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Low reflectivity (“black” ) surface treatments for space-borne infrared systems are reviewed. The
uses of black surfaces in general, as well as for specific space-borne applications are discussed.
Compositions of a wide variety of surface treatments with examples of experimental data to
characterize performances are provided. Specific treatments included are: Ames 24E paint; AZKO
463 (Sikkens, Cat-A-Lagpaint; Ball IR black paint; ChemglaZéeroglaz¢ Z306 and Z302 paints;
Eccosorb 268E paint; Parsons Black paint; black anodize; black Hardlub; black Hardcoat; Martin
Black; InfraBlack; Enhanced Martin Black; Ebonal C; Teflon; ion beam textured; apptidpleck
chrome; black etched beryllium on beryllium; plasma sprayed boron on beryllium; plasma sprayed
beryllium on beryllium; boron carbide on POCO graphite; and Kapton. Data presented for some but
not all of the surfaces include: spectrally integrated, 5u@bhemispherical-directional reflectance;
spectral reflectance at wavelengths between 2 andub@@or a variety of incident angles from 5°

to 80°; and bidirectional reflectance at a number of wavelengths between 5 apt3@0 a variety

of incident angles from 0° to 80°. The instrumentation employed to obtain these data is briefly
described. Long term stability of optical performance, as well as manufacturing reproducibility is
demonstrated for several of the surfaces. Outgassing and atomic oxygen interaction information is
also included. Methodology for calorimetric measurement of hemispherical emittance as an
alternative to optical measurements is given. 1899 American Institute of Physics.
[S0034-67489)00105-1

I. INTRODUCTION ered in this review are presented in Sec. lll, including chemi-

cal compositions and process specifications. Section IV dis-
Low reflectivity* (“black” ) surfaces have a number of cusses substrate preparation.

applications for space-borne infrared instruments. Examples The measurements are grouped by category: spectrally

are telescope housings and baffles where stray light redu@ategrated, hemispherical-directional reflectance in Sec. V;

tion is vital, and light shields and cold stops in infrared de-hemispherical emittance by calorimetry in Sec. VI; direc-

tector assemblies. Black surfaces are used on sources ftional reflectance as a function of wavelength and incident

on-board sensor calibrations and for measurement of spatiahgle in Sec. VII; bidirectional reflectance as a function of

nonuniformity of imagers. Passive cooling of infrared sys-wavelength and incident angle in Sec. VIII; and chemical

tems(detectors, telescopes, electronics subsysteetgiires  stability (outgassing and atomic oxygen interactipimsSec.

surfaces that are efficient radiators to space. Black surfacéX.

play an important role in the design of infrared seekers used

for ballistic missile defense, and for satellite-based surveil-

lance systems. Additionally, target identification requires - USES OF BLACK SURFACES

databgse Of, surfac_e infrared properties. . A space-borne telescope viewing dim objects must pro-
This article is intended to be a broad review of blackiect against off-axis stray light from the Sun, Earth limb,
surfaces used for purposes such as these, and to provide dgigon “as well as from its own housing. This is accomplished
to illustrate optical performance. Inclu_ded are mogt of theDy including a baffle assembly to restrict the angular accep-
popular surfaces of the hundreds available to designers, agnce angle. The design of the baffle needs to very carefully
well as new approaches that the reader may find of interesfyeigh the benefits of diffuse versus specular vane surfaces.
The data obtained were by this author and by other workergq example, diffuse surfaces tend to be more susceptible to
in the field. References are cited for further information a”doutgassing and particulate contamination of nearby surfaces

additional daté. than do specular. However, with the specular approach slight

__Abrief discussion of the uses of black surfaces is foundyesign errors or manufacturing tolerances can be more criti-
in Sec. Il. Detailed descriptions of most of the surfaces cov

cal.
There can be a difficulty in maintaining the desired knife
dElectronic mail: persky@Il.mit.edu edge when using paint that can build up on the edge. Some
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of the advanced treatments discussed hgaack etched vet Nextel paint, one of the industry standards for years be-
beryllium-on-beryllium, plasma sprayed boron-on-beryllium,fore 3M stopped producing this paint. This led to the inves-
plasma sprayed boron -carbide-on-silicon carbides antigation of Chemglaze Z306 with the addition of glass
plasma sprayed beryllium-on-berylliymare intended for microspheres to match the 3M performarice.
diffuse-absorptive baffle surfaces that can withstand the me- For every application there will be a unique set of speci-
chanical and chemical stability problems of space use anfications: wavelength region, diffuse or specular, resistance
maintain a sharp edde. to the launch and space environment, manufacturing repeat-
Diffuse surfaces in which the energy is absorbed create ability, long term storage, and cost. Also, there must be con-
further problem, the need to eliminate the heat now beingideration given to optical properties in the visible as many
stored in the surface. This requirement, as well as the need tostruments while primarily for the infrared have subassem-
dump heat from electronic units dictates efficient radiators tdlies responsive in the visible. Therefore, there probably is
space, another typical use of black surfaces. no “one fits all” surface treatment.
In certain applications the “self” radiation from the tele-
scope or other parts of the instrument can determine thg g ACK SURFACE TREATMENTS
noise level. Cooling to reduce the noise level is typically .
accomplished by cryogens which dictates the system wilf*: Composition

have a limited lifetime. A potential solution is to launch the The use of a low reflectance surface is intended to con-
telescope warm and use black surfaces radiating antisunwatgbl the light impinging on it, to either turn the incident beam
to space providing radiative coolirtd. into a safe direction, by a specular reflection, or to weaken

The need to verify that the laboratory calibration of apy diffusing. There are four fundamental mechanisms by
space-borne spectrometer is still applicable during the actualhich this can be accomplished, operating singly or
flight leads to the requirement for a space qualified, highlytogether'®
emissive, calibration reference source. In one application th?a)
sensor viewed targets deployed from the satellite platform:
The solution for this scenario was thus a reference source
that would also be deployed from the sensor platform. Th
source needed to be well characterized, and have a high
stable intensity. The requirement was an absolute intensity
accuracy of 15% at any wavelength and 5% when comparingc)
band to band. Also, it should provide useful intensities over
three orders of dynamic randeUse of such an object, if
common to several programs, would allow comparisons
from flight to flight and to assist in investigating platform or
instrument problems.

Since the source is to be deployed into space the sensor
signal is due not only to the source self-emission but also to
the Solar image and Earthshine reflected from it. Therefore,
it is important that the total signal due to source self-
emission be maximized and the contributions of reflected
Earthshine and Solar image be minimized, a purpose best
served by a hemispherical reflectance near zero over the en- Surface compositions that utilize these mechanisms for
tire sensor band. data provided in this review are as follows.

The surface chosen for this particular application was the 1. Martin Black. Per Martin Marietta specification
Martin Black. It has a long history of successful space-borneMP30139.
instrument use and provides high emissivity, has minimal  Martin Black is a special proprietary version of an anod-
spectral features, and is fabricated by a repeatable processzed coating. There are four basic steps in the protess:

In one example of use, a 2-cm-diam. sphere was ob; . . . .
. : . (@) vapor hone using aluminum oxide particles to clean the

served for 2000 s during which the signal changed by two L . }
substrate, remove existing oxide, and impart a low fre-

orders of magnitude under the influence of day to night illu- uency rouahness component resulting in solash-like
mination changes. Comparing the sensor observation to a graterg' 9 P 9 P

model which incorporated the thermal mass and spectra&)) clean with caustic etch. rinse:

emissivity as well as the environment of upwelling Earth- ) apply Martin patented(time, temperature, specific
shine, Earth scattered Solar flux and direct Solar flux resulte&c PPy P L P o p
gravity) anodize process in a sulfuric acid bath;

in mean bias errors ranging from 0.2% to §%. h Lo . .
. (d) immerse in Nigrosin dye for a controlled time and tem-
It should be noted that many new developments in sur-
perature, and hot water seal to close the p@oescess-

face treatments are not as much a result of new applications, ing details Martin proprietady
but rather that manufacturers have stopped producing certain
paints. One example is that of the AVHRR/3 and HIRS/3  This process results in a surface with roughness ofr8
meteorological sensors which used 3M401-C10 Black Vel-and thickness of approximately 7an (with a variability of

use of absorbing compounds, by adding, for example,
carbon black particles such as in the paints described
herein;

b) adding large(compared to the wavelengtleraters or
pits to provide for multiple reflections within the sur-
face, Martin Black being a prime example;

scattering from the surface structure or substrate; a
comparison of gold coatings and anodized coatings
over a diffuse substrate with a polished substrate will
illustrate this mechanism; and,

(d) optical interference in thin films to enhance absorption
by interference. A limitation of an interference ap-
proach is that it can only be used over a very narrow
range of angles. To the authors knowledge, interference
has not been a primary mechanism for low reflectance
space-borne surfaces, although it may be a contributing
factor in some.
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taining Teflon spheres impregnated into the surface. Avail-
ability: Commercial plating companies.

