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Conference Notes 

The papers published herein were ~ented at a conference attended 
by NASA thermal control coating specialists and others with similar 
interests on May 6, 1964. The meeting was one of a series held in 
NASA Headquarters in Washington, D.C. during the first half of 1964, 
dealing with the subject "Thermal Radiation and Temperature Control. " 

Near the close of the conference a round table discussion took place 
in which it was decided that the most important matter facing the 
thermal control coating program was the need for thermal radiation 
measurement standards. Jack Triolo of Goddard volunteered to take 
the first steps toward the preparation and measurement of samples 
which would be submitted to other NASA laboratories for comparison. 
The various centers agreed to participate. 

The second most important matter seemed to be the need for studies 
of the effects of high energy particle radiations on thermal control 
surfaces. In this connection a pro-tern committee, consisting of Dr. 
George Pezdirtz, William Carroll, Milton Schach, and the undersigned, 
agreed to look into the matter of holding a national conference of 
working specialists to examine this problem. 

One additional paper, not listed on the original agenda, that by 
E. R. Streed, is included herein. 

Conrad P. Mook 
Office of Advanced Research 
and Technology 

NASA Headquarters (Code RV-l) 
Washington, D.C. 
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COATINGS DEVELOPMENT AND 
ENVIRONMENTAL EFFECTS 

William F. Carroll 
Jet Propulsion Laboratory 

, l 

N66 37815 

This presentation consists of three aspects of the JPL temperature 
control coatings work: 

1 . White coat ings development and ultraviolet effects - II~ 

Research Institute Contra ct. 

Since the signifi cant results of this program are fully covered 
in an lIT Research Institute Report only a br i ef summary is presented. Plans 
f or investigation of r ate, wave length, and temperature dependence of ultra­
violet degradation during the current year are dis cussed. 

2. Proton and Other Effects 

A limited study of the effects of protons on temperature 
control surfaces is now under way. Results indicat e no serious effects 
on metallic surfa ces ( for t emperat ure control), but very significant 
changes for white coat ings. Available data is included. A serious need 
exIsts for further work in the area of charged particle effects. 

3. Related Investigations in Pr ogress 

A list of programs in progress on effects other than those due 
to ultraviolet is presented. 

I. WHITE COATINGS DEVELOPMENT AND ULTRAVIOLET EFFECTS 
(lIT RESEARCH INSTITUTE CONTRACT) 

A. SUMMARY OF PAST WORK 

The program has resulted in three basic coatings. The results 

through 1963 are s ummar ized in Refs. 1 and 2. The formulations and proper-

ties of the three coatings are summar i zed in Appendix A of Ref. 1. All 
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three coatings are pigmented with zinc oxide but have varying physical 

properties and degrees of stability. 

The Zno-Potassium silicate coating is the most stable formu-

lation developed, butJ like all ncr.-vi :'reous .inorganic coatings, has 

~dverse physical properties whi ch lirnlt ~ts use. The coating is pcrous 

"tr.1l ~he;-e!'~re easi:'y soiled and di.fficult to reclea.'1. Thereferc, 'lse 

.... ;-. c'~~J be :!.lmi ted to applications where surfaces can be easily protecteu 

fr~m ~ontaminatior. or where requirements for maximum stability justify 

ex~reme precautions for prevention of contamination. Like all inorganic 

coatings it is brittle and therefore net applicable where extr~me 

flexure is anticipated. 

The ZnO-silicone coating designated S-JJ has stability 

nearly equivalent to the inorganic coating and has superior (~ut not 

~ptimurn) ~lexability, cleanability and resistance to soiling. The 

'!ehicle, a pt;.re methyl sili~one, synthesized in the IITRI laboratory, 

i s r. t available except in laboratory quantities. Part of the effort 

d~ing ~he curr ent year will be directed to adequate characterization 

of the synthesis to permit larger scale "production" of the resin. 

The third coating, designated S-lJ, is also pigmented with 

ZnO and has a commercial silicone resin vehicle (General Electric LTV 

602). Although less stable than the other two, it is more stable than 

most other white coatings and can be formulated from commercially 

available materials. It is non-porous ~o is resistant to contamination 

and is easily cleanable. A primer is required for adherence to most 

zubstrates. 
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B. CURRENT PROGRAM 

The work during the current year will emphasize 2nO pigmented 

coatings (silicone and silicate) but utilizing other materials in addi­

tion to gain information on and underst~~ding of U.V. damage. 

The problem of laboratory simulation of space U.V. radia­

tion wdll r eceive more attention. Irradiation rate as related to 

temperature effects, interplanetary projects (with changing solar con-

3t~t), and practical testing and quality control will be investigated. 

Stmilarly, direct tempera~ure effect s will be studied. Simple tests 

will be conducted on the wavelength dependence of degradations to 

evaluate the validity of laboratory simulation and to at t empt to corre­

late with other aspects of the program and to increase the understanding 

of U.V. damage. The latter will include study of the practical problems 

of possible catastroph' ~ degradation of 2nO after prolonged periods. 

Other potential pigments and vehicles for coatings will be sought. 

As mentioned earlier, one of the areas of investigation will 

be further work with the synthesis of silicone resins. The ultimate 

goal is practical production of coating materials but will include the 

effects of synthesis parameters, composition and structure on the resL~ 

and ultimately on the U.V. stability. 

II • PROTON AND OTHER EFFECTS 

A. INTRODUCTION 

Environnental factors other than U.V. can now be important. 

The NRC work of 196('-61 concluded t.hat the effects of <2000~ U. V. radia­

tions were similar t c that produ~e ~ by 2000-4000~ energy but less ~igni-
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~ica.~+_ due to the re2.ati'Tely lower total encrg:,r levels present. Now 

·:-.a: m0re <;table ~iie ~oatings are available, additional wo:-k ~.~ 

~couire1 jn this area. 

~'"' 1 f:.: ~i:le l'C'5sible sjrnergistic effects with other typec; o! radiat_o~. 

The ~~~p ~:~ o~ the ~harg d particle anvi~onment can be a 

are pre to d~monstra p the type~ and 

-:'h .. ;:rog-:-a; resu2.ted from R~f. 4 which :-erc-:-+ ~ u .::';"'01o"'a-

+:nn of r.letalUc surfar"!s hy protons. Although jt. was ::"Ccf'grdzc-:! hat 

:-" ~""'OTT1~ ..... on. it. was CC 'CA to lIrc:;ue a limited program with the follow-

the p lc:! l,om ,or. i::ould be attr.il.; ted tc contami-

. . ~:1b l\:1J Ii' a~t., the q lan Hat' e ffed., on thermal raJ';"a~' ve proj:-er-

If the effect was due to or. aminants, ~C~ i~ C~ ~r . t 

~JjJ':~a.l -,p~.::ecraft ... ~ntamination Ie els (cither residual rr..a~t::1'.ial5 or: 

the surface or as a rt::sulL from and (:;) Check 

Lhe effects tc be ex dC~~U on ~cme f the coatings used on the pacccraft. 

~;.t.. 0r::'€; ' :j~~ :csts used ';"n the submitted proj:-o::;al were con-

ducted wiLh thv ~~~~~.~ ~n the targ~ l ~~d of the Van de Graff generator. 
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All tests reported here were irradiated in a high vacuum chamber attached 

to the Van de Graff through a differentially pumped system. 

The proton beam was passed through a pair of slits, lIthich 

constituted the terminals of a differentially pumped section of the 

system, into the high vacuum chamber. Electrical deflection of the pro-

ton beam permitted astering the slit image beam across the surface of 

the sample to achieve uniform irradiation so that measurements of opti-

cal properties could be reade. In addition, the sample was placed off 

t ie lin~-of-sight of the slits to reduce the probability of contamination 

effects. 

C. RESULTS 

The results presented are incomplete and are included only 

t o indicate types of changes produced and the magnitude of the problem. 

The Z-93 coating (ZnO-Potassium silicate) has a change in 

Bol t'll' absorptance of .08 at 1015 particles per cm2 • At the same total 

dose , PV 100, the TOO - silicone alkyd white, changes . 04-.05. As with 

ultraviolet effect , the only black tested showed no significant change. 

The Boeing barrier anod 0 ze coating showed slight changes in reflectance 

at wavelengths < 4000~ at 1017 particles/ cm
2 • 

No changes in total reflectance were seen for metallic 

surfaces, even when intentional contaminants were introduced into the 

system. 

D. CHARACTER OF RESULTS 

The ma¢tudes of changes of the Z-93 coating as a result 

of the 200 Kev protons used in this program are strikingly similar to 

the results obtained b Boeing at 1 mev on the same coating (Ref. 5). 
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!h l"fJS ts with PV 100 are similarly coftpara.ble to those fOllnd. by 

Gene~a1 Electric Co. with 400 Kev protons (Ret. 6). In addition, the 

.pectral ch~act8r of the chances in th S-lJ oatin~ .iMilar to 

those reported by ehner in orally presenting Ref. 6 (ho.aver, ~h y are 

not included in the written version). No quantit.tiv~ comparison of 

change for equivalent dose for ehner f S wl"k is available. 

In all cases, the spectral nature ot the ~rlectance change 

is similar to that encountered with ultraTiolet eftect ill vhite 

coatings tested decreased in reflectance in th6 short length end ot 

the visible, adjacent to the absorption edge (i.e . , the eo tings 

"yellowed") • 

The nature and re ons for the ~d changes ha not 

+ + been established. Strictly chemical. effects ot H (and po •• ibly H ) x 

may be a tactor. Secondary radiation produced at t~ surrace .., also 

contribute or be the real cause of the changes ob.erT8d. 

E. QUESTIONS AND DISCUSSION OF RESULts AID D'.ST PROC!DUR!: 

Although calculation. can show that no .1an1!icant teMper-

ature gradients can exist in the samples on a gro8S baeis, t th irra-

diation rates used, th ••• do not rule out the possibility or the~ 

etfects on a cryatallogr phic or instantaneous e 1. 

During these test , several months ot s ce e sure were 

simulated in Minutes or hours. Possible ttm., te ratU1~ or ration 

dependent reversal (or promotion) ot dark nin« reactions cannot be 0 r 

looked in considering results obtained. 

Many problems exist in sirn ation t.etl of thi type. A 

phenomenon terred to as II chasing, 'I indicatAd by- r 1ll!t tio 1n 

L ___ ~ 
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measured beam current at the sample, and probably caused by deflection 

of the beam by static charge build-up at the sample surface, was en­

countered at some of the higher irradiation rates. Rates which appeared 

satisfa~tory for the 2-9.3 coating resulted in "chasing" with the organic 

~oatings. Although te st~ which showed significant fluctuations were ter­

minateJ, it is possible that less pronounced and hereforc ur.detected 

similar effects were responsible for some of the jlffe~cr.ces in relative 

stability of the coatingJ tested. 

A related :'1.l.t 1ifferent rate problem was encountered on one 

test of the Boeing barrier anodize where a high irradiation rate was 

useJ. Visual examination of the surface after test indicated physical 

dis~uption of the anodic coati ng. Comparison of before and after 

reflecLance curves showed a damping of the interference reflectance 

pattern which would result i par of the alumin un surface were bare 

after the test. Apparently, the charge build-up arced through the coat­

ing and caused fracture and removal of the anodic layer. Although this 

would not be encounter~G in spa e it is discussed here because it repre­

sents a potential simulation problem. 

To reiterate, although the results presented here indicate 

a significant problem with proton irradiation, possible synergistic or 

anergistic effects with other aspects of the space environment (Le., 

U.V., electrons, etc.) should not be overlooked. 
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III. RELATED INVESTIGATIONS IN PROORESS 

Following is a is t 0 programs, not necessarily complete, in 

progress or completed which are concerned with the effects on temperature 

control surfaces of environmental effects other than U.V. 

1. Lockheed - P·le radiation (Ref. 3) 

2. Genera] Z~e tr·~ - Protons, electrons, <2000~ ultra-

violet (Ref. 6) 

3. North~JP Space Laboratory - X-rays (Dr. Robert Johnson) 

4. Litton - Low energy protons (Ref. 7) 

5. 1~ASA-Arnes Research Center - Low energy protons (Anderson) 

6. Boeing - Protons, pile radiation (Ref. 5) 

It i sugees ej that a Meeting of people working i n these related 

areas be hel i n an a t enpt t o avo· a repeat of t he .upI :' atton and 

confusion which occurred in U.V. t e t.ing 2 or :3 years ago. 



· .. \, 
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MEASUREMENl' OF HEmSPHERICAL TOTAL EMITTANCE 

AND NORMAL SOLAR ABSORPTANCE OF SELECTED 

MATERIALS IN THE TEMPERATURE 

RANGE 2800 TO 6000 K 

By Henry B. Curtis 

Lewis Res earch Center 
National Aeronautics and Space Admini s t r ation 

Cleveland, Ohio 

SUMMARY 

N66 3781 
3 7~ ( 

A steady- state heat -balance method is used in making measurements of 
thermal-radiation parameters~ The hemispher i cal total emittance and normal 
solar absorptance are measured in the temper ature range 2800 to 6000 K. 
Results are given for the following surfaces whi ch are applied to an alumi­
num substrate: four plasma- sprayed ceramics , zir conium silicate, strontium 
titanate, calcium titanate, and bar ium t itanate ; two ceramics applied by 
the Rokide Process, Rokide MA and Rokide ZS; anodized aluminum, plain and 
electrophoretically blackened; two mult i ple layer coatings; Ti le Coat 
paint; and two pigmented coati ngs . 

INTRODUCTION 

The temperature control of space systems is primarily dependent on the 
thermal.-radiation parameters of the material.s used on the vehi cle surface 
viewing the space environment~ The important radiat ion parameters are hemi ­
spherical total emittance and nor mal solar absorptance, (hereinaf ter referred 
to as emittance and absorptance ) . The r elative importance of these param­
eters depends on the temperature level and the envi r onment of the space sys ­
tem. For example, the size of a radiator with a required heat -rejection rate 
and given temperature level is pr imarily dependent on the emittance. The 
absorptance is of importance to any space system of moderate temperature 
(under 6000 K) with a view of the sun. The choi ce of materials for a space 
system is also governed by the ov er a l l space environment, the desir ed tem­
perature range, and the expected useful life of the space system. 

This paper describes measurements of emittance, absorptance , and the ir 
rati o for a variety 01 applicable materials~ The temperat ure range covered 
by the measurements is 2800 to 6000 K. The r adiation parameters of such 
materials as plasma- sprayed ceramiCS, painted coatin gs and composite coatings 
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consisting of thin layers of vapor deposited compounds were measured. The 
ultimate uses of such materials include low temperature radiators (under 
6000 K) and temperature control surfaces of space systems and experiments. 

Measurements are made on an apparatus designed and built at the Lewis 
Research Center. This paper gives a brief description of the apparatus 
and methods used in making these measurements . A mor e complete description 
is given in reference 1. Results are given for several different materials 
together with descriptions of the materials. 

MEASURING TECHNIQUE 

A steady-state heat-balance method is used in measuring the radiation 
parameters. A test specimen is placed in a controlled environment and 
i solated in such a manner that the only form of heat transfer out of the 
specimen i s a ccomplished by radiation, that is , the test surface radiates 
t o a cold sink of known temperature . With a test specimen of known area, 
the specimen t emperature and power required to maintain that temperature 
constant are measured. With this data, the emittance can be calculated by 
means of the St efan-Boltzmann Law. 

The absorptance is determined in a two-stage measurement. The power 
r equired to maintain the specimen at the same temperature is measured under 
t wo conditi ons; first, with and, then, without simulated s olar energy inci­
dent normally on the specimen. The difference in the two power measurements 
is the rate at which solar energy is being absorbed. By knowing the inci­
dent s olar flux the absorptance is calculated • . 

DESCRIPTION OF APPARATUS 

A cutaway view of the test specimen assembly and heat shield is shown 
in figure 1. The test specimen consists of a l-inch square substrate of 
aluminum with the test surface applied or bonded to one side. A heater 
plate with resistive heating is attached to the other side of the substrate. 
The test specimen assembly is placed in a heat shield, which covers the 
back and edges of the heater plate and the specimen. The heat shield and 
the heater plate are controlled to the same temperature with two similar 
automatic temperature controllers . This assures that there is no heat lo.ss 
by radiation from the back and edges of the test specimen assembly. The 
power and thermocouple leads fr om the test specimen assembly are routed such 
that only a negligible amount of power is lost. A thermocouple is placed 
directly on the specimen substrate for temperature measurement of the test 
specimen. It has been found that if a thin layer of vacuum grease is spread 
between the heater plate and the specimen substrate, the thermal conduction 
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across the interface is greatly increased. No adverse effects on radia­
tion parameters due to contamination by the grease have been observed. 

The specimen assembly and the heat shield are placed in a test chamber 
evacuated to approximately 10-7 torre A schematic of the test chamber is 
given in figure 2. The chamber is a hollow cylinder with the test specimen 
ass embly and the heat shield mounted from one end flange. A quartz window 
is placed on the opposite end of the chamber t o admit simulated solar radia­
tion when needed. A hollow sleeve with blackened walls is built into the 
chamber, and liquid nitrogen is circulated through it to obtain a known low 
temperature sink. About 99 percent of the total solid angle viewed by the 
test surface is occupied by the cold sink. 

