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FOREWORD

This report was prepared by the Institute of Engineering
Research, University of California at Berkeley, California,
under USAF Contract AF33(657)-7793. This contract continued
the research on radiation properties of naterials which was
begun under Contract AF 33(616)-6630, initiated under Project
7360 "Materials Analysis and Evaluation Techniques", Task No.
136001 "Theriodynamics and Heat Transfer". It was adwinistered
under the direction of the Air Force Materials Laboratory,
Aeronautical Systen.s Division, with Mr. R. A. Winn acting as
Project Engineer.

Part I of this report covered the work done from the
initiation of the project in July 1959 to Septenber 1960, and
Part II fron. Septenber 1960 to Decenber 1961. This report,
Part III, is the final report on this project. The research
was conducted under the direction of R. A. Seban, Professor
of Mechanical Engineering, with assistance, during the phase
covered by this final report, fron, E. Andersen, M. Dillenius,
L. Jones, J. Tsuji and B. Pearce.



ABSTRACT

The effect of temperature on the normal spectral emittance in the
range from 1 to 1.5 microns is demonstrated for certain polished metals
and some oxidized and coated metals by a comparison of absorptances measur-
ed at room temperature and emittances measured at temperatures of the order
of 2000OR to 25000 R. The emittances were obtained in a system designed and
constructed in the previous phase of this research and these results ere
affected by the less than optimum operation of this system, by which con-
tamination of the sample occurred, irregularly but consistently. A major
diversion of effort thus occurred in attempts to ameliorate this difficulty,
but without complete success. A large part of the results do appear to
be satisfactory, though in this conclusion reliance must be placed on the
results of other investigators to an extent greater than was first an-
ticipated.

The results for platinum, nickel, and iron reveal at high temperature
the correspondence with the Hagen-Rubens law which is implied by available
results on the total normal emittance, though the correspondence in this
spectral range must be attributed to anomalous effects. With oxides and
with coated materials the effect of temperature on the spectral values
appears to be small end localized, though with some materials these are
indications of permanent changes in the emittence as the period of exposure
to high temperature is increased.

This technical documentnry report has been reviewed and is apjroved.

4B rE.BIRKLERM

Assistant Director
Materials Physics Division
AF Materials Laboratory

iii



LIST OF FIGURES

Figure Page

1 System for Emittance DeterLination 3

2 Spectral aiittance of Platinui. 13

3 Spectral &mittance of NBS Platinu, 15

ipectral Emittance of Nickel 19

5 Spectral ihnittance of Molybdenuii, 21

6 Spectral Emittance of Iron 23

7 ipectral Emittance of Copper 27

8 Comparison of Spectral Emittances for Platinuh,
and NBS Platinum 33

9 Comparison of Spectral Emittances for
Molybdeni.. and Nickel 34

10 Comparison of Spectral Emittances for

Iron and Copper 35

11 Spectral Zmittance of NBS Oxidized Inconel 43

12 Spectral Emittance of NBS Oxidized Kanthal 45

13 Spectral Ermittance of Chroralloy W-2 49

14 Spectral Emittance of XP 6789 and of Chromalloy
W-2 51

15 Spectral Emittance of Chronate on 420 Stainless
Steel 53

16 Spectral Emittance of Chance Vought II + IX +
TiO2  54

17 Reference Cavity 58

18 Sample Heater 60

19 Sample Heater Detail and Sample Holder 61

v



SECTION I

APPARATUS AND TECHNIQUE

INTRODUCTION

The objective of this research was the determination of
the effect of teDmperature on the normal spectral enittance of
certain metals and coated n.etals. This was accomplished
experimentally by the measurement of the spectral normal
absorptance at room temperature in a cavity reflectometer and
the spectral nornal emittance at high teperature in a systeni
devised for this purpose. The effective spectral range of
both devices was from, 1 to 25 microns but practically all of
the measurer.ents were lirimited to the more convenient 1 to 15
micron range of the NaCl optics and rlonochroheter prismi.

A major iri.pediment to the unambiguous achievenent of the
experin,ental objectives was encountered in operating diffi-
culties with the system for the measurement of the normal
spectral emittance and the major and most harmful problem was
associated with contamination of the sample. The origin of
this difficulty was apparently in inadequate oxygen removal
from the system and the continued effort to ameliorate this
and other ninor problems diverted much of the effort from the
real objectives of the research. A serious consequence too,
was the ambiguity introduced into all of the results for the
spectral emittance, in consequence of which considerable
interpretation of the results is required and more reliance
than should be necessary needs to be placed on other exper-
imental results. These operating difficulties are considered
in detail in the Appendix, where the system is described
completely.

SPECTRAL EMITTANCE SYSTEM

The essential conponents of this system, are comprised of
a reference cavity and a sample heater contained in an en-
closure which can initially be evacuated and subsequently
charged with argon. This sytem has been described before
(2, 3) and is described in detail in the Appendix, and only its
essential aspects are considered here. Of these, the sample
heater is the most important; basically this is a small cavity
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furnace in front of which the 7/8 inch diameter disc sahzple is
nounted on a sample holder wade of wolybdenui, sheet; a water
cooled radiation shield contained in the furnace door provides
the aperture through which the saimple is viewed. The reference
cavity is a graphite tube, iounted centrally in a heater core,
with a center line coinciding with the center line of the
sample heater, and this center line is in the horizontal plane.
A moveable mirror, with its axis vertical, is situated riidway
between the front of the cavity and the sample itself; by
rotation of this m,,irror radiation emerging either fron, the
sample or frow the cavity can be directed through a window in
the side of the enclosure into the optical syster, which directs
it onto the inlet slits of a Perkin Elmer Model 98 Mono-
chrometer. Fig. 1 shows scheratically the arrangement of these
components.

Particularly because of the difficulties that were en-
countered, note must be taken of the reasons for the design of
this system, with two furnace-type heating units contained
within the enclosure. In both, heating is provided by tungsten
wires, wound on ceramjic cores, and insulated externally by
additional ceramic and low temperature insulation. In the case
of the sample, this type of heating, involving irradiation of
the back of the sample, was chosen so that the sample could
be of the disc type, of a size usable directly in the Gier
Dunkle cavity, and other reflectometers used for room ten,p-
erature naeasurements. Such imediate interchange would not
have been possible, for instance, with systems in which the
sample is heated by the passage of an electric current through
it, though admittedly such systems involve a minimum of material
for the heater systemi and thus reduce the possibility of the
retention of foreign gas in the enclosure in which the sample
is contained. The situation of the cavity within the enclosure
was made so that a single line of sight would exist for both
the cavity and the sample, though in addition, the level of
operating temperature that was anticipated, in excess of 28000R,
made necessary the use of heater wires that required a vacuum
or an inert gas environment.

Operation of this system commenced with the introduction
of a sample mounted on a molybdenum sample holder. The sample
thermocouple wires of 30 ga. platinum-platinum 10% thodium
or of 30 ga. chron-el-alumel, were spot welded individually to
the back of the sample in the center region and the wires were
carried through ceramic insulators away from the sample to the
thermocouple therminal block. T~e system was then closed and
evacuated to a pressure of lxl 0 - mm Hg, this pressure then
being maintained for an hour or more before argon was intro-
duced to give a final total pressure slightly above atmospheric
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pressure. Heating of sample furnace and cavity could then
commence, with electrical supply under manual control with a
current limit. Voltage increases then resulted in operating
temperature levels in a period of two to three hours, when
steady temperature conditions would exist and observation could
begin.

At any wave length setting on the nwonochrometer, the
essential observations were the output (zero level) with a
black shutter at roon, temperature in the inlet optics and the
output when either the sample or the cavity was observed by
rotation of the mirror. Besides the sample or the cavity,
contributions to the output could be miade by all of the optical
components up to the chopper location, if any of these existed
at a ten-perature above the roor, temperature of the reference
sight. Analysis(2indicated that such additions were not ex-
pected because the argon assisted in the cooling of the noveable
mirror and this could be confirmed by a sight on the mirror
when placed norn.al to the exit window immediately after exposure
to the cavity or to the sample. When, in sone situations, the
system, was operated with vacuum, small contributions to the out-
put at long wave lengths could arise from the mirror and the
results were corrected for this, primarily from the output
detected from a direct sight on the mirror.

In the simplest sense, the ratio of the output signals,
Sc from the cavity and Ss from the sample, could then be in-
terpreted as

s__ . s ' 'o 1.1
S Ec E oc

The emissivity of the sample, Es, was then obtained from this
relation, the monochromatic emissive powers E for a black body
being specified as E0 , corresponding to room temperature; E.,
corresponding to the sample temperature as indicated by its
therocouple; E corresponding to the cavity temperature as
indicated by t~e thermocouple located at the back of the cavity.