5. Ebanol C Per MIL-C-14550(undercoatand MIL-F-

495 processes: immersion in a zincate bath followed by a
high cyanide, low copper bath, and copper strike and dip in
an EbanolC solution. Availability: Commercial plating com-
panies.

6. Sikkens (Akzo) No. 463-3-8B paifiso known as
Finch, Bostik and Cat-A-Lgc Epoxy amine flat black with
CA-103 amine catalyst. Pigment is 1.7% carbon black, 28%
magnesium silicate. Vehicle solids are 23.3% epoxy resin.
Availability: Akzo Coatings, Inc., Orange, CA.

7. Eccosorb 268E paintlydrocarbon epoxy resin. Pig-
ment is >60% bisphenol a/epichlorohyrin and mineral fill-
FIC_%. 1. S_EM photograph of Martin Black surface structure. Horizontal ers. Used as a radar absorbing paint, electrically nonconduc-
white bar is 10um long. tive. Availability: Emerson and Cuming Microwave

Products, Randolph, MA.
. . 8. Chemglaze Z306 paint (now known as Aeroglaze
at least20 um).** While the exact chemistry of the anod- Z306). Aromatic polyurethane flatblack with No. 9924

ized surface is unknown, the specific absorption mechanisnbc.rimer. Pigment is<5% carbon black, silica, and urethane
appear to include both electromagnetic and cavity effects: (ggins.

(@ low frequency craters resulting from the vapor honing ~ Commercial paint originally formulated to resist exten-
process, sive mechanical wear on wood floors and boat decks. A spe-
(b) high frequency pits resulting from the anodize proces§ia| formulation includes microspheres to increase diffuse
with the peaks formed by the anodization being closereflection. Availability: Lord Corporation, Erie, Pa.
together than the craters formed by the vapor honing, 9. Parsons Optical Black lacquedndercoat is nitrocel-
(c) faults within the high frequency anodized aluminum lulose lacquer pigment, 2% carbon black, 41% ethyl cellu-
pits that are created as a result of the anodizing procesk)Se resin. Topcoat is 4% carbon black pigment, 12% ethyl
(d) optical constants of the surface resulting from the an<Cellulose resin.

odizing and sealing process, The National Physical Laboratory, London originally de-
(e) optical constants of the Nigrosin dye. veloped this paint for blackening radiometer detector sur-
faces.

The surface character is seen in the scanning electron Nt currently available; previously from Eppley Labora-
microscopy(SEM) photograph in Fig. 1. The cavities act as tory, Newport, RI.
light traps to minimize the reflectivity and, hence, increase 109, AMES 24E paintEthyl silicate paint(ECP-2200
the emissivity of the substrate. However, at the same timgoaded with No. 80 silicon carbide grinding grit and carbon
the peaks are very susceptible to fracture making the surfaggack® Availability: Contact S. Smith, 408-378-9779.
fragile to the touch. 11. Teflon-Dupont Grade 7A (polytetrafluoroethylene
Martin Marietta also produces variants of Martin Black; po|ymer)_|_ow reﬂectivity by the mechanism of bulk absorp_
Infrablack, which is blacker in certain spectral regions thanion. Samples were cut from sheet stock, surface as manu-
Martin Black due to a change in the dye as well as greatefactured. Availability: Commercial suppliers.
roughness?*** and Enhanced Martin Black and Enhanced  12. Ball IR Black (BIRB)DeSoto Black binder plus sili-
Infrablack which are especially resistant to chemical ancton carbide grinding compound and carbon black.
atomic oxygen attack’ Infrablack has had the aluminum  The surface consists of surface facets appearing as tall,
substrate first roughened by a hexagonal array of 1/64-incolumnar shaped spikes. Availability: To be determined.
diam. holes before application of Martin BlatkEnhanced Courtauld’s Aerospace is no longer the manufacturer of
Martin Black is sealed in steam after dyeing rather thanDeSoto Black and it is not known if it will be continued by
waterl’ Availability: Martin Marietta Astronautics Group some other manufacturét.
(D.Sheparftionald.f.shepard@Imco.cdm Denver, CO. 13. Appliqus. Appliquerefers to a freestanding sheet of
2. Black anodizePer MIL-A-8625, class 2, type llsul-  material attached to a substrate with an adheSivihis re-
furic acid bath at 72F, Sandoz aniline dye, Sandofix nickeliew includes data for five such surfaces: a Battelle applique
acetate. Availability: Commercial plating companies. two from Energy Science Laboratory, In€ESLI); black
3. Black Hardcoat.Per MIL-A-8625, class 2, type Ill Kapton; and one developed at the Naval Research Labora-
(sulfuric acid bath at 26F, Sandoz aniline dye, Sandofixory (NRL) calledR/F aerogel.

nickel acetate sealerOriginally developed by Martin Air- The Battelle surface uses a carbon loaded polyurethane

craft Co. for aircraft wing surface. Availability: Commercial film with a surface heat molded into a microgroove pattern.

plating companies. The ESLI surface consists of high aspect ratio fibers
4. Black Hardlub.Per MIL-A-8625, class 1, type Il mounted with a black epoxy adhesive on to an aluminum

(sulfuric acid bath at 26 Dupont VYDAX WD soak con- substrate. The other ESLI treatment discussed here is a “bi-
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ased” coating in which the carbon fibers are tilted approxi- 2. Astro Blackwas developed by Nippon Paint Co., in

mately 30°-35° relative to the base. TR&F aerogel results  Japar?®

from reacting resorcinol and formaldehyde in the presence of 3. DeSoto Blacks a flat black paint ideal for use in the

a catalyst to form a cross-linked polymer gel. This gel is themear infrared with a reflectance of 2% to 3% in this region,

heated at 1015°C in an inert atmosphere to pyrolyze theénhus the choice for the Near Infrared Camera and Multi-

structure, thus forming a carbon aerogfel. Object SpectrograptNICMOS) on the Hubble telescopé.
Two of the advantages of applicgiever other black The 300 K weighted emissivity is 0.96 and solar absorptivity

surface are that, in certain situations, the scattering is lowes 0.924. The outgassing weight loss is below 0.5% and vola-

than for conventional diffuse black surfaces, and they argjie condensable material is also below 0.5%.

easily applied. The two main disadvantages for space use are 4 \MSA94Bis a black silicate paint having a diffuse

outgassing and atomic oxygen exposure levels which may b@missivity of 0.897 It was developed at NASA Goddard
unacceptable. However, there is an ongoing effort to Spac8pace Flight Center.

qualify the CLSA96/1. Availability: from several organiza-
tions (see Ref. 2D
14. lon Beam Textured?rocess is designed to micro-

5. MAP PSBis a nonconductive, white silicate paint
having a hemispheric emissivity of 0.88lt is one of several
! ; ._paints manufactured by MAP of Pamiers, France and has
scopically texture metal surface with pores and cones usmEeen used on Meteosat, DFS and others. Outgassing proper-

deliberately mtroducc_ad seed gto?ﬁs. . ties are: a total material loss of 2.82%, and collected volatile
lon beam texturing provides surfaces which are both

-~ .~ .~ condensable materials of 0.004%, which compare well with
rough and very rugged, a normally difficult combination. .
. . "the Chemglaze Z306 paint.
Broadband absorbers can be created with a random mixture
6. Berkeley blackvas developed by Bock to use as a

of both large and small features which provides multiple bmillimeter coating for a cooled telescope baffle sydsm
scattering from the different size features. If the features ar uomit . N9 . P y '
he composition by mass is: 68% Stycast 285@Eerson

small and of uniform size a specific narrow band can be . ] ]
provided. Feature size is controlled through surface temperég—‘ Cuming, Inc., Woburn, MA; 50/‘,’ Catalyst 24LV; 7% (;ar-
0% 17mm-diam. Glass Beads$Size

ture, gasses in the vacuum chamber during ion bombarotzon Lampbl.f';lck; 2 X
ment, seed metal, beam species, energy, and current densi"(}‘ﬁ' ;OO’ Fuji Manufacturing Corp., Edogawa, Tokyo 132,
apai.