The solar simulator f or the absorptance t ests utilizes a carbon ar c 
lamp as an ener gy source. The output of the simulator is a collimated beam 
with a flux denSity equal to that of solar radiation outside the atmosphere 
of the earth (0.14 w/cm2±2%). The irradiance in the test plane is maintained 
within the indicated limits by an automatic contr oller, which continuously 
positions a pair of condens ing lenses in the simUlator. The normalized. 
spectral distribution of the irradiance of the simulator has been measu~€dJ 
and the best known value is plotted in figure 3. Due to difficulties in 
measuring such spectral distrihutions} some error could be present in this 
curve . For comparis on} the Johnson curve is also plotted in figure 3. The 
J ohnson curve is the spe ctral distribution of solar energy outside the 
atmospher e of the earth (ref. 2) . The ar ea under each curve is equivalent 
to one solar constant (0. 1 4 w/cm2) o A complete discussion of a similar 
solar simulator is given i n r efer ence 3. 

The total output of the simulator is calibrated to one solar constant 
by two different methods. One method uses a narrow angle pyrheliometer) 
and the second uses a blackbody absorptance r eference. The absorptance 
reference is a surface of notches formed 'by stacking razor blades side by 
side in a manner similar to that des cri bed in r eference 4. The absorptance 
of the reference has been computed to be greater than 0.99 with the as­
sumption of specular r eflection. Tests have shown that the absorptance is 
independent of the inclination from the normal of the reference surface up 
to an angle of 300 • The i nclination angl e is generated by rotating the 
r eference about an axis parallel to the razor blade edges . The two methods 
of calibration agree to within 2 percent . 

An accuracy of ±5 percent (ref. 1) for the emittance is estimated with 
temperature measurement and power losses as the main sources of error. The 
inac curacy in absorptance can be attr ibuted to two basic sources of error. 
The first is associated with temperature control and power measurement} and 
is estimated to be ±5 percent. The second source of ~rror is due to the 
solar simulator. This is caused by day-to-day shifts in the calibration and 
the spectral mismatch between the Johnson curve and the spectral distribllticn 
of the simulator . An example of the latter form of error would occur when 
the spectral absorpt ance of a speci men was high in a wavelength band where 
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the simulator had an excess of output energy. In this case, more energy 
would be absorbed in the test than under a true solar source. This leads 
to an error in the measured absorptance . This type of error occurs in the 
absorptance measurement of Tile Coat paint reported in this paper. 

RESULTS 

Ceramic Coatings 

Measurements of emittance and abs orptance have been made on several 
ceramic coatings applied to aluminum substrates. These coatings are being 
investigated for possible use on radiators in both low and high temperature 
ranges. Measurements were made on various thicknesses of six different 
materials. Figures 4 to 9 show emittance as a function of temperature for 
the six different ceramics. Table I gives the emittance at 5000 K for each 
specimen. The cerami c coatings that were measured are barium titanate, 
calcium titanate, Rokide MA, Rokide ZS, strontium titanate, and zirconium 
silicateo On each graph, the coating mass per unit area and the approximate 
thickness are given for each specimen. The coating mass was determined by 
weighing the specimen before and after application of the coating. The 
approximation thickness is presented only to give an indication of the coat­
ing thickness. The error in these measurements is estimated at ±0.02 
millimeter. It is seen that there is little temperature dependence of 
emittance; however, there is an increase in emittance as coating mass in­
creases. This can be seen in figure 10, in which emittance at 5000 K is 
plotted against coating mass. For any of these specific coatings, increas­
ing the coating mass up to approximately 15 milligrams per centimeter 
squared increases the emittance of the coating. Beyond 15 milligrams per 
centimeter squared, there is little further change in emittance. Compari­
son of the emittance values with those published in reference 5 show a 
general agreement in the overlapping temperature region. 

The absorptance data of each specimen is given in Table I. In general 
the absorptance is constant with temperature over the measured range 4000 

to 6000 K. Some of the coatings, however, showed a marked drop in absorp­
tance during the first heating to 6000 K. After the initial heating, these 
specimens exhibited no further change in absorptance. This change is 
always a drop in absorptance, never an increase. The decrease is approxi­
mately 0.10 and is noticed in the barium and calcium titanates. The final 
stabilized absorptance values are those given in Table I. Table II denotes 
the general appearance of the specimens before and after testing. All 
specimens had a matted texture finish. A few of the specimens acquired a 
few dark specks during testing. 
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Anodized Aluminum 

Measurements of emittance and absorptance were made on four anodized 
aluminum specimens. Two of the specimens had a layer of carbon electro­
phoretically deposited into the pores of the anodized aluminum. Two other 
anodized specimens were left plain. The purpose of the carbon black coat­
ing is to obtain a lightweight, high emittance coating. It was desired to 
determine the increase in emittance caused by adding the carbon layer to 
the anodized aluminum specimens . 

The emittance measurements were made in the temperature range 3000 

to 6000 K. Emittance against temperature plots for the two plain anodized 
specimens are given in figure 11. Specimen 1 in figure 11 was duller in 
appearance than specimen 2. This cou.ld account for the difference in 
emittance between the two. The emittance data for the two blackened speci­
mens is given in figure 12. These two specimens were similar in appearance 
and were black in color. 

The addition of the carbon l ayer has a definite effect on emittance. 
The two plain specimens both exhibit decreasing emittance with increasing 
temperature, while the black specimens have increasing emittance with in­
creasing temperature. The difference in emittance between plain and 
blackened specimens at 6000 K is on the order of 25 percent with the black 
specimens around emittance of 0.95. A summary of data for the anodized 
specimens is presented in Table III . The absorptance values were constant 
over the measured temperature range. A large increase in absorptance oc­
curs because of the addition of the carbon layer. 

Tile Coat Paint 

:M..easurements of emittance and absorptance have been made on aluminum 
substrates coated with Tile Coat, a white epoxy-based paint. Measure ­
ments were made on two specimens around 3200 K. In order to apply the 
pa.int to one speCimen, the substrate was dipped into the paint and the 
excess was allowed to drain off. This resu.lted in a smooth even coating. 
The paint was sprayed on the other substrate resulting in a whiter coating. 
The thickness of the paint coatings were both about 0. 2 millimeter. The 
data for the two specimens is given in Table III. 

The emittance is consistent and agrees with previous results published 
in reference 6. From Table III it is seen that the method of application 
affects the absorptance values. The sprayed coating had an absorptance 
that was 11 percent lower than the dipped coating. The absorptance data 
reported herein is mu.ch higher than that in reference 6 (absorptance ex: = 0.20). 
Part of this difference can be attributed to spectral mismatch between the 
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solar simulator used in the measurements reported herein and the Johnson 
Curve. 

An attempt was made to estimate the error in absorptance readings due 
to this spectral mismatch. An analysis using the spectral absorptance of 
Tile Coat paint given in reference 6 and the spectral distribut i on of the 
solar simulator given in figure 3 accounts for approximately one third of the 
difference in absorptance measurements . The remaining di fference is probably 
due to inaccuracies in the measured spectral distribution of the simulator 
and similar inaccuracies in the data of reference 3 . 

Multiple Layer Coatings 

A series of measurements of absorptance and emittance in the tempera­
ture range 3000 to 4150 K was made on a proposed coating for a micro­
meteoroid satellite . The purpose of these me8.surements was to select a 
coating with a desired absorptance to emittance ratio. The coating con­
sisted of four layers of material. Figure 13 shows a cross section of 
the coating. The base was 0.25-millimeter stainless steel with 12 microns 
of Mylar cemented to it . Vapor-deposited coatings of aluminum and silicon 
monoxide of various thicknesses were applied over the Mylar for thermal 
control purposes. The silicon monoxide l ayer was the outer surface of the 
coating. The data in the following table are emittance) absorptance) and 
the absorptance to emittance ratio for specimens with various thicknesses 
of aluminum and silicon monoxide. The silicon monoxide coating is the 
most important in determining the radiation parameters of the surface. In­
creasing thicknesses of silicon monoxide cause increasing emittance and de ­
creasing absorptance to emittance ratios . The absorptance does not change 
much or show any trend with aluminum or silicon monoxide thicknesses. All 
data were consistent over t he narrow temperature range) and no temperature 
dependence could be noted. 

, 
Thickness of coating) micron Emittance ) Absorpt!;ance, Absorptance 

E ex: to emittance 
Silicon Aluminum ratio) 

l monoxide ex:/E 
-. 

0 1.0 0 . 06 
. 6 1.0 .15 0 .18 1.2 
. 6 1.0 .16 . 19 1.2 
. 7 . 1 . 15 . 13 . 86 

1.1 . 1 . 26 . 13 . 50 
1.2 1.0 . 46 . 15 . 33 
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Measurements have been made of emittance and absorptance on a 65-micron 
foil bonded to an aluminum sUbstrate. The foi l is of a layered construction 
with a coating of aluminum covered on both sides by Mylar. The foil was to 
be used as a covering for the insulat ion of the Centaur cryogenic fuel tanks. 
It is re~uired to hold boil- off to a minimum during an extended parking 
orbit; however, charing and discoloration would occur during take-off be­
cause of aerodynami c heating. Therefore, measurements were made to deter­
mine the change in radiation parameters due to the color change. The tem­
perature level associated with aerodynamic heat ing was simulated by heating 
samples of the foil in an oven at atmospheric pressure . The samples were 
heated to a given temperature, hel d at t hat temperature for a given time, 
and then allowed to cool. The different samples were then bonded to alumi­
num substrates and measurements of the r adiation parameters were made in 
the temperature range 3000 to 3750 K. The results are: 

Heating cycle Surface color Emittance Absorptance 

Temperature, Time, 
~ min 

--- --- Clear 0.67 0.23 
440 3 Clear . 66 .27 
540 1 Yellow . 69 .38 
660 1 Orange-brown .69 .50 

The data show that the emittance stays almost constant, but the absorptance 
greatly increases because of higher temperature preheating treatments. This 
makes the foil ineffective for the desired purpose. 

Pigmented Coatings 

Measurements are being made currently on a series of coatings under in­
vestigation for possible use on a solar Brayton cycle radiator. Table IV gives 
absorptance and emittance in the indicated temperature range for two different 
coatings . The first is a stannic oxide coating with an aluminum metaphosphate 
binder . The coating thickness i s approximately 2 mils including a nickel­
chrome-cobalt spinel subcoat . The emittance values rise steadily from 0.90 to 
0 . 96 in the temperature range 3000 to 5500 K. The absorptance values show no 
trend with temperature . The second coating is a zinc oxide pigmented paint 
with a methyl silicone vehicle . This is one of the paints developed by Zerlaut 
at Illinois Tech . The coating is approximately 5 mils thick and white in 
color. The emittance data increases from 0.92 to 0.96 over the indicated tem­
perature range while the absorptance data is constant at approximately 0.20 
to 0.21. 

CONCLUDING REMARKS 

The apparatus is capable of making measurements of the radiation parameter 
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of a wide variety of materials . All measurements were made with aluminum 
substrates for the surface to be tested . For a given specimen) the emit-

tance measurements are repeatable to within ±l~ percent) while the absorp­

tance values repeat to within ±5 percent . In general) where comparisons 
are available) the measured emittance data agree with published results. 
There is a large difference) however between measured and published absorp­
tance data for Tile Coat paint) which is the only absorptance data compari­
son made. This seems to indicate that if any error is inherent in the 
measurements reported herein i t is with the irradiance of the solar simula­
tor or with application and handling techniques. It can be concluded that 
there is a thickness of ceramic coating beyond which additional application 
of ceramic has little effect on emittance . Similarly) emittance values 
over a large range can be achieved with proper selection of thicknesses of 
the vapor - deposited layers for t he multiple layer coating. 
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TABLE 1. - EMITTANCE AND ABSORPI'ANCE 

FOR CERAMIC COATINGS 

Substance I Mass/unit area, Emittance, a Absorptance, b 
mg/cm2 E ex: 

5.9 0 . 75 0.65 
Barium 

titanate 17 0 . 82 0 . 61 

I 
49 0.87 O. 74 

6.2 0 . 75 0.72 

Calcium 11. 3 0. 82 0 . 70 
titanate 

23 0 . 88 0 . 70 

2.3 0. 55 0. 55 
, 
I 
I Rokide MA 6. 0 0. 71 0.58 
1 

I 31 0.82 0. 41 

I 
I Rokide ZS 6. 5 0.79 0. 54 
i 

I 32 0. 89 0.45 

! 
I 12 0.81 0.73 I 

-I • 

I I Strontlum 
28 0.82 0.76 I titanate 

I 
I 40 0.83 , 0. 64 

8 . 3 0.83 0.46 
Zirconium 

silicate 9. 5 0. 83 0.38 

29 0.86 0.37 

aAt 5000 K. 

bMeasurement at 4000 t o 6000 K. 
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TABLE II. - DESCRIPTION OF CERAMIC COATINGS 

Substance Method of Appearance 
application 

Before test After test 

Bariwn Plasma-arc Dark grey No change 
titanate spraying 

Ca,lcium Pla,sma-arc Grey with Grey 
titanate spraying red tint 

Rokide MA Rokide Grey with No change 
process blue tint 

Rokide ZS Rokide Light grey with No change 
process blue tint 

._--- ---._. - ---~-. - t----

Strontium Plasma-arc Dark grey No change 
titanate spraying 

Zirconium Plasma-arc Light grey No change 
titanate spraying 

--
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TABLE III. - EMITI'ANCE AND AESORPI'ANCE FOR 

ANODIZED ALUMINUM AND TILE COAT PAINT 

Coating Emittance , Absorptance J 

E a:: 

Value Measured Value Temperature 
temperature range 

Anodized 0 . 83 5000 K 0. 57 4000 to 
plain 1 6000 K 

Anodized 0.71 5000 K 0.48 4000 to 
plain 2 6000 K 

Anodized 0 . 94 5000 K 0.97 4000 to 
blackened 1 6000 K 

Anodized 0 . 97 500 0 K 0.97 4000 to 
blackened 2 6000 K 

Dipped Tile 0 . 89 3300 K 0.38 3200 K 
Coat 

Sprayed Tile 0 . 89 3300 K 0 . 34 3200 K 
Coat - --- \. 

TABLE IV. - EMITTANCE AND ABSORPI'ANCE OF ZINC - OXIDE 

AND STANNIC OXIDE PIGMENTED COATINGS 

TEMPERATURE RANGE 3000 TO 5500 K 

Coating Thickness) Emittance) Absorptance) 
mils E a., 

SnO pigmented 2 0 . 90- 0 . 96 0.40-0.43 
coating 

Aluminum meta phosphate 
binder 

Ni-Cr-Co spinel 
subcoat 

ZnO pigmented paint 5 0 . 92 - 0 . 96 0.20 - 0.21 
Methyl silicone 

vehicle 
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Introduction 

A SURVEY OF a s - € INSTRUMENTATION AT 

GODDARD SPACE FLIGHT CENTER 

by 

Jack J. Triolo 

N6 6 37817 

There are a number of different methods of measuring a s' 

the solar absorptance, and e, the thermal emittance. One way 

of classifying these methods is by the type and variety of 

data obtained. Optical methods measure a s and e by the radi­

ation reflected from, or emitted by, materials; this radiation 

may be either spectrally resolved or integrated. Thermal 

methods - measure a s and € by the temperature, or rate of change 

of temperature, of materials. Optical methods require the 

elimination of, or the control of, background radiation. 

Thermal methods require, in addition, a high vacuum surround-

ing the sample of the material being measured. Also, to 

obtain a s values by thermal methods, a light source whose 

spectral distribution is similar to that of the sun ("solar 

simulator") is necessary, plus instrumentation for measuring 

the intensity of the light from the solar simulator . 

• 
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-The different methods for measuring as and 8, then, 

are classified as follows: 

A. Optical methods 

1. Reflectance measurements 

a. Spectrally resolved 

( 1) 

(2) 

0.3 to 2.5 microns, for a s 

5 to 35 microns, for e 
b. Integrated 

(1) Light source spectral intensity times 

detector spectral response must match 

solar spectrum approximately, for a s' 

(2) Light source spectral intensity times 

detector spectral response must match 

3000 K blackbody approximately, for e. 
2. Emitted radiation measurements, for e only 

a. Spectrally resolved 

(1) 5 to 35 microns 

b . Integrated 
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B. Thermal Methods 

1. Equilibrium measurements 

a. 

b. 

C o 

d. 

With electrical heating for € 

With solar simulator as heater, for a / e s 

With solar simulator, for as(water calorimeter 

With sun (flight experiment in orbit), for ~ / € 

2. Dynamic measurements 

a. With solar simulator as heater, for € 

b. Adiabatic cooling, for € 

c. With sun as heater (flight experiment in orbit), 

for € 

In this brief outline it is not feasible to analyze in 

full detail each of these methods, However , I shall point out 

which of the above mentioned methods we maintain are necessary 

for a complete knowledge of coating properties, and a short 

description of this equipment will be given. 

Optical Methods 

I. Solar Region (.3 to 2.5 microns) - The wavelength region 

.3 to 2.5 microns contains 95.3% of the sun's energy; 3.4% is 

above 2.5 microns. This wavelength (2.5 microns) is the limit 

for most reflectometers of this region since most of them 
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employ integrating spheres coated with MgO which absorbs 

significantly beyond 2.5 microns. 

At Goddard, we use a Beckman DK-2 (Figure 1) and a 

Perkin-Elmer 350 Spectrophotometer which are basically the 

same, as well as being similar to the Cary 14. The Beckman 

DK-2 is a single quartz prism monochromator, while the P. E. 

