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FOREWORD

This is . the summary technical report describing work
performed by the Research and Development Division of Engelhard
Industries, Inc., under Contract No. AF 33{616)-7849 for the
Air Force Materials Laboratory, United States Air Force. This contract
was initlated under Project No. 7340, "Nonmetalliec and Composite
Materials," Task No. 734007, "Coatings for Energy Utilization, Control
and Protective Functions." Mr. James H. Weaver of the Nonmetallic
Materials Divislion served as project engineer,

This report covers work conducted from 1 February 1962 to
30 April 1963 under Part II of this contract. Work conducted
previously has been published as ASD-TDR-62-92, Part I. 1In the
interest of brevity, none of the materlal in the Part 1 report
wlll be repeated here.

The investigation was conducted by Reobert C. Langley,
James S5, Hill and Henry J. Albert, all of the Research and
Development Division. Most of the samples were prepared by
Edith Verlezza of the Hanovia Liguid Gold Division and her work
1s hereby acknowledged.

ReTlectance measurements 1n the visible and near Infra-red
were made by a sub-contractor, Electrical Testing Laboratories,
Inc., of New York City. The authors wlsh tc acknowledge the
asgistance of Mr. Roger Keith of the University of Dayton
Regearch Institute 1n c¢btalning reflectance measurements over
the range of 1.5 to 15,0 microns.



ABSTRACT

In this research 1t was found that a film, about 1250
angstroms thick, of gold, rhodium and oxides of bismuth, barium,
chromium and silicon could be reproduclbly obtained on a variety
of diffusion barriers on Inconel. This was done by a single
brush or spray applicaticn of an crganic scluticon, folleowed by
thermal decomposition in the air.

Total reflectance measurements before and affter samples
were subjected fo elevated temperatures In high vacuum 1ndicate
that on vacuum depcsited cerium oxide the gold-plus-oxides film
ig essentlally unchanged after 50 hours at 800°C in a vacuum of
0.3 x 1075 torr. Under the same condltions of time and vacuum
at 600°C, the f£ilm is unchanged over diffusion barrlers obtained
from National Bureau cof Standards Frit A-418 and over films
of cerium oxide abouf 1000 angstroms thick obtalned by thermal
decompesition of organic compounds.

Reflectance of the fllm at wavelengths below 1.5 microns can
be decreased by overcoating with a film of aluminum oxide
about 1000 angstroms thick obtained by thermal decompesiticn of an
organic soluticn of aluminum.

Solar collector surfaces having good stability at elevated
temperatures in a space environment can be easlly produced by
the methods used in this Investigation.

This technical documentary report has been reviewed and

is approved.

M. KELBLE, Chief
Elastomers and Coatings Branch
Nonmetallic Materials Division
Air Force Materials Laboratory
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I INTRODUCTION

In Part I c¢f this research, a gold film contalning rhodium
and oxides of blsmuth, barium, chromium and silicon was developed
on glass. OSpecular reflection measurements indicated that this
film absorbed energy of wavelengths shorter than 1.5 mlcrons whlle
reflecting as well as pclished alumlnum in the range of 1.5 to 15
microns. These optical properties make the film potentially useful
in converting sclar energy to heat 1n space since they 1ndicate a
combination of high sclar absorptance together with low total
hemispherical emlttance. A detalled discussion may be found in
the literature. 1’2

One goal of the current:investigatlon was to apply the most
promising trial (identified as Solution No. 94) developed in
Part I by practical methods such as brushing or spraying in
place cof the splinning technlgque used 1n Part I, without logs of
desirable optical properties, :

Another goal was to apply fthe coating con a metallic sub-
strate capable of continuous operation at elevated temperatures.
Inconel was chosen and this meant that a diffusicn barrier suited
to this substrate must be used to prevent failure of Film No. 9i,
Macklin, Withers and Schatz® had found that NBS Frit A-418,
nickel oxide, cerlum oxlde and sillicon monoxlde were promisling 1n
preventing diffusion between Inconhel and pure gold fllms at
glevated temperatures and 1t was declded to emphasize these mate-
rials in an attempt to make a laminate of Film No. 94 - diffusion
barrier - Inconel capable of operating, without change in optical
properties, for 50 hours at 800°C in a vacuum of 5 x 10 ° torr.
The temperature range criginally specified in this task was 250
to BOO°C but early in the investigation emphasis was changed
toward the upper 1limit since diffusicn problems are minor at
low temperatures.

Glass was used as the substrate to determine a reproducible
technigque for applying Solution No. 94, Once a method had been
chosen, 1t was used for the production of Inconel samples on
which diffusion barriers had been appllied by varlious techniques.
Vacuum deposition was used for the application of silicon
monoxlde and cerium oxide. Flame spraying was used to apply
alumlnum oxide and was also tried, without succesgg, with zirconium
oxide. Frit A-418 was applied by the usual method of spraylng
from a water slurry while other frits were applied by the dry
powder method. Nickel oxide was applied by electroplating
nickel on Inconel and heating in alr to form nilckel oxide.

Manuscript releaged by authors April 1963 for publication as
an ASD Technical Documentary Report,
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Aluminum oxide, cerlum oxlde and nickel oxide were also
applied by a novel method. Organic sclutions of organlc compounds
of these metals were made and were sprayed on Inconel, Firing in
air to 600°C gave very thin films of the oxides. This proved to
be a practical application method and films of aluminum oxide and
cerium oxide about 1000 Angstroms 1n thickness were effective
diffusicon barriers,

At a meeting wlth the project englneer 1n May 1962, a change
to very thin diffusion barriers was agreed upon, so thermal
decomposition of metallo-organic compounds assumed greater import-
ance. This change made the surface finish of the Inconel much
more critical than when substantial films (e.g., several mils) are
used as diffusion barriers. A considerable part of the effort was
given over tc investlgatlng Inconel finishing techniques suited
to our goals.