The area viewed at the sample, or at the front of the
cavity, was in the vertical direction determined by horizontal
slits located at an image position near the chopper, the height
normally used was about 2.4 mm. The horizontal width of the
viewed area was determined by the slit opening of tie mono-
chrometer, and was essentially the same. The maximum slit
opening normally used was 1 mm.

Operating procedures varied to some extent but usually
observations were made at increments of 0.2 microns for wave
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lengths from 1 to 3 microns and at half nicron increii.ents there-
after. Reproducibilit was checked by repeating readings after
the initial spectral traverse. The single bear, operation re-
quires considerable tim.e, and a single spectral deteri:ination
required a period of about forty-five rinutes.

Other sarmple temperatures, differing not too greatly from
the initial teDperature, could be obtained in about an addition-
al hour.

Power was shut off after the final determination and the
systet, cooled to room terperature in about five hours. Then the
systeD, could be opened and the samiple removed.

ROOM TEMPERATURE ABSORPTANCE

Absorptances at room tenperature were deterrmined by a
cavity reflecton.eter of the Gier-Dunkle type; this and its Diode
of operation has been described (1, 4) and the errors usually
associated with it have been considered. One additional source
of error could arise in its use with metals the surfaces of
which have become rough due to thermal ageing. If this rough-
ness is sufficient to destroy the specularity of the sample and
yet is not great enough to make it a diffuse reflector then the
radiation emerging fror. the cavity may originate from an
appreciable part of the cavity near the exit hole. Because the
exact geometrical nature of the reflection is unknown in these
cases the error is not assessable; if it is assumed that the
reflectance is constant over a definite angle with respect to
the angle of incidence, itcan be shown that the error in the
reflectance due to the cavity opening might be as much as 7%.
This is a disastrous error in the evaluation of absorptance for
a :etallic surface.

Reflectance readings were also made in ruost cases with the
Beckmann DK-2 spectro-reflectometer, as an adjunct to the
determinations of room temperature reflectance with the cavity
reflectometer. With specular samples, appraised against an
MgO reference, there is an error corresponding in magnitude to
one reflection from the sphere wall. If the degree of non-
specularity is such that most of the reflection occurs to a
region near the inlet port, the correction may still be the
sanme. Because of the ambiguties the Beckmann readings are
not in general reported for metallic surfaces, but the ratio
of non-specular to "total" reflection is reported as an index
of the degree of roughness of metallic surfaces. Associated
with these values are deductions from roughness measurements
obtained with a Talysurf profilometer.

5



TEST SEQUENCE

The normal sequence of operations on a given sample in-
volved: a) roughness determination on Talysurf indicator,
b) absorptance determination at room temperature with cavity
reflectometer and DK-2, c) emittance determination at high
temperature in emittance system, d) absorptance determination
at room temperature with cavity reflectometer and DK-2, e)
roughness determination. These steps were not always followed
in detail, and for many samples the roughness records were not
taken; steps b, c, d, were quite well followed and steps b and
d indicated the degree of "reversibility" that had been obtained
Particularly in view of the contamination problem that existed
in the emittance system, this was an important appraisal.

6



SECTION II

jPECTRAL EMITTANCE OF METALS

INTRODUCTION

Smooth samples of platinui., nickel, copper, ii.olybdenumi and
iron were subjected to the test sequence indicated in the prior
chapter, with erittance values deteri.,ined at teiiperatures be-
tween 18000 R and 2200 0 R, so that the priioe index of teiiperature
effect is in the com,parison of the absorptance i.easured at room
tex.perature and the eii.ittance measured at high temperature, the
tei.perature ratio then being of the order of three and one half.
Comparisons between i,.easured ei..ittances at different tem-perature
levels are not possible with accuracy because the tei.perature
ratio is too si.all and this restriction on the ten.perature ratio
arose in turn front the operating problei.,s with the emittance
systei.. Also, in all cases, continued exposure of the sa,.ple
in the ei.ittance system, ultimately resulted in values of the
enittance that were significantly higher than the initial values
thereof, with subsequent absorptance values also much higher
than the original values. While in the cases for which results
are quoted there was no visual evidence that contamination had
occurred, it can also be shown that a fili,. with a transmittance
only a little less than unity could also account for the dis-
parity in the results.

A primary comiparison for results of this type is to the
norn.al emittance that is predicted fron the optical properties
that are specified by the classical free electron theory and
in particular, to exarnine the dependence of the spectral
enittance on temperature in conparison to the dependence of the
electrical conductivity on the temperature. The Drude theory,
specified for a single charge carrier, is the simplest specif-
ication for the spectral dependence of the optical properties
of metals. It is accorded almost universal textual presentation,
with some variability of its algebraic forn, tM chosen here(
corresponds to the presentations in Pepperhoff'" and Rutgers (6 ).
The real and imaginary parts of the "index of refraction" are
then given by the relations

- 2.1

2.2
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The normal absorptance is given by the Fresnel relation as:

2.3

In Eqns. 2.1 and 2.2 the wave length J,= I/J---iis on the

long wave length side of the region for which is predicted a
rapid rise of the absorptance to unity. This wave length cannot
be predicted, because neither the effective electron mass m nor
the number of free electrons per unit volume N are known pre-
cisely. Measurements of the optical properties in the short
wave length region have indicated a value of A,,= 0.17
microns for copper. It should be of the same order, but some-
what greater, for the other metals considered here. The wave
length A, r o, Af is approximately a bound on the short wave

C
length side of the region in which n and k become of the same
order of magnitude. Here do is the DC conductivity.

There is in the literature a very considerable examination
of the degree to which Equations 2.1 and 2.3 can be used to
correlate measured values of the optical constants, and in
particular whether the values of A, and A deduced in this
way indicate a conductivity C0 that corremnds to the D.
C. value. Generally this is not so, and Givens indicates
that lower values are usually indicated, the reduction fr9I the
D. C. value envolving factors like two to five. Schultz,
however, by careful measurements on copper, gold, and silver,
concluded that the D. C. values could be obtained.

There is no general algebraic combination of Equations 2.1,

.22 and 2.3 which gives an explicit specification of the

absorptance in terms of A, and Asbut there are numerous
approximations which do so for limited spectral ranges. The
most useful here are the expression of Mott and Zener, for

AL 2.4

and the "Hagen Rubens" expression for A >

V = At _VA 2.5

8



The latter for.s a coniwion specification for the absorpt-
ance of i..etals; it has been integrated over the spectral range
to obtain expressions for the total normal emittance and it
has been used in conjunction w'ith the Fresnel equations, inte-
grated for angular dependence, to relate the total normal to the
total henispherical emittance.

The absorptance specified by Equation 2.5 is indicated as
curve H, for 530 0 R and 20000 R, on all the figures giving the
results, the value of the conductivity being taken from
Reference 9. The Mott-Zener expression, Equation 2.q, is in-
dicated also as curve M, based on the sa,.e conductivity and a
value of X, which is, except for copper, mierely an estimate;
for copper N,= 0.17; and the estimiates are platinur 0.20,
molybdenum, 0.20, nickel 0.20, iron 0.20. These values are not
illogical and the curves given by Equations 2.4 and 2.5 can be
regarded as asymptotic for the absorptance that is given by
the Drude theory in the region.

Additional absorption of radiation occurs, particularly in
the short wave length regions, for all except the alkali metals
and this is usually interpreted as an additional contribution
to the optical constants as specified by Equations 2.1 and 2.3.
If bound oscillators are assumed, this addition can be nmade
analytically and such fornulations commonly appear. Alter-
natively, Beattie and Conn(10)appraised the difference between
the measured optical constants and those estinmated fro, the
Drude theory as the consequence of internal photoelectric
absorption. For the transition metals the spectral region in
which such additional effects are ii, portant extends far into
the infra-red, to the region of ten nicrons, and is the doiinant
effect in the value of the absorptance, so that the values
there are very much greater than those that are indicated by
Equation 2.4.

The presentation of the results first emphasizes the
experinental values; the absorptances determined at roo, temp-
erature and the emittances determined at elevated temperature
are shown as curves and these are identified on the caption
sheet for the figure on which they appear by the temiperature
associated with them, the atmosphere in which the result was
obtained, and the history of high tenperature exposure sub-
sequent to the prior indication thereof. Lines are shown for
the absorptance given by Equation 2.4, designated as M and for
Equation 2.5, designated as H, calculated on the basis that has
been indicated. The caption sheets also contain values for the
fraction of the reflection that was indicated to be non-specular
by the results obtained fron, the Beckmann DK-2 reflectometer,
and the sheets contain also values of peak to peak roughness
and the lateral spacing between peaks as deduced from the
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records obtained from the Talysurf indicator.