350 and the Cary 14 utilize double monochromators. However, 

they all employ an integrating sphere coated with MgO. The 

integrating sphere is most accurate when the test sample 

reflectance is near that of the reflectance standard used, 

and, furthermore, when the polar reflectance patterns are 

similar. Thus, a specular sample should be measured with a 

specular standard and a diffuse sample with a diffuse standard. 

If the test sample is neither perfectly diffuse nor perfectly 

specular, but falls somewhere in between, it may be difficult 

to obtain a reflectance standard having a similar polar re­

flectance pattern. In this case, the accuracy of the measure­

ment may be questionable since the average number of reflec­

tions undergone by light reflected from the test sample 

before it reaches the detector, may not be equal to the 

average number of reflectances undergone by light reflected 

from the reflectance standard. If the interior coating 
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of the sphere possessed a reflectance of 100%, this differ­

ence in the average number of reflections would be unimportant, 

since it is the light absorbed at each reflection which pro­

duces a difference between measurements otherwise equal but 

having a different average number of reflections. The highest 

reflectance obtainable for a sphere coating at present is about 

98% (in the visible) with a thick (several millimeters) coating 

of MgO, and so, there is a possibility of error in reflectance 

measurements with an integrating sphere on materials having 

both a diffuse and specular component of reflectance. 

As of now, we have only sketched measurements for 

near normal incidence; however, since most spacecraft are 

spherical, cylindrical, or are constructed with flat surfaces 

on rotating spacecraft, the normal absorptance is no longer 

adequate and the reflectance or absorptance must be known as 

a function of angle of incidence. For this measurement we 

use an integrating sphere made by Gier-Dunkle Thermal 

Instruments, in conjunction with their source optics and a 

Perkin-Elmer 99 Monochromator (Figure 2). This instrument 

can also measure transmittance as a function of angle of 

incidence (100 to 800
) for transparent and practically 

opaque materials. It is also invaluable for solar cell 



- 6 -

measurements where the areas are small and sometimes covered 

with thick quartz radiation shields which are difficult to 

measure on the other instruments. This measurement of a 

multi-layer surface can be accomplished since the samples 

are mounted on the interior of the integrating sphere (Figure 3) 

at the end of a rod which penetrates the sphere and rotates to 

change the angle of incidence of the sample. Note that the 

integrating sphere can be rotated about two axes thereby 

allowing the uniformity of the reflectance of the sphere 

to be checked in place. 

A portable integrating sphere was developed at Goddard 

for field measurements. It consists of a six-inch integrating 

sphere coated with barium sulfate which is considerably more 

rugged than MgO, and uses a six volt tungsten lamp as a light 

source which was powered by a regulated power supply (Figure 4). 

The light tube was designed to accept 2 x 2 inch interference 

filter to provide the wavelength band desired for the nleasure­

ment. The integrated portable package is seen in Figure 5. 

The detector system originally used was a Photovolt photometer 

and IP28 P.M. tube. At the present, the instrurent is under­

going redesign and modification. A Schoeffel monochromator 

is replacing the filters, and an Eldorado photometer (Figure 6) 
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which was found to be more stable replaces the Photovolt. 

Since the monochromator has a range of .23 to 2.5 microns, 

the detector system will be des igned to include a lead 

sulfide detector for the near infrared. The instrument 

is a single beam point by point measurement and is meant 

only for field use or where the samples cannot be brought up 

to the laboratory instruments (DK-2 or P.E. 350). These 

alterations should make the instrument more versatile and 

faster to use, since changing filters was so time consuming. 

The complete instrument will also be fitted and contained 

in two suitcases to make it more portable. Reference 1 has 

a complete description of the portable integrating sphere. 

II. 5 - 35 Micron Region (3000 K Blackbody) 

Normal emittance for 3000 K blackbody is calculated 

from reflectance data in the wavelength range of 5 to 35 

microns. 
o 

This interval contains 91.0% of the energy of 300 K 

blackbody; 7.7% is at longer wavelengths. 

Unless the sample is optically flat and totally 

specular, a reflectance attachment is needed to measure 

spectral total reflectance. In this region a hohlraum 
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(heated cavity) and the Coblentz hemisphere, are the 

attachments most used. At Goddard we have both, but 

at present only use the hohlraum because the Coblentz was 

found to be initially unsatisfactory. The Coblentz hemis-

phere, which is really an approximation of an ellipoidal 

mirror, is attached to a Beckman IR-7, and works on the 

principle of conjugate foci, one for the sample and the 

other for the detector. In order to include both the 

specular and the diffuse components of the radiant energy, 

the detector must have a large angle of view, ideally 2rr 

steradians. The thermocouple used for this purpose views 

about a quarter of the total solid angle and thereby neglects 

a significant part of the diffuse component. This is no 

small problem and Beckman still has not resolved it. 

The hohlraum attached to a Perkin-Elmer 13-U Spectro-

photometer, has two openings, one of which allows the 

insertion of a water-cooled sample holder which keeps the 

sample at a reasonable temperature (lOOoF) even though the 

o 
oven may be as high as 1,100 C. The other opening allows 

the infrared spectrophotometer to view the oven, or sample. 

It thus acts as the radiation source for the spectrophoto-

meter and illuminates the sample diffusely which is a necessary 

feature for diffuse reflectance measurements. 

l ______________________ __ 
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To facilitate data reduction, a Hoffman calibrator 

is employed. The Hoffman calibrator permits digital read-

out and automatic accumulation. The entire system can be 

seen in Figure 7. 

Now consider the optical emi tted radiation ' ," pe 

instrument (classification A2b). The Barnes Emiasometer 

(Figure 8) is such an instrument. The emissowete r consists 

of an eight-inch radiometer with an emissivity attachment. 

It is designed to measure total normal emittance in temper­

ature range from ambient to 220oC. The emissivity attach-

ment (Figure 9) contains a temperature controlled blackbody 

reference and a temperature controlled sample holder. The 

o temperature controls are capable of ±l C temperature regu-

lation. Both the blackbody and the sample are kept at the 

sample temperature during a reading. A mirror ro t ates, t hus 

selecting the source of radiation for the emissometer. The 

emissivity attachment and radiometer had have exactly the 

same optics, a Cassegrainian System which provide the sample, 

blackbody, and detector with the same field of view. This 

scheme should provide an absolute measurement, since presumably 

the ratio of the reading of the blackbody and the sample should 

give the € for the sample. This, however, is not the case. 

For high reflectors, the radiation from the surroundings 
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reflecting from the surface of the sample is sensed by the 

detector, which gi ves rise to the additional term in the 

equation, several times greater than the term containing 

the parame ter to be measured. We are now attempting to 

eliminate this source of error by cooling and thus reduce 

the radiat ion from the surroundings. 

Thermal Me asurements 

One of the thermal vacuum chambers used for the 

measurement of hemispher ical emittance and solar absorptance 

consis ts of an 18" vacuum evaporator fitted with a liquid 

nitrogen cooled shroud (Figure 15) and maintains a pressure 

of 10-7 Torr in the bellj a r. The sample, as shown in Figures 

16 and 17, hangs from cotton or dacron strings while the 

temperature is sensed by a copper-constantan thermocouple. 

A Dymec Data Acquisition System and a Joseph Kay reference 

junct ion are used together with the thermocouple to measure 

the temperature . The data is then punched and/ or printed on 

paper tape and will be programmed for machine data reduction 

The c arbon arc (Figure 18) serves as the sou rce for 

heating the sample through a quartz port. When the monitor 

sample and test sample reach a temperature equilibrium (BIb 

classif ication), the arc is turned off allowing the sample 

to cool. This plovides a temperature transient by which one 

may calculate the hemispherical emittance (B2a ~lassification). 

Reference 2 contains a more complete description of the apparatus. 
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Presently, the mass of the sample substates are 

selected as to make the thermal mass of the coating material 

small compared to that of the copper substrate, the thermal 

capacitance of which is known very accurately. It is planned 

to use a specific heat apparatus which will hopefully yield 

accuracies of ±2%. The accuracy of the present thermal 

vacuum system is better than ±4% of hemispherical emittance 

and ±3% for a s /€, not taking into account the error in 

spectral match to the sun. 

Since not more than two samples can be measured in 

this chamber, another chamber (Figure 19) is being built 

in-house which will facilitate measurement of hemispherical 

emittance of four samples at one time. This instrument is 

* similar to that reported by Butler and Inn . It consists of 

a container which can be evacuated and in which a sample is 

mounted by the thermocouple wires. The exterior is heated, 

in our case, by an electrical mantle, and when the sample 

reaches some elevated temperature the container is immersed 

in liquid nitrogen. When the container walls achieve a 

o temperature of 77 K, the sample rate of cooling is recorded 

-8 (B2b). This chamber will maintain a pressure of 10 Torr 

or less. It is planned to study the variation of emittance 

*Reference 3 

lL ______________ ~~ ________________________________________________ ___ 
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measur ements due to gas conduc tion losses by installing a 

calibrated leak in this chamber which will vary the pressure 

during the measurement . 

To determine by a thermal technique the solar absorp~ 

tance as a function of angle of incidence (BIb), a rotating 

frame has been designed and fabr icated (Figure 20). This 

frame will position the sample at some angle S, to the arc 
o 

beam within ±1/2. The procedure is as follows: the (as/e ) 

is measured at zero degrees and at some angle S. If the 

emittance is considered constant with temperature, the 

intensity is unimportant as long as the sample remains in 

this range . If this is not so, the arc intensity is altered 

as to maintain the same temperature for both angles. The ratio 

(a ss/€s}{aso / €o)is then taken, resulting in a ratio of ass/a sO ~ 
and when multiplied by the value of a s O determined optically 

(e.g., by a Beckman DK-2) gives asS . For more information see Refer­

ence 4 which is in publication. 

III. Instruments under Develop~ent 

The instrume nts which are now in development are as follows: 

1. The absolute reflectometer (solar region) 

2 . The I.R. absolute reflectometer 

3. The goniophotometer 

4. A hi~h intensity reflectometer 

5. A vacuum UV reflec tometer 
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The absolute reflectometer for the solar region is 

a strong type reflectometer preceeded by the Perkin-Elmer 99 

monochromator and source optics (Figure 10). The detector 

system consists of an integrating sphere from lead sulfide 

and photomultiplier detectors. The instrument is d~signed 

to yield absolute specular spectral reflectance near normal 

incidence to a precision of ±.001 absolute and will be used 

to check reference samples for instruments which yield 

relative measurements. 

The l.R. reflectometer is being designed to measure 

the spectral specular reflectance near normal incidence in 

the region of four microns to twenty-eight microns, and to an 

accuracy of better than ±.005 absolute. This design is based 

on H. E. Bennett's reflectance (J.O.S.A., January 1960). 

This design had to be modified to accept a smaller sample, 

more specifically, to fit the sample disc diameter of the 

hohlraum, since this instrument will be used to measure the 

reference standards for the hohlraum. The mechanical design 

and fabrication will be initiated during this calendar year. 

A high intensity reflectometer (Figure 11) designed to 

monitor the change in specular reflectance or polar reflectance 
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pattern of s a mples upon irradiation with high intensity 

light, has been fabricated. Signals from two Eppley thermo­

piles, monitor ing the sour ce and the sample reflectance are 

displayed on a dual channel recorder. Because of the high 

intensity (1/ 3 solar constant) the thermopiles are betng 

calibrated for signal to light flux linearity, and preliminary 

measurements show agreement to ±l%. The high intensity light 

source consists of a Strong Peerless carbon arc which is used 

from the s ide by collimating the radiation from the arc gap 

with a five-inch quartz lens. This illuminates the sample 

which can be rotated through different angles of incidence. 

This was designed primarily for ther~ophototropic coatings 

and their evaluation at high temperature. An addition will 

be made whereby the sample temperature may be contolled by 

means of a heater or cooling system. 

A goniophotometer (Figure 12) was designed to deter mine 

the proper r eflectance standard which might be used to 

measure the reflectance of a material. The polar reflect­

ance pattern would indicate how specular or diffuse a coating 

is. A 98 Perkin-Elmer monochromator and source optics are 
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used in conjunction with a modified spectroscope having 

an Eldorado detector mounted on it. The sample mount is 

located on the prism table of the spectroscope. Presently, 

A Bausch and Lomb grating monochromator is being used for 

preliminary measurements, until the 98 Perkin-Elmer is 

received. The angles of incidence and view range from 00 

to 800 and 150 to 1800
, respectively. The measurements on 

this instrument are currently in the visible region, but 

will be extended to the ultra-violet and near infrared regions. 

In addition to this instrument, another instrument will 

be deSigned to cover the infrared which will have all reflecting 

optics. 

The vacuum ultra-violet reflectometer uses a McPherson 

half meter grazing incidence vacuum ultra-violet monochromator 

(Figure 13). The reflectance attachment, based on the design 

of one in Dr. G. Hass' laboratory, will enable us to make 

specular spectral reflectance and spectral transmittance 

measurements as low as 500A and at angles of incidence from 

100 to 750
. At present, helium is used in the source arc. 

to illuminate the sample. Reflec tance measurements have 

been reproduced to within 1-1/ 2% absolute. It is hoped 
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that a suitable source for continuum measurements for the 

region from approximately 500 to 4000 can be obtained 

in order to measure reflectance in this region. These 

measurements are needed to determine whether laboratory 

simulated U-V degradation studies are valid. 

Other instruments which will be in use in the next 

twelve months include: (1) A variable angle of incidence 

hohlraum which will be used to correlate optical and thermal 

measurements. The source optics of the IR-7 (Figure 14) will 

be modif i ed to accept a Gier-Dunkle hohlraum. (2) A portable 

emissometer was ordered from Gier-Dunkle which will be 

capable of measuring coatings on spacecraft with a precision 

of better than 4%. (3) A Gaertner ellipsometer Model Ll19 

with a Babinet-Soleil compensator and Tronstard-Nakamura bi­

plate assembly will be used to measure nand k which, in turn, 

can be applied to calculate reflectance at various angles of 

incidence by means of Fresnel's equations. Band pass filters 

in conjunction with line sources will be used as the mono-

chromatic light source for this instrument. 
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Conclusions 

When choosing an optical method, one might have the 

choice of a relative or absolute instrument. In general, 

the relative instruments which operate by comparing the 

sample to a reference, are faster and lend themselves to 

digitalization for rapid data reduction. However, the 

accuracy of the measurement depends on the reference 

matching the sample reflectance pattern, a knowledge of 

the absolute reflectance of the reference and the type 

(surface characterization) sample to be measured. The 

absolute instruments are slow anditherefore, impracticable 

f or use in screening measurements. Accordingly, the need 

e x ists f or both absolute and relative instruments. This 

need would be eliminated if a dual beam absolute instrument 

was developed capable of measuring all types of samples 

Optical measurements are important but limited in use­

fulness when considering low emittance materials, since the 

most accurate optical methods at room temperature measure 

reflectance. Optical methods are imperative for analytically 
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studying materials where spectral distribution is needed 

for a more complete understan ding of the interaction o f 

radiation wi th mat t e r . Howeve r, the rmal techniques are 

more accurate for thermal de s ign values of emittance if 

the heat losses can be kept small. 
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Abstract 

• l 

SPACECRAFl' COATINGS FROM A TEMPERATURE 
CONrROL STANDPOINT 

w. A. Hagemeyer 
Jet Propulsion Laboratory N66 3781 8 

. - - - -

Interactions between basic spacecraft mission, temperature 
control philosophy, and coating development and measurement philosophy 
are discussed in relation to the various phases of spacecraft design. 
Present and fUture needs for coatings and/or their thermal radiation 
characteristics are given. 

The basic spacecraft coatings reqUirements, as viewed from 

the temperature control area can be summarized as follows: 

1. A group of standardized coatings should be developed 

cover the range of radiation properties: low ~ -high t -- , 

high ~ -high t: , and low (". These standard surfaces must 

have the ability of being relatively easily applied, must 

withstand the normal handling associated with a spacecraft, 

have stable properties relative to both handling and flight 

environments, and in some cases be easily removeable 

without destroying the surface underneath. 

2. Enough data must be acquired on the properties of the 

standard surfaces' so that the maximum range of property 

values is known fairly definitely. This allows the 

temperatur control engineer to have more confidence i n 

his predicted temperature extremes and consequently, spend 

more time on the detai l problem solutions. 
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3. There must exist the ability to rapidly evaluate the 

properties of a new or peculiar surface. On every new 

spacecraft there are surfaces dictated by other than 

thermal reasons. These must be rapidly evaluated by the 

materials engineer and the thermal engineer to insure that 

the thermal design will be adequate. 

Temperature control philosophy both influences and is influenced 

by the choice of standard coatings. At the Jet Propulsion Laboratory 

the basic coatings are either a polished or plated metallic surface for 

the lowe, with paints used for both the lowv( - high [ and the high .j..­

high f. This choice is a very valuable combination for two reasons. 

First, the combination of these three types of surfaces allows an 

extremely wide range of effective properties by making a mosaic of the 

three coatings. Secondly, by its very nature a polished or plated 

surface requires a long lead time. Since the paints are short lead 

time, easily applied coatings, the low ( surfaces can be specified when 

the drawings are being made, deferring a decision on actual painted 

areas until the component is ready for testing, at which time the 

analysis can be more complete. 

During the various phases of a spacecraft design, the temperature 

control engineer has differing requirements for surface coating properties. 