As samples of Film No. 94 -~ diffusion barrier - Inconel
were made, reflection of Film No. 94 was measured. All measure-
ments made in Part I of thils work were of specular reflectlon.
Since the substrate was glass, the gold fllm was a mirror and
these measurements were valld. Early in thls investigation, it
was found that on most diffusion barriers the thin gold film had
a substantial element of non-specular reflection so a change to
total reflectance measurements was made. All measurements over
the range of 430 to 1100 millimicrons given in this report are
of total reflectance in terms of magnesium oxide having a reflect-
ance of 0.98.

After measurement the samples were heated for 50 hours at
varying temperatures in a vacuum of 0.3 x 1075 torr and reflectance
was again measured. Those samples showing no significant change
in reflectance were condidered stable at the test temperatures.

Toward the conclusion of the investlgation, a few trials
were made toward increasing the thermal stabllity and the solar
absorption of Film No. 94 by overcoating it with a transparent
film of aluminum cxlde, Schatz and McCandless® have reported
succegs with vacuum evaporated films of aluminum oxide and other
dielectrics over pure gold films., Our approach was the spray
application of an organic solution of aluminum followed by thermal
decomposition to form aluminum oxide. Results were enccuraging
and 1t appears that reflectance of Flim No. 94 below 1.5 mlcrons
can be decreased significantly in thils way without great decrease
in reflectance in the 1.5 to 15.0 microns range. This may have
particular importance since Film No. 94 was developed sclely by
emplrical methods whille quarter wavelength layers to obtain
selectlve anti-reflection can be calculated from firmly estab-
lished theory. Papers by Cox, Hass and Rowntree® and Young® are
typlical of the large literature on this subjJect.



ITI EXPERIMENTAL
Brush and Spray Application of Solution No. 94

At the start of this investlgation 1t was considered that
cptical results reproducing those obtainable by the spilnning
technique with Sclution No. 94 should be posslble with brush or
spray applicatlon., To achleve this, it was thought that a
mechanlcally controlled spray gun mlght be used or that a color
standard might be established for contrclling thickness of wet
appllcation.

To determine reproducibility of samples made by sprayilng, a |
soluble red dye was added to Sclution No. 94 and the dyed solution
was sprayed heavy, medium and light on flat soda-llme glass. The
operator attempted to make each class uniform by Judging the color
of the wet applicatlion. In thils way all samples 1n the "light"
group appeared of uniform color and lezs intense in coler than
those called "medium"”. Twelve samples were done in each group;
two samples were retained unfired as possible standards and the
remaining ten 1n each group were fired to 6C0°C in air through a
continuous lehr on a standard cycle of 1.5 hours.

After firing, an attempt was made to distinquish between the
light, medium and heavy groups by measuring electrical reslstance
with a portable ohmeter. All were g0 conductive that no ready
distinction was possible with the instrument used. Three samples
were chosen at random from each group and total reflectance cof
these nine samples was measured over the visible range using a
G. E. recording spectrophotometer and a maghesium oxlde standard.
Excellent reprcduciblility was found among the three samples in
each group and good reproducibility was found among groups. Figure
1 gilves curves for the three samples of the "medium” group measured
and Figure 2 gives curves chosen at random from all three groups.

Another group of 3& samples was made using dyed Soluticn No.
94 applied to flat glass by brushing "light", "medium" and
"heavy" applications. After firing in air on the standard cycle,
four random samples from each group were measured for total
refliectance over the vislble range. Excellent reprocducibllity
was found within each group and there was goocd reproduclbility
among the three groups. Flgure 3 gives curves for the four
samples measured from the "medium" group.

Productlon of over 200 further samples by brushing Solutlon
No. 94 in "medium" application over a wide variety of diffusion
barriers gave no difficulty in obtaining reproducible optilcal
results., It was found that the additicn of red dye was nct
necessary for a moderately skllled technician to obtaln
reproducibility of wet application.
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Surface Pinish of Inconel

Thin (50 mils) Inconel, two Inches square, was used for
almost all of the sample preparation. In early work, when
substantilal flame sprayed coatings cof alumlinum oxide were used,
thin Inconel tended to warp so 0.25 inch thicknesses were used,
Before emphasis shifted to very thin diffusicn barriers, the
Inconel was cleaned by degreasing with succesgssive washes of
carbon tetrachlorlide and benzene and sandblasting was then the
only surface treatment before flame spraying or application of
frit.

Since gome of the diffuslion barriers would have thicknesses
of less than 1000 Angstroms, various means were trled to obtain
a surface finish on Inconel close to that found on glass, i.e.,
about 0.5 microinch. Single grinding with a silicon carbide
wheel gave a finish of 30-45 microinches. These measurements
were made on a Micrometric Profilometer. Dcuble grinding with
a fine grained alumina wheel used after the silicon carbide
wheel gave a surface finlsh of 5-11 microinches, Electropolishing
of doubly ground samples produced a surface of 3 mlcroinches but
due apparently to preferential etching, the surface was left wilith
pits, furrows and spongy areas and was not suitable for use wlth
thin diffusicn barriers.

A finish of 4 mlcroinches was obtained when doubly greound
samples were buffed. Thls technigue was expensive, and apparently
a tenaclous film of rouge remained on the Inconel and thils gave
difficulty in subsegquent coating.

