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Abstract 
Various test facilities were used for routine measurements of 

total hemispherical emittance at high vacuum over a wide range 
of temperatures. Total hemispherical emittance was obtained in 
vacuum by measuring the electrical power dissipated per unit 
area in a metal tube or strip (using direct electrical resis-
tance heating) and comparing this to the emissive power of a 
black body at the temperature of the test piece. Total hemis-
pherical emittance was determined for approximately 100 samples 
at temperatures that varied from 200° to 2200°F for some of 
these samples. The temperature range most frequently inves-
tigated was 300° to 1Í4-50°F, with particular emphasis on tempera-
tures of 1350° and l450°F. The tests were conducted at vacuum 
levels that varied between 10"" and 10"9 mm Hg. The test 
samples were usually coated metal strips or coated thin-walled 
metal tubes. Several coating methods were used, but emphasis 
was placed on plasma arc spraying and aluminum phosphate bond-
ing. Only those materials that show promise as being suitable 
for high temperature spacecraft radiators are discussed. These 
materials are divided into three groups: titania bearing oxides; 
oxides of nickel, chromium, and iron; and a miscellaneous group 
that includes boron, boron carbide, silicon carbide and acetylene 
black. In addition to determining emittance as a function of 
temperature, many of these materials were maintained in high 
vacuum at constant temperature (usually ll+50°F) for periods of 
several hundred hours. This was to observe changes in emittance, 
if any, resulting from a prolonged exposure to high vacuum at 
these temperatures, as well as to observe possible deterioration 
of the coating-substrate bond. 

Presented at the ARS Space Power Systems Conference,Santa Monica, 
Calif., September 25-28, 1963. This work, the results of which 
are reported in this paper, was conducted under contract for the 
Space Electric Power Office, NASA Lewis Research Center, by the 
Pratt & Whitney Aircraft Division of United Aircraft Corporation. 
■̂ Assistant Project Engineer. 
/Analytical Engineer. 

401 



ASKWYTH, HAYES, AND MIKK 

Introduction 

Studies of space propulsion systems have indicated the impor-
tance of radiant heat transfer in the design of such systems, 
Achievement of a proper design requires a knowledge of the emit-
tance, absorptance, and reflectance of the materials used for 
certain components at conditions similar to those encountered 
in space, particularly in high vacuum. 

Studies of the literature indicated that the published data 
on thermal radiation properties was not sufficient for the de-
sign of optimum space propulsion systems. It was found that 
information was lacking for many materials of interest at the 
desired temperatures of application, and that most of the in-
formation available had not been obtained in a vacuum environ-
ment. Furthermore, little information was found on the change 
of emittance of materials due to prolonged exposure to high 
vacuum at representative temperatures. This information is 
necessary, since chemical changes and phenomena such as sub-
limation may limit the application of otherwise desirable 
materials. For example, oxidized inconel has high emittance, 
but at high temperature and in a vacuum, the oxygen leaves the 
oxidized layer with a resulting bright surface of low emittance. 

To provide information necessary for space radiator design, 
various rigs were built at Pratt & Whitney Aircraft to deter-
mine total emittance. These rigs were l) a total hemispherical 
emittance rig used for routine measurement of total hemis-
pherical emittance at high vacuum conditions and over the 
approximate temperature range of 200° to 2000°F, 2) an endurance 
rig in which total hemispherical emittance was measured as a 
function of time at constant temperature, and 3) a rig ordinarily 
used for spectral normal emittance but occasionally used for 
total hemispherical emittance measurements. The spectral emit-
tance rig could be used for spectral normal and total hemis-
pherical emittance measurements at temperatures up to the melting 
point of the material tested. 

The method used for measuring total hemispherical emittance, 
in all of these rigs, involved determination of the temperature 
and the power dissipation per unit surface area in the central 
portion of an electrically heated tube or strip specimen. If 
heat conduction and convection from this central portion or 
test section of the specimen as well as radiation returning to 
the test section from its surroundings are negligible, the total 
hemispherical emittance may be computed as the power dissipation 
per unit surface area divided by the emissive power of a black 
body at the test section temperature. Radiation returning to 
and absorbed by the specimen was minimized by blackening and 
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cooling the chamber walls. At the lower specimen temperatures, 
conduction of heat to the electrodes at each end of the speci-
men posed a problem, but this conduction heat loss was minimized 
in these tests by the use of controlled auxiliary electrical 
heating of the ends of the specimen. Since these tests were 
conducted in a high vacuum environment, convection of heat from 
the specimen surface was not a problem. 