Availability: see Ref. 22 . . .
15. Black ChromeElectrodeposited using chrome and 1 he composition can be varied depending on the absorp-
chromium oxides on titaniurf® tivity required for the wavelength and application, and the

This is an example of a surface which is diffuse black9lass beads that serve to roughen the surface can be omitted

in the visible and specular in the infrared. Availability: if not required. The amount of lampblack can be lowered to
Martin Marietta  Astronautics Group (D Shepard imprOVe the handlinngiSCOSity is I’educeﬂ)ut with a reduc-
[donald.f.shepard@Imco.cdirDenver, CO. tion in absorptivity.

16. Advanced Optically Black Diffuse Surfac@&ack Measurements of the index of refraction ranged from
etched beryllium-on-beryllium, plasma sprayed boron-on-2.00 for a 80% Stycast, 20% glass beads mix, to 2.80 for the
beryllium, plasma sprayed boron carbide-on-silicon carbide/3%, 7%, 20% mix given above. The absorption coefficients
and plasma sprayed beryllium-on-beryllium, are diffuse-for this typical composition range from 10 per cm at 10¢m
absorptive surfaces that employ microscopic structures to atio 230 per cm at 60 citt. The reflectances of 0.1 at 10 ¢
sorb, scatter, or trap lighf. The intent is to provide a surface and 0.025 at 60 cit compare favorably with those of the
which has no specular component greater than the scatt&mes 24E paint. Vibration testing of a telescope baffle de-
properties. sigh was conducted at liquid nitrogen temperature with fa-

Specifications are that the surface structure has an aspeasrable results. The coating has been used in two rocket-
ratio of 3 to 10 times the wavelength and that the feature sizéorne instruments.
be comparable to or slightly smaller than the wavelength. 7. Chemglaze Z30% an electrically conductive ver-
The pores need to be comparable to or slightly greater thasion of Chemglaze Z306.
the wavelength to be effective. One concern is the potential
for particle generation during launch vibration. Availability:

See Ref. 24.

IV. SUBSTRATE PREPARATION

B. Space flight history Preparation of the substrate and surface application
A compilation of surfaces actually used or proposed formethods can both have a significant impact on the reflectance
use on space-borne instruments is given in Table I. Sever&nd robustness of the final surface.
surfaces were described previously in Sec. Ill A. The remain- ~ An important precaution that should be taken is the re-
ing are as follows: moval of machine oil left in mounting holes. This oil can
1. Eccosorb CR-110rhis is a castable epoxy resin ma- leach to the surface causing a discoloration. Typical substrate
terial that is naturally black. It's available from Emerson andcleaning includes vapor degreasing, ultrasonic cleaning with
Cuming Microwave Products, Randolph, MA. an organic solvent, and water and alcohol rinse.
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TABLE |. Black surfaces used on space-borne instruments.
Surface Satellite Sensor Use Ref.
Martin Black Galileo Probe Nephelometer, Net Flux Radiometer 65
Spacelab 2 IR Telescope 65
Giotto Particle Impact Analyzer 66
IRAS Telescope 65
Space Shuttle Star Tracker Sun Shields 65
Hubble Space Telescope 67
Landsat Thematic Mapper Baffles 68
Enh, Martin Black ENVISAT MIPAS BB Calibrator 69
ERS-1, ERS-2, ENVISAT ATSR BB Calibrator 70
EBANOL C Clementine UV/Vis Camera External Baffle 71
Clementine Star Tracker Baffle 72
Chemglaze 2306 MSX Spirit 111 Telescope Baffles 73
EO-1# Advanced Land Imager Housing 74
UARS CLAES 73
Hubble Space Telescope 67
ENVISAT? MIPAS Baseplate 69
Mars 96 PFS Long Wave Channel Housing 75
GOES Imager, Sounder Internal Cal. Targets 76
POES AVHRR/3, HIRS/3 Internal Cal. Targets 76
Landsat 4, 5, 6, 7 Thematic Mapper 68
EOS-AM? MODIS 68
Small Explorer Seriés WIRE 77
Chemglaze Z306 uSpheres GOES Imager, Sounder Telescope Baffles 76
POES AVHRR/3 Telescope Baffles 76
Chemglaze 2302 GOES Imager, Sounder Telescope Baffles 76
Chemglaze 2307 GOES Imager, Sounder Radiators 76
Sikkens 463 LES
GOES 1-3 VISSR 68
GOES 4-7 VAS 68
Landsat 1-5 MSS 68
Pioneer IRR 68
Pioneer IPP 68
Sikkens 443 Hubble Space Telescope 67
Parsons oso 1l
Ames 24E SIRTE Baffle 78
CTL-15 EOS AM-F MODIS BB Calibrator 68
Black Anodize EOS AM-1 MODIS BB Calibrator 68
Clementine Long Wave IR Camera Lens Housing 79
Clementine Near IR Camera Lens Housing 80
Clementine UV/VIS Camera Internal Baffles 71
COBE DIRBE Baffle 81
ENVISAT? MIPAS Miscellaneous 69
Mars 96 PFS Interior 75
Small Explorer Seriés WIRE Electronics Box 77
Eccosorb CR-110 COBE FIRAS BB Calibrator 81
Astro Black ADEOS IMG IMG Structure, Electronics Box 82
DeSoto Black Hubble Space Telescope NICMOS Baffles 83
MSA94B CASSINI CIRS Telescope, Baffles, Sunshade 81
MAP PSB MARS 96 PFS Thermal Control 75
Berkeley Black Space Flyer Unit IRTS Telescope Baffle 84
Navord Alodine HST COSTAR Mechanical Structure 85

3Future launch.

Aluminum substrates to be used for paints are also Alodfar problem for nonflat substrates. One method is electro-
ined to insure adhesion. Alodine is a chemical containingstatic spray, a commercial technique commonly used for
acidic chromates and fluorides to make the aluminum impernonflat objects. Electrostatic spraying can be a viable ap-
proach except that not all paints are designed to be applied

A significant preparation issue for paints is that of coat-by electrostatic spraying, thus inconsistent application of
ing uniformity over the entire surface. This can be a particu-both primers and undercoats can occur.

vious to oxidation.
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0.15 TABLE II. Gier Dunkle DB100 infrared reflectometer used for 528,
[ hemispheric-directional reflectance.
W + —
%) ++ lllumination +52°
E 0.10 ¢ + 4 HH Detection narrow beam at 7° from normal
5 + + Reflectance hemispherical input-directional output
w + Spectral range 5-2mm
L 005 | Accuracy 0.01-0.08
o i Precision +0.002
0.00 ) . , . #Estimated for nongray surfaces.
0 1 2 3 4 5

PAINT THICKNESS(mils)

FIG. 2. Chemglaz&306 reflectance vs paint thickness. Reflectance is con-. ] )
stant for thickness exceeding 3 mil®B-100 measurement ing signal proportional to the reflectance of the sample. Poly-

ethylene film with carbon black is used in conjunction with
the two black bodies to shape the response such that the
incident energy approximates a 25 °C blackbody, integrated
over a 5 to 25um response.
The instrument is calibrated using 3M black velvet tape
For flat samples high-pressure air spray can usually proand gold coated brass standards provided by the manufac-
vide a uniform thickness. The important precaution is to in-yyrer. These are flat standards applicable to flat surface speci-
sure that there is sufficient paint thickness to provide absorfmens only. For nonflat substrates a correction is necessary.
tion before any rays reach the substrate. If the substrate ighe author has used a set of planoconvex substrates covering
sandblasted and anodized prior to painting then paint adheg; range of curvatures, coated with evaporative gold. From
ence is enhanced, and a low reflectaf@d3 layer is pro-  the reflectivity readings a correction factor was determined
vided beneath the paint in the event marring of the surfacey, yse with nonflat surfaces.
takes place. The reflectance accuracy is quoted by the manufacturer
A typical relationship between reflectance and paintag petween-0.02 and+0.03 units depending on the spectral
thickness is given in Fig. 2 for Chemglaze Z306. The resultgontent. The reflectance precision is estimated from this au-
indicate that the reflectance is a weak function of coatingnor's measurements to Be0.010 units.
thickness. This implies that manufacturing tolerances can be
fairly wide so long as the paint is sufficiently thick that the
substrate would not contribute to the signature. Bear in min
that excessive paint can create unnecessary outgassing prob- Hemispherical-directional reflectance values obtained by
lems. this author are given in Table Ill in terms of mean and stan-
dard deviation. Along side for comparison are val(also
averagesobtained by Henninger. The close match serves to
give confidence to the results.