Rolled gamples were honed and this gave a surface finish of
2-4 microinches which took coatings well. To allow a choice to
be made between honing and double grinding, Inconel prepared by
both methods was coated wilth nickel oxide, aluminum oxide and
cerium oxide diffusion barriers. These fllms were about 1000
Angstroms thick. Gold film No. 94 was developed over these
diffusion barriers 1n a film about 1250 Angstroms thick. Tectal
reflectance of the samples was then measured over the visible
range. There was no significant difference between the samples
in the three groups. Figures 4 and 5 show that reflectance
curves of Film No. 94 over aluminum oxide on both honed and
doubly ground Inconel are identilcal.

Diffuslion Barriers - Frits

Pfaudler Frit No. 53 was ground fto a particle size of less
than 10 microns and applled to Inconel by spraying a slngle coat
from an alcohol-water suspension and firing at 880°C. This frit
was also appliled to Inconel by slfting three coats of the frit
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on to dry Inconel and firlng each coat at 880°C., Spray applica-
tion gave a frit thickness of .002" while the dry powder method
gave a thickness of .015". Solution No. 94 was brushed on these
samples and developed on the standard firing cycle of 600°C. To
deftermine reaction of the frit as the melting polnt was approached,
Sclutlon No. 94 was also developed over 1t at T00°C and at 800C°C,
The gold film developed at 600°C was of normal appearance and
almost specular on this glossy frit. At 700°C an incipient
crazing of the gold was noted and at 800°C a definite crazing of
the gold coatlng appeared. Figure 6 glves total reflectance of
Film No. 94 developed at 600°C cver Frit No. 53 having a thick-
ness of ,015".

Several specimens were coated with Pemcc Frit No. P 279 by
the dry powder method and fired at 600°C. A sample was alsc made with
P 279, to which 5% of chromic oxide had been added. Frit thickness
in all cases was held to about .005". PFilm No. 94 was developed
on these samples at the usual firing temperature of 600°C before
this approach was discontinued because cf the low melting point of
this frit.

Pemco Frit Ne. 23C was trled because it has a melting point
of 1050°C but adherence was obtalned cnly in localized areas on
sahdblasted Inconel.

Naticnal Bureau of Standards Frit A-418 was prepared as
described in ASD-TR-61-5 except that grinding time was 1lncreased
to 120 hours to produce g powder flner than 5 microns. Thils was
suspended 1n water, sprayed on sandblasted Inccnel and fired at
1010°C for three minutes. Film thickness was .001". Solution
No. 94 was brushed on several samples made in this way but after
firing it was found that there was electrical resistance of only
10 cohms between gold film and Inconel,

Throughout this investigation, Solution No. 94 was brushed
over all diffusion barriers with care taken to avold contact with
exposed Inconel at the edges. Low electrical resistance between
the fired gold film and Inconel was taken as an indicatlon that
the diffusion barrier was elther too thin generally or that it
contalined volds.

About 20 samples were glven twc coats of A-418 and two
firings at 1010°C and it was found that frit thilckness could
be held close to .002". When Film No. 94 was developed over
these samples, electrical resistance between gold and Inconel was
usually 1,000,000 ohms or higher. We took this as an indilcation
that Frit A-418 would not be an effective diffusion barrier when
used In less than this thickness.

Fifteen samples of Film No, 94 - A-418 - Inconel were
measured for total reflectance over the range of 430 to 1100
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millimicrons. In all cases the frit was .002" thick. Reproduc-
ibility was very good. Three samples were measured for total
reflectance over the range of 1.5 to 15.0 microns. Reproducibllity
was excellent and the samples had slightly better refleectance

than the standard, an electropollshed aluminum mirror. These

data are given later.

Diffusion Barriers - Flame Sprayed

Because warping of thiln Inconel presented a problem, all
mmples made by the flame spray technlque had 0.25 inch Inconel
as substrate. Alumlnum oxlde from alumina spray rod and from
powder having a density greater than 98% of theoretical, was
applied from an oxyacetylene torch. Twenty-two samples were made
with alumina thickness ranging from .005" to .Q4C". The alumilna
appeared to adhere well and no scaling was observed after heatling
toc 600°C in alr. The surface roughness of the alumina ranged from
600 to 800 microinches, and grinding was necessary because of the
very thin film {about 1250 Angstroms) obtailned from Solution No,
g4, A diamond impregnated wheel was used 1n the grinding operatilon
and best results were obtalned when an initlal alumlna thickness
of .020" was greound to .010". Surface roughness then varied from
30 to 80 microinches.

Most of the alumina samples made by flame spraylng were
very porous and Solution No. G4 was absorbed immediately upcn
application. After firing on the standard 600°C cycle, a purple
8tain, rather fthan a gold fillm resulted, This stain was not
electrically conductive and conflrmed the impression that the
wet application had been absorbed. A second coat of Solution No.
04 was applied to one of the samples. After firing there was
some Improvement but the film was conductive only in cne small area.
An attempt was made to seal the surface pores of several samples
by coating with s concentrated solution of aluminum nitrate and
firing to 1000°C in air. When Solution No. 94 was brushed on
these samples 1t was absorbed to a lesser extent than on alumina
sampleg not treated with aluminum nifrate, but the fired filims
obtained were still purple and non-conductive.

On one flame sprayed alumina sample, Solution No. 94 gave
a gold film of uniform appearance after a single brushed applica-
tion was fired to 600°C., This film was conductive and when
measured for reflectance over the range of 430 to 1100 milli-
microns gave a curve similar to that of Film No. 94 on other
diffusion barriers. No reason for the apparent low porosgity
of this alumina film was found before the flame spray approach
was dropped because of the thickness of the diffusion barriers
obtalined by thils technique.

