liters/second for hydrogen. A sputter-ion pump with a pump-
ing speed of 400 liters/second was attached to the bulkhead of the

chamber.
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Prior to operating the electronic pumps, the chamber was roughed
to a vacuum of at :least 10-'2 torr by a mechanical pump. Hydrocarbons
from the mechanical pump were-isolated from the high vacuum side of
the system by a molecular sieve type foreline trap. The roughing
foreline was :introduced into the high vacuum system at the base of
the vapor pump bulkhead. An ail-metal valve isolated the High vacuum
system from the foreline. A thermocouple gauge was used to monitor
the foreline ‘pressure on the low vacuum side .of the isolation valve.

The vacuum chamber was connected to thé Van de Graff vacuum system
through a differential-pumped pair of orifices. The differential
vacuum pumping -system was very similar to that used in the main chamber
and consisted of .a 25 liters/second sputter-ion pump in combination
with a titanium sublimation pump which had a pumping speed of approxi-
mately 300 liters/second for hydrogen.

With the proton beam operating, the Van de Graff system, which
was pumped with oil diffusion pumps, operates with a vacuum of approxi-
‘mately 10_5 torr. The differential-pumped orifice section maintained
a vacuum of approximately 10'-7 torr. The main chamber operated in a

vacuum range of 10-9 torr to 10-10 torr.
Sample Holder

The sample holder consisted of a square stainless steel or copper
block having a hole with a shoulder for mounting the test sample,
which was held in position by four spring-loaded clamps at the edge
(Figure 26). The holder had channels for circulation of cooling

fluid. Also, a heater element was mounted on the back of the-sample
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holder for high-temperature sample testing. An automatic temperature
control device maintained the sample temperature at the desired level.
The temperature of the sample was measured with a thermocouple whose
junction was silver brazed £o a spring-loaded copper disc which pressed
firmly against the back of the sample. The sample holder was physically
supported in position near the center of the chamber by the tubes which
.carried the cooling fluid. The cooling tubes were supported by the

flange through which they enter the chamber.
Exposure Technique

The proton beam, after passing from the Van de Graff accelerator,
was fed through and analyzing magnet that separated the protons from
other hydrogen isotopes (or any other impurities which may be present
in the hydrogen source). The beam then passed through the differentially
pumped orifices into the vacuum chamber. The proton chamber entry port
was so constructed as to introauce the beam via a tube directed at the
sample, which was mounted on the sample holder located near the center
of the chamber test section. After the proton beam passed through
the orifices it emerges as a ribbon of particles, since the orifices
are actually slits. The protons then passed between twoc electrostatic
deflection plates to which was applied an oscillating voltage of saw-
tooth waveform. This rastered the beam which scanned back and forth
across the test sample. This technique was used to provide uniformity
of exposure.

The proton beam current was measured by the use of an extremely

fine'tungsten screen held against the test sample. The screen was
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attached to the end of an open metal cylinder which was mounted in the
sample holder and insulated from the holder by a glass sleeve. The
protons pass through the éylinder and screen before striking the test
sample. The charge which builds upon the sample leaks to the screen
and a wire connected to the cylinder conducts the current away for
measurement. The shielding effect of the screen on the sample was
considered negligible because its area was less than one percent of
the exposed sample area.

When the protons strike the beam current pickup screen, some
sécondary electrons are ejected. If the ejected electrons were
allowed to escape to the surroundings in the chamber, the beam
current reading would have been erroneously high. To avoid this
phenomena, a 90-volt battery was connected in series with the beam
current meter so that the current pickup screen was biased positive,
thus attracting the secondary electrons back to the screen. An in-
sulated metal plate with a hole in it for the passage of the protons
was mounted juét ahead of the sample holder and was similarly biased
90-volts positive with respect to ground. Its purpose was to define
efficiently the area over which the protons were delivered to the
samp le.

The sﬁecial entry port which permitted the passage of the proton
radiation also contains a quartz window through which the beam from
the solar radiation entered the chamber and was directed onto the
sample. The over-all design of the radiation (proton and solar)
entry port provides a method of irradiating two samples with solar

radiation and, only one sample with proton radiation. Thus, providing



a combined environmental radiation (solar and proton) on one sample

and solar-only radiation on the other test sample.
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- CHAPTIER VIII
MEASUREMENT TECHNIQUES
Optical Property Measuring Equipment

A Perkin-Elmer Model 112-U single-beam recording spectrophoto-
meter with integrating sphere attachment and associated accessory
light sources was used to obtain'spectral reflectance data on.the
test samples over the wavelength range of 0.25 microns to 2.5 microns
(Figure 27)7 The general theory on the use of the integrating sphere
for spectral reflectance measurements is.discussed in references 53
and 54. The monochromator was a Perkin-Elmer Model 99 Double Pass
‘Monochromator with a Si0O, prism. -This type of prism is useful over
a wavelength range of 0.2-4.0 microns. The objectionable first pass
‘radiation was eliminated by masking corresponding halves of the entrapce
and exit slits of the monochromator.