In the study Phase, when temperature control concepts are being defined, 

only gross coating properties are required to adequately define the 

thermal environment. 

In Preliminary Design the temperature control engineer is 

refining his analysis based on more definite si~es and power dissipations 

- -------~~ 
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of the components. At this stage he needs an estimate of the coating 

properties limits to be sure his design is feasible. 

During the Hard Design Phase of the spacecraft, the temperature 

control engineer must callout the basic surface coatings he needs 

(i. e. long lead time low or high e. '5 ) as the drawings are being made. 

In addition, he is beginning to finalize his design to the point that 

he can test the critical items as soon as possible. Thus he needs 

to have the nominal property values with their maximum extreme variations 

at this time to adequately'define the flight temperature extremes. 

As the testing program begins in earnest, the temperature 

control engineer refines his analysis on the basis of the test results. 

Many times he retests components after modifYing the mosaic of surface 

coatings. This is the time when the ease of application and removal 

of these coatings is needed. 

A spacecraft flight is really a proof test of the thermal 

design. The steps leading to the flight have been described above. One 

important aspect not yet mentioned is the importance all through the 

design process of the necessity of establishing the Quality Control and 

Inspection Procedures which will insure the coating properties at the 

time of flight. This important area is the joint responsibility of the 

temperature control engineer and the materials engineer. 

In the future, the basic requirements for coating information 

will be the same as described above. However, the characteristics of 

the environments the coatings are subjected to may change drastically. 

There will probably be need for information on coatings at very high 

temperatures and very low temperatures. The spacecraft lifetime will 
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become radically longer necessitating a knowledge of coating reaction 

to space environments, including U.V., high energy solar particles, and 

nuclear source radiation, over much longer time periods. More information 

will undoubtably be needed on wavelength selective coatings for various 

special needs. A final future need will be directional surface 

properties to allow the thermal engineer to properly account for all 

the radiant energy entering and leaving his spacecraft. 
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SUMMARY 

This investigation was carried out to determine the 

thermal and ultraviolet stabilities of a -A120 3 in a vacuum 

environment in order to gain some knowledge about the 

behavior of anodized aluminum in similar environments. 

a-L1203 w~s selected because of its reproducible responses 

to the formation of t h e characteristic brown coloration. 

It was found that a-A1203 could be browned significantly 

o -4 0 at 350 C at 10 torr, as well as in a 60 C thermal 

environment at 10-7 torr under one solar constant of 

ultraviolet energy. In all cases bleaching in air was 

o observed to occur significantly at about 350 C. A wave-

l ength of 360 ~ was found to give partial bleaching under 

ambient conditions. Using these observations, a con-

figurational coordinate scheme was worked out to explain 

the behavior. In addition, a brief discussion of the 

surface chemistry is included. 



INTRODUCTION 

st~~c~~r~l acv~nta~es of aluminu~ for s~acecraf~ 

use and the ease by which an in situ o~ide coating can be 

ele~trolytically formed, need little introduction. A~ 

a~~itional advantage is afforded by the wide range of (a/e) 

which the anodically deposited oxide layer can possess(l). 

Howaver , the inter~ction of ultraviolet radiation with 

anodized aluminum and the generation of a characteristic 

brown color has not been systematically investigated. 

Unfortunately, the molecular distillation of vacuum greases, 

or other organic contaminants, onto an aluminum oxide surface 

in the presence o~ ultra7iolet irradiation can develop a 

brown color visually i~distinguishable from the oxide brown. 

Careful investig~tions, however, do reveal that aluminu~ oxide 

is ~Lherant~y C~)~~ ~C oi t~~r.ing brown in an actinic v~cuum 

~n orear to simplify a study of the variable absorptance 

~roperty of a:~~inum oxide, anodized films were not investigated, 

~ut rather high purity a -aluminum oxide obtained from Linde Air 

Products. 

1. Weaver, J. Ill. , "Bright Anodized Coatings for Temperature 
Control of S;>ace Vehicles," WPAFB(TM-Mh.N 63-53) 
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This a~proach seemed reasonable because unsu~ported 