Several attempte to flame spray zirconium oxide were not
successful as poor adherence could not be overcome.
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Diffusion Barriers - Electroplated

Previous workers (Ref. 3) had found nickel oxide a promising
diffusion barrier between pure gold and Incconel. Eight pileces
of Inconel were chemically cleaned and electroplated with nickel to
a thickness of .0001". The nickel fi1lm was then converted to
nickel oxlde by heatlng in air at 800°C for 48 hours. None of
the samples had any surface conductlivity. Film No. 94 was
developed over the nickel oxide 1n the usual way and reflectance
measurements over the 430-1100 millimicrocn range gave the usual
curve. It was found that electrilcal resistance between gold film
and Inconel was low, about 6-10 ohms, on %this group of samples.

Because gold does not alleoy to any significant extent with
rhodium, 1t was thought that a thin rhodlum electroplate on
Inconel might prevent diffusion between Film No. 9% and Inconel.
4 flash coating of rhodium was electroplated on honed Inconel.
Film No. 94 was developed over the rhodium by firing on the
standard cycle, and had the usual reflectance values over 430 to
1100 miliimicrons.

Diffusion Barriers - Vacuum Deposited

Five honed Inconel samples were coated with cerium oxide
by the vacuum technique described in Reference 3. Thls was done
by the Research and Development Division of Amerlcan Machine and
Foundry Company under the supervision of DPr. E. A, Schatz. The
cerium oxide coatings varied from 0.6 to 9.1 mg/cm®. The surface
of the thinnest sample and of a sample having 3.4 mg/cm2 was
gsemi-bright while samples having thicker coatings were matte. As
Solution No. 94 was brushed on these samples, there was some in-
dication of abscrpticon by the cerium oxlide, indicating a porcus
structure. After firing at 60C°C, Film No. 94 was conductive on
all five samples and there was very little electrical resistance
between gold and Inconel. Reflectance values showed good
reproducibility and the thinnest and thickest cerium oxide samples
gave almest identical curves.

Eight doubly ground Inconel samples were coated wilith silicon
mcnoxide by the vacuum fechnique. Film thickness was held between
1.0 and 1.5 mg/em®, a range which proved useful to previous workers
(Ref. 3). After develcpment of Film No. 94, it was noted that
electrical resistance between gold and Inconel was only 30 to 40
ohms. Three of these samples had a curious type of fallure; after
firing of the gold f1lm on the usuzl cycle, fThe samples appeared
nermal but within 4 to 5 days both diffusion barrier and gold
films had flaked off simply on standing at room temperature. Thils
flaking covered from 75 to 95% of the surface of each sample.

The Inconhel exposed was perfectly bright and had no evidence of
surface oxidation. The small slze of the flakes and thelr shape
did not suggest spalllng due to differences in expansion, and

this is not usually a problem when very thin films are invclved.
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Three of the silicon monoxide samples were measured fof '
total reflectance and the usual curve of Film No. 94 was obtained
wlth good reproducibllity among the samples, ‘

Diffusion Barriers - Thermal Decomposltion of Metallo-Organics

In Part I of this research, about 40 metals were made
organlic soluble by putting them 1n the form of metallo-organic
compounds., Thils was done to allow addltlon of them in minor
amounts to an organlc gold solution. These organic compounds of
base metals are usually carpboxylates or alcoholates but they are
commonly called re51nates". Details of their manufacture may
be found in Ballard’ or Morgan and Wagner®.

In this 1nvestigation, the use of very thin oxide fllms
obtained by the thermal decomposition of metallic resinates
seemed a gcod approach to dlffusion prevention and organic solu-
tlons of aluminum, nickel and cerium were made. These were
formulated tc have flow, viscoslty and drying properties suitable
for spray application. Table 1 gives these formulatlons.

The solutions were sprayed on doubly ground Inconel until
the application flowed together Just encugh to form a wet, glossy
film, The coatings were then fired in alr on the same cycle used
for Solution No. 94, The thickness of the film obtained in a
single application was estlmated as follows. One hundred grams
of any of the three solutlons in Table 1 covers 66 sqguare feet.
In the case of the solution containing 2.0% cerium,calculated as
CeOz, the film thickness 18 about 450 Angstroms, assuming that
the cerium oxilde is of theoretlcal density (T.B). This assumption
"is questionable, and the situatlon becomes more complex when 1t 1is
considered that the oxide film adhered well to the Inconel and
‘probably had undergone chemlcal reactlon with the substrate.
Since all of the samples having very thin diffuslon barrlers were
made with 2, 4 or 6 coats, film thickness 1s expressed as "about
1000 Angstroms" or "about 2000 Angstroms". Expressed as welght
per unit area, a single applicatlon of the cerium solution gave
a fired film, by calculation, of .00003 g/em®. Six coats gave a.
film considerably thinner than the. vacuum deposited cerium
oxlde samples descrlbed above.

About 90 samples of doubly ground Inconel were prepared with
2, 4 or 6 coats of aluminum oxide, cerilum oxide and nickel oxide
by the thermal decomposition technlque. In all cases the oxide
films were bright, 1ridescent, adherent fllms of glossy appear-
~ance. Samples made with 4 and 6 coats seemed to be 1nsulators
when tested with an ohmeter but after Film No. 94 had been
developed over all 90 samples, electrical resistance between gold _
and Inconel was only about 30 ochms. Reproducibllity of reflectance
of F1lm No. 94 was good. Figures 4 and 5 show identical curves
obtalned with Film No. 94 over two coats of aluminum oxide.
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TABLE 1

Cerium Solutileon for Spraying {2.0% CeOz)
grams

Cerium resinate dissclved 1in a mixture 36.0
of oll of rosemary, nitrobenzene and
toluene (5% CeOz)