The light sources ‘used for optical measurements were xenon and
tungsten :lamps. The xenon lamp,.because of its good ultraviolet
characteristics, was used over the wavelength interval of 0,25-0.42
microns and the tungsten lamp for measurements over the wavelength
interval of 0.42 to 2.5 microns.

"A 1P 28 photomultiplier tube was used as a.detector in the range
of 0.25 to 0.70 microns and a.lead sulfide cell for.Wavelengths greater

than 0.70 microns. Linearity.was established for each detector at
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every desired wavelength setting .for reflectance measurement over the
wavelength interval of interest. This led to the establishment of a
standard reflectance data sheet for all measurements. The data sheet
specified the slit width as a function of wavelength.

The integrating sphere was uniformly coated with-Mg0O. The sphere
‘walls and sample holder were all smoked with approximately 2 (millimeters)
of Mg0 deposit under 8000-v dc potential. For further -information re-
lating to MgO coating of spheres the reader is referred to references

54 and 55.
-Calibration of Prism

~The method most used for calibrating spectrometers between 0.3
and .5 microns is that which employs the use of selected points from
spectra data of a known source. Wavelengths of the bands .calculated
from the known spectra are then transferéble directly to the spectro-
meter being calibrated. Spectra data usually requires the plotting
.0of a.calibration curve for that instrument. Many times these cali-
‘bration curves do not lend themselves to precise interpolation because
of the doubt "in the curvature of the calibration curve between data
points. McKinney and Friedel (56) developed an empirical equation
which could be used to carry out the interpolation of the calibration
curve for infrared prism .spectrometers.

The empirical equation is based on the curve obtained froem known
spectral bands and by plotting for each band the wavelength drive
turns, T .versus l/(ug - ), whgré v is the corresponding frequency

and 'y, 1is a.Restrahlen frequency of the prism material. The calibration
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curve -then becomes a straight line for wavelengths greater than a
certain value.

The prism used in measuring the optical properties of materials
associated with this research study was 5i0,. The calibration of this
prism fellowed the same procedure as outlined in the previous para-
graphs. ‘A selected group of spectral bands were established over the
wavelength range of interest (.3 to 2.5 microns) using a mercury vapor
lamp for obtaining experimental spectra data points as a function of
wavelength drive turns (Table XI). By the use of the empirical equation
from reference 56, and a Restrahlen wavelength of 8.3 microns for S5i0,
prism material (57), it was found the calibration curve for wavelengths
greater than one micron became a straight line. Then by writing an
equation for the straight line, T = A + B [KZKZ/(KE - '22) ] where A
and B are constants and ‘A, is the Restrahlen wavelength, the necessary
wavelength drum turns can be determined for any particular wavelength
that falls within the wavelength interval of the straight line. For
510, prism the calculations and the plotted data are shown in Table
XL and Figure 28.

Upon further examination of the data in the lower wavelengths
(A < 1 micron), it was found that plotting T versus (A2 - A%)/(A2)\3),
which is a reciprocal of that for A > 1 micron, a linear relationship
wag again established for the spectra data. The straight line equation,
the calculations ‘and the plotting data are shown in Table XI and Figure
29.

These two empirical equations provide a method of precise inter-

pelation of two linear equations for the calibration of a Si0, prism



"TABLE XT

SPECTRAL. DATA POINTS FOR SiOQVPRISM

Wavelength Screw Turns Kg - W tha

1n-M;§rons T ngz xg - )2
0.2968 13.27 11.3491 0.0881
0.3023 13.02 10.9384 0.0914
0.3133 12.49 10.1791 0.0982
0.3342 -11.63 8.9460 0.1117
0.3651 10.65 7.4930 0.1334
0.4048 9.76 6.0905 0.1641
0.4358 9.22 5.2514 0.1904
0.5460 8.02 3.3400 0.2993
0.5770 7.79 2.9893 0.3345
1.0140 6.25 0.9575 1.0442
11290 6.01 0.7700 1.2986
1.3680 5.53 0.5198 1.9236
1.5300 5.19 0.4126 2.4232
1.6930 4.83 0.3343 2,9906
1.7100 4.79 0.3274 3.0537
1.8140 4.53 0.2893 3.4556

%*2,0580 3.84 0.2215 415127>

*Helium spectral data point
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over a wavelength interval of 0.3 to 2.5 microns, except in the non-
linear region of one micron. In this particular region it was necessary
to utilize the experimental spectra data points and plot an expanded

calibration curve for more accurate interpolation.

Evaluation of Calibration of Prisms by

Theoretical Technique

The normal calibration of monochromators consists of using known
frequencies of a number of absorption bands as standards. This pro-
cedure was discussed in detail in the preceding section. The over-all
evaluation of the calibration can be developed theoretically through
the known properties of the prism and the wavelength drive mechanism
of the monochromator.