anoQized films were found to be unstable, i.e., with the 

~~~tab~:~ty~cal ~ zed in anodized layer o f alu~inum, because 

the ano diz itlg process introduces impurities. ~or Gxa~ple , 

t he s~:furic acid ~rocess will in troduce sulfate ~o~s lnto 

the oxide mat~ix which c an a t best be re~oved by ca~ef~l 

calcining; t o check the effect of sulfate, v-aluminum oxide 

was slur~ied with sulfuric acid, dried, pres~ed into a pellet 

ah~ subjected to t he synergistic vacuum and uitravio:et 

enviror.~r,:ent . Samples contaminated with 0.02 mole yer cer~t 

sulfuric acid were tested for 50 s olar actinic hours using 

the Hanovia 673A high pressure mercury lamp in a vacion 

system and found to color significantly. Absorpta=ce changes 

at selected wave ~engths are g ive n in Table 1. v-alu~inum 

oxide was selec t ed as host for the sulfate ion bec~ · se anodized 

films are purported to be dominately of the v form(2). 

The study described in subsequen t sections was carried 

out on a -aluminum oxide because this form was most readily 

analyzed by the simple phenomenological configurational 

coordinate scheme used for unifying experimental observations 

with thermodynamics. For example, the ultraviolet degradation 

of high purity v -alillninum oxide was less reproducible than that 

of a - aluminum oxide, and as a resul t a consi st~nt instability 

(2) We::r_ick ~ S ., :?inn8:::O , R., FiIlishing of Aluminum, Robert 
~ra~e:: ~t~., T&ddington , 1959 (p . Z2I) . 
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TABLE ... 

Ab s o rptance comparisons o f t he U- V stabi l ities of 
v -~lureiLum oxide wit h sulfu r ic a cid treated h i gh purity 
V- alul: .. i r.u:n ox i Ge at selected wa ve l e n gt:'ls 

-----.--------.-----------
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pattern was not found. However, v-aluminum oxide appears 

to behave, p~enomenologically at l east, ~uite similarly to 

the a-form. 

- 4 -



The Exper i mental Obse rvations and The ir Conf i gurational 

Coordinate I n terpret a t i on 

When a - A120 3 is subjected to the combined effects of 

heat and vacuum in a conventional diffusion pump sys tem 

- 4 0 operating at 10 t orr in a 350 C thermal env iro nmen t , it 

turns t o a b rown color characterized b y the e xperimental 

conditions . The resultant color is s hown i n F i gure 1 . 

This particular temperatur e turned out to be significant 
_ .d. 

because at 10 4 torr, this was the min imum hea t level for 

---~-

incipient browning. At 900oC, for example, a mo re intens e 

colo ration was f ound. Figure 2 shows t he combined ul tra-

violet and vacu~~ e f fec ts on a-A1203. The experiment was 

- 7 carried out in a vac-ion system for 500 hour s at 10 torr 

with the temperature maint aining itself between 50 and 60oC. 

The ultraviolet source was an Hanovia 673 A mer c ury lamp, 

adjusted to ir radiate a given sample at o ne solar a ctinic 

constant. For purposes o f comparison, a n ident i cal ul t ra-

violet vacuum expe r i me nt was carried out o n re c rystallize d 

a - A1203. Resu lt s o f the reflectance meas urements are shown 

in Figure 3. Apparently t he recrystallize d fo r m is more 

stable even though t4e band edge occurs i n t he near ultra-

violet and the max imum wavelength reflect ing an abso rptanc e 

change is nea rly identical with that of a -A120 3 . 

- 5 -
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Figure 1. Combined Heat and Vacuum Effects on -Al203 at". 300C C and 10-4 Torr 
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Incipient to the degradation of a-A1
2

0 3 in the 

ultraviolet and visible portions of the electromagnetic 

spectrum is the .decrease in absorptance of a-A120 3 in the 

near infrared part of the spectrum. This study is shown in 

Figure 4. A sample of a-A1203 was heated in air to about 

c 300 C and its reflectance recorded before its initial 

reflectance was recovered by the reabsorption of water. 

In Figure 5 (Curve 3) is shown the reflectance curve 

for a-A120 3 vacuum degraded under conditions previously 

described for 300 hours. An additional curve 2 has, however, 

been included. This reflectance curve not only r e presents 

one state among a continuous series obtainable by thermal 

bleaching in air, but also represents a metastable state 

resulting from irradiation with 360 ~ in the ambient enviro~ 

mente 

Figures 1, 2, 4 and 5 can be interpreted in terms of 

the . phenomenological configurational coordinate scheme. Such 

an interpretation is shown in Figure 6. When a sample is put 

into the vacuum-ultraviolet environment described above, it 

initially loses water and the surface energy rises by the 

amount ~Fl in the state A (Figure 3). Ultraviolet energy 

comparable to the short wavelength cutoff, A ,then boosts cs 

the surface energy to the potential well designated by B. 
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FrOm B the surface energy becomes characterized by the 

state D (Curve 1, Figure 5 or Figure 2). Removing the 

sample from the vacuum-ultraviolet environment into the 

ambient environment then provides the driving force-6F, 

for the system represented by the state E. Subsequent 

irradiation by a wavelength greater than ~ and approxi­cs 

mating the long wavelength cutoff, Acl ' bleaches a sample 

to the metastable state C (Curve 2, Figure 3). Likewise, 

the state C can be derived from the state E by ambient 

heating of the sample to 300°C (Curve 2, Figure 3). In 

other words, the state C is arrived at by thermal tunneling 

o -
and the state A derived from E by tunneling ' at 900 C (Curve 1, 

Figure 5). The state C can be derived from state A by 

heating in vacuum to 3500 C (Figure 1); the system has 

tunneled to th~ state C. The metastable state C is some-

what artificial when considered in the l~t of states A 

and D with its existence being justified solely by the 

bleaching wavelength, AcI J = 360 ~. 

- 10 -
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Chemical Thermo~ynamic Aspects 

Since loss of water by a-A120 3 is incipient to 

ultraviolet degradation (cf, Figure 4), this aspect of 

the problem may be represented by the following equilibrium: 

Right brackets have been used to designate surface species, 

(H20]) to designate vacant water absorption sights and x 

the moles of water lost. Subjection of the material to a 

thermal vacuum environment, in which a temperature of at 

least 3500 C has been attained, further promotes loss of 

surface water; continued dehydration will leave oxygen 

atoms free from hydration. These event s can be represented 

- 12 --



For t~e above circums tances, simple dehydration 

leads to Z2 active water absorpt i on sites and y dehydrated 

oxygen atoms coverin~ (Z-Z2) water sites . Under the conditions 

of ultraviole t-vacuum, allowance must be made for the migration 

of oxygen ions; the complete -representatio n can be written: 

ul-j va.c 
p if ~ 03 of n I? I:; ~ _ YIn.. ] (m - ;:. -.i! ) HzO ... .::l :1.,.; /Q.40 a3 - ,,'f./p + 

I 

- '2,.< 0 r f/yp 

/J;{ 0 ,/./ j (-m.- Z- J'!- :e,.oj t-/2 0 + :/P 0 I ( ~p - ?~ ) (fI;oj) + 
n. ";l ~ - ~~ + ~1"'11t. .Yp 

This reaction considers p moles of A1203 losing Yp moles of 

oxygen to the surface with Zp additional moles of water 

escaping from the surface. During the complete process, 

Yp moles of oxygen vacancies are formed with charge 2-~ 

The oxygen ions, which migrate to the surface, fill (Zp-Z3) 

vacant water sites and have a charge (-2 + 6 +5/Yp_ ) giving 

; hydrated electrons in the surface layer . 

. ' ~ . 

- 13 -
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Each of the above reaction schemes involves the 

",urfaces of any crystal of a -A12 03 " I f the assumption is 

made that crystals in the micron range have the same 

fractional surface area with sur face energy per unit area (A), 

Vs"i, then the probability, Pi' of creating a sur face of the 

i th type which can be formed n . ways can be written: 
1 

w~ is the cohesion energy of ith face type. The average 

surface energy per unit area of a particle in vacuum ia then 

given by 

---_ .. _._-., 

Letting n·. and IJ. .. represent the number of parti cles of 1J 1J . 

species j o~ i th face and~ .. the chemica l potential of the 
1J 

j th spec ies on the i th face, the Gibbs absorption equation 

is written 

\­.. L- l1?j" -/£1, . .. ~/ .. - ) - g, '(j .. - It. C 
;i , . 

l/ 
\ 

- 14 -
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where the usual substitution for the chemica l po t ential has 

been ~ade. Generalizing equation (2) for s o me arbitrary 

amb iBn t pressure, PA' and di f f e r e ntiating, the result is 

Substi t uting e quation (3) into (4) and i n tegr a ting , the 

fo Jlowi n g exp e ss i on is obtained , 

+ 

where the K . . · s re fer to the equilibr i um co n stants of t h e 
l J 

reac t ions E l t o E3 , for e xample, Kll i s the o ccur :.c e o f 
. 

the firs t re action on a f ace of type 1, and the n0 1 ~t ion 

of spe c ie s and reaction are now synonomous . 

Brie f l y , equa ~ i on ( 5) shows t he f o llowing: 

1) That surface e e rgy decrea ses wi th pressure, 

- 15 -
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2) That the occurrence of any face type i s not 

only depcn ~~ nt up on crystal plane particle 

density (as i ndicate d by W~) but also the 

number o f con ce ivable ways the crystal pl a ne 

can be created, and 

3) That identical particle interactions need not 

be occurring on juxtaposed faces. 

For reaction (Rl), 
';:0. ?:':.l 

,,("/ U -f:''';!:~ (.i C c,:., u "~ 

Assuming unit activity for A120 3 , is the con-

centration per unit area of water absorption sites. Similarly , 

for R2 
.. < :. /.: 

C( ' f C' ~ ,' r ;,: ' _ / 

r 
I.-.- .::/:.:.: ..;._ :~) 

where, as before, unit activity has been assumed for A12 0 3 an 

approximate equilibrium constant follows as readily for(R3): 

- 16 -



Each K .. is, according to the above approximate equilibria, lJ 
predominately dependent upon the partial pressure of water. 

Consequently, each type of surface active site must be 

related to the partial pressure of water in order to make 

equation (5) integrable. This end can be accomplished by 

determining the B.E.T. absorption isotherm as a function 

of the partial pressure of water . Once the fit has been 

carried, expressions f or the K .. 's can be substituted into 
lJ 

equation (5). If t hen, one face type is assumed dominant, 

the equation can be summed and integrated for any combination 

of the reactions Rl a nd R3. 

- 17 -
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Discussion 

Althoug~ the reaction system, RI - R3, does not 

ad~it to the loss of oxygen as an unreacted entity, it 

does allow for the loss of chemisorbed oxygen in the form 

f water. Since aluminum compounds as a class habitually 

xist with considerable water coverage, the water must so 

~ver an individual crystal in liquid form that its surface 

area is a minimum. Rl then allows for the removal of water 

which only sees other water molecules. R2 allows not only 

Eor the removal of similar water molecules, but also for. 

:hemi sorbed water. R3 considers chemisorbed water which 

is not only dependent upon the loss of oxygen, but also 

the atomic and electronic polarizations of lattice oxygens 

with an accompanying creation of oxygen vacancies. Aluminum 

oxide was used in the reaction series; however, impurities 

will enter in like manner. If, however, a given impurity can 

exist in multiple stoichiometries, the loss of oxygen as a 

separate entity can occur. Such a possibility gives rise 

to additional color center formation. 

Due to the particular affinity of oxy-aluminum 

compounds for water, use of the B.B.T. absorption isotherms 

is particularly pertinent because its form allows for multi­

layered absorbates . The Langmuir absorption isotherm would 

not be valid in this case, since it was derived on the basis 

- 18 -
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of monomolecular absorption. If, in addition to working 

out the B.E.T. absorption isotherm as a function of the 

partial pressure of water, it also must be established for 

selected thermal environments with and without ultraviolet 

illumination. The complete validity of the reaction system 

RI-R3 could be worked out on this basis and the surface 

free energies calculated from equation (5). 

The ability of a-A1
2

0 3 to exhibit ultraviolet and 

thermal instabilities is not an isolated phenomenon. Indeed, 

the variable absorptance property is impurity dependent and 

has been found in all white microcrystalline oxides investigated 

for ultraviolet stability in this laboratory. Generally 
n 

speaking, the phenomenflogy is referred to as thermophoto-

tropism or the diffusion controlled temperature dependent 

variable absorptance of · inorganic compounds. 

- 19 -
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In order to evaluate the effects of micrometeoroids on the 

emittance of solids, information is required on the amount of dam­

age which would be inflicted on a target on which impinges a parti­

cle between 1 to 10 microns in diameter moving with a velocity 

between 10 to 72 km sec- 1 The densities of the particles 

should range between 0.05 and 9.0 g cm- 3 

In the first stage of crater formation, immediately after 

impact, pressures of the order of 1 to 100 megabars arise in the 

neighborhood of the contact area. This process lasts only a very 

short time. In the second stage pressure waves are reflected from 

the free boundaries decreasing the pressure, and a flow of the pro­

jectile and the target material results. The extremely high pressure 

is attenuated rapidly before the crater has attained very large di­

mensions. After a few microseconds the pressure pluse has de­

generated into an elastic wave. Also under low pressure conditions 

the crater continues to expand. The duration of the cratering process 

depends upon the physical characteristics of the target mater ial. In 

very plastic materials, the expansion of the crater continues for 

long times; in more brittle materials, the crater expansion terminates 

comparatively early and is followed by crushing and fracture of the 

target material. 

No agreement has been obtained on the dynamic relations 

between the crater formation and the impact parameters. Under 

these circumstances, consistent and reliable statistical data acquire 

great importance. The following results have been obtained for 

ductile target materials. 



Craters produced by hypervelocity impact are approxi­

mately hemispherical. The depth of a crater is given by the 

formula: 

P 1 D+T = "2 
1 

Pp "2 
T = L ) 

Pt 

where D denotes the diameter, T the depth of the penetrated 

layer, L the length of the projectile, Pp and the den -

sities of projectile and target material, respectively. 

A linear correlation exists between the volume of the crater 

resulting from hypervelocity impact and the kinetic energy of the 

impacting projectile, which has been proved for a range of particle 

masses from 10- 11 to 109 and in velocity to l5kmsec- 1 
• In 

sufficiently thick skins a meteoroid having a kinetic energy E in a 

coordinate system fixed with respect to the space vehicle will pro­

duce a hemispherical crater of volume V, given by the expression: 

E 
B 

cos a ( c g s - uni t s ) 

where B denotes the Brinell hardness number of the target materia l, 

representing the ratio of load in kg on a sphere used to indent 

material to the spherical area of indentation in mm 2 , and a the 

angle of attack. 

Since statistical correlations have been obtained between the 

crater and impact parameters, corresponding correlations can be 

expected between radiation and surface parameters. 

The total amount of radiation absorbed by a specimen depends 

on its surface area proj ected on a plane perpendicular to the direction 

of propagation. The total amount of emitted radiation depends on the 

effective radiating area. Cavities will therefor e affect the amounts 

of absorbed and emitted radiation. 

2 



Since neither physical relations nor statistical correlations 

involving radiation parameters have been established, the George 

C. Marshall Space Flight Center awarded a contract to the AVCO 

Corporation on June 5, 1961, for the investigation of the spectral 

emittance of selected metals and for the determination of the effect 

of simulated micrometeorite impact on the emittance of metal sur­

faces. 

The samples used by AVCO were gold, aluminum, silver, 

stainless steel (types 304 and 316), tungsten, chromium plate on 

copper, and platinum. The samples were carefully polished and 

measured for reflectivity and for the ratio of solar absorptance 

to infrared emittance . The samples were then cratered with 

spherical particles of zircalloy at 1. 5 km/ sec and tungsten at 7 km/ 

sec. The diameter of the particles in both cases was about 100 

microns. An example of a gold sample is shown in Figure One. 

This sample was bombarded with tungsten particles at 7 km/ sec. 

The total area of the crater openings is about 30 per cent of the 

total sample area . Figure 2 shows a cross section of a hem­

ispherical crater in a copper sample. Notice the compacting 

of the material in the region around the crater. Notice also how 

the target material flowed upward and outward from the center 

of impact. 

Because of the large number of craters involved in these 
o 

tests, the bombarded sample area was divided up into nine 40 

segments. The number of craters in three of the segments was 

counted. The average of the three segments was multiplied by 

nine to obtain the total number of craters over the whole sample. 

The diameter of each crater of the three segments was measured 

3 
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with a micrometer eyepiece. The depth of the craters was 

measured by focusing a microscope on the sample surface and 

then on the c rater bottom and recording the distanc e traveled 

by the microscope. From these numbers the depth-to-diameter 

ratio and the area of the crater opening s were calculated. A 

tabulation of these data is given in Figure 3. 

The large increase in the number of craters at 7 km/ sec 

is caused by the fact that foreign particles of less than 50 Jl in 

the system did not c ause measurable craters at the lower velocity, 

but at 7km per second they did cause measurable craters. Tests 

showed that a large number of the foreign particles in the system 

were smaller than 20 microns. The apparent anomaly that the 

average dimensions to the craters produced by the 1. 5 km/ s ec 

particles is greater than the craters produced by the 7 km/ s ec 

particles can be attributed to the fact that the large number of 

smaller craters at the higher velocity effectively reduced the 

dimension averages. Figure 4 shows the differences due to the 

velocity of the particles. This compares two samples of Stainless 

Steel 304 where side A was bombarded at 1. 5 km/ sec and side 

B was bombarded at 7 km/ sec. There are many more large 

craters in side B and the particles that produced craters (appear­

ing as small white specks on side A) produced many well-defined 

craters of a small to medium size in side B. In side B, much 

more of the material is pushed out into the rim, making the overall 

appearance very rough. 

Since, for opaque materials, the emittance is equal to one 

minus the reflectance, the spectral reflectance of the cratered 

samples was measured from 2 to 26 microns. Figure 5 shows 

the reflectance curve for gold. The top curve is for the polished 

sample, the center curve is for the sample bombarded at 1. 5 km/ 

sec, and the lower curve is the reflectance for the sample bom­

barded at 5.2 km/ sec. 

4 



Figure 6 shows the same three curves for aluminum, but 

in this case the change from the lower to the higher velocity is much 

greater. The r eflec t ance curves fo r all the samples were integrated 

in order to compute the fractional change in r eflectance per area and 

p e r particle impac t. For the 1.5 km/ second tests this data is shown 

in Figure 7. The same parameters for the 7 km/ sec experiments are 

shown in Figur e 8 The l ast two columns in each of the two preceding 

slid es are shown together for compa rison in Figure 9. 

The other th e rma l properties m easured were the solar absorp­

tance and th e infrared emittance. A spacecraft absorbs solar radiation 

at short wavelengths and emit s thermal radiation at long wavelengths. 

In th e l a bor a tory, this situation was simul ated by irradiating one side 

of the sample with a xenon - filled mercury arc lamp to simulate the solar 

r a di a tion. The opposite side r a diated to a blackened chamber whose 

wall s we r e cooled by liquid nitrogen. Th e rate of change of temperature 

of th e sample was monitored. The solar absorptance, a , and the 

infr ared emittance, E ,were cal culated. A typical change in the a /E 

ratio as a function of temperature is shown in Figure 10 which is for 

a chromium plated coppe r sample. A tabulation of the data (Figure 11) 

shows some intere sting results. In this Figure, the subscript 0 

denotes the origina l condition, a nd i the impacted condition. In the 

first two columns, note that a was increased by the cratering in 

every case; this was expected. Similarly in the E 0 and E. 
1 

columns, E is also increased in each case, but in the fi rst four samples 

at a much greater percentage than a causing an overall reduction in 

the value of the a /E ratio. However, in th e case of Stainless Steel 

304, notice from the columns fo r percent change of 

that the increase is very nearly at the same rate 

5 

D.. a/a and D.. E/ E 
o 0 

This results in an 



almost negligible change in the value of the 0'/ E ratio. This can 