(?. Discussion

V.5 TO 25 um, SPECTRALLY INTEGRATED, TABLE Ill. Mean values of 5-2%m, near-normal, hemispheric-directional
HEMISPHERICAL-DIRECTIONAL REFLECTANCE reflectance. Differences due to substrates are indicated.

These data are obtained by relatively simple, easy to Henninger No. of
operate instruments, thus are a cost-effective approach for ~ Surface (Ref. 8§  This author ~ Std. dev. samples
initial evaluation of surfaces. Since the data represent spec-martin Black 0.05 0.005 15
trally integrated values ideally for gray surfaces, care must Parsons Black® 0.09 0.08 0.004 21
be taken in the interpretation of surfaces having significant Chfflemglaze 7309 0.09 é)-g: 8-(?85 26

Teflon . .005 4

spectral structure. Sikkens 463° 0.12 0.11 0.007 24
A. Instrumentation Eccosorb 268&P 0.11 0.005 19
_ _ _ o Black Anodizé 0.12 0.12 0.006 5

The spectrally integrated, hemispherical-directional re- Black Anodizé 0.15 0.005 5
flectance is provided by a Gier-Dunkle DB100 Infrared Re- Black Anodizé 0.17 0.002 3
flectometer, models of which were operated by this author; g:ac:: Earglmﬁ 8&131 g-gég 12

. . ac aralug- . .
by Hen_nmger(NASA Goddard Space Flight Cenjeand by Ebonal & 0.27 0.28 0.023 8
Sampair(NASA Langley Research Cenjer Ebonal ¢ 0.32 0.080 13

Specifications are provided in Table Il. The instrument 3Mm Nextel 0.09 0.08 2

utilizes hemispherical input, near-normal output. A rotating Evaporative Gold 0.98 0.99 0.005 6

cylinder with two cavities alternatively irradiate the test

. . o L . %0n sandblasted substrate.
specimen with 32 and 43 °C blackbody radiation while agq raw substrate.
thermopile detector at 7° from normal generates a modulaton polished substrate.
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Using the mean as indicator we see that the Martin Black  The relationship between time and surface temperature
has the lowest reflectance and the standard deviation indfer an isothermal object radiating to a zero background en-
cates excellent manufacturing reproducibility. The data sevironment is
inclydes samples made at five gﬂfferent timgs over a two year T=To/[1+t/7]3 1)
period. Note also that Sampair and Berrios measured the
reflectance of a Chemglaze 2306 sample to be 0.08 on Where,

_sample that had b_een on the Long Duration Exposure Facil- 7=C,pbl9e. 1o To,
ity for 53/4 years in low Earth orbi P i

Next in increasing reflectance are Teflon and two paints, Ty=initial temperature,

Parsons Black and Chemglaze Z306. They have nearly iden-
tical reflectances within the overall accuracy of the measure-
ments. Notice that the paints also have extremely good re- C,=specific heat,
producibility, especially given that they were produced in

several sets over time periods as long as 10 months. p=density,

The three versions of conventional anodizing are fairly
similar. The influence of the substrate is seen with the black
anodize data. The standard deviations indicate best reproduc- ,— stefan—Boltzman constant
ibility for the Hardlub.

The Ebanol group not only has poor reflectivity within (5.710°** wicnt ded),
this band, but unacceptable sample-to-sample uniformity.
The problem may be in the control of the copper oxide thick-
ness, which can have a significant impact on the reflectance. 1nq results of a testroa 3 in. diameter, Martin Black

The substrate used by Henninger for Ebanol C is not knowny,ated aluminum sphere are shown in Fig. 3. The profile of
but it is assumed sandblasted given the best match to thigmperature decrease versus time matches the theoretical
author’s data. profile for a 0.94 emissive surface over the range from 250 to

Long term stability is indicated by review of repeated 340 K. A calorimetric measurement of a second Martin
measurements on the same sample after an elapsed time of@gck sphere produced some 5 years later resulted in an
much as a year or more. Table IV presents data for several @mittance of 0.95-0.96, with an uncertainty of 0.008. The
the surfaces. In all cases the repeated measurement was Séittance was constant over a 200—-325 K surface tempera-
tistically identical to the original. ture range’

T=final temperature,

b=radius of sphere,

€; n=total hemispheric emittance.

VIl. SPECTRAL, HEMISPHERICAL-DIRECTIONAL

VI. HEMISPHERICAL EMITTANCE BY CALORIMETRY REFLECTANCE

. ) o The majority of black surfaces are not gray, but rather,
A nonoptical method for emittance determination is theihe reflectance can vary widely over a broad range of wave-
calorimetric approach. Measurement is made of the surfacengths. It is important to the performance of a surface for it
temperature as a function of time while the surface radiategy pe optimized for the wavelength of use. Spectral, direc-
to the black, cold<-160°Q walls of a vacuum chamber. tjonal reflectance measurements are used to provide the spec-
Since the time rate of change of temperature as the surfagga| signatures.
radiates to a colder environment is dictated by its total hemi-
spherical emittance, iteration of the time rate with a thermal

80

model can be used to extract the emittance.
~ 60 {1
Q
]
TABLE IV. Repeat measurements of 5-26n, hemispheric-directional g 40
reflectance to judge long term stability. Samples stored under room condi- : 20 1
tions. o
w
o -
Elapsed E
Original time Repeat F o0 -
Surface measurements  (Monthg measurement
Martin Black 0.06 15 0.05 -40 ' ' ' ' '
0.05 11 0.05 0 20 40 60 80 100 120
Parsons Black 0.08 12 0.07 TIME(min)
Chemglaze 72306 0.11 15 0.11
Black Anodize 0.14 13 0.13 FIG. 3. Calorimetric measurement of temperature-time history for a Martin
Black Hardcoat 0.14 17 0.13 Black sphere radiating to 77 K background. Comparison to thermal model

of temperature vs time indicates a hemispherical emissivity of 0.94.
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A. Instrumentation Overhead Mirror  gampe
) ) ) in 0° Incidence " piameter
The spectral measurements in this section were made by Angle Position o 1+ Square
six different systems. Sample

IR Source
Chopper %

ion Polarizer
Collggttljgg Perkin-Elmer 210

Monochromator

1. Figures 5 —10, 14—19, and 2124 Hemiellipsoid

Spectral reflectance measurements, total and diffuse
only, were made by Surface Optics, CofgOQ for this
author. Because of the large expense involved in extensive
absolute spectral measurements, the author, using a Perkin—
Elmer 983 Spectrometer obtained a precursor set of 1ealhB, . ST OPice, o, st (e e e
spectral reﬂeCtance.data' These data are con_tlguo.us _from urce rotate; collection optics, ar{d monochrometegr rémainpfiét,e‘mbr Pper
to 25 um. The particular wavelengths at which significant ref. 32)
spectral features appear were then the specific wavelengths
for the absolute reflectance measurements.

