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ABSTRACT 

Reflectances and transmittances as a function of wavelength are 
reported for 17 specimens of painted aluminum and paint films. Such 
measurements were made with a directional integrating-sphere reflec- 
tometer in the 0.33- to 2.5-p region, a directional heated-cavity re- 
flectometer in the 1.5- to 23-p region, and a far-infrared reciprocal 
paraboloid reflectometer in the 20- to 61-p region. The spectral range 
thus includes 98% of the room-temperature emission spectrum as well 
as 98% of the extraterrestrial solar spectrum. Coatings of clear resins on 
aluminum were discovered to have high reflectances in the far-infrared 
when the film thicknesses were approximately 25 p or thinner. Reflec- 
tance data for the clear-resin-coated aluminum were found to be 
predictable with some accuracy from the measurements of binormal 
transmittance ( infrared transparency) of resin films together with use 
of the Fresnel relations. Pigmented paint resins were found to have 
low reflectances in the far-infrared region investigated even when the 
film thicknesses on aluminum substrates were as small as 25 p. 

1. INTRODUCTION 

In order to predict thermal-radiation transfer between 
spacecraft elements it is desirable to know, among other 
things, how much radiation incident from a given direc- 
tion is absorbed, reflected, or transmitted. For an opaque 
solid slab in thermodyiiamic cq-i!ihri~m, the directional 
reflectance, which is the ratio of all energy reflected to 
that incident from a particular direction, serves to de- 
scribe both the fraction reflected and, by subtraction 
from unity, the fraction absorbed. Much information on 
the spectral dependence of the directional reflectance 
is available for wavelengths up to approximately 25 p 

(Refs. 1-8). However, a room-temperature black thermal 
radiator emits over 17% of the radiation at wavelengths 
longer than 25 p (Ref. 9). Uncertainty in the spectral 
behavior of thermal radiators and receivers beyond 25 p 

thus causes a significant uncertainty in spacecraft design 
heat-transfer calculations. 

- - _  

It is rather diEcii!: to IP.PBU~P spectral directional 
reflectance directly for an incompletely specular speci- 
men, that is, for one which scatters radiation, because 
of the need to detect correctly all radiation scattered to 
the hemisphere above the surface. However, it is even 
more difficult to make diieci spcctra! ahsorptance or 
emittance measurements at room temperature. Fortu- 
nately, it is possible to utilize the Helmholtz reciprocity 
principle, which, in one of its extended forms, states that 
the directional reflectance is the ratio of the intensity 
viewed from a slab that is diffusely irradiated to the 
intensity of the diffuse irradiation (Refs. 10 and 11). A 
reciprocal paraboloid reflectometer suitable for use in 
the far-infrared has been designed by application of this 
principle (Ref. 12). The instrument makes it possible to 
investigate spacecraft materials at wavelengths several 
times longer than 25 p. 
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It is well known that absorbing films on thick metal 
substrates lose their absorptance as the wavelength of 
radiation becomes large compared to the film thickness. 
This factor has been a cause for concern to the space- 
craft designer who employs, for example, painted metal 
surfaces. There is a weight penalty associated with a very 
thick coat of paint, but if a thin coat is used, there is a 
question as to whether or not the spectral reflectance 
beyond 25 p becomes large. 

Binormal transmittance or transparency measurements 
of paint or other films are relatively easy to make, even 
in the far-infrared, because only the nearly undeviated 
transmitted intensity must be detected. If the designer 
could be sure that the film does not scatter, he could 
either use observed transparency, together with an esti- 
mate or measurement of refractive index, to predict the 
behavior of a painted metal by use of the Fresnel rela- 
tions, or he could use a specular-reflectance measure- 

ment technique (Ref. 13) which is nearly as easy as a 
transparency measurement. Because of inhomogeneities, 
however, the designer is never certain that scattering or 
imperfectly diffused reflection is not a significant factor. 

It is the purpose of this Report to present spectral 
measurements of normal reflectance and binormal trans- 
mittance of 17 specimens of painted aluminum disks and 
paint films for a spectral region covering 98% of the infra- 
red spectrum of a room-temperature black body. These 
measurements are to show at what thickness the paints 
investigated become transmitting in the far-infrared. Pre- 
dictions based on the Fresnel relations are to be com- 
pared with data for the clear-resin-painted specimens 
investigated. The change in the reflectance, caused by 
loading the resin with pigment, is also to be found. Short- 
wavelength data covering approximately 98% of the extra- 
terrestrial solar spectrum are to be included to show the 
effect of paint thickness on this region as well. 