be seen in Figure 12 which shows the ratio for Stainless Steel 304 

plotted for the polished and cratered sample for two separate tests. 

This effect is, as of yet, unexplained, and it is clear that further 

study is needed to substantiate these findings, to find the reason for 

it, and to determine if other alloys act similarly. 

In summarizing, we can conclude that (1) cratering by mic ro­

particles at velocities of 1.5 km/ sec causes a decrease in reflectance 

from 1 to 10 per cent, (2) cratering by particles at 7 km/ sec causes 

a decrease in the reflectance by 10 to 26 per cent, (3) cratering by 

particles at 7 km/ sec caused marked decreases in the solar absorption 

to thermal emittance ratio of the four metals: gold, platinum, aluminum, 

and chromium-plated copper, but did not substantially affect the ratio 

for Stainles s Steel 304. In the four metals in which the ratio changed, 

E increased much more than Q In the Stainless Steel 304, Q and 

E increased at approximately the same rate. 

Work in this area should continue. A study is to be made by 

Space Technology Laboratories to determine the effect on thermal 

control surfaces of very small particles of the size order of O. 1 to 

3 microns and at velocities up to 25 km/ sec. According to present 

measurements and theories, particles of this size should be very 

numerous in space. 
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DESCRIPTION OF DAMAGE TO SPECIMEN S 

-

Projectile Number of Average Average Depth Area Knoop 

Material Velocity Craters Diameter Depth Diameter Damage Hardness 

(ttl sec) (ml sec) (microns) (microns) (microns) (percent) . 100-g load 

Al R 5,000 1500 549, 123 289 2.35 3. 41 22 
Al R 2.0,.000 7000 7,830 54 183 3.39 18.9 
Al a/ ( 20,000 7000 19,467 27 78 2.87 17.6 

i 
I 

5,000 1500 630 213 241 1. 13 9.99 40 Au R I 

I 
Au R i 17,000 5200 5,526 t3 61 0.97 21.47 
Au I 7000 8, 3-80 ':: 53 60 1. 13 29.68 a/ l I 20,000 

SS 394 R I 5,000 1500 327 11 1 172 1. 55 1. 42 219 
SS 3P4 R 20,000 7000 3,672 106 179 1. 69 17.44 
SS 3104 a I( 20,000 7000 6,012 74 124 1. 68 19.04 

Cr R 5,000 1500 663 130 196 1. 51 3.88 697 
Cr R 20,000 7000 3, 321 125 239 1. 91 21. 10 
Cr a i ( 20,000 7000 1,764':: 112 237 2. 12 11.40 

Pt R 20,000 7000 2,844 182 l89 1. 04 38.20 120 
Pt a ( 20,000 7000 4,099 ':: 122 127 1. 04 34.24 

SS 3 1 6 R "> , 000 15 00 43 8 2 05 186 0.91 6.43 
--- I 

W R ') , 000 1500 4 56 120 2.27 

A g R ">, 000 15 00 710 175 306 1. 75 7.61 
i 

':' Tota1 number of c raters o n bo t h sides o f a ( spe c i m ens. 

l __ ~ __ F IGURE 3 
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Material 

Al 

Au I 
SS 304 

Cr 
)" 
" 

SS 316 

W 

Ag 

REFLECTANCE BEFORE AND AFTER llv1PACT BY 5000 FT/SEC 
(1500 M/SEC) ZIRCALOY PARTICLES 

... '# ... t, .. " .. I .. L\R/Ro ', ..... , .. .., .. .. , .. 

Number Area Ro R· L\R L\R/Ro 
1 A 

of Damaged 2 to 24/l 2 to 24/l 
Craters (percent) (percent) (percent) (percent) 

549 3.41 97.66 95.81 1. 85 1. 90 0.557 

630 9.99 97.58 91. 49 6. 09 6.24 0.625 

327 1. 42 87.84 86. 11 1. 73 1. 97 1. 387 

663 3. 88 92.55 89. 11 3.44 3. 72 0.957 

438 6.43 88. 39 85.55 2.84 3. 21 0.533 

456 2.27 96.50 92.95 3.55 3.67 1. 335 

710 7.61 97.93 89.73 6.20 8. 37 1.226 

* Chromium-plated copper 

AR/Ro 

N 

O. 0035 

0.0099 

0.006 

0.0056 

0.0078 

0.0066 

O. 013 

**Percent reflectance values obtained by integrating spectral reflectance curves between 2 and 2414 

FIGURE 7 
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REFLECTANCE BEFORE AND AFTER IMPACT 
BY 20,000 FT/5EC (7000 M/SEC ZIRCALOY PARTICLES 

*~~ 
... I .. J .. .. , ...... , ... 

~R/Ro .\R/Ro 
Number Area Ro R· :\R AR/Ro 1 

Ma.terial of Damaged 2 to 24 fL 2 to 24fL A N 

Craters (percent) (percent) (percent) (percent) 

Al 7830 18.88 97.66 76. 17 21.49 22.00 1. 17 .0028 

Au 5474 21. 79 97.58 96.97 10.61 10.87 0.50 .0020 

55304 3672 17.45 87.84 75. 17 12.67 14.42 0.83 .0039 

Pt 2844 38.28 94.37 70. 10 24.27 25.71 0.67 .0090 I 

*CR 3321 21.08 92.55 76.28 16.27 17.57 0.83 .0053 

~~ Chromium plated Coppe r 
':' ~'Percent reflectance values obtained by integrating spectral reflectance curve between 2 and 24 fl. 

FIGURE 8 
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EFFECT OF MICROM E T EOR I T E IMPACTS ON OPTICAL PROPERTIES 

!'ia/ ao !'idlo 
Mate rial a* • & x 100 • ( ~ /1,. ( x 100 ao /(o . a . ( 0 

1 I 
0 (percent) (percent) 

Aluminum O. 18 0.74 ' 0.56 311 0.044 0.367 0 .323 735 4 . 0 

Gold 0.27 0.63 0.36 133 0.047 0.250 0.203 440 6.0 

Platinurp 0.24 0.68 0.44 183 0 .059 0.336 0.277 470 4.0 

C h romium 
plated 0.41 0.58 O. 17 41 0.106 0 . 222 0.116 109 3 . 8 
Copper 

Stainless 
Steel 304 0 . 23 0 . 42 o. 19 83 0 .084 0 . 167 0 .083 98 2.8 

'---- . 

:;, ao and (0 refer to the measured a and l values of the polished specimen and 
ai and ( j refer to the properties of the impacted specimens. 

a'/l ' 1 1 

2.0 

2.5 

2.0 

2 . 6 

2.5 

!'ia/ (/a/(o 
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SONE POLY- BASIC PHOSPHATE CONVERSION 
COATINGS FOR ~ijEP"4.L CONTROL .... 

Noel T. Wakelyn and Geo~ge F. Pezdirtz 
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INTRODUCTION 0'6 37821 
- -

As a result of an increasing number of orbital missions extending 

over long periods, there has been considerable need for thermal-control 

surfaces whi ch are "stable" to the space environment, that is, surfaces 

which retain their original optical properties after extended exposure 

to the space environment. A considerable amount of work has recently 

been directed toward developing and testing such coatings (ref. 1-4). 

In some instances, such as the Echo passive communications satellite 

program, the thermal-control coatings must meet further stringent re-

quirements. The thermal-control surface of the Echo II is approximately 

57,000 square feet. The total structural shell of the Echo II is onl y 

0.75 mil thi ck and is composed of two outer layers of 0.18 mil aluminum 

foil glued to a 0 .35-mil tv1ylar plastic film as shown i n figure 1. As a 

result of the very large surface and the very thin substrate, it was 

necessary to use a thermal-control surface with a minimum weight and 

t hickness. 

Chemical convers i on coatings have proved to be the most practical 

approach to this problem. A mixture of chromium phosphate and aluminum 

phosphate deposi ted by a dip process on the thin outer aluminum foil was 

successful. This coating was a commercial product. Alodine 401-451 • 

lTrade mark- of Arnchem Products , Inc., A.'1lbler, Pennsylvania. 

/ 
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It was necessary to investigate the ultraviolet stability of its optical 

properties over extended times since Alodine had previously been used 

primarily as a paint primer and weather protectant for al~inum, and 

virtually nothing was known of its use for thermal-control purposes. 

Determination of Solar Absorptance and Thermal Emittance 

The total hemispherical reflectance from 0.2 to 2.1 microns was 

measured with a Cary-14 Spectrophotometer equipped with an integrating 

sphere coated with barium sulfate. Freshly smoked magnesium oxide 

plates were used as reflectance standards. Calculations of solar absorp­

tance were made by deteITlining the reflectance of the specimen for each 

wavelength increment corresponding to a I-percent energy increment under 

the solar-energy curve. These weighted reflectance increments were then 

summed over the 0.295-to-2.02-micron range and the total reflectance 

subtracted from unity. 

The "total hemispherical reflectance" from 4 to 15 r:licrons, NaCl 

region, was measured with a Perkin-Elmer 13-U spectrophotometer equipped 

with a hohlraum attachment. The emittance values were calculated by 

determining the reflectance of the specimen for each wavelength increment 

corresponding to a l-percent energy increment under a 295°K blackbody 

curve. These weighted reflectance increments were then summed over 

the 4-to-l5-micron range and subtracted from unity. The resultant value, 

based upon 55% of the blackbody energy , is referred to in this paper as 

thermal emittance . Preli minary data recently obtained by a calorimetric 

technique indicates that the spectro~hotometric method, for the phosphate 
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coating i n the 4-to-15-micron range, is sys temati cally hi gh in £ by 

about 0.02. 

Chemical Conversion Coatings 

The chemical conversion coating , Alodi ne 401-45, is produced by 

re act ing an aluminum surface with an aqueous s olution of chromic, phosphoric, 

and hydrof luoric acid. Clemmons and Camp ( re f. 4 ) have reported that the 

ratio of solar absorptunce to t hermal emitt ance (a s /£) varies from 7.0 

t o 0.80 a s a function of t he surface dens i ties , which varied from 30.4 

milligrams per square foot to 426 milligrams per square foot, respectively. 

They also f ound that the solar absorptance increases initially and then 

remains vi r t ually constant over a wi de range of surface densities (thick­

ness). In contrast, t he t hermal emittance was f ound to increase almost 

linearly over t he same range of surface dens ities . This variation of 

thermal emittance with surface densi ty permits a wide range of equilibrium 

t emperatures for an Alodine 401-45 coated s atell i t e simply by selecting 

the appropr i ate surface density with the des i red a s /£ ratio. Since the 

thermal emittance of this type of surface i s the controlling factor in 

its useful optical propert i es, attention was focus ed on the infrared 

spectra of t hese coatings (ref. 5). 

A typi cal inf r ared absorpt ance spect rum for Alodine 401-45 is shown 

in figure 2 along with a pl ot of t he spectral-ene r gy distribution for a 

3000 K blackbody. There ar e two prominent peaks in this infrared spectrum. 

The peat in the 3. 8- micron regi on, which has been attributed to the acidic 

hydroxyl gr oup ( r ef . 6 ), i s of much les s signifi cance to the thermal 

emittance than the broad peak i n the 7 . 5- to- ll-mi cron region, which is 
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which is due to the pho3phate group (refs. 6 and 7). The reason is that 

over 25 percent of the total energy of a 3000 bl<" ckbody falls wi thin the 

8-to-12-micron region whereas less than 1 percent of the total energy 

for a 3000 K blackbody is found at wavelengths shorter than 4 microns. 

If the chemical nature of the phosphate group could be sufficiently changed 

to alter the intensity of the broad peak at 7.5 to 11 microns,it would be 

possible to increase the thermal emittance of the Alodine 401-45 surfa.ce 

without resorting to an increase in surface · density. Alteration of this 

group is possible by varying the acidic nature of the phosphate group 

as shown in fi gure 3. 

By reMoving protons, stepwise 'vith base, a shifting f rom the mono-basic, 

through the di-basic, to the tri-basic ort hophosphate would be accomplishe d 

and thus the vibrations of the P-O bond should be changed. 'i:'he subsequent 

decrease in the hydroxyl content should re duce the possibility of hydrogen 

bondine: involving the OH group and thus permit increased P-O vibrations. 

Inc reased P- O vibrations would result in an increase in the intensity at 

the 7. 5-to-Il-micron band and hence a surface with a higher emittance. 

A series of experiments were carried out to test this hypothesis. 

Samples of Alodine 401-45 on the Echo II l aminate were reacted with dilute 

sodium and potassium hydroxide solutions for time s ranging from 10 to 60 

seconds. After washing in water and drying in air, the infrared-absorption 

spectra were again determined. The band at 7.5 t o 11 microns was found 

to increase whereas the ac idic OH band at 3. 8 microns was found to decrease 

'lVith reaction time in the basic solution, as shown in figure 4. The resultant 

increase in the t hermal en i ttance was found to be linear .,i th reaction 

time f r om an E of 0 .2 to 0 .4. 
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In addition to increasing the therma.l emittance of the Alodine 401-45 

surface, it was found that the solar a.bsorptance decreased with reaction 

title as illustrated in figure 5. The overall effect of this treatment is 

to decrease the ratio of us / E. This approach to modifyinC the surface of 

Alodine 401 now makes it possible to obtain lower Qs/ E ratios without the 

necessity of increasing surface densities, as previously described (ref. 4). 

Results and Discussion of the 
Stability to Ultraviolet, Thermal, and Vacuum Environments 

Exposure to ultraviolet and thermal environment s are knmm to produce 

changes in the optical properties of thermal-control surfaces and coatings 

(refs. 1, 8, and 9). ~,10st of t he reported investigations of the stability 

of therraal-control surfaces have been concerned with the effects of 

ultraviolet radiation in a vaCUilln on the solar absorptance of the surfaces. 

In the case of thermal coatings which conta in small molecular species of 

r,loderate volatility, it i s reasonable to expect some effect from long-term 

exposure to elevated temperatures in a vacuum as well as ultraviolet 

effects. Very little has been re-ported on thermal effects alon~, though 

in some cases the temperature of the specimen during exposure to ultraviolet 

can have a significant effect, even to the extent of obscuring the effects 

of the ultraviolet exposure . 

The conditions and environments used for studying the stability of 

t he chromium phosphate coatings are summarized bel ow. 

EaVIRONMEHTAL CONDITIONS 

lIntensity, approximately 3 to 4 suns. (BH-6 lamp.) 

Radiation Pressure, Temperature 
torr °c 

Thermiil 1 100 
Ultraviole t l 10- 6 70 
Ul travi olet 1 1 0-7 25 
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In studying the effects of ultraviolet radiation on the optical 

properties of thermal-control surfaces, it is essential that the specimen 

temperature be well known and maintained as constant as possible so as 

not to obscure the ultraviolet effect with thermal effects. When the 

ultraviolet intensity is considerably higher than solar intensity. the 

high thermal output of the source increases the difficulty in maintaining 

the desired sample temperature. It has been found for the Alodine coating, 

for example, that the thermal test (lOOoe. l ' torr) was comparable in 

severity with the ultraviolet - slightly gre~ter. in fact. The emittance 

tended to decrease from about 0.20 to about 0.17 with very little change 

after the first twenty hours of testing for both the ultraviolet and 

thermal exposures. The absorptance tended to increase from about 0.24 

to about 0.27 after 100 hours of ultraviolet exposure while exhibiting a 

fairly linear increase to about 0.28 in about 600 hours at 1000e and 

1 torr. In general. the thermal and ultraviolet effects on the emittance 

were very similar. while the thermal test was a bit more severe on the 

absorptance than the ultraviolet test. 

The type of vacuum system used can be a variable in the measurement 

of the ratio of solar absorptance to emittance as is shown in figure 6. 

The specimens maintained at oOe and 25°e while being irradiated with 

ultraviolet in an ion pump vacuum system exhibited virtually the same 

increa~e in as/E for 100 hour exposure time while ultraviolet irradiated 

specimens maintained at oOe in an oil diffusion pump system showed no 

change in as/E for 100 hours and an actual decreasing trend (below the 

original value) with time out to about 500 hours. The possibility of 

obtaining spurious results due to oil contamination from improperly used 

diffusion pumps should not be overlooked. 
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Thus far only the effects on Alodine 401 have been discussed. 

Figure 7 compares the thermal and ultraviolet effect of Alodine with 

the ultraviolet effect on a typical alkali-modified chromium phosphate. 

The modified coating is seen to be at least as stable to simulated space 

environments as the Alodine for approximately 400 equivalent sun hours. 
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CONCLUSIONS 

1. The optical properties of chemical conversion coatings can be 

altered by controlled post-treatments of the surface to provide a wider 

range of as/E values without increasing surfaces thickness. 

2. Temperatures of test specimens can be as important, or more 

important, than the degree of vacuum or ultraviolet flux in ascertaining 

the stability of optical properties optical properties for thermal-control 

surfaces. 

3. More attention should be devoted to the basic spectrophotometric 

techniques for determining the cause of changes in optical properties 

as well as development of new thermal-control surfaces. 

4. Spurious results can be obtained from improperly used oil 

diffusion pumps. Optical surface contamination can not only mask trends 

but can even produce trends of the opposite direction. 
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THE INFLUENCE OF TEMPERATURE ON THE STABILITY OF LOW Ols/£ COATINGS 

By E. R. Streed* 
Systems Engineering Division 

Ames Research Center 
Hoffe tt Field, California 

SUMNARY 

., " 

JJ66 3,7822 

A sUiTunary of available information is presented pertinent to 
the selection, applica t i on and performance of thermal control coa tings 
fo r use on a perihelion flight to 0 .3 A.U. Coatings wi th a solar 
absorptance of 0.30 or less and a total hemispherical emittance of 
0 . 85 or greater at temperature s up to 5000F are desired. The 
r es;.tlts of an experimental program to measure the optical properties 
and to perform simultaneous exposure to simulated solar radiation, 
te~perature and high vacuu~ a re described. 

INTRODUCTION 

Reliable thermal des i gn of space cr aft . requires in t imate know­
led ge of the initial optical propert ies of surfa ce mate rials and 
thei r stauility in t he total space environment. The prelaunch 
environment is also considered as 3 source of contamination and 
resul ta..,t change in surf.::ce p:-operties . The peculiar environment 
o f te~perature , vacuum, ultr~ , iolet radiation and penetrating 
r.:ldiation has a de gr<ldii1g effec t upon the optical a nd adhesive 
ch,:Facter istics of ther::1al cont '0 1 coatings. Coatings vlith a 10v7 
soLl Y abs orptance ( 0( s) to infrared emittance (E) ratio have been 
deve l oped' ith relativ ~ l y predictable gerformance in the space 
environnlent f or tempera t ures up to 150 F. 

Er:1itt3nce 

Space environmental effects generally do not change emittance 
values of inorganic coatings except at high temperatures (above 
1,0000 F) . However, the decre.:lse in emittance with temperature 
for the white coating s can become important at temperatures above 5000 F. 

~'<This report is a surnnary of a paper to be published in the 
Proceedings of the Four th Thermal Radiation Symposium held at 
San Fra~cj sco , ~al i fornia on March 4, 5 and 6, 1964. The work 
was perfor :ed while .:he author 'las enployed at WDL, Philco 
Corporation, ? al o Alta , California. 
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The emittance of white silicone type coatings generally decrease 
about 10 percent and white silicate pigmented coatings only 2 or 3 
percent between 700 F and 5000 F. The elevated temperature total 
normal emittance vlas calculated from spectral reflectance data. 

Fli3ht Expe r i ment Data 

Probably the best source of data on synergistic effects is 
ob tained through a c tual space fli ght. A 1. 25 microns (50 fi.in.) 
Uid~ SiO coating has performed satisfactorily on a polished 
netal substrate on Vanguard II for about fo~r years at altitudes 
var yi ng frolD 350 to 2,065 run 0 A more recent experiment on the S-1 6 , 
Orbit:ng So l ar Obse rvatory, has indicated no serious deterioration 
of a 500 ~ (Approxir:lately 20 )Lin.) coating of SiO in fourteen mop ths' 
e xpoSJre at an altitude of about 350 nm. Although deterioration of .ome coatings has occurred in the complete space environment, the 
extent of dp gracia tior to the optical properties has bee n conserv a t i vely 
predicted by the ultraviolet, vacuum and te~perature simula tion tests 
such as described he r ein . 

ElITERIMENTAL STUDIES 

A survey of the liter ature and of pa s t expe rience Vlith 1m.] £X.s/e 
coatings provided several coatings with simula ted space exposure data 
a ~ nominal roon tempe ra turea but no information at elevated temper3t~res . 

Therefore , an experit:lental program was ini tiated to de tern ine the 
de grada tion of five promising coatings ,,,hen e xposed to the intensity 
equivalent of 10 suns in the 0.2 to 0.4 micron spectral region fOT 
30 days. The sample s ~ve!"e maintained at 5000 F -f- 25 0 F in a vacuum 
of 5 x 10- 6 torr, or be tter. Additional studies-of a 2nO system 
Here performed as a function of temperature and exposure time. 
Measurell1ents of room temperature cXs and £ uere made before and afte r 
e xposure. 

Specimen Selection 

The pror.1 ising coating types 'Iere selected on the basis of 
resistance to h igh temperature, ultraviolet radiation, high-energy 
particles, and 1 i gh vacuum. Organic vehicles were immediately 
excluded on the l,asis of temperature sensitivity. One silicone 
vehicle ~as Ge l ~cted ecause of its exceptional resistance to ultra­
vio let r3(Hatior~ . The other coating contained a silicone varnish 
binde r l-1h ich ~ ; ?pocedly e',apora ted on heating. The three completely 
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inorganic aystems were chosen to represent a cross-section of 
crys'tal1:1ne structure solids available as ultraviolet stable oxides 
with initially low D(.. values. The coatings, 80urce and couante 
on past performance are listed in Table 1. In addition to the ZnO 
coating, inorganic formulations of CaSi03 , ZrSi04. ZrSi04-Al203 and 