All specimens for these tests involved a metal strip or tube 
as a base or substrate material. All nonmetallic materials 
tested were thin coatings on the metal base. The ernittances 
reported are based on the temperature of the metal substrate 
or the essentially black radiation from a cavity at the metal 
substrate temperature. This procedure has an engineering ad-
vantage for the intended application of the data, in that the 
questions of how much temperature drop there is through the 
coating layer and how opaque the coating layer is do not re-
quire separate answers. The data, as reported, give a direct 
measure of the emissive power of the surface as a function of 
the substrate metal temperature. A second advantage is that 
deterioration of the coating-to-substrate bond shows up as an 
apparent drop in the effective emittance of the sample. This 
is due to the fact that, as a coating separates from its sub-
strate, the heat transfer rate from what was once the interface 
to the outer (radiating) surface is reduced, causing a drop in 
temperature of the radiating surface. Thus, although the emit-
tance of the coating might remain high, the net power radiated 
from the outer surface diminishes if the substrate is maintained 
at the same temperature. In endurance tests in which no change 
in emittance is indicated, it is concluded that the coating-to-
substrate bond remained intact. 

Apparatus and Test Procedure 

Total Hemispherical Emittance Rig 

The total hemispherical emittance rig shown in Fig. 1 consisted 
of a vacuum chamber, instrumentation flange, evacuating equip-
ment, power supplies for sample heating, and instruments for 
measuring power and temperatures. 

The test chamber was water-cooled, windowless, of Type 304 
stainless steel, and was 8-in. long by 3-in. in internal dia-
meter. The inner walls were grooved and blackened with cupric 
oxide to provide a low reflectance surface. The instrumentation 
flange, or chamber top cover, is shown in detail in Fig. 2. 
This flange contained the vacuum connections, power feed-
throughs, thermocouple feed-throughs, and specimen support 
assembly. The vacuum equipment consisted of an oil-sealed 
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mechanical roughing pump and cryogenic trap, used during pre-
test bakeout, and a 5 l/sec ion-gettering pump used during 
testing. Vacuum was measured by means of a Bayard-Alpert type 
ionization gauge and also by noting the current in the ion-
gettering pump which is calibrated to indicate the vacuum in 
the pump itself. The specimens were heated by regulated a. c. 
power and control of the power level was by a variable voltage 
transformer in the primary circuit of the specimen power trans-
former. A block diagram of the vacuum and power system for 
this rig is shown in Fig. 3. 

The test specimens were usually coated metal strips approxi-
mately 6-in. long, 0.40-in. wide and 2- or 5-mils thick. The 
substrate metals were usually molybdenum, columbium, aluminum, 
or Type 3IO stainless steel, although other metals occasionally 
were used. The specimens were resistance-heated using the 
substrate material of the strip as the resistance element. 
Additional heat supplied at the ends of the specimen, also by 
direct resistance heating, made it possible to obtain essen-
tially uniform temperature over the entire specimen test section. 
As shown in Fig. 4, each specimen was instrumented with four 
thermocouples and a pair of voltage leads. One-mil chromel-
alumel or platinum-platinum, 10$ rhodium wires were used 
throughout the test. The test section was a centrally-located 
segment of the specimen. It was approximately 1.5 in. long 
and was defined by the location of the voltage leads. The 
wires were resistance-welded to the specimen substrate except 
when aluminum substrates were used. In these tests the wires 
were buried in the surface. Coated specimens were instrumented 
by making scratches through the coating to the substrate so that 
the thermocouples and voltage leads could be attached. A 
schematic drawing of a typical thermocouple installation is 
shown in Fig. 5« 

Specimen width, thickness, and distance between voltage leads 
(test section length), were measured to ±0.0005 in. by means of 
a traveling microscope. A vacuum tube voltmeter accurate to ±1$ 
was used to measure the voltage drop across the test section. 
It was used also to determine the specimen current by measuring 
the voltage drop across a shunt. A slidewire millivolt poten-
tiometer was used to measure the outputs of the various thermo-
couples. The maximum error estimated in these temperature 
measurements is ±0.5$« Therefore, it is estimated that errors 
in the total emittance values resulting from voltage, current, 
and dimension and temperature measurements are no greater than 
±2.5$-rms value. 

In addition to the correction for instrument precision, 
various other corrections have been considered. A brief 
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discussion of each of these corrections follows. 