Salient characteristics of the SOC directional reflectome-
ter (DR) are provided in Table V and the instrument is illus-
trated in Fig. 42 An incident angle off;=20° represents
near normal while 60° is significantly off normal. The data in
these figures were all at an incident azimuth angle of 0°. calibration level used fused silig@pectrasil B from Phys-

The instrument is a hemiellipsoidal reflectometeritec, Inc) as a standard, derived from the known indices of
coupled to a Perkin—Elmer Model 210 grating monochrom-efraction of this specular material.
eter. A hot source located at one focus hemispherically irra-  Figures 5 and 6 are spectra obtained by the SOC DR to
diates the sample located at the other focus. The reflecteskrve as high signal to noise, instrument performance refer-
beam at selected angles is then directed to the monochrorances for comparison to the data to follow. The Labsphere
eter. By reciprocity, the measurement is considered identicghsp 200 is an electrochemical gold plating on a sandblasted

to illumination from a specific incident angle with uniform 4, minum substrate. It provides a high reflectance, graybody
detection of all the radiation reflected by the sample into the‘Spectrum with diffuse scattering. For specular reflecting sur-

hemisphere. faces, a reference was constructed by grinding a disk of

The instrument is designed such that a blocker can b% 61-T6 alumi Dl £ 2 mils elect tical nickel:
inserted in the beam between source and sample to preve_? -0 aluminim, piating ot = miis electro-optical nickel,

the specular reflectance from being included. This is then thdn€ Polish; and electrolytic plating of type I1 gold.
diffuse reflectance. Data provided herein are both directional

(specular plus diffugeand diffuse only. The grating is

moved step by step to provide a point by point wavelength

“scan.” Because the grating polarizes the radiation, a pair of

measurements is made using a polarizer oriented to measure

both the parallel and perpendicular components from which 0 Directional Reflectance(20 deg)

the average reflectance is computed. The 100% reflectance 4 Directional Reflectance(60 deg)

+ Diffuse Reflectance(20 deg)
o Diffuse Reflectance(60 deg)

Chopper Motor:

TABLE V. Surface Optics Corp. spectral, directional reflectance instrumen- 1.0 o
tation. [ ]
— 8 o 1a A A a YN
Type hemiellipsoidal reflectometer > t0 o o a ng ]
Operation hemispherical illumination, directional detection ,E 0.8 ;Q Q 2 + '
directional reflectance by reciprocity 8 s o % ]
Spectral resolution 0.256m at 5um L 0.7 F '
0.229 um at 104m & os b ]
0.173um at 15um ’
0.595um at 20 um 05 bat i

Incident angle accuracy+5° 4 8 12 16 20 24 28

Reflectance accuracy
near normal to 70°  +0.01 WAVELENGTH(um)

>70° ) +0.03 FIG. 5. Directional(specular plus diffugeand diffuse only spectral reflec-
Source beam width 3.4° tance of Labsphere, Inc. DSP 200 electrochemical gold coating for 20° and
Monochrometer Perkin—Elmer Model 210 grating 60° incident angles. Substrate is sandblasted aluminum witim6arith-

metic average roughness.
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o Directional Reflectance(20 deg) 4. Figure 20
A Directional Reflectance(40 de . L . .
+ Directional Reﬂectancegeo deg; . Thgse dlffL.JS'e reflectivity data ;/gere obtalneq .by Ha'rrlck
o Directional Reflectance(80 deg) Scientific (Ossining, NY for Ames:> The reflectivity cali-
1.00 TT'IEUTUTTTTD n""‘ M bration uses roughened aluminum as standard.
| o ]
" ]
:z: 0 ] 5. Figure 25
5 095 |o ° o ° ° 1 An integrating sphere reflectometer coupled to a Digilab
w | © ° | . .
P Fourier transform infrared spectrometé&TIR) was used for
u this spectral directional-hemispheric measurement at the Na-
i tional Institute of Science and TechnologyIST).
0‘90 PR W W N T VAT S T Y SN U I VN T SN Y S S S N W 1

4 8 12 16 20 24 28

WAVELENGTH(um) B. Discussion

FIG. 6. Directionalspecular plus diffusespectral reflectance of electrolytic 1. Martin Black, Infrablack, Enhanced Martin Black

gold plating (10 um inches of type Ill on polished and nickel-plated alu- . .
minum substrate. Decrease at 80° incident angle is as predicted by electro- Figures 7—13 are spectral reflectance data pertaining to
magnetic theory. Martin Black, Enhanced Martin Black, and Infrablack.

Figure 7 indicates that at near norm{@0°) the Martin
Black directional reflectance is dominated by the diffuse
component of the reflectance. Figure 8 provides reflectance
versus incidence angle indicating a significant increase with
incidence angle. Figure 9 presents reflectance for five
samples in a common batch, demonstrating excellent manu-

A Beckman IR-3 prism spectrophotometer was used afacturing repeatability. Furthermore, as shown in Fig. 10,
the Naval Command, Control and Ocean Surveillance Centegamples produced over a seven-year period likewise are very
(NCCOSQ to produce the emittance measurements of sursimilar, as expected from a well defined and maintained
faces from 77 to 315 K. Unwanted scattered radiation ignanufacturing process.
attenuated to less than one part in one million to insure spec- It results from adsorbed water on the surface. In this
tral purity. The instrument is fully evacuated and temperaturespectral region the imaginary part of the index of refraction
controlled by a 25°C water bath. The emission from theis sufficiently large that Fresnel's equations indicate strong
sample is chopped against a 25 °C blackbody. The signal ikeflectance peak¥.
then compared to a second calibrated cavity blackbody sub- Figure 11, by Shumwagt al,, is a set of measurements
stituted in place of the sampfé. of Martin Black at surface temperatures of 77, 200, and 315

Additionally, a Surface Optics Corp., SOC-100 Hemi- K. Prior to these measurements, the sample was held at 315
spherical Directional Reflectometer was used by SOC foK in a 10e-3 Torr vacuum to outgas. There is a slight reflec-
Fig. 123* It is essentially the same as the instrument detance variation at &um for the temperature change from 77
scribed in Sec. VIIA1 except for the replacement of theto 200 K but none to 315 K greater than the measurement
grating monochrometer with a Nicolet 550/750 Fourier trans-accuracy. The 8—24um reflectance did not evidence any
form infrared (FTIR) spectrometer. Uncertainties are esti- temperature dependent.
mated to be 1%d.0).

2. Figures 11 and 12

o Directional Reflectance(20 deg)
A Directional Reflectance(60 deg)
+ Diffuse Reflectance(20 deg)
o Diffuse Reflectance(60 deg)

3. Figure 13 0.15

Smith used a nonspecular reflectometer photometer-
goniometer for both spectral, directional reflectance, and bi-
directional reflectance-distribution functioc8RDF).>> The
source is a 1273 K blackbody located at an angle,to the
surface normal. An ellipsoidal mirror reflects the source to
the sample. The reflected energy from the sample is focused
onto the detector that is located at an equal anjleon the
other side of the normal. This is the specular reflection. The
detector assembly contains wavelength-defining filters to 4 ° 14 19 04
provide the spectral definition. A smooth, gold-coated sur-
face provides the calibration for both directional reflectance WAVELENGTH(um)
and BRDF. The detector acceptance solid angle for the g 7. martin Black directionalspecular plus diffuseand diffuse only
specular reflectance is 8®4 steradians. spectral reflectance. Note restrahlen peak ang

0.10 |
O
-
8
0.05

REFLECTANCE

- 08 AA
b H WO
0.00 PR B N N S WA WY WS SN W W N WY S N T 1
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REFLECTANCE

FIG. 8. Martin Black directiona{specular plus diffugespectral reflectance
as a function of incident angles. Dramatic increase in reflectance is seen
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0.00
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11 Directional Reflectance(20 deg)
+ Directional Reflectance(50 deg)
o Directional Reflectance(60 deg)
X Directional Reflectance(70 deg)
& Directional Reflectance(80 deg)

8 12 16 20 24
WAVELENGTH(um)

near-grazing incidence.

REFLECTANCE

FIG. 9. Martin Black directiona{specular plus diffusespectral reflectance

0.15

0.10

0.05

28
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WAVELENGTH(um)

M. J. Persky

1.00

0.98
[

€ 096

£

‘€094
w

0.92 |-

0.90 1 1 1 I I
30 3.5 40 45 50 55 6.0 65 7.0 7.5
Wavelength (um)

FIG. 11. Martin Black directional emittance in the region of theut
emittance minimun{restrahlen reflectance peakncident angle is 0°. Sur-
face temperatures were 31dasheg 200 (solid), and 77 K(dotted. (After
Ref. 38)

Figure 12 is the directional emittance for an Enhanced
Martin Black sample likewise held at 315 K in agt@ Torr
vacuum to outgas. No temperature dependence from 77 to
315 K is observed and the measurements compare well to the
ambient temperature measurement included. What is most
noteworthy is the reduction in the peak atuh seen with the
Enhanced version. Martin Black is sealed in water while En-
hanced is sealed in steam which contributes to the difference.

Additional measurements of both surfaces are presented
in Ref. 38 for a variety of temperatures from 77 to 620 K,
with various vacuum exposure and humidity conditidhs.

Smith compares far-infrared spectra for Martin Black,
Infrablack, and Ames 24E paint in Fig. £3Note that at this
course resolution, only general trends in the spectra are
shown. The result of the greater surface roughness of Infra-
black is a reduction in reflectance as compared to Martin
Black. Also, Ames 24E has 1 to 2 orders of magnitude less
reflectance than the others.

at an incident angle of 20° for five samples in one manufacturing batch2. Black Anodize, Black Hardcoat, Black Hardlub, and
Excellent repeatability is demonstrated.