II. APPARATUS AND PROCEDURE 

Directional integrating-sphere apparatus (Ref. 14) was 
used in the 0.33- to 2.5-p region, a directional heated- 
cavity reflectometer (Ref. 15) in the 1.5- to 23-p region, 
and a reciprocal paraboloid reflectometer (Ref. 12) in the 
20- to 61-p region. All of these instruments were designed 
carefully to give an accurate measurement of directional 
reflectance regardless of the bidirectional reflectance 
or reflection distribution function of the specimen used. 
Results are thus correct whether the sample is perfectly 
specular, perfectly diffuse, or imperfectly diffuse. 

The integrating sphere and heated cavity have been 
described previously and their performance analyzed in 
detail (Refs. 14-19). The far-infrared paraboloid (Ref. 12) 
has likewise been subjected to the same type of analysis, 
and only brief descriptions of the instrumentation are 
given below. 

The directional integrating-sphere reflectometer (Ref, 
14) consists of a 20-cm-diameter polished-aluminum 
sphere coated on the interior by deposition of 3 mm of 
MgO from burning magnesium with an 8000-v potential 
between the magnesium ribbon and the sphere. A reflec- 
tance specimen is suspended in the center of the sphere 

and is irradiated through a small port by monochromatic 
radiation which is obtained from a tungsten ribbon lamp, 
chopped by a rotating blade, and passed through a Perkin 
Elmer Model 98 monochromator with a quartz prism. 
Filters are used to reduce stray radiation at the extremes 
of the wavelength range. Radiation reflected from the 
sphere wall is received by a PbS cell or an opal-glass- 
covered type 1P-28 photomultiplier at a pole of the sphere 
beneath the reflectance specimen. The reference (100%) 
reading is obtained by directing the beam onto the sphere 
wall, which is viewed by the detector; the zero reading 
is obtained by closing a shutter; and the unknown reflec- 
tance reading is obtained by directing the beam onto the 
specimen, which is not viewed by the detector. For this 
work, a 20-deg angle of incidence was employed, and the 
slit width was varied to give a spectral width large enough 
to encompass 2 to 3% of the area under a Planck curve 
centered at the wavelength of the measurement. Binormal 
transmittance was measured simply by inserting a speci- 
men into the optical path when the beam was in the 
reference position. 

The directional heated-cavity reflectometer (Ref. 15) 
consists of a right-circular cylinder of 15-cm diameter and 

2 
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height. The 7-mm-thick nickel wall is heated to approxi- 
mately 1000OK. For this work, a water-cooled reflectance 
specimen was suspended in the cavity and viewed at 
25 deg off-normal through a port in the side of the cyl- 
inder. Again a Perkin Elmer Model 98 prism monochro- 
mator and associated chopper-rectifier and other standard 
electronics complete the system. Reflection and transmis- 
sion filters are used to reduce stray radiation beyond 
11 p. A reference reading is obtained by viewing a plati- 
num fin at the cavity temperature and at an angle of 
25 deg off-normal. Slit widths were vaned as in the case 
of the integrating sphere. Binormal transmittance is again 
measured by inserting the specimen into the optical path 
while the reference fin is being viewed and observing the 
decrease in signal. 

The paraboloid reflectometer consists of opposed pa- 
raboloids: one 41 cm in diameter, on-axis, with a 10-cm 
focal length; the other 41 cm in projected diameter, 
45 deg off-axis, with a 25-cm focal length. The optics 
are arranged such that a ray incident on the sample at 
the focus of the on-axis paraboloid comes, via the on-axis 
mirror and the off-axis mirror, from the off-axis parabo- 
loid focal point, where a 1Scps chopper blade interrupts 

it. The ray comes to the focal point via a soot-smoked, 
water-cooled scatter plate from some point on a large, 
plane, high-emissivity, uniform source at lo00 to 1400OK. 
The reflected chopped intensity from the sample is 
viewed through any one of a series of ports (only one 
port being open at a given time) by a Perkin Elmer 
Model 98G grating monochromator with Reeder diamond- 
window vacuum thermocouple and associated electronics. 
Filters and reststrahlen mirrors are employed in the de- 
tection optics to eliminate undesired orders and stray 
radiation. For the present work, reflectance measure- 
ments were made relative to vacuum-evaporated alumi- 
num at a 17-de,g off-normal angle and a mechanical slit 
width of 6 mm. 

The specimens consisted of several thicknesses of a flat 
black and a clear epoxy paint, a clear polyurethane paint, 
and a white silicone-alkyd paint, all of which have been 
used on spacecraft. The reflectance specimens were 
painted on aluminum, and the transmittance specimens 
were coated on 20-p-thick transparent polyethylene film 
and mounted in a fiber frame like that of a 35-mm photo- 
graphic transparency. Paint film thicknesses ranged from 
25 to 750 p. 