The correction for chamber wall reflection is estimated to be 
less than 1$, even for the highest-emittance materials. Appli-
cation of this correction would give a higher value of emittance 
than calculated directly from Eq. (l) below. 

In some instances, drift in the calibration of the thermo-
couples was encountered. One of these instances involved the 
use of a chromel-alumel thermocouple welded to a molybdenum 
specimen. This instance led to the use of platinum-platinum, 
10$ rhodium thermocouples in all other tests involving molyb-
denum as the substrate material. Another instance occurred 
using a platinum-platinum, 10$ rhodium thermocouple welded to a 
stainless steel (substrate) tube with a chromium-black coating. 
Although data have not been reported in any case where more 
than ±l/2$ drift was detected, this effect has not been checked 
in every test. Spot checks were made, however, by reinstru-
menting the sample and comparing emittance values before and 
after the change. On the total emittance rig, the standard 
deviation (rms value) of the total emittance data, based on the 
test of a plasma arc-sprayed coating of crystalline boron on a 
molybdenum strip, was 0.7$- On the endurance rig, the standard 
deviation (rms value) of the total emittance data based on the 
test on baron carbide was 0.9$» 

An analysis of the effect of heat conduction losses at the 
extremities of the test section indicates that the correction 
for heat conduction loss generally is negligible for these tests, 
even without compensating end heat applied, when the temperature 
at the center of the specimen is above 1000°F. 

In tests where emittance was measured with compensating end 
heat applied, error on the order of ±5$ from this source alone 
is difficult to avoid as the temperature level is reduced below 
about 350°F, because of the inability of setting indicated end 
and central temperatures precisely equal and because of the 
error in measuring these temperatures. More accurate measure-
ments of emittance at the lower temperatures could be achieved 
by using longer chambers and specimen strips. 

Emittance was determined at temperatures that ranged from 
200°F to 2200°F. For points below 1000°F, supplemental heat 
usually was applied to the ends of the specimen to maintain a 
uniform test section temperature. Each set of data was taken 
when steady-state conditions had been established. In many 
cases, the specimens were maintained for approximately 17 hr 
(overnight) to get some indication of the stability of the 
coatings when exposed to high temperature and high vacuum. 
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When this procedure was followed, all data obtained at tempera-
tures higher than 1450°F were taken after this overnight en-
durance period. Additional emittance measurements were made as 
each specimen was cooled from the maximum test temperature, to 
determine changes, if any, in the emittance vs temperature curve 
due to exposure to high temperature and high vacuum. When 
coatings were tested on aluminum substrates, specimen tempera-
tures necessarily were limited to 900°F and no overnight en-
durance tests were conducted. 

Upon completion of each specimen installation, the chamber was 
baked out for k hr at 400° to ^50°F to remove contaminants. 
During this bakeout period, the system was pumped with the 
mechanical roughing pump in conjunction with the cryogenic trap. 
When bakeout was completed, the roughing pump was valved out of 
the system and the ion-gettering pump valved in. The rig then 
was left to cool to near-ambient temperature before cooling 
water was applied to the chamber walls. When the chamber had 
been pumped down to pressures in the 10"' mm Hg range, the 
emittance test was started. Pumping was continued throughout 
the test to maintain the lowest possible pressure. Emittance 
measurements never were made when pressures were sufficiently 
high to permit a significant amount of energy transfer by re-
sidual gas conduction. 

The following data were taken, from which the total hemispher-
ical emittance of the specimen was determined: 

V-̂ s z voltage drop across the test section of the specimen 
I z current through the specimen 
Tm = temperature measured near the center of the test 

section 

The total hemispherical emittance then can be determined from 
the approximate relationship 

I V 

'th= r* r- U) 

where A^s is the surface area radiating the power (I V-^s), Tw 

is the temperature of the chamber wall, and ̂ jsthe Stefan-
Boltzmann constant. 
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Emittance Endurance Rig 
Another total emittance rig was built for the purpose of 

measuring changes in emittance at fixed elevated temperatures 
which would result from prolonged exposure to high temperature 
and high vacuum. The rig was very similar to the forementioned 
total hemispherical emittance rig except for a few differences 
in the vacuum chamber. It was slightly longer; the inside was 
not grooved; and it was equipped with a window to allow the use 
of an optical pyrometer for temperature measurements. 