REFLECTANCE

FIG. 10. Martin Black directionalspecular plus diffugespectral reflectance

0.15

o
v
=

0.05

0.00

O1985 A 1987 + 1990 o 1992

)
)
-,
P
&
+
o
odd EI0 o89dTe 2ge
8 13 18 23
WAVELENGTH(um)

28

Ebonal C

Figures 14—-18 provide the directional and diffuse reflec-
tance spectra for the rest of the electrochemical treatments in
this review. It is notable that the anodize, Hardcoat, and
Hardlub family, exhibit similar signatures to the Martin
Black, especially the peak in the 3+6n region.

1.00

0.98

0.96

Emittance
o o
8 R
]
1

0.90 Lt 1 ] ] 1
5 10 15 20 25
Wavelength (um)

FIG. 12. Enhanced Martin Black directional emittariselid line) averaged

at 20° incident angle. Nearly identical reflectances of four samples manuever 77, 200, and 315 K measurements. Directional reflectance measure-
factured over a seven year period indicates advantage of a specified manments converted to emittance compare wedtted line$. Incident angle is

facturing process.

0°. (After Ref. 39)
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Specular Reflectance, 11° incidence
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FIG. 13. Martin Black, Infrablack, and Ames 24E specular reflectance com
parison. The first value in the parenthesis is the root-mean-squasg
roughness(um), the second the thickneggim). Crosses just above the
abscissa indicate error estimates and filter pass bands. The detector sofi

angle is 8.94 10 “ ster L. (After Ref. 40)

O Directional Reflectance(20 deg)
& Directional Reflectance(60 deg)

+ Diffuse Reflectance(20 deg)
o Diffuse Reflectance(60 deg)

0.30 [
025 |
020 F
015 |

010 f O

REFLECTANCE

0.05 [ 8

0.00

T

4 9 14

FIG. 14. Black anodize directiongspecular plus diffuseand diffuse only

marily diffuse at a 20° incident angle.

19
WAVELENGTH(um)

0 Directional Reflectance(20 deg)
4 Directional Reflectance(60 deg)

+ Diffuse Reflectance(20 deg)

0.60
050 f
0.40 Fa
030 f

020 F o

REFLECTANCE

0.10 f@ 4 n

0.00 |
4 9 14

ap
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ap

19

WAVELENGTH(um)

FIG. 15. Black anodize directiongspecular plus diffuseand diffuse only

rily specular.

o Diffuse Reflectance(60 deg)

24

ap

REFLECTANCE

REFLECTANCE
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o1 Directional Reflectance(20 deg)
A Directional Reflectance(60 deg)
+ Diffuse Reflectance(20 deg)
o Diffuse Reflectance(60 deg)

0.35
0.30 FOO E
E &
0.25 E© 3
E M ]
020 k A
; A A ]
015k a ]
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0_00:...q.n.%.......‘......'
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WAVELENGTH(jm)
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FIG. 16. Black Hardlub directionakpecular plus diffuseand diffuse only
reflectances. Substrate was raw, stock aluminum. Diffuse reflectance is con-
H:mt vs incident angle.

& Directional Reflectance(20 deg)
A Directional Reflectance(60 deg)
+ Diffuse Reflectance(20 deg)
o Diffuse Reflectance(60 deg)

o -
F O A - %
s 4 A ]
E ool
1 A g O ) o 1
[ + B ]
E 4 » 5 3 +3
F o o
g
4 9 14 19 24
WAVELENGTH(um)

. T -~ FIG. 17. Black Hardcoat directionégpecular plus diffuseand diffuse only
reflectances. Surface was sandblasted prior to anodization. Reflection is p|l|: flectances. Substrate was sandblasted. Reflectance is similar to that of the

re

other anodizes. Note in particular theudn restrahlen peak that appears in
all the anodized surfaces as well as the Martin Black.

o Directional Reflectance(20 deg)
a Directional Reflectance(60 deg)
+ Diffuse Reflectance(20 deg)
o Diffuse Reflectance(60 deg)

0.5
04 f
I &
< 03 f %
b [
B oof g HO
- 0.2 F g s a a
iL 3
se ? a8
01 F n A
oo | g
0.0 relPEn " N M P
4 9 14 19 24
WAVELENGTH(um)

FIG. 18. EbonalC directional (specular plus diffugeand diffuse only re-
reflectances. Surface was polished prior to anodization. Reflection is primeflectances. Treatment applied to sandblasted substrate. Reflectance is pre-
dominantly diffuse at all wavelengths.
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. Compgrmg the black gnodlze on a sa.mdblagte(-i substrate 0 Directional Reflectance(20 deg)
(Fig. 14) with that on a polished substrateig. 15 indicates a Directional Reflectance(60 deg)
a factor of two higher reflectance and significant reduction in ;g{%ﬁg gzzz‘a"ce(gg geg)
. . 1] Iy
the diffuse component due to the influence of the substrate. 0.15 : ol il : °9) :
The EbonalC is significantly nongrayFig. 18, and is ex- ]
tremely diffuse. This is seen in the BRDF as wglig. 41 to Y L a]
follow) 2001, 1
: = [ A A
O Lo A5 ]
o 0.05 Al o o
w T o 9 +]
& g & § 3 o]
3. Paints 000 Loas e g e oo 0 e 00 v 0y
H ] . ] hibi . ‘ 4 9 14 19 24
The paint-on surface@=igs. 19—23 exhibit a variety o WAVELENGTH(um)

characteristic spectral signatures. The Chemgt6 spec-

trum by Ames(Fig. 20 is on an expanded reflectance scaleriG. 19. ChemglazéAeroglaze 2306 paint directionaispecular plus di-

thus for most purposes it can be described as a gra&dSé and diffuse only reflectances. Reflectance is graybody, with significant
face’ The i f th . f mi h . _increase in specular reflectance at 60° incident angle. Substrate was raw

surface:™ The impact of the qddltlon of microspheres s gock auminum.

clearly seen leading to its possible substitution for the previ-

ously used Black Velvet Nextel. However, this enhancement

is limited to surfaces not likely to suffer high vibration levels

: ) 1
which could “shake out” the microspheres. 0
The Sikkens 463 and Eccosorb ZB$ave somewhat ‘g s N
nongray signatures which reduces their usefulness foruse as § 8 -
broad band coatings while the Parsons Black is fairly fea- ;6 7 -
tureless(Figs. 21-23. ® 6 -
=
=
Es -
£ 4 -
g
S 3 With Microspheres -
2 1 1 1 1 1 L 1 1

4. Teflon

N
=]

10 14 18 22 26
Teflon (Fig. 24 has fairly low reflectance over most of Wavelength (Microns)
the 5-25um range except for two regions near 9 and.z0. FIG. 20. ChemglazéAeroglaze Z306 paint diffuse reflectivity with and

The diffuse reflectance is extremely low such that the specuwithout addition of microspheres. Improvement with microspheres is con-
lar component dominates stant over the wavelength regioffter Ref. 41)

o1 Directional Reflectance(20 deg)
A Directional Reflectance(60.deg)
+ Diffuse Reflectance(20 deg)

5. Applique’s

Figure 25 provides a comparison of two appliguweith o Diffuse Reflectance(60 deg)
Martin Black® The incident angle was 8° for these 0.40 - - . —
directional-hemispheric data. Both appliguare devoid of 0.35 :
any spectral structure in the 2—18n region and the hemi- & 030 ]
spherical reflectance of 1% and less is quite impressive. E 025 d ]

Q 020t q A
E 015 | o % al
@ 010k, Eﬂ’ o . 3
005 o g Hotm o o .
6. Advanced optically black surfaces 000 B S L
4 9 14 19 24
Seals and Mcintosh give the specular reflectances of four WAVELENGTH(um)

advanced optically black materials in Fig. #6The spectral ) S )
FIG. 21. SikkengAkzo) 463 paint directionalspecular plus diffugeand

reflegtances are gray but not to the low level of the baselmgiffuse only reflectance. Significant spectral peaks are seen at 10, 15, and 21
Martin Black. um. Substrate was raw, stock aluminum.
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o Directional Reflectance(20 deg)
A Directional Reflectance(60 deg)
+ Diffuse Reflectance(20 deg)

O Directional Reflectance(20 deg)
A Directional Reflectance(60 deg)
+ Diffuse Reflectance(20 deg)

020 o Diffuse Reflectance(60 deg) 015 o Diffuse Reflectance(60 deg)
20 r . . = A5 T v . . -
L4 ] o A
w 015 fof ] w ! a
"I, a 81 g ot o]
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[ - B 49 o o ®
0‘00 s 2 a2 0 2 2 4 2 4 4 2 2 o b obddoddd 0.00 2 2 2 2 8 2 a2 2 a : " .: 2 " [
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FIG. 22. Eccosorb 268E paint directiortapecular plus diffuseand diffuse

only reflectances. Substrate was raw, stock aluminum. Three pronounceddG. 24. Teflon directiona(specular plus diffuseand diffuse only reflec-

features are seen at 5, 17.5, anda8. tances. Sample cut from sheet stock as manufactured. Surface is predomi-
nately specular at all wavelengths.