The evaluation requires the development of an expression for the
wavelength, A, as a function of the wavelength drive turns, T. The
wavelength drive is related to the Littrow mirror of the monochromator
by the drive arm length and the lead of the drive screw. The path
followed by the radiant energy and component layout of the monochro-
mator may be understood by referring to Figure 30. In normal operation
the dispersed energy which has passed through the prism is scanned by
the rotation of the Littrow mirror, which is controlled by the wave-
length drive mechanism. The Littrow mirror returns the selected
energy back through the prism to the other optical systems of the
monochromator. By this technique the position of the Littrow
mirror determines the wavelength or frequency isolated by the mono-

chromator.
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The Littrow mirror motion -is controlled by the wavelength micro-
meter drum which is attached to the drive screw. The wavelength drum
for the Perkin-Elmer Model 99 Double Pass Monochromator requires one
turn for a:'Littrow mirror arc change of 1610 seconds. This relation-
gship is also the same for the Model 98 Monochromator (58). Then in
order to establish a theoretical expression for the wavelength, -A,
as a function wavelength drive, it is necessary to express A as a
function of 9, where § is the angular rotation of the Littrow mirror.

This may be obtained by the integration of dA/dg = f(\). In

this equation dA/de can be obtained from

dr  dA dN
de = dN dg (8-1)

where N is the index of refraction of the prism material. The index

of refraction is given by the following equation (59)

I=1max 97 _fmax C._\? K max EK
2 - e - .
N2 = A + B.A +Z ey +E U (8-2)
I=1 J=1 K=1

where A is in microns and the coefficients depend on the varicus prism

materials. The index of refraction equation for 5i0, is as follows

0.008777808_ _ _84.06224
X2 - 0.010609 © A2 - 96,000

N® =2,979864 + (8-3)

for 0.215 < 3.6 microns. The derivative of the index of refraction
with respect to wavelength is obtained by differentiation and the

result is
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I=Imax I-1 J=J max (A®-D. )(C A) C A3 Kszax EKX
+" -
Y e }Z (e ) e
aN _I=1 J=1 K=1
dA N
(8-4)
which becomes for S§i0p prism
0.008777808 __ . __ 84.06224
E T 96 0007%
dN _ (3% - 0.010609)% T (3% - 96.000) (8-5)
a =

N

The relationship for d@/dN 'is given by the following - equation
(60)

.dg _ _28in @

N = (INF SirPq)k (8-6)

where 2¢ is the apex angle of the prism.
By using the two equations for dN/dA and d6/dN, dA/de can be

obtained using point by point evaluation where

= £(A) (8-7)

then

A
j A j ds (8-8)
A

Using published data on prism materials and selected curves in
reference 59, calculated results for an Si0; prism with apex angles
of 50° and 60° are tabulated in Tabie-XII. ‘The table also shows the
calibration data developed by the techniques .described in the preceding

section.



TABLE XII

THEORETICAL CALIBRATION.DATA FOR Si0O; PRISM

50° $,0, Prism 60° $,0, Prism
zave}ength ‘ (1) Theor, (1) Calibrated(?) (15 Theor.(l) calibrated(2)

, Microns £(\) Turns Turns £(\) Turns Turns

0.3 0.3590 0 0 0.4933 0 0
0.4 0.1348 2,481 >2.43 ' ) 0.1842 3,050 3.08
0.5 0.0667 3.443 3.44 .0.0909 4,398 4.50
0.6 0.0397 . 3.996 4,01 0.0541 5,152 5.28
0.7 0.0268 4.357 4.38 0.0364 5,645 5.74
0.8 0,0192 4,617 4,66 0.0261 5.998 6.05
0.9 0.0160 4.824 4.84 0.0218 6.282 6.36
1.0 0.0139 5.005. 5.01 ‘ ‘.0.0188 6,527 6.67
1.1 0.0128 5.171 5.18 _ 0.0174  6.753 6.93
1.2 0.0125 5,331 . 5.34 0.0169 6.970 : 7.08
1.3 0.0122 5.488 5.49 : 0.0166 7.185 7.33
1.4 0.0124 5.646 5.65 0.0169 7.401' . 7.52
1.5 . 0.0126 5.808 5.81 0.0171 7.621 7.72
1.6 0.0131 5.975 5.98 0.0177 7.849 7.94
1.7 0,0137 6.150 6.16 0.0186 8,087 8.17
1.8 0,0142 6,331 6.34 0.0193 8,334 8.42
1.9 . 0.0149 6.521 6.54 0.0201 8,592 8.69
2.0 0.0156 6.720 6,74 0.0211 8.863 8.98
2.1 0.0164 6.930 ‘ 6,96 0.0223 2,148 9.28
2,2 ‘ 0,0173 7.150 7.18 ' 0.0234 9.447 9.60
2.3 » 0,0180 7.381 7.41 0.0244 9.776 9.94
2.4 0.0191 ‘ 7.625 7.66 : 0.0258 10,090 . 10.31

2.5 0.0201 ©7.882 7.92 0.0272  10.438 10.69

(1) Theoretically calculated by equation (8-8).