In the presentation of the results for the eLittance there
are shown curves for those "initial" values of this quantity
which agree with expectation. Only one curve is shown for the
"anomalous" higher values of the euittance that were obtained
after longer periods of exposure in the emittance system and
this curve represents the relatively constant value obtained
after a relatively long exposure. For platinum, nickel and
copper the intermediate behavior is discussed in greater detail
by Andersen (11)

PLATINUM

Platinum samples were polished with aluminum oxide, cleane
with water and then subjected to absorptance and erittance
determinations. Three different sab.ples were used, and the
results were all similar to those for the No. 3 samiple that are
presented on Figure 2, on which Curve A represents the initial
absorptance deterrination at room temperature. Thereafter the
sample was aged for 3 hours and the absorptance was iaeasured
again to give essentially the sare values as Curve A. Three
additional hours of aging at 1960°R produced a slight reduction
in absorptance at wave lengths greater than 3 microns. This is
indicated by Curve B. The difference with respect to Curve A
is so small as to be almost within the error of the absorptance
determination but the difference is consistent and in accord
with the expected consequence of some stress relief in the
surface.

Next, the sample was put into the emittance system and
three determinations were made, with the results given by Curves
1, 2, and 3. Beyond 10 microns the indicated absorptances
tended to constant values. This was appraised as an error in
measurement so that the results for that range are now shown.
After these three emittance determinations the sample was re-
moved from the emittance system, and the absorptance at room
temperature was determined again, to yield the results given
by Curve C. The absorptances are above the prior values and
there is a marked increase near 9 microns. In general, however,
the differences are relatively small and in contrast to subse-
quent experience, at least the order of the original absorptice
was maintained to this point.

The sample was next introduced into the emittance system
for determinations at higher temperatures. Curve 3 was
essentially reproduced but then successively higher values of
emittance were obtained, terminating, after 58 additional hourq
at the values of emittance given by Curve 4. This situation
was typical of the other platinum samples also, and of the
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other ietallic sarpples, except copper, as well. After a certain
period of residence in the er, ittance syste,, higher values of
enittance were obtained.

The final room temperature absorptance is given by Curve D,
and these absorptances are far in excess of the initial values.
The fraction of the non-specular reflectance indicated by the
Becki,.ann deterination, and tabulated with the caption of Fig.
z, reveals the result of the roughness developed on the surface
of the specimen. The roughness was, by error, not determined
for this sample but Sample No. 4, giving similar final results
for emittance and reflectance, indicated a peak to peak rough-
ness of 2.5 microns, with a lateral spacing of about 25 microns.

NBS PLATINUM

A single sample of platinum, prepared by the National
Bureau of Standards as a "standard" sample, was sinilar to the
platinum samples except that it had been aged by heating in
air at a tenmperature of 2742°R for one hour, followed by a
cooling period of the order of twelve hours, as described in
Reference 12. The resulting surface was slightly rough, as
indicated by the fraction of non-specular reflection in the
initial condition, in comparison to that given for the platinum
sample on Figure 2.

Curve A of Figure 3 gives the initial room temperature
absorptance: at short wave lengths the values are practically
identical to Curve A of Figure 2, while at long wave lengtis
they are similar to Curve B of Figure 2. The irregularity in
the absorptance near 6 microns that is indicated by Curve A of
Fig. 3 appears however to be unique to the NBS sample.

The first ebittance determinations were rade early in tie
experiiental program with a flat bottom cavity for which the
emittance apparently departed significantly from unity at long
wave lengtis. The emittances then obtained are given by Curves
1 and 2 of Figure 3 and these are ternminated at 6 microns, the
apparent lijiit of reliability of the results. Actually the
values indicated at longer wave lengths were almost constant at
the terminating values and Curve 2 extended to 25 microns at
this constant value.

Curve B of Figure 3 is the absorptance at roon. temperature
after these initial emittance determinations. It is lower than
Curve A at long wave lengths, but in smiall amount and in essence
reversibility was preserved up to this stage of the examination.

Six months later two additional emittance determinations
were made, at 1960°R and at 2390oR and these emittances, shown

11



Figure 2

SPECTRAL EMITTANCE OF PLATINUM

Sample No. 3

Curve Temp.,OR Atmos. Interval Date
Heating Tirme

A 530 Air 3 hrs at T - 1210°R 7-11-62
Vac 3 hrs at T - 1960OR 7-13-62

B 530 Air 7-18-62

1 2190 Vac. 1 hr. at T >2190°R 8-13-62

2 2125 Argon 48 hrs at T 2000°R 8-15-62

3 2490 Argon 4 hrs at T,722000 R 8-15-62

C 530 Air 30 hrs at T - 2560°R 8-16-62

4 2600 Vac. 17 hrs at T = 2660°R 8-22-62

D 530 Air 8-23-62

M1, H1  530

M2 , H2  2000

DK-2 fraction non-specular
Wave length

0.5 1.0 1.5 2.0 2.5 Remarks
Date

7-10-62 0.06 0.01 0 0 0 Mechanically polished

7-16-62 0.06 0.01 0 0 0 Aftr ageing period on#-13-62
7-18-62 0.09 0.03 0.01 0.01 0.01 After Curve B

8-23-62 0.86 0.82 0.79 0.75 0.72 After Curve D

Roughness, microns Ren-arks

Date Peak to Peak Lateral

7-10-62 0.025 10 Mechanically polished

7-16-62 0.025 10 After Curve A

7-18-62 0.025 10 After Curve B

12
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Figure 3

SPECTRAL EMITTANCE OF NBS PLATINUM

Interval

Curve Tenp. 0R Atmos. Heating Time Date

A 530 Air 5-1-62

1 1960 Argon 1 hr at T> 1960°R 5-3-62

2 1995 Argon 23 hrs at T > 1960°R 5-4-62

B 530 Air 5-22-62

3 1960 Argon 11 hrs at T -1950°R 11-7-62

4 2390 Argon 1 hr at T .2300°R 11-8-62

C 530 Air 1-9-62

MI, H1  530

M2, H2

DK-2, fraction non-specular

Wave Length

0.5 1.0 1.5 2.0 2.5 Remarks

Date

5-1-62 0.3 0.11 0.073 0.057 0.049 As received

3-17-63 0.45 0.392 0.35 0.32 0.29 After Curve C

Roughness, nicrons Renarks

Date Peak to Peak Lateral

5-1-62 0.12 10 As received

4-2-63 0.15 20 After Curve C
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as curves 3 and 4, are of the sam~e order as the initial values,
and are more consistent in the ten.perature effect indicated at
long wave lengths. These ebittances are also essentially the
sane as those indicated for platinum by Curves 1, 2, and 3 of
Fig. 2.

The final determination of room temperature absorptanee was
made at a much later tirne and, strangely, the original value of
absorptance was not realized but rather the higher values given
by Curve C were obtained. It was still later when the DK-2
detern,inations were Pmade and these indicated only a slight in-
crease in roughness.

NICKEL

A number of nickel samples were examined, all were first
polished with aluminum oxide, and cleaned with water. The
results exhibited here are those for Sample No. 7, and these
are typical of the experience with this nmaterial. Curve A of
Fig. 4 represents the values of the absorptance at room temp-
erature of the polished nickel. This curve also represents
within 5% the absorptance of 9 different samples, though some
others indicated an absorptance 40% higher. The reason for the
latter difference is not clear, differences in polishing tech-
nique could have been a factor. Curve A however does represent
the values of greatest confidence and also agrees with other data
on nickel.

Curve A also indicates the reflectance of nickel samples
aged in vacuum for three hours at 1060°R and three additional
hours at 19600 R. Another sample, No. 10, maintained the re-
flectance at the values given by Curve A after four hours of
ageing at a temperature of 24709R. There is apparently little
stress relief which would tend to alter the reflectance of the
polished material.

oCurve 1 of Fig. 4 represents the emittance obtained at
2280 R after four hours in the emittance system at that temp-
erature. Similar results were obtained with Sample No. 10
after one hour at 23950 R.

Emittance determinations were continued with Sample No. 7
after the initial determination, with slightly higher sample
temperatures. The indicated emittance increased and Curve 2 of
Fig. 4 indicates the final values after a total of fifty-two
hours in the system. A large increase in emittance was produed,
and the succeeding determination of absorptance at room temp-
erature as shown by Curve B indicates that much of this increase
was permanent. The DK-2 results, (taken much later in time)
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indicate that the specularity of the saiple had almost vanished
and the surface indicator revealed a peak to peak roughness of
the order of 6 microns.