silicone coatings "lere applied and exposed to ultraviolet radiation 
for short periods of time. 

Specimen Preparation 

All coatings were applied to 6061 T6 aluminum sheet. The 
substrates prepared at ~-lestern Development Laboratories (WDL) 
received a hot alkaline etch with a hot su.1phuric aciel -sodium 
dichromate cleaning solution and a 1100 C oven drying. Inorganic 
ZnO-K2Si03 coatings ~'7e"e prepared at WDL in a ball mill. Various 
hall-to-pigment charge ratios and mixing times were tried, with a 
3:2 ratio for 5 hours providing the 10\-lest C:X: S values. 

The coatings were applied h7ith an air brush in a fume hood. 
The inorganic . coatings ~qui~ec from 6 to 10 coats to achieve an 
opaque coating \-lith a total average thickness of 4 !!lils. The coatings 
were driec at 1100 C for 2 hour3 and then fired in a muffle furnace 
for an additional hour at 5000 F. 

Detailed sample ~reparation fo= specimens supplied by other 
sources are proprietary or are described in the respective references. 

Space Simulation Exposure Apparatus 

The apparatus simultaneously permits exposure of materials to 
radiant energl in the 0.25 to 1.4 micron region, a vacuum of at 
least 1 x 10- torr and temperatures to 5000 F. The complete 
apparatus is shown in Figure 5. The radiant energy is furnished 
by a high-pressure, mercury-nrc lamp (FEI: Labs, type C, which is 
equivalent to General Electric A-H6) mounted inside a water-cooled 
quartz finger. The specimens are mounted on individual holders in 
a radial fashion about the so~rce. The units are mounted inside 
a stainless steel, water-cooled bell jar having walls coated with a 
black diffuse coating to reduce reflections. Vacuum is provided with 
a 4-inch oil diffusion pump trapped with a liquid nitrogen thimble 
trap and backed with a 5-cfm mechanical pump. An ionization guage 
i8 nounted in the chamber for pressure measurement. 

Extensive measurements of the t otal and spectral radiation 
emitted by the A-HG la:nps and the B-H6 air-cooled lamps have been 
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reported. At sample distances of S inches, the average measured 
ne,v lamp intensity was 11.8 ultraviolet suns. Variations of ± 15 
percent were found for new lamps. Decreases in total ultraviolet 
r~diation i n tensity in the 0 .25 to 0.40 micron range of up to 
7S percent were measured dur ing the useful life of the lamps. 
Essentially, the same type apparatus was used for studies at 
Lockheed Nissiles and Space Cor.1pany (LMSC) and at WDL. 

Exposure Resul ts 

The inexpe1:icnce ~-] ith low tXs coatings at elevated temperatures 
r!lade it desirable to .Ilake some prelimi nary exposures of 50 hours. 
Thp.se t est s served t o provide additional scr eening informa tion and 
to veri fy that t he tel.1;:>e ra t ure of t he specimen would stabilize at 
about 5000 F "li th no s~ppleme ntal he a ting . Specimens of Rokide "A" 
(A12 03) and pignented sil icone film material sh owed serious 
degradation ar.d ,vere eliminated from further study. Although the 
\'.llli tifor:1 , high-pur ity fused sil ica '(va s significantl y discolored 
after 30 hour s, it was included in the final test to determine if 
a saturation point wou ld be reached. 

The result s of a 700 hour e xposure at an average ultraviolet 
intensity of 10.3 suns is shmVIl in Table 2. The speci;nen temperature 
'(vas 'neas~l"ed wi th a chro:11el/alumel thermocouple attached to the 
speci.,lc n holde r . A temperature gradient of 150 F was measured 
throu s h the coating '>l ith f i ne wir e the rmocouples. Al though the 
sal~ple te :peratures '. ar ied ~v ith lamp intensity a nd decreased to 
ncar rO T" tempe r ature during lamp changes, the temperature v al ues 
indic<ltPd \vere main t ained '(·, ithin ± 25 0 F fo r about 80% of the time, 
The aY0 rnge pressure dur ing the complete exposure time '(vas 4 x 10-
torr. 

The 2nO in me thyl silicone showed the least degradation in ~s ; 

hmve'ler, tile coating wa s checked and spalling was commencing at the 
end of the exposure. The Si02 pigmented silicone v arnish coating 
turned dark bro,m as s ub stantiated by the «s value of 0 .7 2. Of the 
three inorgan~Lc systems, the 2nO in K2Si03 and the Li-Al-Si02 in 
K2Si03 exposed ~s values we re nearly identical at .33 and .32, 
r espect ively . However, the lower initial value o f Li-Al-SiOZ 
indicates a faster degradation rate occurred for this coating system. 
The ZrSi04 in K2Si03 coating suffered the second greatest degradation 
as ev idenced by the expos ed o(.s value of .42. Measurements of the 
t ota l norn nl emittance i ndi cated decreases of about 3 percent for 
four of t he coatings a nd a 10 percent decrease for the badl y degraded 
Si02-silicone varni sh syste m. 
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The over-all performance of the 2nO in K2Si03 coating syster,l 
appeared to be superior to the other coatings but greater degradation 
in ~ had occurred than was previously reported for similar exposure 
times. There~rore, further investigation of the influence of temper­
ature \.,as conducted. Specimens prepared from the same coating batch, 
used for the 700 hour 10.3 sun exposure, were mounted in individual 
temperature controlled sample holders. Duplicate specimens were 
mounted on the ba ck side of the holder to permit exposure to 
identical temperature and vacuum conditions but no ultraviolet. 
Different sets of specimens were exposed to 235 equivalent sun hours 
and 2,300 equivalent sun hours. The ~s values, determined from 
reflectance measurements, are shown in Figure 7 as a function of 
te~perature and exposure time. The general trend of increasing ~s 
'"ith temperature is clearly evident. Specimens exposed to temperature 
and vacuum only, for 2,300 equivalent sun hours, increased from .01 
to .02 absorptance units i r respective of spe'cirnen temperatures 
betueen 60 and 3500 F. HO\Jever, under certain conditions, coatings 
can achieve te~peratures as high as 7000 F and still require the 
I m-~ {Xs/€ ratio to :.linimize the heat load. 

A cor..parison of these exposur es ,.,ith data reported by Armour 
:esearch Foundation (AUF) at about 700 F and the 495 0 F exposures (LMSC) 
can also be 8 ade i n Figure 1. Although the performance of ARF was 
not watched for the 2, 300 hour exposure, sufficiently good agree-
.~n t f oy engineering purposes was achieved. 

The spectral r enectance of the 2nO in K2Si03 as a function of 
e.-<pos ure tine and tempera ture is shown in Figure 2. The initial 
degr adation begins in the 0.4 to 0.6 micr on region and as the temper­
ature ~nd exposure ti~e i ncreases the absorption increases in magni­
'·.lde and wavelength . The surface becomes tan and for badly degraded 
~la teri .:tls will event'laIIy turn a dark brmvn s i milar to :1 thernal scorch­
ing of a white material . 

Me a3 ~rement Techniques 

The n~easurement ap?ara tus used at LMSC included an integrating 
s phere reflectance attachment fo r a Model 14 Cary Ratio Recording 
Spectrophotometer and a heated cavity reflectometer used in con­
junction \·Jith a Model 13 Perkin-Elmer Ratio Recording Spectrophotometer. 
The ARF apparatus consists of a General Electric Recording Spectro­
photometer with associated integrating sphere and a total emittance 
dev ice employing a blackbody reference. The WDL apparatus consists 
of a Model 350 Perkin-Elmer Spectrophotometer equipped with MgO-coated 
integrating spheres, tungsten and hydrogen lamp sources and photo­
Inultiplier and PbS detectors. Measurements are performed by directional 
illumination of the specimen and a reflectance standard. The ratio 
of the reflected rad iation is recorded as a function of wavelength. 
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Pertinent data points are picked off of the recording and are computer­
integrated with the extraterrestrial solar spectrum to give total 
solar absorptar.ce. 

CONCLUSIONS 

The influence of eleva ted temper ~ture in incr easing the 
degradation of lO~7 C(s/€ coatings has illust,-ated the need for si'"ulta ­
neous simula tio" of as many env ironmen tal factors as possible. Of 
the th:-ee coatings e}chibiting the lmvest values of OI.s /€ after exposure , 
the zinc oxide pi~nented potassium silicate is considered the best 
co~ ting systew. The greatest uncertainty in degradation prediction 
rp.su lts fr. o~ the lack of the oret ical 1 0dels or experimental data 
on the effects of high-energy particle l- ac.1iation. Howe"er , the 
ult--aviolet radiation effects are considered to cause the greatest 
~otential carnage . 



Coating System 

1. 180 g ZnO 

180 ml H
2

0 

cured for 2 

hours at 5000 F 

2. ZnO in 

methyl silicone 

4O'f. PVC 

(ARF TC-46-20) 

3. Si0
2 

in 

silicone 

varnish 

4. Li-Al-Si0
2 

in 

K2Si0
3 

5. ZrSi04 in 

K
2

Si0
3 

Source 

SP500 

New Jersey Zinc Co. 

PS7 

Sylvania Electric 

Products, Inc. 

SP500 

New Jersey Zinc Co. 

silicone-ARF 

prepared 

Corning #7941 multi­

form fused silica 

Experimental silicone 

varnish, Dow-Corning 

Trade names of 

Lithafrax and 

Kasil 88 - obtained 

by LMSC 

Trade names of 

zircon and Kasil 

88 - obtained by 

LMSC 

Comments 

Prepared at WDL and based 

upon formulations of ARF 

(ref. 3) 

Samples obtained from ARF. 

Easy to handle and good 

ultraviolet resistance 

(ref. 3) 

Obtained from Corning Glass 

Works. No prior ultraviolet 

or vacuum exposure data 

available. Coating described 

as potentially having good 

stability (ref. 13) 

Coating prepared and applied 

by LMSC. Coating has con­

sistently the lowest initial 

0( and good adhesion 
s 

Coating prepared and applied 

by LMSC. Coating has shown 

good neutron radiation 

resistance 

Table 1 - Description, source and pertinent comments on the coatings exposed 

to ultraviolet radiation at elevated temperature. 

NATIONAL AERONAUTICS AND SPACE ADMIN ISTRATION 
AMES RESEARCH CENtER , MOFFETT FIELD, CALIFORNIA 
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Hours at Approximately 10 Sun Avg. Temp. 

Material Property Ultraviolet Intensity (oF) 

0 700 

ZnO 0( 0.17 0.33 495 s 
in E .95 .93 

K2Si0
3 

Zircon O(S .13 .42 490 

in c- .95 .93 

K
2

Si0
3 

Lithafrax <¥s .12 .32 495 

in E- 093 .89 

K
2
Si0

3 

Si0
2 o(s .14 .72 510 

E: .92 .83 in 

silicone 

ZnO Q(s .18 .27 505 

in ~ .91 .88 

methyl 

silicone 

(ARF TC-46-20) 

Table 2 - Solar absorptance and emittance of several coatings before and after 

ultraviolet exposure. Exposure and optical property measurements 

were performed by LMSC. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
AMES RESEARCH CENTER , MOffETT fiELD, CALIFORNIA 
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THE EFFECTS OF ULTRAVIOLET AND GM.fl1A RAYS 
ON THERMAL CONTROL COATINGS 

Robert A. Jewell, George F. Pezdirtz, and Harold D. Burks 
P WD - Langley Research Center 

INTRODUCTION 

In conjunction with our initial ultraviolet-vacuum degradation studies 

of five white paints, a brief series of gamma-vacuum experiments was con-

ducted on the same coatings to determine the extent of change in solar 

absorptance produced by each type of radiation. Four of these materials stem 

from our participation in the OSO Round Robin on UV Stability (Ref. 1) and 

the fifth is Zerlaut's (lIT) zinc oxide-silicone S-13 formulation. The 

ultraviolet and gamma exposures were not run concurrently, so their results 

are shown separately. All emittance values remained fairly constant, with 

the Qs change being of primary importance. 

Ultraviolet-Vacuum Environmental System 

The ultraviolet-vacuum environmental system used in these tests is 

shown schematically in figure 1. The stainless-steel front plate is integral 

with the glycol-water cooled specimen holder which can accomodate up to 

eight specimens for simultaneous irradiation. The temperatures of the test 

specimens ranged from OoC to 15°C and were monitored periodically throughout 

the test with copper-constantan thermocouples mounted in the metal SUbstrates 

of each coating. The vacuum chamber was mounted to a 1,200 liter/sec Ultek 

ion pump. A silicone rubber o-ring (Dow Corning Silastic #916 ·compound) was 

used to seal quartz window; the remaining seals were Viton (fabricated of 
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Parker Seal Co. v-495-7 compound). Chamber pressure was monitored throughout 

the t es t and maintained in the range of 1 x 10-6 to 6 x 10-7 torr. After 

irradiation , sample temperatures were allowed to return to ambient temperature 

and chamber pressure was then brought to atmospheric pressure us i ng argon 

in an attempt to limit any oxidation effects prior to taking reflect i on measur e-

ments. 

High- pressure mercury arc lamps (G.E. BH-6) were used as the source of 

ultravi ol et radiation in these studies. The lamp manufacturer and others 

(reference 2) have reported on the fact that the spectrum of t he BH- 6 l amp 

is not completely similar to the solar spectrum. Figure 2 shows the ratio 

of the l amp i ntensity (at a distance of 25 cm) to solar intensity (at 1 A. U. ) 

for different wavelengths in the 0.22- to 0.40-micron region. The cumUlat ive 

average l amp intensity for this wavelength range is approximately 3 times the 

solar intensity. This figure is based on the geometry of this system and 

the manufacturer's data for BH-6 lamps (reference 3). The re l ative int ensi ti es 

of the BH- 6 l amps were monitored during each run with a Westinghouse Sr.t- 200 

ultraviolet photometer. The indiyidual lamps were selected and changed as 

necessary s o as to maintain relative intensities within 15 percent of a 

nominal intensity of 3 times solar intensity. 

*The substrates for the titanium dioxide-epoxy coating were too thin t o 
permit thermocouple mounting. Sample temperatures were assumed to be com­
parable t o the average of the monitored samples. 
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Effect of Ultraviolet Radiation 

The effect of UV on the solar abscrptance of the five paints are noted 

in figure 2. The inorganic materials. in general, were more resistant to 

change. The change in a due to 300 equivalent sun hours (ESH) of ultraviolet s 

exposure are end points taken from figure 3, which shOy1S the rate of change 

of as over this period of about 2 weeks. Along the y-axis is plotted the 

ratio of solar absorptance after irradiation to solar absorptance prior to 

irradiation (as). Values of ~as were not used because somewhat erratic 
a 

changes in as we found were. in a great part. linked to a wide spread on the 

initial as values. 

In figure 4 initial solar absorptances are shown as related to coating 

thicknesses. For the thin coatings, such as the Ti02-silicone, a small change 

in thickness can result in a large increase in as' Hate that three specimens. 

one Sb20 3-potassium silicate and two Ti02-epoxy samples. showed initial 

abnormalities in the sense that they did not fit their respective curves in 

figure When irradiated these three samples degraded more severely than 

the ir companion specimens. which may have been due to the effects of surface 

impurities or contaminants. All reflectance measurements were taken in air 

within one hour after removal from vacuum. A Cary 14 spectrophotometer was 

used. 

A brief series of exploratory experiments were conducted to determine 

the extent of bleaching after the samples had been removed from the ultra-

violet-vacuum environment. Figure 5 shows portions of the spectral reflectance 

curves for zinc-oxide-silicone samples after some bleaching attempts. Samples 

previously degraded under UV-vacuum conditlons almost returned to their 

orieinal unirradiated values when exuosed to as little as 6 ESH of ultraviolet 

in air. Other samples when exposed to ultraviolet radiat ion in dry nitrogen. 
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showed little change from the value obtained after UV degradation in vacuum. 

These curves tend to point up the healing effect of the earth's atmosphere. 

In Zerlaut's work (ref. 4) zinc oxide gave evidence of being reduced by 

ultraviolet-vacuum environment. 

Gamma-Vacuum Environmental System 

For the gamma radiation exposure a Co.bel t-60 source vas used. The flux 

of gamma photons in space is quite low, but this type of penetratin~ radiation 

does provide a convenient means of simulating the effects of optical surface 

damage from electrons and protons. Dose rate in the Gammacell-220 was 

approximately 1.5 Megarads per hour. Ambient temperature of the gamMa cell 

V8.S 47° Centegrade. A short series of 50°C thermal-vacuum tests showed no 

effect on the as values for the 5 materials listed in Table I. Figure 6 is 

a schematic of the Pyrex specimen container used for gan~a ex~osures. During 

sealing off at the bottom of the tube and pinching off in the center under 

vacuum, noted by the dotted lines, care was taken to keen each specimen 

below 50°C to limit thermal effects. 
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Comparative Effects of Gamma and Ultraviolet Radiation 

Five white coatings exposed to both types of radiation are listed in 

Table I 

Pigment 

in decreasing order of stability to these environments. 

Comparative Effect of Gamma & Ultraviolet Padiation 
on Solar Absorptance of Thermal Control Coatings 

Table I 

COATING SOLAR ABSORPTANCE, a 
s 

Increase. ~as 
Original Gamma Ultraviolet, 

Value ~·1RAD ESH 

77* 385* 300* 

Zinc Oxide Potassium Silicate 0.14 0.04 0.04 0.01 

Zinc Oxide Silicone plus Catalyst 0.17 0.04 0.04 0.04 

Titanium Dioxide Silicone Resin 0.25 0.12 0.18 0.03 

Antimony Oxide Potassium Silicate 0.26 0.10 0. 26 0.08 

'1'i tanium Dioxide Epoxy Resin 0.20 0. 22 0. 27 0.19 

Note: (1) 77 Megarads approximate surface exposure in space of 12 weeks 

(2 ) 385 Megarads approximate surface exposure in space of 60 weeks 

( 3) 300 ESH (equivalent sun hours, ultraviolet) approximates ultra-
violet exposure in space of 2 weeks. 

In comparing the ultraviolet effects at 2 weeks equivalent sun ex-

posure of ultraviolet with an exposure of 12 weeks equivalent inner Van 

Allen belt absorbed dose of high-energy ionizing (gamma) radiation, the 

titanium dioxide-epoxy and the antimony oxide-potassium silicate coatings 

were found to be more susceptible to damage from ultraviolet radiation than 

from gamma radiation. To a lesser extent the remaining three, more stable 

coatings in Table III underwent a change in as due to ultraviolet radiation 

- ~---- ~--- -----~-' 
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equal to or greater than thRt obtained by extrapolation of change in as 

due to gamma radiation. The similarity of damage to the optical properties 

of a coating surface caused by gamma protons of 1.17 Mev and 1. 33 .'lev and by 

ultraviolet protons of approximately 5 ev can be noted from Figure 7, which 

is a plot of the effects of both types of radiation on the spectral absorp­

tance versus wavelength for the titanium dioxide-epoxy coating. 

For a short series of longer exposures to ultraviolet and gamma, the 

zinc oxide-silicone (8-13) paint was chosen. Batches of this material could 

be formulated in-house, allowing better pre-selection of specimens on the 

basis of initial as values. Also the S-13 had been studied at Langley as 

part of the Explorer XIX project. Portions of this satellite's surface were 

2" diameter pOlka-dot. of S-13 paint. 

Figure 8 shows the extent of damage after longer exposures (10 3 hrs.) 

to ultraviolet and gamma radiation. For the 8-13 samples exposed to gamma 

for an equivalent of 12 months time, as increased less than 0.2% from the 

original value of 0.22. Two months equivalent ultraviolet exposure caused 

approximately 5% increase in the original solar absorptance. The curves for 

the Ti02-epoxy coating in this figure provide a closing remark on the com­

parative stability of these two materials. Less than five years ago, this 

particular Ti02-epoxy coating was considered a most stable white paint. 

Based primarily upon results from terrestrial testing , this paint had been 

flown as part of the Explorer IX thermal control surfaces. 

CONCLUSIONS 

Gamma radiation, used to simulate the effects of electrons and protons, 

generally changes as less than ultraviolet radiation when a comparison is 

made on the basis of equivalent time exposures in space. More attention 
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should be given to additional studies of the eff~cts of high-energy ionizing 

radiation on thermal-control coatings. These effects should be taken into 

account in the analysis of the results from thermal-control experiments 

aboard spacecraft, as well as in spacecraft design for long-term missions. 

A better understanding of the specific molecular changes which result from 

UV and high energy radiation damage to thermal control coating is needed 

to properly analyze engineering and environmental tests. 
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EFFECT OF UV AND GAMMA RADIATION 
ON SOLAR ABSORPTANCE 
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Figure 2 
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BLEACHING EFFECT ON S-13 COATINGS PREVIOUSLY 
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PRELIMINARY R:reUIll'S PROM A ROUND-ROBIN STUD'! OF 

UIll'RAVIOLEr Dl!J}RAmTION OF SPACIDRAFT 

THERMAL-CONTROL COATmlS 

By J. C. Arvesen, C. B. Neel, and C. C. Shaw 

I Nl'Roruar ION 

N66 37824 
I n the pest, comparisons of laboratory measurements of the rate of 

degr adation of spacecraft thermal-control coatings with the limited data 

avail able from flight experiments have shown generally poor agreement 

(see ref . 1). The disagreement is believed to be the result of inade-

quacy in the laboratory simulation of the space environment and, in 

particular, solar-ultraviolet radiation. The need to resolve the problem 

of adequate simulation was recognized, and as a first step, a voluntary 