(2) Calibration curves developed by empirical technique.
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Discussion on Calibration of Prisms

'Two monochromators and associated integrating spheres were cali-
brated by using the techniques discussed in the two preceding sections,
Both monochromators were Perkin-Elmer Model 99 Double Pass Monochro-
mators with Si0, prisms (one with a 50 degree apex angle and the other
a 60 degree apex angle). The 50 degree prism was used for measuring
the optical degradation of all samples. -Many of the optical property
measurements were repeated with the 60 degree Si0, prism monochromator.
Spectral measurements made with the two apparatus were within .+ 0.5%,
which was close to the reproducibility of the detector-amplifier system.
Both monochromators were also calibrated relative to Mg0O standard -as
recommended in reference 61. Reflectance data was in agreement with
that published for Mg0O by Middleton and Sanders (62).

The advantages of these calibration techniques are:

1. This is a theoretical method of checking the experimental
spectra data.

2. The technique limits the spectral data to selection of the

strong and sharp bands.

3. It is applicable to short wavelengths and long wavelengths.

4. The technique establishes confidence in the optical property

-measurements.
‘Microscopic Analysis

Microscopic surface and cross-section analysis were accomplished

through the use of a-"Zetopan' Research Microscope produced by Reichert
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-Company of Austria. The microscope was equipped with a polarization
inter ferometer and interference contrast equipment for examination of
surface roughness and determining depth of cracks and other surface
irregularities.

Cross=-section analysis was accomplished by stripping the irradiated
coating from the backing material and molding it into melted beeswax.

‘After the beeswax was cooled, very thin slices of the coating were

cut and examined under the microscope.
Sample Reflectance Measurements

"The reflectance measurements of the exposed samples were undertaken
- immediately upon removal from the space Simulator. This procedure was
established to minimize the possibility of atmospheric bleaching -of

the irradiated and vacuum~exposed samples. ‘A standard reflectance
measuring technique was utilized for all samples. A common monochro-
mator slit width, light source power and photomultiplier power settings
were established for each spectral point of interest between the wave-
lengths of 0.2 microns to 2.5 microns., ‘A twenty degree angle of in-

cidence for each sample was used for all reflectance measurements.



CHAPTER IX

DISCUSSION OF RESULTS

Desgcription of Thermal-Control Materials

The thermal-control materials selected for testing were considered
to be the most highly developed coatings available today for space system
-applications., The thermal coatings were prepared by the Thermophysics
Group of the Aerospace Sciences Laboratory at Lockheed Missiles and Space
Company, Palo Alto,-California. Initially three coatings (white, grey
and black) were selected for testing. The white coating dominated the
over-all test program because of its degradation characteristics and
importance in the over-all design of an effective thermal-control system.

Dow Corning polymethyl siloxane was used as the vehicle for all
three coatings. The white coating was one to one by weight, pigment
to vehicle; pigment was rutile TiO; calcined (TITANOX R.A.N.C.}. The
thickness of the coating was approximately 0.006 inches, The black
coating was one to five by weight, pigment to vehicle; pigment was
carbon powder. The coating thickness was approximately 0.0015 inches.
The grey coating was a mixture of the two paints, 30 parts black teo
100 parts white.

The procedure for preparation was the same as the preparation of
coatings for space system applications. Test samples for each coating

were prepared from the same batch cof paint and punches frowm large
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coated panels. This procedure was established to eliminate the possi-
bility of batch to batch variations and obtain a uniform thickness for
each sample. All samples were 15/16 inches in diameter with 1/16 inch

aluminum backing.
Selection of the Test Environment

"~ Considering the complexity of the actual space environment and the
simulation capability of the experimental equipment, it was necessary
to limit the simulated space parameters to a number consistent with the
need for reaching meaningful conclusions. It would have been most de-
sirable to undertake a test program which would have determined the
degradation of the coatings as a function of many significant parameters,
Such parameters as type of coatings, type of radiation, energy of radi-
ation, flux of radiation, integrated flux of radiation, temperature of
sample, and low density could each have been considered as a variable.
To conduct synergestic type testing as a function of each environmental
parameter would have required many tests to obtain the desired data
necessary for determining the synergestic functicnal relationship.

After careful evaluation of the above difficulties, it became

evident that the type of coating should be limited to the white and
the type of radiation should be limited to proton and electromagnetic.
‘Proton radiation was selected because of the existing operational mode
of the accelerator and the anticipated long term missions of space
systems in the intense proton radiation regions of the space environment.
The values of proton energy and integrated fluxes were selected oun the

basis of exposure condition for an approximate one year mission in the
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solar wind environment. A summary of the test data and the simulated

parameters are shown in Table XIII.
Calculation of Scolar Absorptance (as)

The sclar absorptances were calculated from the spectral reflectance
data. Absolute spectral reflectance was calculated for selected wave-
length intervals over the wavelength region of interest. The wavelength
intervals selected represented equal energy increments for the solar
spectrum in space. -The average spectral reflectances for the equal
energy increments were then summed and divided by the number of incre-
ments to obtain an integrated solar reflectance (ps)u The sclar ab-

gsorptance (ms) was obtained from the sclar reflectance.
e« = ']_V - o (9-1)
Calculation of Total Energy Absorbed

‘The total energy absorbed per unit area of sample, Ea’ was calcu=

lated from the proton energy exposure condition as follows:

_ Proton energy (ev) x Flux (P/cu®-sec) x Time (sec)

6.28 x lO18

Ea(joules/cmz)

This provides a method of comparing the degradation of the exposed
samples as a function of energy absorbed for various proton energies,

fluxes and exposure doses (integrated flux).
Results

The results of the tests conducted as summarized in Table XIILI

will be discussed relative to the optical degradation of the exposed



Test
No.
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t1

14
1%
16

17
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.20
21
22
23 .
24 .