MOLYBDENUM

Samples of molybdenum were cut from the 0.005 inch thick
sheet that was used for the sample holders; the samples were
cleaned with acetone but were not polished. The initial rough-
ness of the Lnaterial indicated peak to peak values of less than
0.25 microns, and a relatively larger component of non specular
reflection. Curve A of Fig. 5 gives the initial absorptance of
this samiple.

Curves 1 and 2 of Fig. 5 represent the emittance found from
successive determinations at two temperatures; similar values
were found for initial determinations with other similar samples.
The subsequent absorptance at roon, temperature, given by Curve
B, indicates that changes occurred during the residence of the
sample in the emittance system though the situation of the
values found for the erittances Lakes it appear that such
changes occurred after the eittance determinations had been
completed.

Another molybdenum sample, of the same type, having the
same initial absorptance, was aged in a vacuuL. furnace for one
hour at 22920 R at a pressure of 1 x 10-5 mm Hg and the absor-
ptance was determined at room temperature after this ageing.
This final absorptance was practically the same as that given
by Curve B of Figure 5, except that in this latter case the
absorptances were slightly lower in the region of ten microns.
It is for this sample that the fraction of non-specular re-
flection is given in the caption of Fig. 5 and, after ageing,
there was no major change in the surface profile of the sample.
Clearly, however, the nature of the surface (M altered even
during the one hour heating period. Abbott ) has noted
similar experience with molybdenum, even with better vacuum
conditions.

IRON

A limited investigation was conducted on two iron samples
for spectral absorptance and emittance determinations. The two
samples were cut from a pure iron sheet and polished with
aluminum oxide and cleaned with water. Due to the susceptibiliy
of iron to oxidation, all absorptance and emittance measurements
were taken as soon as possible after the sample had been
polished. In the case of unavoidable intervals between absor-
ptance and emittance measurements, the samples were kept in a
low humidity environment in order to retard any oxidation that

17



Figure 4

SPECTRAL EMITTANCE OF NICKEL

Sample No. 7

Interval

Curve Temp. °R Atmos, Heating Time Date

A 530 Air 8-13-62

1 2160 Vacuum 1 hr at T - 2260°R 8-29-62

2 2570 Vacuum 48 hrs at T> 2260°R 8-31-62

B 530 Air 9-4-62

Ml, H1  530

M2 , H2  530

DK-2, fraction non-specular

Wave length

0.5 1.0 1.5 2.0 2.5 Remarks

Date

8-13-62 0.04 0 0 0 0 Mechanically polished

1-24-63 1 1 1 1 1 After Curve B

Roughness, microns Remarks

Date Peak to Peak Lateral

8-13-62 0.025 25 Mechanically polished

1-24-63 7.5 25 After Curve B
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Figure 5

SPECTRAL EMITTANCE OF MOLYBDENUM

Sample No. 1

Interval
Curve Tenp. OR Atmos Heating Tine Date

A 530 Air 12-3-62

1 2000 Argon 1 hr at T -20600R 1-10-63

2 2240 Argon 8 hrs at T> 20600 R 1-10-63

B 530 Air 1-23-63

M1 , H1  530

M2 , H2  2000

DK-2 fraction non-specular

Wave length

0.5 1.0 1.5 2.0 2.5 Remarks

Date

1-29-63 0.706 0.445 0.282 0.199 0.150 DK-2 and roughness
measurements are
for a different
sample, but ident-
ical to the sample
used for Curve A

Roughness, microns

Date Peak to Peak Lateral

1-29-63 5 13
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Figure 6

SPECTRAL EMITTANCE OF IRON

Sample No. 2

Curve Temp. 0 R Atmos. Heating Tine Date

A 530 Air 4-18-63

1 1940 Argon 2- hrs at T - 1904 0R 4-24-63

2 2370 Argon 24 hrs at T ) 1200°R 4-25-63

5 hrs at T )1200 0R

B 530 Air ,-26-63

M1 , H1  530

M2, H2  2000

DK-2, fraction non-specular

Wave length

0.5 1.0 1.5 2.0 2.5 Remarks

Date

4-23-63 0.03 0.01 0 0 0 After Curve A

4-26-63 0.40 0.26 0.2 0.18 0.16 After Curve 2

Roughness, microns

Date Peak to Peak Lateral Remarks

4-23-63 0.05 10 After Curve A

4-26-63 0.5 50 After Curve B
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r.ight otherwise occur.

Curve A of Fig. 6 represents the values of the absorptance
at room temperature obtained froi, both freshly polishled sai.ples.
In the spectral ewittance deter, inations at elevated ter,.perature
aL.biguities arose in the data obtained Iro,. .aLiple No. 1. This
data differed sufIficiently enough from the expected results so
that oL,.ission was warranted and only data for sai..ple #2 is
presented herein.

The properties of iron differ fro, the retals investigated
in that iron undergoes a phase change froi., the ,< to the -'
phase at 200001. The two e,.ittance runs saown by Curves 1 and
2 of Figure 6 were L.ade in order to show the change in
er.Attance of the material between the two phases.

Curve 1 of Figure 6 represents the eiittance values obtained
for the -. phase at 19,A011 after 2' hours in the eittance
syster. at that temperature. Following this run, the ter, perature
of the sarple was increased to 2370°R and held for five hours
to assure completion of thie phase change throughout the material
Curve 2 represents the emittance values obtained for the sa,,ple
temperature of 2370°R and the e.ittance values are seen to be
lower than Curve 1 for wavelengths les than 4 ,icrons.

Due to the slow sample cooling tin.e that occurs in the
emittance apparatus, the sai,.ple was assumed to have transformed
back to the -<.phase for the subsequent determination of the
absorptance at root, temperature as shown by Curve B in Fig. 6.
The high values of the room temperature absorptance after the
high temperature eikittance runs as compared to the room temp-
erature absorptance of the freshly polished sa,.ple indicate
perLanent changes in the surface of the saiple. The surface
changes are evident by comparison of the DK-2 and roughness
results obtained before and after the high temperature emittance
runs for sari.ple #2. The DK-2 results indicate that the spec-
ularity of the sample had decreased and. the surface indicator
showed an increase to 0.5 microns of the peak to peak roughness.
Due to the decrease in specularity and subsequent increase in
the diffuse component, the increase of Curve B over Curve A may
be partially accounted for on the basis of the error that occurs
for diffuse reflection due to the opening in the bottom of the
absorptance apparatus.

COPPER

Three samples of copper were tested under generally sim ilar
conditions and the results for saxple #3 as shown on Fig. 7 are
characteristic of all the sa,ples. These results are clearly
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affected by oxidation and possibly by deposits and none of
thei. can be regarded as fundaLental but they show the interest-
ing sequence obtained by ther,.al ageing )f a saiiple which was
first ii.echanically polished. Carve shows the absorptance
obtained in that condition; it is typical of other quotations
for i,.echanically polished copper and, rei.arkably, is represented
fairly by an extrapolation of the Iagen-Rubens equation. The
Mlott-Zener approxiii ation, really applicable in this spectral
region, gives an absorptance of 0.003.

After three hours of ageing at 810°R the touoL. temperature
absorptance changed to Curve D. The variation is strange and
some oxidation zay have occurred. Three x,.ore hours oif heating
at 1660°R produced the roo, temperature absorptance revealed by
Curve C. There is definite evidence of stress relief in the
decreased absorptance at long wave lengths but the increases
near 1 r.icron must be regarded as anomialous. The absorptance
there is far above the value of 0.02 which would be regarded
as typical for electropolished cop.er.

Curve 1 shows the en.ittance obtained at 2233°R after forty-
five hours at this teL.perature in vacuuL.. This is essentially
the x,.inili.um emittance obtained. Prior and subsequent ei.ittances
where higher than the minirn.um values by as much as 0.01, with
the values obtained after 75 hours tending to be high by that
amount. The values of the ei..ittance are probably too high but
the striking feature is the relative independence with respect
to wave length except in the region near 10 ii.icrons. This is
the kind of spectral dependence indicated by the Mott-Zener
approximation.

The ratio of the reflectances associated with the mieasured
en.ittance to that associated with the Mott-Zener absor tance is
0.976; thus a filxm with a transL,ittance of about *' 0.9 7
would rationalize the two values. Alternatively, the selection
of an electrical conductivity at half its D.C. vae would make
the Mott-Zener approxinmation correspond with the experiim.ental
results. Both views are plausible.

