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Abstract

By compared with ZnO powders and silicone resin, the optical degradation of the ZnO/silicone white paint caused by <200 keV pro-
tons was investigated, and the damage mechanism was revealed by X-ray photoelectron spectroscopy (XPS) and Fourier transform infra-
red spectrum analysis (FTIR). Experimental results show that the optical degradation mainly occurs in the visible region and the
absorption band shifts towards longer wavelengths with increasing proton fluence. Under the proton irradiation, the resistance to optical
degradation of the ZnO/silicone white paint is less than the ZnO powders and better than the silicone resin. Such a change can be related
to the damage of the silicone. The damage of the silicone binder enhances the degradation of ZnO/silicone white paint, whereas the exis-
tence of ZnO pigment relieves the degradation of the silicone binder. The major damage product changes from the cyclotrisiloxane in the
silicone resin to the net Si–C@O structure in the silicone binder of the ZnO/silicone white paint.
Crown Copyright � 2008 Published by Elsevier B.V. All rights reserved.
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1. Introduction

Thermal control coatings are important components of
the passive thermal control system on spacecraft, which
can adjust the surface balance temperature of spacecraft
through their own thermo-physical properties such as solar
absorptance as and semispherical emissivity e. Under the
exposure of space energetic particles, the optical properties
of thermal control coatings are degraded, influencing the
lifetime and reliability of spacecraft. A large amount of
<200 keV protons exists in the Earth radiation belts, which
is an important factor to cause radiation damage for the
thermal control coatings used on spacecraft in orbit [1].
The ZnO/silicone white paint is a typical thermal control

coating used on spacecraft extensively [2–4]. ZnO is a semi-
conductor of compounds with a wide forbidden band
(3.37 eV at room temperature) and better processing per-
formances, being suitable as a pigment in thermal control
coatings. The organic silicone is often used as a binder in
the ZnO/silicone white paint, for it has a unique structure
in which the main Si–O chains are spiral-shaped and the
good performances such as the electric isolation and the
resistance to heat, weather and aging.

The investigation on optical degradation of ZnO/sili-
cone white paint caused by the protons are often empha-
sized on the damage of ZnO pigment [5–8]. It is believed
that under proton exposure, the degradation in optical
properties in the visible region of solar spectrum is related
to the radiation-induced vacancies of oxygen for the ZnO/
silicone white paint. Our previous work [7,8] demonstrates
that the optical degradation of ZnO/silicone white paint
induced by <200 keV protons can be attributed to three
major events: the ionization to form electrons and holes,
the formation of free oxygen and oxygen vacancies, and
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the damage of organic silicone binder. The formation of
free oxygen and oxygen vacancies in the ZnO lattice plays
an important role in degrading the ZnO/silicone white
paint under proton exposure. The oxygen vacancies can
trap and bound electrons to form colour centers in the
ZnO pigment, and the free oxygen promotes the formation
of peroxy radicals to damage the silicone structure. Both
the two events could result in optical degradation of the
ZnO/silicone white paint.

In order to further reveal the mechanism of optical deg-
radation in the silicone binder of the ZnO/silicone white
paint, the changes in optical properties and chemical struc-
ture caused by <200 keV protons are compared for the
ZnO/silicone white paint, the ZnO pigment and the silicone
resin in this study. The changes in chemical structure of the
silicone resin and the silicone in the ZnO/silicone white
paint are examined by X-ray photoelectron spectroscopy
(XPS) and Fourier transform infrared spectrum analysis
(FTIR). The silicone is usually characterized in terms of
the binding performance and thermal resistance [9,10]. A
little work was conducted on optical degradation of the sil-
icone irradiated by protons. It is of significance to clarify
the optical degradation mechanism for the silicone irradi-
ated by <200 keV protons. The result will be beneficial to
an improvement upon ZnO/silicone white paint for its
application on spacecraft.

2. Experimental

The test samples of ZnO/silicone white paint were
20 mm in diameter and 150 lm in thickness, and the ZnO
particle size was in the range of 0.4–0.9 lm. Poly-
dimethylsiloxane was chosen as the silicone binder, in
which a small amount of additives were added. The paint
samples were coated on an Al alloy substrate. The samples
of the polydimethylsiloxane resin were 20 mm in diameter
and 150 lm in thickness, which were cured at room temper-
ature and dead-ender with hydroxy groups. The silicone
resin is white in colour after film-forming. The ZnO sam-
ples with 20 mm in diameter and 2 mm in thickness were
formed by pressing, in which the ZnO particles ranged
from 0.4 to 0.9 lm.

The ground-based simulation equipment used in this
study can simulate the radiations of solar electromagnetic
rays, protons and electrons in orbit, independently and
simultaneously. The proton energy was chosen as
150 keV. The proton flux was 5 � 1011 cm�2 s�1, and the
fluence in the range of 5 � 1014–1 � 1016 cm�2. The sam-
ples were placed in a vacuum chamber of 10�5 Pa. During
the proton exposure, the temperature of samples was main-
tained at 298 ± 5 K.

The spectral reflectance over the wavelength interval of
200–2500 nm was immediately measured in air after proton

Fig. 1. The change in spectral reflectance Dqk versus proton fluence for (a) the ZnO/silicone white paint, (b) the ZnO powders and (c) the silicone resin.
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