Test specimens were coated thin-walled metal tubes 9-in. long, 
l/4-in. in diameter, and provided with a small black body hole. 
An optical pyrometer was used to measure the temperature of the 
black body hole. The specimen was instrumented in the standard 
manner, and thermocouples were used for temperature measurements 
as the specimen was heated to the endurance test temperature of 
l450°F. The endurance tests were usually conducted for periods 
of approximately 3OO hr, or until a stable value of emittance 
was reached, although some samples were tested for longer 
periods of time. 

Spectral Emittance Rig 

A rig that was ordinarily used for spectral normal emittance 
measurements also was used occasionally for total hemispherical 
emittance measurements. The apparatus was similar in appearance 
to the emittance endurance rig,and the test procedure for measur-
ing total hemispherical emittance was essentially the same as 
previously discussed. Coated or uncoated thin-walled metal 
tubes were used as test specimens, and an optical pyrometer was 
used to measure the temperature of a black body hole cut in the 
tube wall. The specimens were heated by d. c. power, and voltage 
and current measurements were made using a millivolt slidewire 
potentiometer in conjunction with appropriate auxiliary range 
resistors. At temperatures below the lower limit of optical 
pyrometers, thermocouples were used. Voltage reversal of the 
power leads in the specimen heating circuit eliminated errors 
in indicated thermocouple output due to minor misalignment of 
thermocouple wires. 

No end heating was provided in either the spectral emittance 
rig or the emittance endurance rig. When measurements were 
made at low temperatures, an analytical technique was used to 
correct for errors in emittance resulting from end conduction 
losses. 

Results 

During the course of the program being discussed, more than 
100 samples were tested. These included a few uncoated metals 
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and many types of coatings on metallic substrates. The substrate 
metals were usually molybdenum, columbium, aluminum, or Type ЗЮ 
stainless steel, although a few coatings were tested on other 
substrates. Testing included l) total hemispherical emittance 
measurements at temperatures from 200° to 2200°F, and 2) en-
durance testing that consisted of measuring total hemispherical 
emittance of materials held at nominally constant temperatures 
for periods varying from 3OO to 9OO hr. Three of the coatings 
tested were applied also to simulated radiator finned-tube seg-
ments for long-term endurance testing (10,000 hr). 

The results of testing of some of the promising coatings are 
presented below. The characteristic curves of total hemispherical 
emittance vs temperature and total hemispherical emittance vs 
time at constant temperature are shown. The data obtained from 
testing of coatings on aluminum substrates are not presented, 
since these results are over a relatively limited temperature 
range. However, in cases where the results obtained on aluminum 
substrates differed from those on substrates of higher melting 
points, these differences are discussed. In some cases, a few 
samples of the particular coating being discussed were tested, 
and inconsistent results were obtained. Where it is felt that 
these inconsistencies were due to nonrepeatability of the par-
ticular coating, only the highest values of emittance obtained 
are shown in the accompanying figures. This was done to give 
an indication of the upper level of emittance for these coatings. 

Occasional differences appear between the emittance values 
quoted at the start of endurance tests and those shown, at the 
same temperature, on the emittance vs temperature curve. These 
differences appear because temperatures were measured with an 
optical pyrometer during endurance tests and with thermocouples 
prior to reaching the endurance test temperature. 

Most of the coatings discussed are applicable for use on 
radiators at temperatures ranging from 5OO0 to 1500°F. However, 
as lower temperatures are approached (and even at 500°F to some 
extent), radiators need low solar absorptance in addition to 
high emittance. The dark color of the coatings discussed in 
this paper indicates that their solar absorptance is probably 
high, and therefore they would be inadequate if the radiators 
ever had to face the sun. For radiators operating at these 
temperatures, an entirely different class of coatings exists 
which are generally white in appearance and have the charac-
teristic of decreasing emittance with increasing temperature. 

For convenience the coatings of interest are divided into 
three general groups 1) oxides of titanium, both single and 
complex, 2) oxides of nickel, iron, and chromium, and 3) a 
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miscellaneous group consisting of boron, boron carbide, silicon 
carbide, and acetylene black. 

pxides of Titanium and Titanates 

Titania 

Plasma arc-sprayed coatings of titania were tested on stain-
less steel and aluminum substrates. Some of the samples were 
coated by Metco Inc. (using Metco XP 1114 titania powder), and 
the others were coated at Pratt & Whitney Aircraft using 
Plasmadyne Corporation "titania base" powder. Spectrographic 
and x-ray diffraction analyses of the latter showed it to be 
mostly titania with small amounts of other oxides present. 