After rer.,oval of the sample from the erittance syster. the
room temperature absorptance was determi.ined and t'le ageing was
continued in a vacuum, furnace at 2235 0 R so that the total time
at this temperature was increased to 102 hours. Curve D re-
presents the absorptance that was typical of three determinations
that were made during this final heating period; two others
were slightly higher. There is no specific rationalization for
the excess of the absorptance at room temperature, given by
Curve D, over the emittance at high tem.perature, given by Curve
1. Actually the positions should at least be reversed and the
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Figure 7

SPECTRAL EMITTANCE OF COPPER

Sample No. 3

Interval

Curve Tdmp. OR Atmos. Heating Time Date

A 530 Air 7-13-62

B 530 Air 3 hrs at T - 810°R 7-19-62

C 530 Air 3 hrs at T - 1660AR 7-23-62

1 2235 Vacuum 17 hrs at T - 22000 R 7-31-62
75 hrs at T - 2200 R 8-1-62

D 530 Air 8-15-62

11 530

M2 , H2  2000

DK-2, fraction non-specular

0.5 1.0 1.5 2.0 2.5 Remarks

Date

7-11-62 0.11 0.03 0.01 0 0 Mechanically polished

7-17-62 0.40 0.21 0.07 0.03 0.02 After aging 3 hrs at
810°R

7-23-62 0.33 0.22 0.11 0.06 0.04 After Curve C

8-2-62 0.95 0.98 0.98 0.97 0.96 After Curve 1

Roughness, microns

Date Peak to Peak Lateral RemarKs

7-11-62 0.02 5 Mechanically pplished

7-17-62 0.02 5 After aging 3 hrs at 810(h

7-23-62 0.05 10 After Curve C

8-2-62 4 50 After aging period on
8-1-62
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excess of the final absorptance r,.ay be due to the foruation of
a filn, having a transmtittance of the order of 0.97, or of error
in the final absorptance i,.easurement because of the non
specularity of the surface. The absorptance is so low in the
case that the n axin-um error in the reflectometer due to surface
non-specularity could account coL.pletely for the ragnitude of
the absorptance that i:s given by Curve D.

THE ANOMALY IN THE EMITTANCE MASUREMENTh

The ultir.ate increase in the emittance at high temperature,
illustrated particularly by the results that have been indicated
for platinu and for nickel, but found to sor,.e extent for
m olybdenun and iron as well, cannot be regarded as conclusive
because of the variable difficulties vith contaiaination tnat were
experienced with the eL.ittance systek,. Clearly, the deposition
of a thin layer of absorbing material on the surface of the
saa.ple would produce such an increase. If it can be asjur-ed for
such a fili. that interference effects will be averaged out
either by variations in t~ickness or scattering processes within
it, then the norial reflectance of the surface can be calculated
on an energy basis as

2.6/- rt

where r is the reflectance of the air-fil, interfact, r is
the reflectance of the filn.-metal interface, and t is thi
trans,.ittance of the film. If r1 is near zero and r2 is near
unity, then the ratio of the reflectance with the film to the
reflectance of the ritetal surface will be approximately the
square of the transLittance of ttie layer. Should the difference
between the "initial" and "final" emittance be due to the
forn.ation of such a film, then the ratio of the reflectances
associated with these entittances will be approximately the
square of the transm.ittance of the filn.. A like interpretation
can be associated with the "initial" and "final" absorptances
at roonm temperature. Table 1 gives these ratios, with the
subscript on the reflectance denoting the curve ior the
absorptance or enittance with which it is associated.
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Table 1

Platinum 2 6 8 10

Figure 2 r4  0.86 0.89 0.89 0.90 0.894 3

0.92 0.87 0.90 0.90 0.91rA

Nickel r
Figure 5 2 0.89 0.92 0.91 0.90 0.89

r 
1

rB 0.87 0.89 0.92 0.92 0.93

rA

The tabulation indicates that the assuiption of a filmi
having a transmittance of the order of 0.95 would rationalize
the results for these two metals. In view of the contamination
problems that did occur, this interpretation cannot be ignored
and the higher "final" enmittances and absorptances roust there-
fore be regarded as a possible consequence of malfunction of
the emittance system. Other interpretations are possible,
however, and it is appropriate to at least cite thew, here. It
has already been noted that the effect of the increased non-
specularity that was found in the "final" condition of the
samples could produce errors in the determination of the room
temperature absorptance, though the magnitude thereof would
probably not attain the level of the ratios in Table 1. Also,
while an alteration in the degree of specularity of the surface
would not to the first order affect the accuracy of the deter-
mination of the emittance in the ezi.ittance system, a basic
effect would begin to occur. This can be considered in the
limit, for which the surface can be visualized to becon.e so
rough as to be conpletely diffuse. Then the normal emittance
would become identical with the hemispherical value and this
hemispherical value, as a lower limit, would be the same as the
value for a smooth surface. This would result in an increase of
20 to 30% in the measured normal emittance. This is not as
nuch as observed and indicated by the reflectance ratios of
Table 1, (i.e. an increase in ezittance fro, 0.10 to 0.13 gives
a reflectance ratio of 0.96) but this effect could also con-
tribute to the observed effect.
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Finally, there is the unknown effect of thie crystal growth,
that produces the surface irregularity, on the optical propertis
of the surface itself.

Recent evidence, obtained by r.eans of room temperature
absorptance iteasuremi.ents on samples of polished nickel and
polished platinum after various periods of ageing at temperatures
above 23000 R, at pressures of 3xl0- 5  ra i lig aad below, has
never resulted in final absorptances as high as those indicated
on Figs. 2 and 4. Rather, values typical of tie initial values,
Curves A, have been maintained. And there has also been no
substantial increase in the saLple roughness. Thus it appears
that the high final values of ex,ittance and absorptance that
are indicated in Figs. 2, 3 and z4 are iiost probably the con-
sequence ct either contamination or chemical reaction.

RELATION OF THE E14ITTANCE TO THE DRUDE THEORY

In considering the relation of the values of ei.ittance to
the prediction of the Drude theory, it is assuied tacitly that
the "initial" values of the eiwittance are correct, that is un-
affected by 'what ever phenornena result in tiie subsequent increase
in the ecittance. jupport for this view is only inferential in
terts of comparison with other results for the emittance at
similar teriperatures; such comparisons, m,,ade in the following
sections, do provide a basis for this interpretation.

For platinum, nickel, and iron, the values of the absorp-
tance at room temperature at long wave lengths are reLmarkably
close to the prediction of the lagen .Aubens equation, Eqn. 2.5,
based on the D. C. conductivity as given in reference 9. This
is the kind of correspondence that has led to the historic
reconmendation for the use of Eqn. 2.5 for the specification of
the absorptance, and the position of Eqn. 2.4 shows the kind of
extrapolation of Eqn. 2.5 that is involved, for this equation
should be valid only when the absorptance is less than that given
by Eqn. 2.4. In this respect it must be recalled that in this
latter relation the absorptance is inversely proportional to
wave length A, , and the value of A was chosen arbitarily.
The value A, - 0.20 was used; sm.aller values hardly seen.
realistic, and substantially smaller values would be needed to
move the intersection of Eqn. 2.4 and 2.5 to the spectral region
in which the results still correspond with Eqn. 2.5

For the transition metals, anomalous absorption effects
produce the absorptances that are increasingly greater than the
indication of the Drude theory. Insofar as is conceived the
total emittance for radiation at room temperature, the Hagen
Rubens law is quite adequate, for with the maximum in the
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spectral enissive power near 10 zicrons, and only 10% of the
energy at wave lengths shorter than 71 microns, the departure
of the spectral absorptance from Equation 2.5 at shorter wave
lengths is of no consequence.

The evittance at high teR perature can be cormpared on Fig.
2, 4, 5 and 6 to the indications of Eqn. 2.4 and 2.5 for a
ten.perature of 20000 R, with the effect of differences between
this and the sample temiperature approximated satisfactorily in
the sniall range that is involved by considering the absorptance
given by Eqn. 2.5 to depend on the square root of the absolute
temperature, and from Eqn. 2.4 directly on the absolute temp-
erature. The gross interpretation is of improved coincidence
with the Hagen Rubens relation at these higher temperatures.
This is in part expected, for the decrease in the conductivity
decreases the wave length Az, as can be seen also from the
movement to shorter wave lengths of the intersection of Eqn.
2.4 and 2.5. The spectral eraittance is a little lower than the
prediction of Eqn. 2.5 but still close enough to make it valid
and to sustain it as a basis for the calculation of the total
er.ittance. The reason for the coincidence must be in a just
appropriate alteration of the "anomalous" effects on the optical
constants to balance the alteration in the free electron effect
at the shorter wave lengths as that is indicated by Eqn. 2.4.