Rosin dissolved in cil of spike (50% rosin) 27.0
011 of lavender 9.0
0il of camphor 9.0
0il of petitgrain .0
G0.0
Aluminum Solution for Spraying (1.67% Al=0s)
Aluminum resginate dissolved in a mixture 33,3
of 0il of rosemary, nitrobenzene and
toluene (5% A1203¥
Rosin dissolved in oil of spike (50% rosin) 33,3
0il of lavender 11.1
0il of camphor 11.1
0il of petitgrain 11.2
100.0
Nickel Sclution for Spraying (4.0% N10)
Nickel resinate dissolved 1n a mixture of 60.0

0oil of rosemary, nltrobenzene and
toluene (6% NiO)

Rosin dissolved in oil of spike (50% rosin) 15.0
0il of lavender 5.0
011 of camphor 5.0
011 of petitgrain 5.0

§60.C



High Temperature - High Vacuum Tests

As Film No. 94 - diffusilon barrier - Inconel samples were
prepared, reflectance of Fllm No. 94 was measured over the
range of 430 to 1100 millimicrons. Groups of samples having
various diffusion barriers were then subjJected to high tem-
peratures plus high vacuum and remeasured to determine stabillty
of the laminates. In all cases the vacuum used was 0.3 x 105
terr and the time at ftemperature was 50 hours,

The samples were heated in a vacuum annealing furnace
designed and bullt at the Engelhard Industries, Inc., Research
and Development Division. This 18 a cylindrical furnace having
a steel shell lined with 7-1/2 inches of refractory brick at
the center of which lies a fused quartz tube. This tube has a
five inch bore by 48 inches long capable of withstanding a
vacuum of 0.35 x 1075 torr at a maximum temperature of 1000°C.
It 1s an electrically heated furnace in which six equally apaced
silicon carbide heating elements run lengthwise around a nine
inch dlameter circle thereby gilving a uniform hot zone of 24
lnches. Samples are fed into the hot zcone in a molybdenum boat
approximately 36 inches long and 4 inches wide. In tandem with
the furnace proper is a coollng chamber which permits evacuation
of the complete system prlor te feeding samples into the hot zone,
This 1s accomplished by a chain drive attached to the boat which
1s manually cperated. Thus, samples enter into the cold zone,
are evacuated, charged into the hot zone, withdrawn intc the cold
zone - s5till in vacuum - and finally released tc the atmosphere
at rcom tempersture.

Cycles were run at temperatures of 250, 500, 600, 700 and
800°C. As anticipated, there was no change after the 250°C
eycle and a control with Film No. 94 applied directly on doubly
ground Incconel had not changed either.

Vacuum Cycle at 500°C

After the vacuum cycle at 500°C, a contrcl sample of Film
No. G4 on fused quartz had not changed but a control sample of
Film No. 94 directly on doubly ground Inccnel had changed; the
gold film had disappeared. Samples made with Frit A-418, Pfaudler
Frit No. 53, vacuum deposited cerium oxide (9.1 mg/cmz), cerium
oxide from organic solution (2 coats, about 1000 Angstroms) and
aluminum oxide from organic solution (2 coats, about 1000 Angstroms)
had no apparent change. Rellecftance measurements conflrmed that
these samples had not changed. A sample made with 2 coats of
nlckel oxide had changed; the iridescent appearance of the diffusion
barrier had disappeared and the geld film had become weak 1n color.
Figure 7 shows reflectance of thls sample before and after the
vacuum cycle at 500°C. Film No. 94 over rhodium electroplated
on Inconel had changed in appearance and 1in reflectance values in
a manner very similar to the nickel cxlde sample.
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Vacuum Cycle at 600°C

After the vacuum cycle at £00°C, samples made with 2, 4
and 6 coats of cerium oxide from organic sclution and with 2,
L and 6 coats of aluminum oxide from organic solution showed
no apparent change. Reflectance measuremsnts confirmed that
Film No. 9% on the three cerium cxide samples had not changed.
Figures 8, ¢ and 10 give reflectance curves before and after
this cyecle for these three samples. Reflectance measurements
of the aluminum oxide samples indicated that reflectance of
Film No. 9% had increased about 5% on the two samples with
thinner diffusion barrlers, but that the increased reflectance
was about 20% on the sample with 6 coats of aluminum oxide.
Figures 11, 12 and 13 compare these samples before and after
this cycle. Film No. S4 on a guartz control had not changed,
A sample made with vacuum deposited cerium oxide (3.4 mg/cm?®)
had no apparent change. A sample made wWith Frit A-418 also
appeared unchanged. Figure 14 gives reflectance of this sample
before and after vacuum cycle at 600°C, A sample made with
Pfaudler Frit Nc. 53 .002" thick had changed in that the frit
nad bubbled and blistered buft the geold film appeared unchanged.
Figure 15 indicates that Film No. 94 on this frit has undergone
only slight change in reflectance. Nickel oxide samples made
by the electroplating technigue and by depositing 2, 4 and 6
coats from organic solution had changed with the nickel oxide
films lesing iridescence and the gold films losing thelr
yellow color to a considerable extent. Filgure 16 shows the change
caused by this cycle in an electroplated sample {.0001" nickel).
Figure 17 shows the change 1n a sample made with 6 coats of an
organic nickel solutilon.