The emittance characteristics of the two coatings are very 
similar and are shown in Fig. 6 as a single line. When the 
coatings were sufficiently thick to be opaque (about 3 mils) 
the emittance level was usually high, 0.84 or greater. However, 
in most cases, the material spalled off the stainless steel 
substrates when subjected to thermal shocks or repeated thermal 
cycling. Long exposure to high temperature and high vacuum did 
not cause any drastic changes in the emittance level of either 
of the two samples that were endurance tested, as shown in 
Fig. 7, but both coatings failed when they were cooled at the 
conclusion of these tests. It is believed that the % drop in 
emittance which occurred during one of these tests was due to a 
gradually increasing partial separation of the coating from the 
substrate resulting from the large difference in coefficients 
of expansion of the substrate and coating. Although bonding 
appears to be a problem this material might be a very good 
choice as a coating for radiators made of materials with much 
lower coefficients of expansion than that of stainless steel, 
columbium, for example. 

Titania-alumina mixture 

A mixture of 50$ titania and 50$ alumina obtained from Metco 
Inc. (Metco XP 1121), was plasma arc-sprayed onto several 
aluminum and stainless steel substrate samples. Some of the 
coatings were applied at Metco, and some were applied at Pratt & 
Whitney Aircraft. 

This mixture is very promising as a potential radiator coating. 
The emittance level of the coating is high, as shown in Fig. 6, 
and no change in emittance occurred during a 300-hr endurance 
test at l450°F, as shown in Fig. 7. The pressure level through-
out this test was less than 1 x 10"^ mm Hg. The coatings never 
spalled off the substrates in any of the emittance tests or during 
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endurance tests. 

A significant amount of nonrepeatability of the emittance 
characteristics of this mixture limits its use as a radiator 
coating at the present time« This nonrepeatability may be 
attributable to many possible differences in coating composition 
from one batch of the mixture to another. For example, the 
alumina may be present as alpha or gamma alumina; aluminum 
titanate may be present to some extent (after spraying); or the 
percentages of the titania and alumina may vary. It is felt 
that additional testing of high-purity mixtures of these 
materials can determine the cause of the nonrepeatability. Once 
this cause is established, the parameters affecting emittance 
may be varied to obtain the highest emittance level for this 
mixture. Subsequent good quality control should make this mix-
ture a very good radiator coating. 

Calcium titanate and strontium titanate 

Plasma arc-sprayed coatings of calcium titanate and strontium 
titanate were applied to stainless steel strips by Metco Inc. 
The emittance characteristics of the two materials were almost 
identical (Fig. 8). In both tests the emittance increased when 
the samples were maintained at l450°F for approximately 17 hr 
at high vacuum conditions. Since thermocouples were used to 
measure temperature in both of these tests, new thermocouples 
were installed when the tests were completed, and the tests were 
run again. In both cases, the data obtained with the new thermo-
couples agreed with the data obtained using the old thermo-
couples after the 17 hr at l450°F. This eliminated the possi-
bility of erroneously high values of emittance due to thermo-
couple contamination and proved that the observed increase in 
emittance actually took place. 

Since the changes in emittance that occurred are probably 
the result of a phenomenon that is a function of temperature, 
time, and vacuum level, it is difficult to determine whether 
these changes would occur at temperatures that would exist when 
aluminum radiators are used. However, since the emittance 
levels were higher than 0.8 before these changes occurred, these 
materials are still interesting for aluminum radiator tempera-
tures as well as for higher temperatures. For higher tempera-
ture radiators, when these changes can be realized by preheating 
before test, the very high emittance level (0.88 to 0.9) makes 
these two materials excellent choices for radiator coatings. 
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Oxides of Nickel. Chromium, and Iron 

Chromia 

Coatings of chromia, applied by the Linde Flameplating Company 
using their Plasmarc process, were tested on molybdenum and 
columbium substrates. During the testing of the coated molyb-
denum sample, several changes took place (both increases and 
decreases in emittance). An x-ray diffraction analysis of the 
coating before and after test showed no change in the coating 
material. The vacuum level during this test was not as good as 
in most tests, and, since some of these changes may be related 
to the environment, it is difficult to determine the cause of 
the changes that occurred. The second sample tested was a 
coating on a columbium tube. The total hemispherical emittance 
of this sample is shown in Fig. 9. A 900-hr endurance test at 
l450°F showed a decrease in emittance from 0.84 to 0.79 during 
the first 50 hr, an increase back to 0.84 during the next 3OO hr, 
and a value fluctuating between 0.84 and 0.825 during the re-
mainder of the test, as shown in Fig. 10. The vacuum level 
during the first part of the test was not as good as that in 
the remainder of the test. An x-ray diffraction analysis after 
test showed the material to be chromic oxide. 