Compared to the transition metals, for copper those
absorption mechanisms contributing to the optical properties
as additions to the free electron effects are significant only
at wave lengths shorter than 1 micron and in the spectral region
considered here any experimental departure from that theory must
be associated with surface effects. The susceptibility of
copper to work hardening and the effect of surface strain on
the optical properties of the surface layer are well known and
for copper in particular the initial reflectance depends strong-
ly on the polishing technique that is employed. Also, the large
conductivity of copper lowers the absorptance, so that the value
given by Eqn. 2.4 is 0.003, and the lower limit at which Eqn.
2.5 ought to apply is about 100 microns. Thus the fact that the
absorptance at room temperature of mechanically polished copper
is given in magnitude by Eqn. 2.5 ranks as one of the purest kinds
of coincidence. In reference 2 it was indicated how higher values
could be obtained by stressing the surface additionally via
roughening with sandpaper and lower values by electropolishing
the surface. The attainment of absorptances as low as thos?
indicated by the Drude theory requires special care; Shultz'8 )
has done this. In the present instance annealing accomplished
some reduction in absorptance via stress relief, the reduction
is relatively small and may have been affected by oxidation in
the imperfect vacuum system that was used.
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In the emittance system a radical alteration of the
spectral dependence of the eirttance was achieved, with a
substantial degree of spectral invariability. This is the
trend of Eqn. 2.4, though the measured absorptances are still
more than twice the theoretical indication. At the temperature
of 2235 0R substantial evaporation occurred and the surface,
though rough, was clean.

COMPARISON TO OTHER RESULTS

A comparison to the present results for the "initial"
values of the emittance to similar values that are available in
the literature is particularly important because of the
assumption that has been made of the correctness of these
initial values despite the subsequent anomalous behavior of the
determinations made in the emittance systen,. Figures 8 through
10 each contain one of the curves for the measured spectral
emittance. For all metals exc yl the NBS platinum, curves are
shown for the results of Price who obtained results for
emittance for wave lengths up to 4 microns. Fov 4ckel and
copper there are available the results of Hurstf ,f,1"d for
the NBS platinum "standard" the results of Harrison *J.

For completeness the values of the room temperature absor-
ptance are also shown, with the curves terminated at about 2
microns to simplify the presentation. Comparison for the T)
values is made to the absorptances as given by Pepperhoff
(page 54; the presentation there is on so amall a scale that
the replot of this information on Figures 8 to 10 is scarcely
accurate to 0.01).

For platinum the emittance determined here is lower than
that found by Price; if Eqn. 2.5 is presumed to approximate the
temperature dependence of the emittance, then the absorptance
at 2520°R should be only 8% above that at 21500 R. In fact, with
the exception of molybdenum, all of the Price results appear to
be high.

The values of the emittance at 23900 R for the platinum
standard CST on Fig. 8 compared to the results reported by
Harrison for the same material. Here points are shown,
selecteg from the Sabulation of those results, for temperatures
of 2520 R and 1980 R.

For nickel F~gure 9 shows that the present results for the
emittance at 2160 R agree well with those of Hurst, and are
about 40% lower than those of Price. For molybdenum, shown on
Figure 9, the present results are high, due probably to the
formation of a film on the sample even at the beginning of the
emittance determination. This effect has already been noted
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in respect to the lack of coincidence, in this case, with the
prediction from Eqn. 2.5.

For iron, shown on Fig. 10, the absorptance obtained at
room temperature is seen to agree quite well with similar data
presented in Pepperhoff. In order to compare the eittance
values obtained for a sample temperature of 2370°R to the data
presented by Price, Eqn. 2.5 was used and the emittance at 2730oR
consequently found to be 6.0% above that at 23700R. With this
correction the data would still be slightly lower than that
presented by Price for the same temperature.

For copper, shown on Fig. 10, the present results differ
both in magnitue and in spectral dependence from those of Hurst
and of Price, with the present results, as noted before, being
in closer accord with the relatively constant value of the
emittance which would be predicted by the Drude theory.

Another appraisal of the present results consists in the
comparison of the total normal emittances calculated from them
with the results of0 direct measurement. Table 2 contains a
comparison for 2000 R; for this the present results, near
2000OR were corrected to 20000R by assuming a dependence on the
square root of the temperatnc. Comparison values are obta$2I
from the results of Abbott ' , the curves given by Rutgerst'yl,
and from empirical equations tabulated by him for the total
emittance.
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TABLE 2

Total Normal Emittance at 2000°R

Rutgers Abbott Present Empirical
Rutgers
p. 157

Platinum 0.105 0.113 0.112 0.133

Nickel 0.165 0.121 0.133

Molybdenum 0.086(1) 0.17 0.20

Iron 0.19 0.16 (3 )

Copper 0.024(2) 0.032

(1) estimated from total hemispherical emittance of 0.105

(2) estiated from total hemispherical en.ittance of 0.03

(3) estimated from a total hemispherical emittance cal-
culated as 0.18

The results given by Abbott appear to be preferable and
for platinuL, the correspondence of total values calculated
from the present results is excellent. The present results for
mLolybdenum appear to be high, and Abbott's values, as discussed
by hir., may be also. For the other metals, the correspondence
with available inforn.ation is adequate.
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jECTION III

SPECTRAL EMITTANCE OF OXIDIZED AND COATED METALS

INTRODUCTION

As a metal is oxidized, the oxide fil, is at first thin,
uniform in thickness, and homogeneous, and the absorptance of
the surface is still largely controlled by the reflectance of the
nietallic substrate, modified by the effect of the film as can
be predicted from the available theory for thin film optics.
As oxidation progresses the oxide layer tends to beco.e of
variable thickness and internally inhomogeneous and the inhomo-
geneity provides for scattering which drastically reduces the
transmittance of the surface layer and consequently diminishes
radically the influence of the substrate on the reflectance of
the surface. The reduction of transmission by scattering is of
course spectrally dependent and will be greater for wave lengths
less than the order of the scale of the inhomogeneity.

While the surface layers considered here are basically
dielectric and thus have low surface reflectances when in homo-
geneous form, the reflectance of the inhomogeneous layer depends
critically on the samll but finite absorption index of the
material. As long as the scattering is substantial, a si.,all
internal absorption will lead to a high reflectance because of
multiple reflections in the layer. If the absorption increases,
as by a spectral approach to the frequency of an internal
oscillator, the scattering will enhance the absorption and the
effect of multiple internal reflections will diminish so that
the reflectance of the surface will approach that of the homo-
geneous material.

In a homogeneous layer of material in which it can be con-
sidered that interference effects are. averaged out, as by slight
variations in the layer thickness, the reflectance of the surface
can be approximated by Eqn. 2.6. If such a layer is visualized
and attention is limited to a small spectral region within which
there is an absorption region that can be specified by a class-
ical oscillator, and if the layer is thick enough so that its
transmittance is zero at the oscillator frequency, then if such
a layer is situated upon a surface of high reflectance the re-
flectance of the system will also be high, except for a lower
value in the region of. the oscillator, where the transmittance
will be near zero. If instead this layer is inhomogeneous with
enough scattering to make the transmission zero throughout the
spectral range considered then the form of the reflectance will
still be the same, high away from the resonance point because of
multiple reflections within the layer and lower at the resonance
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point. Alternatively, considering a homogenous layer on a
black surface, the reflectance of the system will be essentially
zero away from the resonance point and higher at the resonance
point at the same value as with the substrate of high reflect-
ance. With scattering, the reflectance of the system will be
the same as with the highly reflecting substrate and in fact is
independent of the substrate material.

Thus, with a layer of dielectric material on a metallic
substrate the attainment of low reflectances within appreciable
spectral regions requires the scattering produced by inhomo-
geneity and sufficient internal absorption to eliminate the
effect of multiple reflections. With the oxides of polyvalent
metals this is attained through a number of absorp ion bands.
While these are known to some extent (see Lecompte A1), p. 789),
the level of information is scarecely adequate for any prediction
of reflectance.

In turning to tieeffect of temperature on the emittance of
such systems, estimates thereon can be made only on the assump-
tion that increases in temperature will tend to broaden slightly
the absorption bands, and for poor absorbers this should reduce
slightly the variation of emittance in such regions, and in-
creasing the emittance at the minima that should be located
there. In general, these effects are expected to be swall and
to be reversible. In addition, because of the dependence of
the properties on the extent of inhomogeneity, structural
changes produced by increases in temperature could influence the
properties; such changes would be discovered also in a sub-
sequent change in the properties at room temperature.

In measurements made previously(2)on oxides and on coated
materials, some temperature dependence on the emittance was
found; it was small and localized at high wave lengths and,
because the samples on which the initial and final absorptances
were measured at room temperature were not the same, question
still remained about distinctions between reversible and irre-
versible effects. While this difficulty was removed with the
present emittance system, the overall situation was not much
improved because of the problem with contamination in the
emittance system. The conclusion that can be made is the same
as before, that the reversible effects of temperature are rel-
atively small and restricted in spectral extent.