111. THEORY 

Heavens (Ref. 20) gives a concise summary of the 
r resnei relations which imp!icit!y give the reflection and 
transmission from and through nonscattering films in 
terms of the complex (containing real and imaginary 
parts) Fresnel coefficients. He also presents an all-real- 
number expression for the reflection of an absorbing film 
on an absorbing substraie. This cxprezzi~nn contains eight 
quantities (A, B ,  C, D, gl, g,, hl, and h, in his nomen- 
clature) related to the basic refractive and absorptive 
indices. The relation between reflectance and optical 
constants is consequently rather algebraically intricate. 
Such an expression can be very easily programmed for 
machine calculation, but insight into how far-infrared 
reflectance of nonscattering spacecraft coatings should 
vary with coating thickness, refractive and absorptive 
indices, and wavelength is obscured. Since-in the far- 
infrared-metals are highly reflecting and paint resins 
have a small absorptive index k and a refractive index n 
between 1 and 2, it is possible for a simple first-order 

- expression to portray approximately the far-infrared re- 
flectance of a thin coat of clear paint on a metal substrate. 

Consider the incident, reflected, and transmitted rays 
from a film. As the magnitude of r1 and r: is assumed to 
be small, and the magnitude of r2 in what follows is either 
taken as unity or equal to that of 4, only the rays shown 
are considered. To introduce further simplification, the 
incident radiation is assumed to be incoherent and normal 

3 
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to the surface, so that polarization may be neglected. In this case, the Fresnel co- 
efficients (Ref. 20) reduce to 

1 - (n, - ik,) 
- 1 + (n, + ik,)  

r ,  = -r’ - 

(n, - ik,)  - (n, - ik,) 
(n, - ik,) + (n, - ik,) T, = 

2 
1 + (n, - ik,) t ,  = (n, - ik , )  t: = 

2(n, - ik,) 
(n, - ik,) + (n, - ik,) t ,  = 

(3) 

(4) 

The phase and amplitude change on traversal of the film is given by 

where i is the unit imaginary number. The fractions of the incident energy reflected 
and transmitted are, respectively, 

= n,TT* 
where 

R = r ,  + tlr,t:e-zi6 + tlr21/lr,t:e-4i6 + 
T = tlt,e-i6 + tll‘,l/lt,e-3i8 + ’ . . (9) 

and the asterisk denotes the complex conjugate. 

Equations (1) to (5) may be introduced into Eqs. (8) and (9), which, in turn, are 
substituted into Eqs. (6) and (7). A simple expression for reflectance results when 
n2 >> n, E n  < 2 and k, k < < (n, - 1). 

16n2 

8n n - 1  4and 
cos - + {  (1 + n), n + 1 x 

This relation is tailored to describe the reflectance of clear coating on a metal in 
the far-infrared. A second simple expression results for n2 = 1, k, = 0, k, = k < < 
(n, - l), n, E n < 2: 

T l l O l r l l a l  - - (1 16n2 + n).l e+!{ 1- [ 2 ( n -  - n + l  1 ) 2 e F ]  cos - 4xnd } (11) 

This expression should describe the binormal transmittance of a clear film in the 
far-infrared. 

4 
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IV. RESULTS 

I .o 

The polyurethane clear films (Magna Coatings and 
Chemical Corp., Los Angeles, Calif.) 46 to 260 p thick 
indicated increasing transparency in the far-infrared, as 
shown in Fig. 1. When the clear resin was used to coat 
aluminum, this transparency manifested itself as an in- 
creasing reflectance in the far-infrared which -could be 
predicted by use of Eq. (10) with n = 1.5, and k calcu- 
lated (Table 1) with the first term in Eq. (11) and the 
transmission data. Such predictions are shown plotted 
with the reflectance data, for comparison, in Fig. 2. 

I I I I I I l l  I I I I I I I I I  I I I I I I I I  

- 
46 P 

- 

Increasing transparency in the far-infrared was also 
shown by the epoxy resin films 43 to 250 p thick (Fig. 3). 

Resins loaded with titanium dioxide and lampblack 
pigments form the standard commercial white and black 
paints investigated (PV-100 silicone-alkyd white paint, 
Vita-Var Co., Newark, N.J., and Cat-a-lac epoxy black 
paint, Finch Paint and Chemical Co., Torrance, Calif.). 
Figures 4 and 5 show that for these paints a thickness of 

75 p is sufficient to suppress reflection from a metal sub- 
strate for at least 98% of the spectrum emitted by a room- 
temperature thermal radiator. 

Table 1. Absorption coefficient from transmission 
data, laminar X-500 resin 

Absorption coefficient Wavelength, p 4?rk 

0.52 
0.55 
0.55 
0.44 
0.46 
0.43 
0.41 
0.40 
0.47 
0.45 
0.46 
0.46 
0.44 
0.56 
0.52 

0.1 I .o IO 

WAVELENGTH, p 

Fig. 1. Transmission of laminar X-500 clear film 

I O 0  

5 
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250 p 

750 p 

- 
-- 

75 P 
25 P 

---- 
. . . . . . . . 