Since the changes in emittance which were observed during 
these tests may or may not occur in space, depending on their 
causes, additional testing is necessary to determine the causes 
of the changes before this coating can be used on spacecraft 
radiators. 

Rokide C 

Rokide C, which is primarily chromia (about 83$) with most 
of the remainder consisting of silica, alumina, calcia and 
hematite, was applied to a stainless steel tube at Pratt & 
Whitney Aircraft. The coating has a high emittance level 
(Fig. 9) ап& withstood an endurance test at l450°F for approxi-
mately 300 hr with very little change in emittance (Fig. 10). 
The only change noted was a slight increase in emittance during 
the first 100 hr. This change took place as the vacuum level 
changed from approximately 1 x 10"^ mm Hg to 2 x 10"9 mm Hg. 
No significant changes in vacuum occurred during the remainder 
of the test. Although further testing is necessary to determine 
the cause of the increase in emittance, this coating is one of 
the more promising for use on radiator materials, such as beryl-
lium or copper, which have coefficients of expansion similar to 
that of Type 310 stainless steel. 
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Chromium black 

A coating that is designated as "chromium black" at Pratt & 
Whitney Aircraft was electroplated onto tubes of various sub-
strates by a variation in the method described in Ref. 7« At 
the present time, this coating is still a laboratory curiosity, 
However, since it has a very high emittance level, it may, in 
the future, be a very useful radiator coating material, and 
thus it warrants discussion at this time. 

Coatings that have been obtained to date have been very good 
when applied to tubes, but very poor when applied to flat sur-
faces. Emittance values higher than 0.9 were obtained for a 
coating applied to a stainless steel tube. This sample was 
tested for 300 hr at 1^50°F and a vacuum of approximately 
5 x 10~7 mm Hg with no change in emittance. The test was con-
tinued for an additional 300 hr at 1550°F, during which time 
the emittance dropped from 0.92 to a stable value of O.85. 
This drop was accompanied by a change in the color of the coat-
ing from black to green. A second sample was tested, using a 
nickel tube as the substrate, for approximately 800 hr at l450°F, 
during which time the emittance dropped from 0.91 "to 0.89. The 
emittance data for these coatings appear in Figs. 9 а ^ 10. 

If the difficulties of application can be overcome, this 
coating probably will be very desirable for radiators that will 
operate at temperatures below 1^50°F. The coating can be applied 
to any material that can be plated with nickel or chromium. 

Oxidized Type ЗЮ stainless steel 

A stainless steel tube that had been grit blasted and then 
oxidized in air for 1 hr at l800°F was the best of three oxi-
dized Type 310 stainless steel samples tested. The emittance 
increased from 0.74 at 300°F to O.83 at li+50°F. This increase 
with increasing temperature possibly may be due to the coating 
not being fully opaque because of insufficient thickness. No 
significant change in emittance occurred during the course of a 
330-hr endurance test. The emittance data for this sample are 
shown in Figs. 11 and 12. 

Although stainless steel probably never will be used as a 
radiator material due to its low thermal conductivity and high 
density, the high emittance and good high temperature - high 
vacuum stability of the oxide makes it an interesting radiator 
coating. Wade2'3 has shown that oxides of several other alloys 
also have high emittance. If powders of these oxides can be 
obtained, they can be applied by some of the other coating 
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methods used, such as plasma arc spraying or aluminum phosphate 
bonding. This group of materials could prove to be exception-
ally good as radiator coatings, 

Lithiated and oxidized nickel powder 

Coatings of lithiated nickel oxide were prepared by spraying 
a sodium alginate slurry of nickel "C" powder onto stainless 
steel substrates, sintering the samples in a hydrogen atmosphere 
for i+5 min at l830°F, impregnating the samples with lithium 
hydroxide, and then oxidizing them in air for 30 min at 1290°F. 

Coatings from two groups of samples were tested. The first 
tested, which was on a stainless steel strip, had an emittance 
that was relatively constant at about 0.84 from 300° to 1̂ 50°F. 
However, after a 21-hr period at l450°F, the emittance dropped 
as the sample was cooled below 1100°F. Examination of the 
sample after test showed that the lithium content of the coating 
had changed from 0.20 to 0.12$ and that the coating had become 
less black in color. Photomicrographs of the sample showed a 
considerable number of void areas at the coating-substrate 
interface and throughout the coating after test. 