Vacuum Gycle at T00°C

After the vacuum cycle at 700°C, Pilm No. 94 on a quartz
control had become matte, transparent, non-adherent and had lost
electrical conductivlity. Nickel oxlde samples made by the electro-
plating technigue and from organlec sclution had failed 1n the
same manner oObserved after cycles at lower temperatures. Pfaudler
Frit Ne, 5% .002" thick was badly blistered and Film No. 94% con it
had changed to a non-conductive uniform light tan film. Flgure
18 shows the marked decrease 1n reflsctance of this sample. Frit
A-418 had become matte and Film No. 94 on it had become uniformly
matte and brown in color and was non-conductive. Figure 19 gives
reflectance of fthis sample. A sample made with cerlium oxide
vacuum deposited to a weight of 5.2 mg/cm2 had changed very little.
Flgure 20 gives reflectance before and after the 700°C cycle for
this sample. Film No. 94 on diffusion barrilers made wilth 2, 4 and
6 coats of cerium oxlde from organic solution showed change, but
less with the thicker coats. Filgure 21 compares these three
gamples. Film No. 94 on 2, 4 and 6 coats of aluminum oxide from
organic solution had changed in that reflectance had increased.
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Figure 22 shows the change after the c¢ycle at 700°C for the
sample made with 6 coats of aluminum oxide. '

Vacuum Cycle at BOQ°C

Two vacuum cycles were run atb 800°C, and the results
confirmed thcse of cycles at lower temperatures. Film No. 94
on a guartz control had the same type of change obgerved after
the 700°C cycle. Frit A-418 changed as noted above. All nickel
oxide samples failled. Samples made wilth 2, % and © coats of
cerium oxide from organic scolution had greatly decreased reflect-
gnce. Samples made with 2, 4 and 6 coats of aluminum oxide from
organic solution had changes in reflectance whilch differed
according to the thickness of the alumlnum oxide film. Figure 23
compares reflectance after the B00°C cycle of Film No. 94 on
diffuslon barriers formed from 2, 4 and 6 coats of aluminum oxide.

A sample made with cerlum oxide vacuum deposited to a welght
of 5.4 mg/cm2 had a noticeable change in the appearance of Film
No. 94 after the 800°C cycle, but a second sample made wlth a
vacuum deposited weight of 3.4 mg/cm® sample had very little change.
Film No. 94 on the 5.4 mg/cm2 sample had disappeared from 2/3
of the surface and the remalining gold was not electrically conduc-
tive and had poor abrasion resistance. Film No. 94 on the 3.4
mg/em2 had no apparent change in appearance, conductivity or
adherence, This sample was the most promising of the entire
investigation, particularly since 1t had alsc been cycled for 50
hcours at 600°C before the 300°C cye le. Figure 24 gives reflect-
ance curves of Film No. 94 on vacuum deposited cerium oxide (3.4
mg/cm®) before and after the 600°C cycle and after the 800°C cycle.

Because of diffficultlies in preparing samples, silicon monoxide
dlffusion barrlers appllied by vacuum deposition were tested only
on the B00°C cycle and on the 250°C cycle. As noted above, the
250°C test was too mild to permit proper evaluatlon of diffusicn
barriers. After the 800°C cycle, the silicon monoxlde samples
had the same type defect observed earlier. The silicon monoxide
had flaked away from the Inconel over 50% or more of the surface
area. Thils defect is distlnet frem fallure of samples by diffusion.

Overcoating Film No. G4

A few samples were made to determine whether the change of
Film No. 94 on most samples in the BC0°C cycle was due to -
velatllization of one cor more ¢f the components of the film rather
than to fallure cof dilffusion barrlers. Two coats of aluminum
oxide {about 1000 Angstroms) were developed from organic solution
over Film No. G4 on samples having as diffusion barrilers silicon
monoxide, 6 coats of cerium oxide from organic solution, 4 coats
of aluminum oxlde from corganic solutlon and & cocats of alumilnum
oxlde from organic sclution. After firing in air on the standard
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cyele, the aluminum oxide films were transparent, lridescent and
of glassy appearance. Scme Iinteresting reflectance results were
found with these samples; these willl be discussed below. After
an 800°C vacuum cycle, reflectance measurements disclosed that
overcoating Film No. 9% with alumilnum oxide had not Improved
stabllity of these 4 samples.

Figure 25 is the reflectance of Film No. 94 over aluminum
oxide developed from 4 coats of organic solution (about 2000
Angstroms). Figure 26 is a sample made in the same way but with
2 coats of aluminum oxide (about 1000 Angstroms) applied over Film
No. 94, The decrease in reflectance due to the overcoating is
interesting. Tofal reflectance of these samples was also measured
over the range of 1.5 to 15.0 mlcrons and the overcoated sample
duplicated the uncoated sample except that the overcoating caused
a decrease in reflectance of lesg than 10% between the range of
2.5 to 4,0 microns. Peak decrease was at 2.8 milcrons. Reflectance
measurements of other overcoated samples in the 430 to 1100 milli-
micron range and in the 1.5 to 15.0 micron range were similar.

Total Reflectance in the Range 1.5 to 15,0 Micronsg

Fifteen samples were measured for total reflectance in terms of
an electropolished aluminum standard over the range of 1.5 to 15,0
microns. All samplesg tested gave curves qulte close to that of
the standard over the entire range. The best result was cbfalned
with Frit A-418 as the diffusion barrier. Three samples were
meagsured from 1.5 to 15.0 microns and the curves were essentially
identical and slightly better than the standard. Flgure 27 gilves
the comparison of one sample of Film No. 94 - A-418 - Inconel versus
the standard.