round-robin testing program was organized in November of 1962 to compare 

and evaluate existing capabilities for ultraviolet-degradation studies. 

Sixteen organizations are participating in this program and results from 

twel ve had been received at the time of preparation of this paper. The 

purpose of this paper is to present these results and to discuss in a 

preliminary fashion their significance. 

In the program, each organization was offer ed identical samples of 

four different low a.g/ € white thernal-control coatings with various 

degrees of color stability under ultraviolet irradiation. Each organiza-

t ion t ested the samples at exposures up to the equivalent of 1,000 sun 

hours. Results of the rate of coating degradat i on were compared for the 

various t est facilities. The results f or two of the coatings were also 

compared with flight data. 

---------- -- ---~----------------------~---~----------~ 
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T. R. W.-Space Technology Laboratories 

U. S. Naval Research Laboratory 

The efforts of those persons directly involved in the tests are 
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Blair of Hughes Aircraft Co., Mr. Louis A. McKellar of Lockheed Missiles 

and Space Co., and Mr. Jerry T. Bevans of T. R. W.-Space Technology labo­

ratories also aided in setting up the test requirements. 
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IID3CRIPrION OF COATIOOS 

Four low ~/€ white thermal-control coatings were chosen for study. 

The :i.ndividual coatings were selected on the basis of pigment and binder 

composition, expected degradation processes, and previous fl ight and 

laboratory experience. All samples of a particular coating were prepared 

at the same time from the same batch and were distributed to the partici-

pants in light-tight containers in an effort to minimize variations in the 

initial undegraded state. The samples were prepared by three of the 

participants. 

The first coating was composed of a rutile titanium-dioxide pigment 

in an epoxy binder (Andrew Brown Company; Skyspar A423; color SA 9185 

untinted) and was chosen for study as an example of a coating with a 

stable pigment and an unstable binder that will degrade noticeably in a 

short period of time. These coating samples were prepared by Lockheed 

Missiles and Space Company. 

The next coating was formulated and the samples were prepared by the 

Illinois Institute of Technology Research Institute. The coat ings con-

sisted of a rutile titanium-dioxide pigment in a more stable silicone 

binder (lIT designation: TC-50-19). Samples of both these coatings were 

flown aboard the first Orbiting Solar Observatory (OSO-I) (see ref. 1). 

Measurements of the rates of degradation of these coatings were made over 

a period of 16 months in orbit and, although the coatings were prepared 

from different material lots than the round-robin samples, the flight data 

serve as a preliminary basis for evaluating the laboratory simulation tests . 

The next coating was composed of an antimony-trioxide pigment in a 

potassium-silicate binder, and was developed especially for the round-robin 

-~- ~- --~-
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by Hughes Aircraft Company. In contrast to the Ti02 in epoxy, this coating 

has an unstable pigment in a stable binder. Consequently, its degradation 

mechanism was expected to be different from that of the epoxy-binder paints. 

The last of the four coatings, also prepared by lIT Research Institute, 

was a stable zinc oxide pigment in potassium silicate (lIT designation: 

441-2). The first, third, and fourth coatings are scheduled to be flown 

aboard the OSO-B2 Satellite near the end of the year. Thus, it is expected 

that information on their degradation in the actual space environment will 

also be available for correlation with the laboratory results. 

TEST PROCEDURE AND EQtJJ:PMmr 

Procedure 

The test procedure followed by the various organizations was basically 

the same, although specific simulation equipment and techniques differed 

considerably. The samples were first measured by each organization to 

obtain initial values of solar absorptance. They were then placed in a 

vacuum chamber and exposed to a source of ultraviolet radiation for varying 

periods of time up to the equivalent of 1000 hours in space. After irradia­

tion, the samples were removed from the vacuum chamber and their solar 

absorptances were again measured. 

Test Equipment and Conditions 

The equipment used by the various partiCipants and the conditions of 

test are listed in table I. It should be noted that the order of listing 

in this table is not the same as given previously for the participating 

organizations, which were listed alphabetically. 



-5-

Both oil-diffusion and ion pumps were used about equally in the 

vacuum systems, along with various types of roughing pumps. These systems 

produced vacuums in the pressure range from 10-5 to 10-7 torr. One organi­

zation, however, used only a mechanical pump with liquid-nitrogen trap­

ping, which resulted in a relatively high vacuum-chamber pressure of 10 

microns of mercury (10-2 torr). 

In some cases, sample temperature was controlled by cooling and in 

other cases no cooling was provided. This resulted in variations in sample 

temperature among the partiCipants from 150 C to over 2000 c. 

All partiCipants used a mercury lamp to simulate solar ultraviolet 

radiation. The General Electric BH-6 and AH-6 lamps were most connnonly 

used. In an attempt to investigate the source-dependency characteristics 

of the coatings, one organization also conducted tests with a 2 kw xenon 

lamp. The comparison of the relative intensities of the BH-6 mercury lamp, 

the xenon lamp, and the sun in the ultraviolet region from 2000 to 4000 A 

is shown in figure 1. The spectral distribution of the AH-6 lamp was not 

shown because it is similar to that of the BH-6 lamp. The spectrum of 

the BH-6 lamp consists largely of emission bands that may be many times the 

level of the solar continuum. The xenon lamp, on the other hand, offers a 

much better duplication of the solar spectrum below 4000 A than does the 

mercury lamp. Because of this closer match, the xenon lamp was expected 

to provide more realistic coating degradation rates than the mercury lamps. 

It was recognized by the round-robin participants that the mercury 

spectrum gives a poor duplication of solar ultraviolet radiation. However, 

the assumption was made that if the total output of the lamp below 4000 A 
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was set equal to the solar output below 4000 A, the same degradation would 

occur. This assumption was the basis for 'calculating the' equivalent solar 

illumination level on the samples. Thus, for example, if the total radia­

tion below 4000 A incident on a sample is ten times the solar r adiati on in 

the same range, the illumination level is defined as ten "ultraviolet solar 

constants" or ten "suns." 

The choice of the 4000 A wavelength as the cutoff point was purely 

arbitrary. It was felt that 4000 A represented the upper limit of damaging 

radiation for nearly all materials of interest. It is known, however, that 

many materials require higher photon energies, or shorter wavelengths, to 

cause degradation. Some materials InB\V be particularly sensitive to certain 

portions of the spectrum. It can be seen from the plot of the BH-6 and 

solar spectra that below 3200 A there is considerably more radiation from 
'. ' J 

the mercury lamp than from the sun. Thus, a sample that is particularly 

susceptible to damage below 3200 A would, in effect, have much more than 

the equivalent of one ultraviolet solar constant incident on its surface when 

the mercury lamp is used. 

Another factor which InB\V influence the degradation rate of some 

coatings is the possible bleaching effect resulting from exposure to longer 

wavelength radiation, as mentioned in references 2 and 3. This effect, which 

tends to offset the increase in solar absorptance resulting from ultraviolet 

radiation, apparently is caused by radiation in the visible region. The 

radiant intenSity of the mercury-vapor lamps is well below solar intensity 

in the visible, and failure of the lamps to adequately simulate the bleaching 

effect could cause difficulties in Simulation of the over-all degradation 

rate. 



-------~.---

-7-

RESULTS AND DISCOOSION 

Initial Values of Solar Absorptance 

Values of solar absorptance of the test coatings, measured before 

exposure to ultraviolet radiation, are listed in table II. The various 

instruments used by the participants for the initial and subsequent meas­

urements are also given. The . order of listing in this table is the same 

as in table I. In all cases the s61ar absorptance of a coating was 

determined by a reflectance technique. The last two measurements shown 

were over limited spectral regions and thus are not indicative of solar 

absorptance. Agreement among the r ·ema.ining measurements is generally 

within the normal experimental tolerances associated with reflectance 

measurements. It is apparent that, for coatings with low values of solar 

absorptance, the percentage deviations normally resulting from reflectance 

measurements are quite large. More effort is clearly needed to develop 

eqUipment and to refine the techniques that are necessary to accurately 

determine the solar absorptance of low ~s/€ materials. 

Coating Degradation 

The results of the coating degradation studies are presented in 

figures 2, 3, 4, and 5. These figures show the measured change in solar 

absorptance as a function of "Equivalent Sun HOurs." In the studies, it 

was found that only the solar absorptance of the coatings was altered by 

exposure to ultraviolet radiation and that the emittance remained 

relatively unchanged. 
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In illustrating the results of the tests, an attempt was made to 

separate out the effects of what were felt to be two of the most impor­

tant variables, that is, sample temperature and the radiant intensity 

of the ultraviolet source. In the figures, temperature is indicated by 

the color of the curves and the data have been divided into five dif­

ferent temperature intervals. The curves are dashed, the length of the 

dashes- denoting the radiant intensity used in the tests. The short 

dashes indicate an intensity of one ultraviolet solar constant, whereas 

the longer dashes indicate multiples of the solar constant. In some 

cases the exposures were made at varying intensities, as indicated by the 

changing length of the dashes in the curve. With one exception, mercury­

vapor lamps were used in all exposures. The single test with the xenon 

lamp is noted on the figures. The test at a pressure level of 10 microns 

also is shown. 

Titanium dioxide - epoxy coating.- The results of the studies made 

on the titanium dioxide in epoxy coating are shown in figure 2. Also 

shown in the figure are the OSO I flight data which were obtained with 

the same type of coating. 

The wide spread of the results in figure 2 illustrates the present 

level of uncertainty in solar ultraviolet-simulation tests. In view of 

the poor match of the mercury vapor lamps with the solar ultraviolet­

intensity spectrum, it is perhaps not surprising to find general disagree­

ment among the laboratory-results and the flight data. It is rather 

surprising, however, that the tests with the xenon lamp, which matched 

the solar spectrum far better than the mercury lamps, did not agree with 
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the flight data as well as two of the tests with the mercury lamps. 

Even for these cases, the time required for the coating to be degraded 

by a given amount was about one-third the time required in flight. The 

remaining simulation tests all produced more rapid changes in solar 

absorptance than measured in flight, with the exposure time required for 

a given change in solar absorptance in some cases differing from the 

flight data by several orders of magnitude. 

Although the exact causes of the wide variations in the test results 

are not immediately evident, the data reveal a number of interesting 

points. For example, after a large increase in absorptance shortly after 

the beginning of sample exposure, the rate of increase in absorptance in 

most cases became roughly equal to the rate obtained in flight. The mag­

nitude of the initial increase in solar absorptance apparently was 

influenced by both sample temperature and lamp intensity, although it is 

difficult to separate out the relative importance of these two factors. 

Nevertheless, there appears to be a definite correlation between sample 

temperature and initial degradation rate, with the higher degradation 'rates 

being associated with the higher temperatures. There also appears to be 

a nonlinear correlation of degradation rate with lamp intensity, with the 

higher intensities producing a relatively higher rate of change of solar 

absorptance. In tests where the intensity was constant, the change in 

absorptance with time was almost linear when plotted on a logarithmic time 

scale. On the other hand, where the intensity was increased to obtain long 

equivalent exposures in a reasonable length of time the corresponding rate 

of change of solar absorptance increased by an even greater degree. 
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The curve for the tests made with a chamber pressure of 10 microns 

is high compared with the other curves for the same temperature level. 

The higher degradation rate may have been caused by the presence of 

oxygen or other impurities not present under the higher vacuum conditions 

of the other tests. Finally, one other possible cause of the higher 

degradation rates obtained in the laboratory should not be overlooked. 

This is the effect of bleaching due to visible or longer wavelength 

radiation which mercury-vapor lamps do not adequately simulate. 

Titanium dioxide - silicone coating.- The results of ultraviolet 

irradiation on the more stable titanium dioxide in silicone coating are 

shown in figure 3. Note that the scale for the change in solar absorp­

t ance has been expanded to twice that for the epoxy coating to help 

emphasize differences in the results. This material apparently is not 

nearly as sensitive to intensity and temperature variations as the epoxy 

coating. In fact, with the exception of the high-temperature test, there 

appears to be no correlation of degradation rate with temperature or 

intensity. The large change in solar absorptance at the high temperature 

may have been the result of either thermal degradation or an increase in 

the ultraviolet sensitivity resulting from the excessive temperature. 

Tests with the xenon lamp at a low sample temperature and with a mercury 

lamp at a higher temperature show good agreement with the flight data. In 

constrast to the tests with the epoxy coating, the laboratory results gave 

both higher and lower degradation rates than were obtained in flight with 

the same type coating. The lack of any apparent trend in the data from 

the standpoint of temperature or intensity effects suggests that the spread 

in measurements are the result of differences in other experimental factors. 
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Antimony trioxide - potassium-silicate coating.- Results o~ tests o~ 

the antimony trioxide in potassium-silicate cqating are shown in ~igure 4. 

There is an extrem~ diversity in the degradation rate, even greater than 

~or the Ti02 -epoxy coating. For example, the measured values o~ the 

change in solar absorptance after 100 equivalent sun hours ranged hom 

less than 0.1 to over 0.6. Incidenta1:lY, since the initial solar absorp-

tance was 0.3, an increase in absorptance o~ about 0.7 would correspond 

to the sample becoming a perfect black absorber. The increase in solar 

absorptance appears to be extremel¥ temperature and intensity sensitive. 

As with the epoxy coating, the degradation appeared to increase with increase 

in sample temperature. However, there is no evidence o~ a constant increase 

in absorptance after an initial change. Flight data for this coating are 

not yet available. However, samples of this material will ~l¥ on OSO-B2, 

and it is expected that flight data will be obtained ~or comparison with 

these results. 

Zinc oxide - potassium-silicate coating.~ Figure 5 shows the data for 

the zinc-oxide pigment in a potassium-silicate binder. Excluding the two 

Cases of the excessively high sample temperature and the high chamber pres-

sure, the tests show the coating to be very stable and fairl¥ independent 

of intensity and temperature. It is interesting that the tests with the 

xenon lamp produced a higher degradation rate than the remainder o~ the 

tests per~ormed with mercury-vapor lamps. Unfortunatel¥, no ~light data 

are yet available for comparison with these results, and it iS , not known 

whether the xenon or the mercury lamps give the better duplication o~ the 

solar degradation of this coating. The di~~erence between the results with 

the xenon lamp and with the mercury lamps could be the result of a depend-

ence of degradati'on upon wavelength for this coating. 
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As with the previous coatings, the highest rate of degradation at 

2000 C ~ have been due to increased ultraviolet sensitivity or thermal 

degradation, or possibly a combination of both factors. The test per­

formed at a pressure level of 10 microns also resulted in a high degrada­

tion rate, and these data may reflect the influence of a high o.xygen 

level. 

CONCLUDING REMARKS 

In reviewing the significance of the limited results obtained through 

the round-robin tests, a few facts are apparent regarding laboratory simu­

lation of degradation of thermal-control coatings. It is important, for 

example, in testing some coatings to control sample temperature at a level 

reasonabJs" near the expected operating temperature. The exposures should 

be made in an environment in which the pressure does not exceed about 10-5 

torr. The validity of accelerated testing with lamp intensities man;y times 

the solar level is questionable for some coatings, and further investigation 

is required into the ramifications of this testing technique. The question 

of the importance of the spectral intensity distribution of the ultraviolet 

lamps has not yet been resolved, although it is hoped that the OSO-B2 night 

tests may help in this regard. Without further evidence, it would appear 

at this time that the solar ultraviolet intensity spectrum should be matched 

as closely as possible, and that for same coatings it ~ even be necessary 

to simulate the visible and near-in:f"rared. regions of solar energy. The 

extent to which these various distribution requirements must be met 1s 

undoubtedls" a function of the chemical degradation processes asSOCiated with 

each individual coating, and before this problem can be completely resolved, 

more must be learned about the mechanism of the degradation process. 
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No. 
Intensity 

"U.V. s uns" 

1 3 to 14.4 
1 to 7 

1 
2 5 

10 

3 10 

4 1 to 11 

5 2·7 

6 5 to 16 

7 5 

8 20 

9 15·5 

10 7·1 

11 1 

12 1.5 
~- ---

TABLE I. - TEST EQUIPMENT AND CONDITIONS 

Temperature, Lamp type Vacuum system 
°c type 

27 
B-H6 Sorption and 

xenon ion 
32 Mechanical and 

100 B-H6 diffusion to 10-4 

157 sputter ion 

Not measured B-II6 Mechanical and 
diffusion 

25 A-H6 Mechanical and 
ion 

5 to 65 B-H6 Mechanical and 
ion 

35 A-H6 Sorption, mechan-
ical, and i on 

50 A-H6 Mechanical and 
LN2 trap 

150 B-H6 Mechani cal a.nd 
diffusion 

Above 200 A-H6 Mechanical a.nd 
diffusion 

86 B-H6 Mechanical and 
diffusion 

24 Hanovia 54A-IO Mechanical and 
diffusion 

15 UA -3 Mechanical and 
ion 

---~~- -~- -- ~ 

Pressure level, 
torr 

Below 10 -5 

10-7 to 10-8 

5xlO - 5 to 7)(10-6 

3xl0-6 to 2~10-7 ! 

10-6 

10.7 

10-2 (10 microns) 

10.6 

10 . 5 

10 . 5 

5xlO·6 

10.5 to 10-6 

, 
t-' 
+:­, 



T0Lt: II. - nTITIA~ SOLAR F .. :m'::C:'\ PI'A;:-J"CE MEASUREMENTS 

~ 
Instrument 

I . Gier - Dunkle Integrating Sphere 

I 
! 

) . Gier - Dunkle Integrating Sphere 
, 
) . Gier - Dunkle Solar Reflectomet er 

:1 . Cary 14 - Integrat i ng Spher e 

.J . Cary 14 - Integrating Sphere 

6. G.E. and P.E. - IntegTat i ng Sphere 

r . Beckman DK-2A - ~r.tegrat ing Sphere 

8. Beckman D::·-2A - Integrating Sphere 

9· Beckman DK-2A - Integrating Sphere 

10. Bausch and Lomb 505 - Integrating Sphere 

*11- Bausch and Lomb 20 - Integrating Sphere 

**12. Beckman IR-4 - Hohlraum 

*4000 A to 7000 A only 
**At 1.0 micron 

I 

Initial Solar Absorptance - a-so 

3b2 03 - ZnO-
Ti02 - Ti02 - :?otassium Potassium 
Ep~xy- Silicone Silicate Silicate 

0 . 21 0·30 0.28 0.14 

. 22 .27 

.c.2 .27 . 29 .16 

. 22 ·31 · 30 . 16 
0 -

. .:... .27 . 28 .14 
,- .., 

·30 .26 .16 • c..) 

. 16 .25 . 10 

.26 ·33 .27 .18 

.21 .28 .26 .16 

.19 .26 .25 .13 

.08 .11 .14 . 02 

.14 ·50 ·34 .1L 
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FI GURE TITLES 

Figure 1.- Comparison of ultraviolet spectral di st ribution f sun "I.nd lamps. 

Figure 2. - Degradation of titanium dioxide - epoxy coating. 

Figure 3· - Degradation of titanium dioxide - silicone coating. 

Figure 4.- Degradation of ant imony trioxide - potassium silicate coatine; . 

Figure 5· - Degradation of zin oxide - potas s i um silicdte coating. 
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Figure 2.- Degradation of titanium dioxide - epoxy coating. 
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