The second sample, which was applied as a coating on a stain-
less steel tube, also had an emittance of approximately 0.84 
from 300° to l450°F. After being heated to l450°F, the sample 
was maintained at this temperature for 375 n**. The emittance 
decreased by about 4$ during the first 70 hr of testing and 
remained constant for the next 100 hr. It gradually returned 
to its original value during the next 90 hr and remained at 
this value for the last 210 hr of the test. A post-test ex-
amination of the sample showed that a small amount of unoxidized 
nickel that had been present at the start of the test had become 
oxidized during the test, even though the vacuum level was at 
least 1 x 10"" mm Hg throughout the test. Visual inspection 
and the lack of a drop in indicated emittance during the test 
indicated that the coating had remained well bonded to the 
substrate throughout the test. The emittance data for this 
sample are shown in Figs. 11 and 12. 

This material appears to be a very good space radiator coat-
ing for temperatures that do not exceed l450°F. However, the 
process used to coat the samples tested precludes the use of 
many radiator substrate materials (e.g., Be, Al, Cu), since it 
would require heating the radiator to temperatures higher than 
the melting points (or softening points) of these materials. 
Thus, alternate methods of applying this coating will have to 
be developed before this coating can be used for practical 
applications. 
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Nickel-chromium spinel (with si-lica) 

An aluminum phosphate-bonded mixture of nickel-chromium spinel 
(NiOC^Oo) and silica was applied as a coating on several 
stainless steel and aluminum substrates. The coating procedure 
was very similar to that described in Ref. 6. Some of the 
coatings obtained had very high emittances (O.87 to 0.88). Non-
repeatability qf the coatings produced variations in emittance 
level, for coatings of similar thickness, of about 10$. Many 
variables in the coating composition and procedure could account 
for this. One of the more significant parameters appears to be 
the completeness of formation of the spinel from the reaction 
of nickelous oxide with chromic oxide. The emittance of a 
typical sample is shown in Fig. 11. 

It was found that some difficulty exists in obtaining a 
coating that will remain bonded to stainless steel when sub-
jected to thermal cycling or prolonged exposure to high tempera-
ture. Two samples were endurance tested at l450°F. The first 
was tested for 350 hr. The emittance dropped from 0.86 to O.78 
during the first 200 hr and stayed at this level for the re-
mainder of the test. Evidence of spalling, noted on removal 
of the sample from the test apparatus, showed that the indicated 
drop in emittance might have been due to partial separation of 
the coating from the substrate at the beginning of the test. 
The second sample was tested for 550 hr at this temperature. 
Although the level of emittance of this sample was lower at the 
start of the test than that of the first endurance sample 
(Fig. 12), it is important to note that no significant change 
in emittance was observed during the test. This absence of a 
drop in emittance indicated that the coating remained well 
bonded to the substrate throughout the test. When the sample 
was removed from the rig, the coating was still well bonded to 
the substrate. 

This mixture was applied to a finned-tube radiator section 
for a long term endurance test. The test section was heated 
until a fin root temperature of 700°F was reached. The section 
was then maintained for 13000 hr at constant power input to the 
specimen heater in a vacuum of approximately 10"° mm Hg. No 
significant changes in temperature were noted during this test, 
which indicated that the emittance of the coating did not change 
during this 13000-hr period. 

Silicon Carbide, Boron, Boron Carbide and Acetylene Black 

Silicon carbide (with silica) 

Coatings of an aluminum phosphate-bonded mixture of silicon 
carbide and silica were tested on aluminum and stainless steel 
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substrates. Although a certain amount of nonrepeatability 
existed, the emittance level of most of the coatings tested was 
greater than 0.86. In each of two tests of this coating on 
stainless steel substrates, the coating spalled off before the 
endurance test temperature of li-50°F could be reached, and con-
sequently no endurance tests were made. However, this coating 
was applied to an aluminum finned-tube radiator test section 
for long-term endurance testing. At the time of writing of this 
paper, the test section has been maintained in a vacuum of 
approximately 10"" mm Hg for approximatelyH000 hr with a fin 
root temperature of 700°F and with no apparent change in emit-
tance. The coatings tested on stainless steel both had a 
relatively constant emittance of approximately 0.88 over the 
entire temperature range tested, 500° to 1300°F (Fig. 13). 