Results are presented for oxidized Inconel and oxidized
Kanthal, these two are "standard" samples prepared by NBS, and
for a few of the cated materials for which results had been
presented before(

) .
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OXIDIZED INCONEL

The oxidized Inconel sample was prepared by the National
Bureau of Standards, presuiieably according to the technique
specified by Harrison 12). The results obtained with it begin
with the first measurement of absorptance at roon, temperature,
given by Curve A of Fig. lla. Operation in the emittance system
then produced results for the ezittance at temperatures of
2256, 2519, and 2646 R, these results for the lowest and highest
temperatures are shown on Fig. 11 as points; the values for the
temperature of 2519°R were located between these points. Sub-
sequently the absorptance was measured at room temperature as
Curve D. The reduction in absorptance from its initial value
was surprising for in this case there was no other evidence to
indicate contamination and evidence from other samples would
imply that the consequence of contamination would have been to
increase the absorptance.

On Fig. llb the emittances at the two temperatures are mow
shown as , ves and the points are the emittances reported by
Harrisoa(Mon the same kind of saDple at a lower temperature
of 1440 R and at a temperature of 23400 R, typical of the present
measurements. While Harrison's values at 2340OR are somewhat
lower than the present values, the disparity between the. is
within the deviation between samples quoted by him. Thus the
present values agree with those of Richmond to the extent of the
deviation that he quotes. Thq aviation with oxidized inconel
may be considerable, Harrison earlier quoted values giving
emittances at 2520°R about 0.03 above the present values; earlier
work, reported in Reference 2, gives substantially lower values
of emittance, obtained from oxidized surfaces which were
originally smooth. The sensitivity of the emittance of oxidized
Inconel to the original condition of the surface prior to oxi-
dation has been noted by Harrison and also demonstrat g)by the
measurements of total normal emittance made by Sully on
Nimonic 75 and on nickel and stainless steel.

The present results for emittance indicate a very small
increase as the temperature is increased, but the relative temp-
erature effect is inconsistent with respect to the initial
absorptance, in reference to which the increase is relatively
small considering the temperature difference that is involved.
Harrison's results show a relatively greater temperature effect
between 1440°R and 23400 R.

OXIDIZED KANTHAL

The oxidized Kanthal was a "standard" sample prepared by

the National Bureau of Standards according to the procedures
indicated in ref. 12, and this sample was subjected to a series
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of determinations of the same type as used with the oxidized
Inconel sample. Unfortunately, contamination did occur during
operation of the emittance systei,, to a degree detectable by
visual observation of the sample and thus the basic appraisal
of the system was not possible in the way intended by this
sample.

Fig. 12a shows the results, beginning with the initial
determination of absorptance at room temperature, and followed
by an absorptance determination at a temperature of 13900 R.
Only these two results correspond in general to the values given
in Ref. 12. The correspondence is, in fact, very close for wave
lengths between 2 and 9 microns, with deviations at higher wave
lengths which, between the measureg absorptance at room temp-
erature and the NBS values at 1440 R, are rational in terns of
the trend of the emittance at higher temperature.

The two curves which represent the emittance are associated
with the second and fourth determinations of a series of four
which all give similar results. Examination of the sample after
the first deternination already showed evidence of contamination
so that the high values given by curves 1 and 2 are ascribed to
this effect. Curve C, for the absorptance at room temperature
obtained after the emittance determination, shows the permanent
increase that resulted from the contamination. A comparison
between curves C and 2 still shows a temperature effect that is
similar to that implied by the comparison of Curve A and the NBS
results for the emittance.

At a later time a similar series of determinations was made
on this sample, with the results indicated on Fig. 12b by curves
D and E, for the initial and final absorptance at room temperlure,
and curves 3 and 4 for the intervening emittance determinations.
Curve D is the same as curve C; the absorptance at room temp-
erature did not change in the interval. The emittances are
almost the same at wave lengths up to 8 microns and this invar-
iability with temperature is similar to what is indicated by
Curve A and the NBS results for the emittance. An increase of
emittance with increase in temperature is indicated at wave
lengths above 8 microns, with a maximum gain near 11 microns.
Thus, despite the apparent contamination, the relative effect of
temperature on the emittance is preserved. Notably, the final
room temperature absorptance, given by Curve E, is practially
the same as the initial absorptance of this series of determi-
nations. Clearly during these latter emittance determinations
no further contamination of the sample occurred.
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Figure 11

SPECTRAL-EMITTANCE OF NBS OXIDIZED INCONEL

0 Interval
Curve Temp. R Atmos. Heating Time Date

A 530 Air 1-16-63

B, 02256 Argon 2 hrs at T - 2250OR 1-24-63

C,Ca 2646 Argon 2 hrs at T - 2640OR 1-24-63

2340* Air

0 1440* Air

D 530 Air 1-25-63

*Ref. 12, pg. 85 and pg. 92
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Figure 12

SPECTRAL EMITTANCE OF NBS OXIDIZED KANTHAL

Interval

Curve Tenxp ?R Atmos. Heating TiD.e Date

A 530 Air 1-16-63

B 1395 Air 2 hrs at T - 1395°R 1-21-63

1 2410 Argon 26 hrs at T - 2400°R 2-28-63

2 2454 Argon 5 hrs at T - 24500 R 2-28-63

C 530 Air 3-6-63

D 530 Air 4-30-63

3 2064 Argon 2 hrs at T - 2000°R 5-2-63

4 2440 Argon 2 hrs at T - 24400 R 5-8-63

E 530 Air 5-13-63

0 1960* Air

+ 1440* Air

A 2340* Air

*Ref. 12, Pg. 75, 78, 82.
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CHROMALLOY W2

A saiple of Chromalloy W2 was cut from a sample which had
been used previously in a total ezittance deterz.ination in air
at 22600 R. The sequence of deterinations with this sample
began with an ermittance determination, with the results given
by Curve 1 of Fig. 13. In the sequence of eLiittance deter-
xinations which followed, difficulty was encountered with the
therr,.ocouple attach,.ent and all subsequent runs involved the
assuiption of a sam.ple tei,,perature giving an e.ittance of about
0.73 at 2 microns. The subsequent roor, teriperature absorptances
confiri.. this value, bat of course temperature invariability is
then assuL ed in the 2 1,icron region. Modest errors here would
not, however, affect substantially the emittance results at
wave lengths greater tinan ! x.icrons.

The en,ittance deterr.inations, resulting in curves 1
through 3, indicated a continued increase in ei.ittance. Curve
4 shows an alteration at shorter wave lengths, and this
er.ittance, at 24950 R, is fairly vell confirLed by the following
deteri.ination of absorptance at root, temperature, which gave
the values shovwn by circles on Fig. 13. Thus these points,
and Curve 4, would indicate only a si.all dependence of
emittance on ter,.perature, localized in the region froi. 3 to 7
microns and a slightly larger one beyond 10 ricrons.

TWo further emittance deteri..inations produced further in-
crease in the emittance, but the final absorptance, given by
the points shown as triangles, rei.ains al,ost the same as te
previous one up to 7 microns, with marked differences at higher
wave lengths. Thus the final three runs indicate a larger
dependence on temperature than does the initial set.

The apparent development of an absorptance n.axin.um at 10
microns is an interesting but uninterpreted point. It exists
also in the determ.inations miade with the second sample.

After nweasurenients had been made with a second sample,
then an additional sax.ple was cut from, the piece from which all
of the sazples were obtained and weasuremients were i.ade on theL
of room temperature absorptance. Comparison was then r,.ade be-
tween the results reported in reference 2, the No. 2 sample of
this series, and a third sample, and the absorptances were
consistent only at wave lengths below three umicrons. At higher
wave lengths the absorptance reported in Ref. 2 was much less
than the latter two, and these diverged after 7 n.icrons. It
appears that the coating is seriously non-uniform, spatially, and
transparent enough initially to produce an appreciable con-
tribution from, the substrate at long wave lengths. This m.ight
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explain part of the effect found in Fig. 13 in the observation
of different parts of the sample in successive emittance and
absorptance determinations.

Results obtained with the second saiiple of Chromalloy W2
are shown on Fig. 14b. In this case the initial absorptance,
given by Curve A, is higher at long wave lengths than the
initial en.ittances of the first sample for which results are
shown on Fig. 13 because of the differences in the samples.
The enmittance detertination given by Curve 1 of Figure l4b,
shows an immediate reduction in the eDittance at short wave
lengths, to values slightly lower than found with the first
sample and a variation at long wave lengths rather typical of
the final absorptance of the first sample. The final absorpt-
ance at room temperature, Curve B, is again different from
the emittance in the long wave length region, but rather in the
opposite way found with the first sanple.