*
25

26

27

29"
30
31
12

3

*
3%
35
36

a7 -

38

Proton
Enexgy
(kev)

10 }
10
16
10
10

10

10
S
.50

50
50
50

100

100

100

100

100

i00 |

100
100

100

Flux (1071
(plcuﬁ-nee)

5.50
5.50

2,80

5.50
5,50

5.50

e s e

;*After 650 hours o R
ESH - eguivalent solar sun hours

TABLE XIII

SUMMARY OF ‘TESTS

Integrated o Sample  Ultraviolet
Flux (10-%%) (torr) - pegature (Solar
(pfen) : (82 3) Suns)
WHITE COATING
. 10°? . ’ .
1.0 10'9 65 .
10.0 107? 65 .
50.0 10°? 5 .
10.0 078 70 10
50.0 1078 0 10
3.0 1079 70 10
- - 70 16
° - 70 10
5.0 T 65 N
2.5 10'9 65 .
10.0 1078 65 .
2.0 Lo'a 63 .
1.0 10.8 65 -
5.0 -10-8 65 .
1.0 1078 65 .
1.0 10‘8 65 .
Lo 107" 65 .
5.0 16'8 65 .
0.5 108 65 .
5.0 10" -300 .
5.0 1078 100 .
5.0 10’5 200 .
5.0 1078 300 -
- 107 63 .
- 10.6 55 8
- 1077 155 8
- 1077 215 8
GREY COATING
- 10¢ 65 .
- I.O“8 70 10
. 10¢ 55 6
- i 155 - 6.
- 107 215 6
BLACK COATING -
. 10°¢ 65 -
- 1078 70 10
- 107% . s A
. 10’ 185 6
1077 21s 6

Total
Ultravioles
(Esu)

360
560
560

180
420
420

420

190
420
420
.‘420

Total
Proton Encrgy
(Joules/cn®)

1.6
16.0
80,0
15;0 '
8.0

4.8

Solaxr
Abgorptance
)

16.5 -
17,6
-29.1
58.8
34,5
“62.1
2.3

18.0,

37.8
23,5
23.4
234
33.8
19.7

32.3

67.6‘
68,4
71,0
71.3

7.7

95,7
95.8
96.4‘
$6.7
96,3

¥y,

1.1

12,6

42,3

18.0

C 43,6

5.8

7.0

<1.0
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samples. Optical degradation is defined as an increase in spectral ab-
sorptance or as a decrease. in spectral reflectance in the solar region

of electromagnetic radiation.

Low Density Effects

The white, grey and black coatings were exposed to a low density
environment of apprxoimately 10-6 torr for a period of 650 hours. Each
coating experienced a measurable weight loss: white--0.17%, grey--0.19%,
black-~0.16%. The increase in the solar absorptance for the white and
grey coatings when exposed to the low density environment alone was less
than one percent. The black coating showed no measurable optical degra-

dation for the vacuum-only exposure.

Proton Energy Effect

The TiO, white coating was irradiated with protons of energies of
10 kev, 50 kev, and 100 kev. The proton bombardment induced optical
damage of the coatings in all cases. The optical degradation as measured
by spectral reflectance is shown in Figures 31, 32, 33, 34, and 35. It
should be noted that the greatest decrease in reflectance occurs in the
region of approximately 0.5 microns, which is the region of high solar
energy. Figure 31 shows the change in spectral reflectance produced by
10 kev protons at various integrated fluxes. The change in solar ab-
sorptance for an integrated flux of. 1 x 1015 p/cm2 was found to be very

small (A«s =1.1%). At an integrated flux of 5 x 1016 p/cm2

the change
in solar absorptance was 42.3%.. Figure 32 shows the effect of 10 kev

proton bombardment for a constant time of five hours at three different
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integrated fluxes. -Both the flux and integrated fluxes were varied to
achieve two times the integrated flux of the preceding test. The change
in solar absorptance was 2.4% for an integrated flux of 2.4 x 1015 p/cm?,
6.1% for an integrated flux of 5 x lO15 p/cm® and 18.0% for an integrated
flux of 1 x lO16 p/cm®.