For low temperature (aluminum) radiators, this is one of the 
best coatings that has been tested in this program. For higher 
temperature applications, however, the problem of bonding is 
still a critical one. Since experience with the aluminum 
phosphate-bonded nickel-chromium spinel coatings indicated that 
the bonding of aluminum phosphate coatings with a large amount 
of silica to some substrates is difficult although achievable, 
the possibility still exists that this mixture can be bonded 
to substrates that must operate at temperatures of the order 
of 1300° to 1450°F. Future testing of this type of coating 
should include also the use of no silica or of smaUar amounts 
of silica (the presently discussed coatings had fillers of 6o$> 
silica and kOfjo silicon carbide). 

Crystalline boron 

Several coatings of crystalline boron, applied by the Linde 
Plasmarc process, were tested on molybdenum and columbium 
substrates. In each test on a molybdenum substrate the entire 
coating separated from the substrate. This separation is be-
lieved to be caused by the differences in coefficients of 
thermal expansion of boron and molybdenum and the presence of 
thermal shocks during testing. The coating tested on columbium 
remained intact, although there was evidence of a small amount 
of partial separation. The emittance values obtained prior to 
coating separation for all of the specimens tested were very 
high. Typical results, as shown in Fig. 13, indicated a con-
stant emittance of approximately 0.88. 

This coating does not appear to be practical, at present, 
due to its tendency to spall. It also is very difficult to 
spray by means of a plasma arc due to the light weight of the 
particles. However, due to its very high emittance, it should 
be considered for future use. 
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Boron carbide 

Boron carbide was applied to molybdenum strips by two 
methods, plasma arc spraying (Linde Plasmarc process) and by 
the use of Synar (a colloidal silica binder). Tests of the two 
types of samples produced almost identical results, emittance 
between 0.75 a^d 0.8o at most temperatures. Endurance testing 
of these samples showed good endurance characteristics at 
temperatures up to 1^50°F. The emittance data for both of 
these samples appear in Figs. 13 and Ik. 

Other investigators^" have reported higher values for Synar-
bonded boron carbide. It is unfortunate that an adequate com-
parison of these results cannot be made, since the higher values 
were obtained during testing in air and the present tests were 
performed in vacuum. Since it is known that boron carbide 
oxidizes rapidly in air at elevated temperatures5, it is pos-
sible that the samples tested in air contained significant 
amounts of boric oxide or borosilicate glass. 

Acetylene black 

A xylol suspension of acetylene black suppled by Acheson 
Colloid Company as Dag EC 1652 was tested on stainless steel 
substrates. The emittance usually was found to be very high 
(approximately O.9O at high temperatures), but a bonding problem 
exists. During the course of a 750-hr endurance test, a thermal 
shock caused a considerable amount of spalling of the coating. 
The emittance data for this test appear in Figs. 13 and Ik. 

Although obtaining a good bond to the substrate precludes 
the use of this particular form of an acetylene black coating, 
the high emittance level warrants additional attempts to obtain 
high quality acetylene black coatings by other coating methods. 
Some preliminary samples of aluminum phosphate-bonded acetylene 
black coatings prepared at Pratt & Whitney Aircraft indicate 
that good coatings may be obtained by this method. 

Summary and Conclusions 

Of the many samples tested in this program, several materials 
have been found with high emittance and good high temperature 
stability at high vacuum conditions. The better coatings can 
be roughly divided into three groups, 1) single and complex 
oxides of titanium or binary oxide mixtures with titania as one 
of the two constituents; 2) oxides of iron, nickel, and chro-
mium (single and complex), grouped together because these 
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materials are frequently found together in many alloys; and 
3) a miscellaneous group that includes carbon, certain carbides 
and boron. 

Some of the coatings appear to be useful for specific applica-
tions without any further investigation.A considerable amount of 
testing is necessary before the majority of these coatings can 
be useful for most practical applications. The two areas that 
need the most attention are obtaining good coating-substrate 
bonds that will remain intact for long periods of time and 
better understanding of the variables in coating composition 
which may affect emittance. Work in this latter area is 
necessary in order to eliminate the nonrepeatability that 
exists with coatings that would be excellent otherwise and also 
to obtain the highest level of emittance for a particular 
coating material (or mixture of materials). 

Two coating methods that have proved successful are thermal 
spraying (plasma arc, Rokide, etc.) and aluminum phosphate 
bonding. With the use of these two methods a very large number 
of materials may be applied to most substrates. 
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