Durabllity of Test Samples

Film No. 94 on all samples adhered well to the dlffusion
barrier after flring in alr. The flaking experienced with silicon
monoxlde samples resulted in loss of adherence at the silicon
monoxide-Inconel interface, not at the interface of Film No., 94-
81licon monoxlde. On more promising diffusion barriers such as
Frit A-418 and cerium oxide, adherence of Film No. 9% was superior
te that described in Part I of this film on glass. A standard firing
cycle with a peak temperature of 600°C was used to prepare all
samples in this investigaticn. Considerable improvement in
durability on the better diffusion barriers may be obbtained by
firing in the range of 750-900°C in preparing the samples. A few
trials at vdarying tTemperatures for varylng times would lead to an
optimum cycle for durabllity of Film No. 94 on a particular diffusion
barrier, but time did not allow these experiments to be made.
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11T DISCUSSION

The preparation of 36 samples by spraying Solution No. 94
and of approximately 250 samples by brushing a "medium" applica-
ticn of Solution No. 94 demonstrated that the optical propertiles
obtained with the splinning methed could be duplicated by more
practical applicatlon technigues. About 150 samples were meas-
ured, before vacuum tests, over the range of 430 to 1100 milli-
microns. Total reflectance values of Film No. 94 on all these
samples were reproduced within a range of approximately T 10%.
On specific diffuslion barriers reproduclbillity was better than thils
figure and in many cases substantially duplicate curves were ob-
tained. Similarly, reproducibility was good among samples meas-
ured over the 1.5 to 15.0 micron range and these total reflectance
values were 1in good agreement with specular reflection values of
Film No. 94 on glass reported in Part I.

Neo serious problem now remains to the use of Film No. G4 on
Inconel provided the Inconel is first coated with & diffusion
barrier suited fc maxlmum operational temperature. To produce
such laminates, Sclutlion No., 94 can be brushed on the diffusilon
barrier without elaborate control of application. Firing in air
on the cycle used throughout this investigation or on a cycle
better suifed to the particular diffusion barrier can be accom-
plished in standard laboratory cr production furnaces.

The behavior in this lnvestlgation of some diffusion barriers
found by previous workers {Ref. 3) as useful on Inconel requires
an explanation. 'In the case of nickel oxide, fallure to prevent
diffusion between Fllm No. 94 and Inconel took place in the
vacuum cycle at 500°C, and was confilrmed in % cycles at higher
temperatures. Even at »00°C, the gold films had apparently
dlsappeared and thils was true of nickel oxlide samples made both
by electroplating nickel and by deposition of varying thicknesses
of nickel oxide from organic solution. Yet Film No. G4 was
developed on these samples by firing at 600°C in alr on a cycle
wlth the samples above 500°C for approximately 35 minutes. A
possible explanation 1s that when heated 1n a vacuum.nickel oxide
1s reduced to nickel which then diffuses both into the gold fiim
and iInto the Incenel. Time did not permit an experiment in proof
but on all nickel oxlide samples whilch had failed it was observed
that the diffusion barrier had undergeone obvious change in
appearance even at the edges which were not coated with Film No.
94, Our results do not necessarily contradict those of previous
workers whose ftests of nickel oxide on Inconel were run in air.

The poor results cobtained with Film No. 94 applied over
vacuum deposlted sillcon monoxide are not attributed to diffusion
between gold and Incconel. Some samples falled at room temperature,
4 to 5 days after firing in air at 600°C. On these samples and
on others which had the same defect, flaking, after vacuum cycling
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at 800°C, the diffusion barrier appeared unchanged at the edges
where 1t had not been coated with Fllm No. 94, This suggests
that the oxldes in Film No. 94 reacted with the silicor monoxide
wlth the result that the bond between sillcon monoxlide and
Inconel was weakened. Frevlious workers made thelr laminates by
vacuum deposition of pure gold over silicon moncxide., Since
Film N¢. 9% contains 10.1% by weight of metaliic oxldes, there is
a poeslbility of such a reaction with silicon monoxide. Another
fact suggestlng reaction between oxides is the change in Film
No. 94 on fused guartz when cycled in vacuum at 700°C and at
800°C. On these samples Film No. 94 became matte, transparent,
non-adherent and lost electrical conductivity, but in the same
cycles Film No. 94 on some carium oxide samples was essentially
unchanged.

Resgults obtained with National Bureau of Standards Frit
A-418 indicate that this is a useful diffusion barrier when
applied .002" thick on Inconel but that laminates made with this
frit can not operate at 700°C for extended periods of time. The
change in gloss of this frit after axtended time at elevated
temperatures has bheen reported by other workers and had previcusly
been chserved by us in other work when samples were heated in air
at 760°C for 4 hours or longer.

Vacuum depcsited cerium oxide diffusion barrlers gave very
promising results with Film No. 9%. As shown 1n Figure 24, a
sample made with 3.4 mg/cm® cerium oxide was essentlally unchanged
after the BO0°C cycle and this sample had been exposed for a total
time of 100 hours at 600°C and at 800°5, The change in a sample
having a thicksr deposit of cerium oxide after the 800°C cycle
suggests that an optimum thickness 1imit exlsts with this material,
but this could not be investigated within the time limits cf
this contract.

The stabllity after the 600°C vacuum cycle with samples having
diffuslon barriers of cerium oxide and with the thinner coats of
aluminum oxide applied by the ncvel technigue of thermal decom-
pesition of organic compounds indlecates that this method is a
practical one for the preoduction of laminates to operate at temper-
atures up to 600°C. Diffuslon barriers made by this technique
have all of the flexible application advantages of Soluticn No. Gl.
The applicatlion method has no limitaticon cf size or complexity of
shape of the substrate, no elaborate applicatlon equipment is
needed and personnel do not need lengthy tralning to obftain
repreducible results.