VIIl. BIDIRECTIONAL REFLECTANCE DISTRIBUTION
FUNCTION (BRDF)

The BRDF is a measure of the diffuse nature of a sur-

face, e.g., providing the extent to which radiation is reflected 100 | oo Cons
in different directions from the surfa¢éin the format used EL o e Martin Black |
10 —--- A/F Aerogel

here, a flat profile, indicating a reflectance independent of
output angle, illustrates a Lambertian diffuse surface. A
sharp peak at a reflection angle corresponding to the inci-
dence angle is typical of specular reflection. For a surface
having a total hemispheric reflectance equal to one the maxi-
mum value the BRDF can have isr/

o

_ 5 ey, [ L .
L ot 0 Y o Y AT
3, = e

-

o
-

0.01

Hemispherical Reflectance (%)

2 4 6 8 10 12
Wavelength (um)

FIG. 25. Spectral reflectance at 8° incident angle for flock@dSA96/1)
and R/F Aerogel appliqise compared to Martin Black as known reference.
(After Ref. 42)

0 Directional Reflectance(20 deg)
A Directional Reflectance(60 deg)
+ Diffuse Reflectance(20 deg)
o Diffuse Reflectance(60 deg)
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w a a B 2 B4C/POCO
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FIG. 26. Spectra of specular reflectance for four diffuse-absorptive baffle

FIG. 23. Parsons Black paint directioriapecular plus diffuseand diffuse
surfaces plus Martin BlackAfter Ref. 43)

only reflectances. Substrate was sandblasted.

Downloaded 22 Apr 2006 to 150.135.248.46. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



2206 Rev. Sci. Instrum., Vol. 70, No. 5, May 1999 M. J. Persky

A. Instrumentation 2. Figures 31 —33, 56, and 57

The five instruments providing BRDF measurements in ~ These measurements were made using the Fully Auto-
this review are as follows. mated ScatterometéFASCAT) at Martin Marietta, built by
Breault Research Organizati6hThe instrument was oper-
ated at 6328 A and 10.am. BRDF is calibrated by com-
parison with a piece of gold-coated sandpaper having a uni-
form surface layer of 12um grit particles to provide a
Lambertian standard. The value is calculated from the mea-
Surface Optics, Corp. using the instrumentation specifie§ured detector power divided by the detector solid angle,

then divided by the product of incident power times the co-

in Table VI and illustrated in Fig. 27 took these data for this . 7 . . .
author. sine of the incident angle. The abscissa is in unitsgof

The i is of th . ith I I—,Bozsin(es)—sin(ﬂi), where 65 is the scatter(reflected
€ ms'Frurr?ent Is of the ggnlometer type V_V't_ paraile angle andy; is the incident angleB— B, approaches zero at
beam illumination and detectidf. Parallel radiation re-

L i the specular angle.
flected from the sample is directed by an off-axis parabola to

the detector.
The incident angles for these data wetg=20°, 40°, 3. Figures 36 and 44 —46

60°, and 80° from surface normal in elevation, widhy
=0° in azimuth. The reflection angles were: in-plane, where ~ These BRDF measurements used the nonspecular reflec-

tometer described in Sec. VIIA4 with the detector at the
nonspecular angles. As with the specular reflectance, the

right angles to in-plane, is the reflection angle in elevation BRDF data used a smooth gold-coated surface for calibra-
9 9 P r 9 tion, but with the addition of a diffraction correction factor

from surface normal. ) ] (function of wavelength necessitated for BRDF in the far
Because of the costs associated with these measurgigreq4’

ments, they were limited to three widely separated wave-

lengths considered sufficient as a characterization of each

surface. In particular, the 18m wavelength nearly matches , Figure 43

the 10.6um commonly used by other experimenters. Filters

are used to restrict the source and receiver bandwidths con- TMA (Bozeman, M7 performed this BRDF measure-

sistent with signal to noise requirements, while not being sgnent. Cahbralgon errors were 2.2% for the near-normal

i i angle,6,=5°.
wide as to integrate over a large wavelength span.
The BRDF is calibrated by reference to gold plated,

sandblasted aluminum. Figures 28 and 29 are BRDFs of

highly diffuse and highly specular surfaces provided to iilus->- Flgures 51 and 52

trate instrument performance. A modified TMA in-plane scatterometéCASI mode)
at the Naval Research Laboratory provides the data in these
figures. Note that the BRDF is not cosine corrected.

TABLE VI. Surface Optics Corp. BDR instrumentation used for BRDF

1. Figures 28 —30, 37—42, and 47-50

¢,=180° is the in-plane forward direction arg=0° is the
in-plane backward direction; and cross plarg,=90° at

measurements.
Type goniometer with parallel beam illumination and B. Discussion
detection
Operation hemispherical illumination, directional detection , ,
directional reflectance by reciprocity 1. Martin Black, Infrablack, and Enhanced Martin
Source bandwidths 0.Am at 5.1um Black
4.44 ym at 9.8um

The Martin Black BRDF in Fig. 30 indicates a wave-

5 um at 20um i .
Source beamwidths  1.1° at/@m (black Hardcoat, Teflon, Eccosorb  leNgth dependence consistent with the spectral reflectance
2686 shown previously. The BRDF of 10-3 stérat 10 um, for
2.6° at 5um (all others incident angles of 30° and 40° and scatter angle of 40°,
receiver bandwidih 2-34;Aat 9-t8é 2Qum matches well the value in Fig. 31 by Pompetal. The Lam-
ecelver banawi S 4gMm at oum . . .
0.22 m at 9.8um bertian behavior is seer’ﬂ.. . .
0.66 um at 20 um .Combmlng Fig. 31 Wlth Figs. 32 and 33 gives a com-
Receiver beamwidths ~ &m: 0.44° parison of the three Martin Black types at a common scatter
10 um: 0.22° angle and for a common wavelengthThey are all fairly
BROE roise 2 0 et similar with nearly Lambertian scattering.
noise floor 20’M$L~T1/3oo Stseflr Figures 34 and 35, by Bergenet al, illustrates that
Angular accuracy +0.02° Infrablack is slightly superior to Martin Black for near-

normal illumination at 10.6um, but both are Lambertian.
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FIG. 27. Surface Optics, Corp. bidirectional reflectometer. Angular definitions and major components are(AftewRef. 45)

® Incident angle = 20 deg
o Incident angle = 40 deg
+ Incident angle = 60 deg
& Incident angle = 80 deg
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FIG. 28. BRDF of Labsphere, Inc. DSP 200 surface to
judge performance of SOC bidirectional reflectometer
for a diffuse surface. This is an electrochemical gold
plating over sandblasted aluminum substrée um
arithmetic average roughness
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Figure 41 indicates that Ebon@lis an extremely diffuse

® Incident angle = 20 deg surface, at least at 1@m, and for an incident angle of 20°.
o Incident angle = 40 deg
+ Incident angle = 60 deg

1.E+04 gt b=0deg. 9=180deg. um 3. Paints

. 1E+03 . BRDF data for paints are given in Figs. 42—49. Figure

] 3 ° & 43 by Ames indicates that the desired improvement in BRDF

f-’, 1E+02 ¢ - ° % towards a more diffuse version of ChemglaZ&06 is

& E01 | « & +i achievable with the addition of microspherés.