The effect of 50 kev proton irradiation of the TiO, white coating
at a constant flux, for four integrated fluxes, is shown in Figure 33.
Again, the maximuﬁ change occurs in a region of approximately 0.5
microns and the shape of the refiectance curves‘are similar to those
for 10 kev proton-irradiation. The change in solar absorptance varied

® to 37.8% for an in-

from 5.0% for an integrated flux of 1 x 1015 p/cm
tegrated flux of 1 x 1016 p/cm®.

The effect of 100 kev proton irradiation of the white coating is
shown -in Figure 34, The optical degradation curves are similar to the
10 kev and 50 kev degradation curves. The comparison of optical degra-
dation for 10 kev, 50 kev and 100 kev proton irradiation for an inte-
grated flux of 1 x 10%° p/cm® at a flux of 5.5 x 10°° p/cm®-sec is
shown in Figure 35. An equivalent integrated flux of a more energetic
particle produces a proportionately greater degradation. The induced
damage by the 10 kev, 50 kev and 100 kev proton irradiation for an in-
tegrated flux of 1 x 1015 p/cm® resulted in a change of solar absorptance
of 1.1%, 5.0%, and 6.8% respectively.

Comparison of the optical damage produced per equivalent amount of
energy absorbed (joules/cm®) for proton energies of 10 kev, 50 kev and
100 kev 1s shown in Figure 36. The increase.in solar absorptance is

much greater for the 10 kev proton irradiation. The curves show that
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the optical degradation expressed as a change in solar absorptance is
close to a linear relation for low energy absorption. Each curve re-
flects a saturation type relationship as a function of absorbed energy.
The saturation energy for 10 kev, 50 kev and 100 kev proton irradiation
ig approximately 50 joules/cm®, 45 joules/cm® and 35 joules/cm® re-
spectively, ‘Only a -small increase in solar absorptance -is experienced
for absorbed energies greater than these wvalues. The net changes in
solar absorption as a fuuction .of absorbed energy below the saturation

point and above the saturation point is as follows:

Proton Energy (kev) ”Ea {Joules/cm®) A e (%)
10 0-50 37.0
50~80 5.3
50 0-45 26.5
45-80 6.3
100 0-50 13.0
50-80 4.3

The change of solar absorptance as a function of integrated flux

for 10 kev and 50 kev irradiation is depicted in Figure 37. The figure

¢

shows that a higher integrated flux of the lower energetic proton is
required to cause equal optical damage of that experienced by the higher
energy proton., -As an example, an integrated flux of 3.3 x 1016 p/emz
for the 10 kev proton irradiation would be required to cause the same
degree of degradation (A <, = 32.8%) as that experienced by an integrated
flux of 1 x lO16 p/cm® for 50 kev proton irradiation,

The spectral reflectance changes as a function of energy absorbed,

Eas are shown in Figures 38 and 39. The main point of interest of this
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data is that the low energy proton imposes a greater degradation in
spectral reflectance than the higher energy proton when compared on

the basis of energy absorbed in joules/cm®.
‘Rate Effect

A series of samples (white) were tested for rate dependence.  The
tests were conducted at a proton energy of 100 kev and an integrated
.15 P 10, .»
flux of 1 x 107" p/cm®. Flux rates of 1.1 x 107 p/cm®-sec, 5.5 x
11 - 12 2 o » . .
107" p/cm®-sec, -and 1.1 x 107" p/cm®-sec, combined with radiation times

of 9.1 x 104 sec, 1.82 x-lOé‘L sec, and 9.1 X'103 sec, .resulted in an in-

tegrated flux of lO15 p/cm® for each test. The following results were

obtained:
Test I. Proton:Energy - 100 kev
Flux - 1.1 x 109 p/cn®-sec
. ' 15 2
‘Integrated Flux - 1. x 107~ p/cm
< = 23.5%
5
Test LI, Prcton Energy - 100 kev
. 11 .2
Flux ~ 5.5 x 107" p/cm®-sec
: 15 2
‘Integrated Flux - 1 x-107" p/cm
o« = 23:.4"0
S
Test IIL ‘Proton Energy -~ 100 kev

Flux - 1.1 x lO12 p/cm®-sec
, . 15 2
Integrated Flux - 1 x 1077 p/cm
e« = 23.4%
El
It can be concluded from the results of these tests, along with

analysis of the test data for 10 kev and 50 kev proton bombardment,
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that the optical degradation of this material is independent of flux

for the range of fluxes studied.