Another interesting point about diffusion barriers appliled
from organic sclution 1s thelr effectiveness in extremely thin
films, on the order of 1000 or 2000 Angstroms. Calculated on a
weight per unlt area basis, slx applications c¢f the ocrganic sclu-
tlon of cerium give a fired film which is only about 5% of the
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3.4 mg/cm2 of cerium oxide found promising by the vacuum technlique.
Unfortunately time did not permit sufficlient experimentation to
determine an optlmum thickness for these very thin diffusion
barriers. As shown 1n Flgure 21, reflectance change of Film No.

94 over cerium oxide after the 700°C cycle was less over the
thicker coats.

One of the reasons for making a few samples with Film No.
94 overcoated with about 1000 Angstroms of aluminum oxlide was that
volatilization from Film No, 94 was suspected as a cause of change
in reflectance after vacuum cycling at 800°C. That volatilizatiocn
1s not a problem under these conditions was later demonstrated
when a sample withstcod this cycle with no substantlial change in
reflectance (Figure 24). Samples which were overcoated changed
after cycling at 800°C sc on these particular diffusion barriers
(silicon monoxide and 2000 Angstrom films of cerium oxide and of
aluminum oxide) changes in reflectance must be attributed either
to reaction of Fllm No. G4 with the diffusion barrier or failure
of the barrier to prevent diffuslcn between gold and Inconel.

Invegtigation of the effect on reflectance of Film No. 94 by
the use cf a transparent overcoat gave results whilich show the way
to substantial improvement of the ratlc of solar absorptance to
total hemispherical emmitance. As shown in Figures 25 and 26, the
particular thickness of aluminum oxide used gave an appreciable
decrease in reflectance at wavelengths of high sclar radiation,
This change, together with the small change 1n reflectance ncted
at 2.8 microns, strongly suggests that the improvement is due
te optical interference. Takling advantage of the firm theory
which has been developed on fThis subject, 1t should be a relatively
simple matter to lower the reflectance shown in Figure 26. Di-
electrics other than aluminum c¢xide could be applied over Film No.
94 by the same practical technique from organic solution.
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IV CONCLUSIONS

A f11m, about 1250 Angstroms thick, of gold, rhodium and
oxides of bismuth, barium, chromium and silicon has low ftotal
reflectance belcow 1.5 microns and high total reflectance in the
range of 1.5 to 15.0 microns, Total reflecfance measurements
indlcate that thils film has high solar abscrptance together with
low total hemlspherical emittance. The film can be readily
obtained on a variety of substrates by a single brush or spray
application of an organic soluticn, followed by thermal decom-
pogition in air.

The f1lm has good stabllity on Inconel at elevated tem-
peratures in high vacuum provided a diffusion barrier separates
the film from the substrate. Vacuum depcsited cerium oxlde is a
diffusion barrier over which the geld-plus-oxides film remains
unchanged after 50 hours at 800°C in a vacuum of 0.3 x 1073 torr.

After 50 hours 1n vacuum at 600°C, the film 1s unchanged
over diffusion barriers obtalined from Natlonal Bureau of Standards
Frit A-418 and over films of cerium oxlde about 1000 Angstroms
thick cbttained by thermal decomposition of organlc compounds.

Reflectance of the fllm at wavelengths below 1.5 microns
can be decreased by overcoating with a film of aluminum oxlde
about 1000 Angstroms thick cobtalned by thermal decomposition
of an organiec solution of aluminum.
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V FUTURE PROGRAM

Informatlion developed in Parts I and II of this research
provides fthe desligner with a solar energy absorbing surface
which 1s easlly fabricated and which 18 stable at elevated
temperatures in a vacuum equivalent to that found 1n space.
Further research 1n this area 1s not recommended,

The Ilnvestigaticn demenstrated that very thin oxide f£ilms
can be easlly obtained by spraylng properly formulated organic
solutions and flring in alr. In contrast to technigques such as
sputtering and vapcr depcesltion of thin films, fthis area 1s
relatively unexplored. The potentlal of usling such thin c¢xide films
In a variety of applicatlons mlght be investigated. The
ease of application of organic sclutions could result in more
versatile and less costly techniques than the vacuum methods now
wlidely used 1in coating fabrlcation.
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FIGURE 19:
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REFLECTANCE OF FILM NO. 94 OVER FRIT A-418 —
AFTER VACUUM TEST AT %00°C
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FIGURE 20: REFLECTANCE OF FILM NO. 94 OVER CERIUM OXIDE
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BEFORE AND AFTER VACUUM TEST AT 700°C
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REFLECTANCE OF FILM NO. 94 OVER 2, 4 AND 6
COATS CERIUM OXIDE AFTER VACUUM THST AT

700°C

2 coats = solid line
4 coats = short dashes
6 coats = long and short dashes
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FIGURE 22: REFLECTANCE OF FILM NO, 94 OVER
6 COATS ALUMINUM OXIDE BEFORE
AND AFTER VACUUM TEST AT 70Q°C
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F/' FIGURE 23: REFLECTANCE OF FILM NO. 94 OVER 2, 4 AND 6 ]
COATS ALUMINUM OXIDE AFTER VACUUM TEST AT
800°C
legend 2 coats = solid line
= , 4 coats = long and short dashes -
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FIGURE 24: REFLECTANCE OF FILM NO. 94 OVER CERIUM OXIDE
BEFORE AND AFTER VACUUM TEST AT 600 C AND -
AFTER VACUUM TEST AT 800°C
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- FIGURE 25: REFLECTANCE OF FILM NO. S4 OVER % COATS -
ALUMINUM OXIDE
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0.8 . FIGURE 26: REFLECTANCE OF FILM NO. 94 OVERCOATED WITH
2 COATS ALUMINUM OXIDE
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FIGURE 27: REFLECTANCE OF FILM NO, 94 ON FRIT A-418
VERSUS POLISHED ALUMINUM STANDARD
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