WAVELENGTH,p 

Fig. 4. Reflectance of PV-100 white paint on aluminum substrate 

WAVELENGTH, p 

Fig. 5. Reflectance of Cat-a-lac black paint on aluminum substrate 
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V. DISCUSSION 

An interesting feature of the data and theory presented 
in Fig. 2 is the far-infrared interference structure in the 
reflectance spectrum of a coat of clear resin on metal. 
Interference films are, of course, commonly used for re- 
flection and antireflection coatings, usually in the solar 
region of the spectrum; in this case, however, the higher- 
order spectra occur in the ultraviolet and are seldom of 
interest in spacecraft thermal design. Since coatings such 
as paints or solar-cell cover glasses are usually 75 p or 
more in thickness, the interference fluctuations in the 
spectrum up to 25 p are usually averaged out in both 
measurements and calculations. 

The oscillations of the spectral reflectance as a function 
of wavelength (shown plotted in Fig. 2) are a possible 
source of error in both measurements and calculations; 
for example, while the data points in the figure agree in 
the main with the theoretical estimation, they are too few 
in number to show a complete interference pattern. If a 
continuously recorded measurement is made instead of 
a point-by-point taking of data, it would be necessary to 
employ a low scan rate to avoid shifting and otherwise 
distorting the spectra. In the calculation of radiant trans- 
fer, neglect of such spectral selectivity has been shown to 
result in significant errors (Ref. 21). When the film is 
thicker, so that the maxima and minima are less widely 
separated and small random variations in film thickness 
would shift them randomly, only the first term in Eq. (10) 
need be considered. 

In order to make the comparison shown in Fig. 2 a 
value of n = 1.5 was assumed. This value was chosen be- 
cause there was a residual reflectance of 0.04 kO.01 
wherever the films appeared opaque. Another approxi- 
mation was neglect of interference in the calculation of k 
from the transmittance spectra. This neglect is justified 
by the small size of the second term in the large brackets 
in Eq. (11) compared to unity. In addition, the support 
film of polyethylene disturbs the interference pattern so 

8 

that the full Eq. (11) can not be correctly applied to the 
present data. (It was found in checking the specimen 
thicknesses again after the radiation-measurement pro- 
gram that the polyethylene film could be removed without 
apparent damage to the resin film,) Another source of 
uncertainty is that the film thicknesses were in some cases 
found to vary locally over the specimens. A reported 
thickness may be subject to a +4-p deviation. In view of 
the uncertainties in nd and k, the lack of a perfectly uni- 
form film thickness, and the experimental errors (Ref. 12), 
the discrepancies between the data points and the curve 
in Fig. 2 are not surprising. 

Anomalies in Figs. 4 and 5 are higher indicated re- 
flectances for the thick paints than for the thin paints. 
These anomalies are simply a manifestation of the sample 
emission error to which the heated-cavity reflectometer 
is subject (Ref. 17). A major advantage of the paraboloid 
reflectometer (Ref. 12) is that it is not susceptible to this 
error. 

Another interesting feature of the data is that there is 
little correlation between the short- and long-wavelength 
spectral regions. In Fig. 4, the thinnest coating has an 
appreciably lower solar reflectance while having es- 
sentially the same infrared reflectance as the thicker 
coatings. In Fig. 2, large differences in the far-infrared 
reflectance are evident, but only small differences occur 
in the near-infrared. 

It was not determined in this investigation whether 
the paint pigments in the specimens whose reflectances 
appear in Figs. 4 and 5 scatter appreciably in the far- 
infrared. I t  must be emphasized that, while Eq. (9) can 
be used, together with binormal transmissivity measure- 
ments, to make reasonable predictions of the reflectance 
of metals coated with nonscattering films, such a use 
would not be appropriate for scattering coatings. 
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VI. CONCLUSIONS 

1. Epoxy and polyurethane resins 40 to 260 p thick 
were found to have increasing transparency with 
increasing wavelength in the far-infrared out to 
61 p.. 

are indicated as resulting from interference of the 
radiation reflected from the first and second inter- 
faces. 

2. When a clear resin was used to coat aluminum, the 
reflectance was observed to oscillate about an in- 
creasing average value as wavelength was increased. 
A simplified expression from the Fresnel relations, 
together with refractive and absorptive indices esti- 
mated from the transmittance data, was found to 
indicate an oscillating but increasing reflectance 
which agreed well with reflectance data. Oscillations 

3. For the resins loaded with pigment in the form of 
two particular commercial black and white paints, 
a thickness of 75 p was found adequate to suppress 
reflection from a metal substrate for at least 98% of 
the room-temperature black-body spectrum. Oniy 
the 25-p-thick black epoxy paint on an aluminum 
substrate showed a rise in rdectance above 30% at 
61 p. 
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