-Synergestic Effects

Combined environmental simulation with protons, ultravielet,
temperature and low density was conducted on three samples of TiO,
white coatings to determine the synergestic effects. Figure 40 shows
the optical degradation of the three samples when irradiated with -10
kev protons and 190 equivalent sun hours (10 solar coustants® of radia-
tion for 19 hours) of ultraviolet radiation. Figures 41 and 42 show
the synergestic effects of the combined environment in comparison -to
‘the proton=-only and ultraviolet-only radiation degradation of the
samples. The combined environmental degradation for the samples was
more than the algebraic addition of the degradation effect caused by
the two separate environments. For a combined environment of 10 kev
protons at an integrated flux of 1 x-lO16 p/cm® and 190 Hours of ultra-
violet radiation the change in solar absorptance was 18.0% and the
algebraic addition of the changes in solar abseorptances caused by the
two separate parameters, proton-only and ultraviolet-only, was 13.4%.
Also, there seems to exist an annealing effect within the coating that
caused less synergestic degradation in the longer wavelengths . (infrared
region) than that experienced in the proton-only radiation test. This

ig depicted by the crossover of the reflectance curves at approximately

#Solar constant is defined for this study as the flux density of
extraterrestrial ultraviolet radiation in the wavelength region from
0.2 to 0.4 microns, intercepting a flat plate which is perpendicular
to the solar vector at one astronomical unit from the sun.
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0.85 microns in Figure 40 and 41. Results of these tests clearly in-
dicate the need for combined environmental testing of thermal-control

materials.

Sample Temperature Relationship

A series of tests were conducted on TiO, white coating to determine
the degrédétion as a function of temperature. Samples were irradiated

with 100 kev protons at a flux of 5.5 x 10t p/cm®

for an integrated
flux bf:S x 102 p/cm® with sample temperatures at -300 F, 65 F, 100'F,
ZOODF;vand’BOOng Optical degradation results of these tests are shown
in Figure 43; ‘The spectral reflectance curves show a shift in the
absorption edge with increasing temperature and a greater decrease in
specpral réflectance with lower temperature in the longer wavelengths.
The crossover of the spectral reflectance curves occurs at approximately
dg75fﬁicronsc The over-all change in solar abéorption from that of the

control sample (low density only) for the various sample temperatures

are as follows:

Tempeizzziz (OF) A“S(%)
-300 ~15.8

65 17.3

100 19.3

200 20.6

300 23.3

‘Results of these tests indicate that degradation of thermal-control
materials is a function of temperature. -However, a certain degree of

uncertainty exists in the values of the optical damage because the
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reflectance measurements of the irradiated samples were accomplished at

room temperature.

‘Microscopic Analysis

Microscopic analysis of the proton irradiated samples was undertaken
to obtain a better understanding of the surface damage as related to the
optical degradation and proton irradiation of the samples. The surface
appearance for Ti0, coatings before and after 10 kev proton irradiation
at integrated fluxes of 1 x 1015 p/em®, 5 xlO15 p/em®, and 1 x 1016 p/cm®

are shown in Figure 44. The nonirradiated sample shows an extremely
smooth surface., The irradiated samples indicate an increase of roughness
with an increase of integrated flux. Of particular interest is the
noticeable increase in the seemingly damaged area for the samples as

the total proton exposure increases. Also, the higher the integrated
flux, the greater the roughness and larger the cracks in the surface.
“Microscopic surface texture as a function of proton energy is shown in
Figure 45. The irradiated samples indicate a surface damaging effect
related to proton energy. The higher the proton energy the larger and
deeper the cracks in the coating and greater is the change in .absorptance.
This -phenomena can be better observed in the microscopic cross-sectional
photomicrographs of the irradiated samples presented in Figure 46. The
proton irradiated samples show a very distinct roughness in the exposed
surface with no apparent microscopic roughness in the unexposed sample.
The degradation depth of the 10 kev proton irradiated sample appears to
be limited to a very narrow region close to the surface. The higher

energy proton irradiation shows a correlation of degradation depth and
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Nonradiated
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Figure 44, Photomicrographs of Ti0O, Coating After 10 kev Irradiation
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Proton Energy:
10 kev

Proton Energy:
50 kev

Proton Energy:
100 kev

Figure 45. Photomicrographs of Ti0, Coating After 10 kev, 50 kev
and 100 kev Irradiation For an Integrated Flux of
5 x 1015 p/em®
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Figure 46. Cross Section Analysis of TiO, Coating After 10 kev,
50 kev, and 100 kev Proton Irradiation
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the calculated penetration ranges (Table XIV). It appears that the
change in solar absorptance is related to the depth of the dagage layer
and therefore to the penetration range of the proton.

‘The penetration ranges for Ti0, were calculated from the data pre-
sented in Table IX of Chapter VI. The average weight of the TiO,
samples was 0.1066 grams and the exposed area of samples was 4.45 cm®.
Using this information and the data from Table IX the calculated

penetration range as a function of proton energy is presented in Table

X1V,

TABLE XIV

CALCULATED PROTON PENETRATION RANGE OF TiO, COATING

Proton Energy (kev) Penetration Range (Microns)
10 0.067
50 0.335
100 0.871
500 7.583
600 9.908

From the analysis of the photomicrographs, the optical degradation
is a function of the surface roughness which is directly related to the
proton energy. The damage mechanism could be due to a sputtering pro-
cess and the chemical reaction associated with the bombarding hydrogen

ions reacting with certain elements in the thermal-control material.
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Bleaching

The ultraviolet-only ‘irradiated samples showed a bleaching and/or
annealing effect when exposed to the atmospheric environment fdr a
period of time. Reflectance measurements for all samples were ac-
complished immediately after their removal from the space -simulator to
partially eliminate this phenomena. In selected samples the light yellow
color caused by the ultraviolet "irradiation of the -white coatings had
completely disappeared after a 12-hour period of atmospheric exposure.
To curtail this bleaching effect,‘the reflectance measurements of the
gltraviolet-only irradiated.samples were conducted in an inert atmosphere.
Figure 47 shows the spectral reflectance of Ti0, white coating after 560
equivalent solar sun hours of irradiation. The figure also depicts the
degradation recovery after 2 and 12 hours of atmospheric exposure.