& o °° . Noteworthy is the 12.5xm BRDF of Ball IR Black(Fig.
1.E+00 ¢ . es o0 % E 44, by Smith. This is a new coating intended to satisfy the
1Eo1 Lo %00 %, 2Pt L] requirements of the Space Infrared Telescope Facility

-90 0 90 (SIRTH telescope over the broad range of 2—74@. The
TER08 e BRDF is Lambertian with values much below the Ames
1 10pm 24E2 that had previously been considered the standard for
= 1Es02 | § f+ 4 telescope performance from near IR to far IR. This relative

3 o o} 3 performance is maintained at 66 and 30 (see Figs. 45

T TEs01 E % o0t and 46. It is believed that the low reflectance is due to

a : M . multiple scatter among the huge surface facets.

@ 1.E+00 0%t ]

++40 oee veco++
1.E-01 —_— :
-90 0 90 4. Teflon
HE+08 g 3 20um The specularity of Teflon is clearly seen in Fig. 50, con-

T 1Es02 | [ 8 i ] sistent with the smooth surface of the sample.

ol Sl

E 1.E+01 .: og o

B 1 E.00 :o :o R 5. Applique’s

‘ 4100 oo $o 084+ ] Figure 51 is the BRDF of the “biased” appliqueanu-
1.E01 o - (’) - o factured by ESLI. Recall that the fibers which make up its
’ structure are tilted by 30°-35° from the normal to the plane
Angle from normal,e,, (deg.) of the substraté® A comparison of a microgrooved applique

FIG. 29. BRDF of electrolytic gold platingl0 um of type Ill) on nickel- f_rom Battelle with bIaCI_( Kgpton_ ap'_o“q”a?d the conven-

plated and polished aluminum substrate. This provides a calibration of théional ChemglazeZ302 is given in Fig. 52! Note that the

SOC BRDF instrument’s specular response for a specular surface. Battelle microstructure leads to different scattering properties
depending if the plane of incidence is aligned parallel to or

However, at 60° from normal Martin Black tends toward Perpendicular to the groove axis. The specular peak is
specular more than the Infrabla®k. broader for the perpendicular orientation.

Figure 36, by Smith, is a further comparison of Martin
Black with Infrablack, for both long wavelength infrared
(LWIR) qnd far-IR wavelengths. Notable is the increase in6_ Advanced optically black surfaces
specularity at the longer wavelengths. The Infrablack BRDF
shows an increase in both the forward and backscatter for The BRDFs for a variety of advanced diffuse materials
glancing reflectance at 12 andg8n. This result is due to a designed for optical baffles are given in Fig. %3rhe pro-
geometric effect caused by the holes in the InfrablacKiles are highly Lambertian as required for application as
surface> baffled surfaces.

2. Black Anodize, Black Hardcoat, Black Hardlub, and
Ebanol C 7. lon beam textured

The effect of surface finish on diffuseness is evidenced There is a natural seeding process due to alloyed impu-
by comparison of an anodized sandblasted substrate, Fig. 3ffties in blackened 60616 aluminum that results in a
with an anodized polished substrate, Fig. 38. The Hardlubbroadband texture. This leads to the BRDF in Fig. 54, by
Fig. 39 and the Hardcoat, Fig. 40, seem very similar considBlatchley et al. A more homogeneous titanium surface has
ering not only these BRDF but also the spectral reflectancesmaller feature sizes, thus a narrower useful band. The re-
in previous Sec. VIIB2. sultant BRDF is given in Fig. 5%’
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® Incident angle = 20 deg.
© Incident angle = 40 deg.
+ Incident angle = 60 deg.
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1.E02 Lo . : . . . .
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= de ] FIG. 30. BRDF of Martin Black. Note the rise at large
g 1602 [ 4 ot *de I ++t a5 scatter angles. The BRDF is greatest airb consistent
s 38, 8e0 . + o9 4 ." °o o with the spectral reflectance data.
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FIG. 31. BRDF of Martin Black using 10.6m laser source. Incident angle
is 30°. Data are referenced to gold-coated sandpdenm grit particles FIG. 33. BRDF of Enhanced Martin Black using 10u8n laser source.

to provide a Lambertian calibration. Beta—Beta §in(6;) —sin(¢,), where Incident angle is 30°(After Ref. 51)
0, is the scatter angle anf] is the incident angle(After Ref. 50)

1'0E0 T II|IIII| T LR ERN | t ||l|||l|
10° E 1
g O INF 1R630.BAA 10.6 30.0 forw » 1.0E-
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o 2
i - S 1.0E-4
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FIG. 34. BRDF of Martin Black and Infrablack at 104m, for a near
FIG. 32. BRDF of Infrablack using 10.6m laser source. Incident angle is normal incident angle of 10°. At this incident angle both surfaces are dif-
30°. Scatter profile is similar to Martin BlackAfter Ref. 51) fuse. (After Ref. 52)
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FIG. 35. BRDF of Martin Black and Infrablack at 10u8m, for an incident
angle of 60°. At this incident angle Martin Black shows speculatifyfter

Ref. 52)
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FIG. 36. A comparison of BRDF for Martin Black and Infrablack, as a
function of wavelength for an incident angle of 11°. Forward scatter is solid,
backscatter is open. Note the statistical error bars. IP is the specular instru-
ment profile.(After Ref. 53)
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FIG. 38. BRDF at 1Qum for black anodize on polished substrate with a 20°
incident angle. Reflectance is specular, consistent with a polished substrate.

90

FIG. 37. BRDF for black anodize. Surface was sand-
blasted prior to anodization.
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FIG. 43. BRDF for Chemglaz@eroglaze Z306 paint with and without FIG. 44. BRDF of Ball IR Black compared with Infrablack and Ames 24E2
microspheres. The ability of the microspheres to reduce specularity is demat 12.5um. Incident angle is 13°A¢6 is relative to the specular direction.

onstrated(After Ref. 54) (After Ref. 55)
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FIG. 45. BRDF of Ball IR Black compared with Infrablack and Ames 24E2.
Wavelength is 66um except for the Infrablack at 5@8m. Incident angle is
13°. A# is relative to the specular directiofAfter Ref. 55)

8. Black chrome

An example of a surface which has a specular BRDF i

the infrared but flat BRDF in the visible is given in Figs. 56

and 57, by Pompeat al®°

® [ncident angle = 20 deg
+ Incident angle = 60 deg
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FIG. 46. BRDF of Ball IR Black compared with Infrablack and Ames 24E2.

nWaveIength is 302um except for the Infrablack at 200m. Incident angle

Is 13°. A4 is relative to the specular directiofAfter Ref. 55)

IX. CHEMICAL STABILITY

Surface outgassing and interaction with atomic oxygen
are two means by which space-borne surfaces can be
degraded! For example, atomic oxygen can affect the
binder material in paints. A selection of outgassing data is
given in Table VII. Note that variability in paint preparation
and test procedures can result in a wide range of results; the
values reported here represent the best case, minimum out-
gassing.

Measurements by Honeywell on the Martin Black indi-
cate an extremely low total weight 10$6.1199 of which
less than 0.001% is condensable matéfidlhe use of a dye
for visible color seems to have little effect on the outgassing.
Note that Ungar gives a Martin Black total material loss of
“zero:” 3

Tests of the Martin Black on-board the NASA Space
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FIG. 51. Biased ESLI surface, in-plane unpolarized BRDF for three incident s S 0 5o
. 51. Biase surface, in-plane unpolarize or three incide Theta - Theta,

angles, at 3.3%m. (After Ref. 56)

FIG. 54. BRDF for a 606IF6 aluminum black sample naturally textured to
be a broadband surface by the alloy impurities to provide a wide range of
feature sizes in surface. Cutoff wavelength~25 um. (After Ref. 59)
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applique Data are compared to Ldi@hemglazg Z302. Incident angle is o )
7.5° and wavelength is 10,6m. Specular peaks are for Kapton and Lord/ FIG. 55. BRDF for a textured titanium sample. Uniform surface features
Z302. (After Ref. 57) create a narrow band absorbekfter Ref. 59)
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FIG. 53. BRDF of diffuse-absorptive baffle materials and Martin Black at FIG. 56. BRDF at 10.6um for black chrome. Scattering is specular in the
10.6 um. Scatter is Lambertian for eactifter Ref. 58) infrared. (After Ref. 60)
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100 tation and to the design of the test samples to best reflect the
OBLK1R230.AM 0.6328 0.0 forw
#BLK1A230.AAL 0.6328 0.0  back actual use.
Finally, it is important that the selection for a given ap-
101 plication take into consideration the overall system design,
8 not just these properties of the surface taken alone. The sur-
R 2 a face treatment need not be the first consideration but it must
b 10” ¥ opgoo not be the last.
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