The-reflectance.measurementS'conducted in an inert atmosphere showed
an optical degradation in solar absorptance of 6.5% (Aa; =-6.5%). After
two hours of atmospheric exposure the degradation had decreased to
Aas ='2.9%, which was a 55 per cent recovery in the total degradation
measured in the inert atmosphere. -After 12 hours of atmosphere exposure
the degradation had decreased to Ads'= 1.9%.

The-atmospheric bleaching or annealing phenomena was less pro-
nounced for the combined proton and ultraviolet irradiation and was

not detectable with the proton-only irradiated samples.



Reflectance (%)

106

90

80
70
60
50
40
30

20

10

0

0.2 0.3 0.4 0.5

ax®

@ Control Sample

O Inert Atmosphere
Measurements

O After Two Hours
Atmospheric Exposure

A After Twelve Hours
Atmospheric Exposure

Pressure 10-6 torr

Figure 47.

0.6 0T B8 0.9 H50 rods a2 13T 1

Wavelength (microns)

L.

5

1.

6

ks

7

Lol 129 2.0 2L 262

Optical Degradation of Ti0, White Coating After 560 ESH of Ultraviolet Irradiation

For Various Periods of Atmospheric Exposure

el



CHAPTER X
CONCLUSTION AND RECOMMENDATIONS

The basic objective of this study has been achieved by limiting the
testing program to mostly that of TiO; white thermal-control material
and the particle radiation to protons. Results of the study indicate
that this type of thermal-control material is susceptible to absorptance
degradation by simulation of the low density, temperature, proton radi-
ation and electromagnetic»radiation of the space environment. The
damaging mechanism is associated with .decomposition, evapecration, chemi-
cal reaction and physical sputtering of the material.

Results of thé investigation can be summarized as follows:

1. Synergestic effects of engineering sigunificance are preduced
when the material is exposed to the combined environment. The combined
envigonmental degradation for the material is more than the algebraic
addition of thevdegradation caused by the individual environmental
parameters. Combined environmental testing of thermal-contrel materials
is necessary for proéer evaluation of degradaticn.

2. The degree of optical damage is largely independent of the proten
flux. Results of accelerated flux testing may be utilized to predict
degradation of materials for lowef fluxes.

3. Optical degradation of thermal-control materials is a function

of proton energy. The more energetic particle produces a proportiocnately
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2. The degree of optical damage is largely independent of the proton
flux. Results of accelerated flux testing may be utilized to predict
degradation of materials for lower fluxes.

3. Optical degradation of thermal-control materials is a fﬁnction
of proton energy. The more energetic particle produces a proportionately
greater damage. For over-all evaluation of the expected space environ-
mental degradation it is important to consider not only the integrated
fluxes of the proton environment but also their -individual energies.

4. Degradation is a function of temperature; the higher the
temperature, the greater the optical degradation. For simulation
testing of thermal-control materials, temperature control of the sample
is necessary for proper evaluation of degradation.

5. Atmospheric bleaching and annealing effect is very pronounced
for the ultraviolet irradiated materials.

6. Ini;ially, materials degrade very rapidly when subjected to a
radiation~type environment and then appear to reach a saturation point.

7. Detailed calibration of spectrometer equipment is required for
absolute measurement of spectral reflectance.

In summary, the results of this study have clearly indicated the
need for combined environmental testing of thermal-control materials and
the requirement for in situ-type measurements for the proper evaluation
of optical degradation of thermal-control materials. 1In order to ex-
plain the basic causes of degradation it is necessary to understand the
mechanism of radiation interaction with the material and the basic
properties of the material that control the degradation process.

The following recommendations are submitted for consideration:
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1. Similar tests, including electron irradiation, should be con-
ducted on other space materials.

2. The TiO, coating should be subjected to electron particle
irradiation to establish the dependence of optical damage on particle
energy, flux, and integrated flux and to determine the synergistic
effects associated with electron-type combined environmental testing.

3. Accelerated ultraviolet testing should be investigated for the
purpose of determining the rate effect.

4. 1In situ reflectance measurement techniques should be developed
for the purpose of determining the optical degradation of the sample
under a low density environment at the sample test temperature.

5. Standard techniques should be established for the calibration
of spectrometers used in the measurement of optical degradation of
thermal-control materials.

6. Published results of degradation studies should include the
degree of simulation for all parameters and the methods and techniques
used in simulating and measuring the parameters. This data is necessary
in order to correlate all the published data related to a particular

material,
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