This kind of anomalous behavior was also found with the
similar coated material, XP6789, for which one sample was
investigated, with the results shown on Fig. 14a. Here the
trends are similar to those shown for the second Chromalloy
sample on Fig. 14b. The coating appears to have changed during
heating, and a substantial temperature effect is apparent in
the long wave length region when the final eniittance and room
temperature absorptance determinations are compared.

CHROMATE ON 420 SS

Results have been reported 1 ) for a "chromate" coating on
various types of substrates, the substrates having no influence
on the radiation properties and the reported results denmon-
strated essential equivalence between the absorptance at room
temperature and that measured at a sanple ten.perature of 15000 F.
One of these samples, with a substrate of 420 stainless steel,
was examined in the emittance system to determine if this
temperature independence would be preserved at higher temp-
eratures.

Fig. 15 shows the results obtained from two emittance
determinations and the initial and final room temperature
absorptance measurem.ents. These differ because in the interval
between the emittance determinations the major part of the
coating evaporated from the sample. The initial absorptance,
Curve A, and the emittance, Curve 1, at 2348°R reveal an almost
negligible effect of temperature. At long wave lengths there
is a small increase in the emittance at the elevated temperature.
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Figure 13

SPECTRAL EMITTANCE OF CHROMALLOY V'2

.ample No. 1

Interval
Curve Temp. OR Atmos. Heating Tine Dte

1 1880 Argon 2 hrs at T - 1800oR 11-14-62

2 2110 Argon 27 hrs at T - 2100°0R 11-15-62

3 2405 Argon 20 hrs at T - 2400OR 11-16-62

4 2495 Argon 3 hrs at T - 24950R 11-16-62

0 530 Air 1-8-63

5 2010 Argon 5 hrs at T - 2000°R 1-22-63

6 2310 Argon 3 hrs at T - 23000R 1-22-63

530 Air 1-23-63
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Figure 14

SPECTRAL EMITTANCE OF XP 6789 AND OF CHROMALLOY W2

a)XP 6789

Interval

Curve Temp.°R Atmos. Heating Tine date

1 2040 Argon 2 hrs at T - 2000°R 2-22-62

A 530 Air 2-27-62

2 2560 Argon 8 hrs at T - 25600 R 3-27-62

3 2760 Argon 2 hrs at T - 2760°R 3-29-62

B 530 Air 5-10-62

b) W-2, No. 2

Interval

Curve Temp.0 R Atmos. Heating Time Date

A 530 Air 2-29-63

1 2550 Argon 2 hrs at T - 25000 R 3-4-63

B 530 Air 3-6-63
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After the first emittance determination the temperature
was raised to 2545°R and in the 2 hour interval before the next
test was begun the coating apparently evaporated completely
from the sa&ple. Curve 2 indicates the great reduction of
emittance, to values almost typical oi the substrate material.
The final absorptance, Curve B, is about the same; this imhplies
that the teuperature dependence of the substrate (and what
coating remained) is also quite small.

CHANGE VOUGHT II + IX + TiO2

This material had been investigated before (2 ) , at room and
at elevated temperatures, but a verdict on the effect of temp-
erature on the emittance could not be rendered decisively be-
cause of apparent differences in the samples used for roon, temp-
erature absorptance and high temperature (16600R) emittance. One
of the original reflectance samples was again subjected to the
measuremn t of roon, temperature absorptance and essentially the
original )results were obtained. This is Curve A of Fig. 16.
Emittance determinations were then made and Curves 1 and 2 show
the initial general correspondence with the room temperature
absorptance, followed by higher values at later times for
wave lengths less than 9 microns. Visual inspection after this
determination revealed that the reddish color of the original
specimen had been lost, and there was evidence, through deposit
on the radiation shield, of the loss of tie outer part of the
coating. The final roonm temperature absorptance is also higher
and tends to be of the order of the last emittance determination,
though there are significant local differences.

Curve 2 is terminated at 2 microns because of apparent
errors in the sample temperature determination which resulted
in the indication of lower emittances at wave lengths shorter
than 2 microns.

Th?27bittance indicated by Curve 2 is like that given
earlier for the spectral emittance at 1600PR, but the
variability between the samples that was demonstrated at that
time prevents much generalization of this correspondence. '
final absorptance, Curve B, is similar to that found before")
from a sample cut from another sample which had been heated in
air at a temperature of 3060 R. In that vase, and in this one
also, exposure to higher temperature resulted in a loss of
material or a change in material which produced a permanent
increase in the absorptance in the short wave length region.
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Spectral Emittance of

Chronmate on 420 Stainless Steel

Curve Temp.°R Atmos Interval Heating Time Date

A 530 Air 3-5-63

1 2348 Argon 2 hrs 3-7-63

2 2545 Argon 2 3-7-63

B 530 Air - 3-8-63
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Spectral Emittance of

Chance Vought II + IX + T1 02

Curve Tenmp.°R Atmos. Interval Heating Time Date

A 530 Air 9-9-62

1 1854 Argon 4 hrs 9-5-62

2 2330 Vacuum 30 hrs at 14000F 9-6-62

B 530 Air 9-10-62



APPENDIX

The Spectral Emittance System

INTRODUCTION

The system used for the gelirmination of the spectral
emittance has been described in essentially its original
form. Relatively few permanent changes have been made but the
description of the system is here given rather completely both
as a convenience and also as a basis for the indication of the
operating problems that were encountered. It has already been
noted on a number of locations in the report that the system
to this time has been unsatisfactory on the score of contam-
ination of the sample holder, and at times of the sample, that
occurred in an irregular temporal pattern associated with the
temperature of the sample heater and the time for which heating
was maintained. Mention of this problem is continued in the
description of the parts of the system and the final section
contains a review of the problem itself.

SYSTEM AND ENCLOSURE

The basic components of the system are a ieference cavity
and a sample heating furnace, mounted on rails with their dxes
coincident and in the horizontal plane. Fig. 1, a plan view of
the system, shows them schematically, contained within the
enclosure. Located centrally between them is a mirror turning
about a vertical axis which intersects the common axis of the
cavity and the sample. This mirror is turned, against stops,
by a selsyn motor located within the enclosure, to enable the
passage of radiation either from the cavity or from the sample
through the window in the side of the enclsosuve. An off-axis
parabolic mirror, located outside the enclosure, receives this
radiation and produces an image at a location near the chopper,
where there are located horizontal slits to limit the height of
the observed area. Beyond this point, an off axis spherical
mirror and a plane mirror provide a second image at the inlet
slits of the monochrometer. The width of the area observed at
the sample or the cavity is determined by the opening of these
slits and is almost the same as the slit width. The monochrometer
is a Perkin Elmer Model 98, with the thermocouple detector out-
put entering a Perkin Elmer Model 107 amplifier. The amplifier
output is read on a Brown-Rubicon precision indicator.

The enclsoure is a steel tank which is 16 inches in diameter
and 36 inches long, with flanged ends and flanged nozzles on the
center top and center side. A heavy steel rail within the tank
provides support for the sample heater, cavity, and moveable
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mirror. Cooling water lines pass through the tank walls, and
also wires for the electric heating, current supply and ther-
mocouple wires; all wires pass through the wall via Conex
fittings.

There are three water cooling circuits within the tank,
for the jacket of the cavity, for the jacket of the sample
heater, and for the door and the water cooled shield on the
sample heater. Initially, Swage-lock fittings connected these
circuits to the tubes that passed through the tank wall, later
these fittings were removed and all connections were made by
soft soldered couplings in an effort to eliminate any possible
leakage. This actually gave no apparent improvement and
difficulty arose on one occasion due to a leak at one of the
soldered connections.

The original evacuation system, used in obtaining all of
the results that are described here, made use of a mechanical
vacuum pump capable of reducing the pressure in the tank to
less than one micron, as indicated by a NRC thermocouple gage.
The combined leak and out gassing rate varied, improvements in
the system resulted in a final indicated rate of 1.0 liters per
second at 2 microns. In operation, a pressure of one micron
was maintained for two or more hours; argon was then introduced
through a system which included a dessecator, to a final
pressure of about one pound per square inch gage. In certain
instances, indicated on the results, argon was not introduced
but rather the system was heated and operated under vacuum, with
the pump in continuous operation. In such operation the system
pressure was oi the order of 5 microns, due in part to the
inferior operation of the pump during that period.

CAVITY

The cavity itself was a graphite tube, 0.5 inch in internal
diameter with a length of 2.7 inches, with a conical base as
indicated in Fig. 17. This cavity was used subsequent to June
1962 as a substitute for the earlier similar unit indicated in
Ref. 2, which had a flat instead of conical base. Tho original
unit was found to have an emittance substantially less than
unity at wave lengths above 7 microns due apparently to specular
reflection from the flat base. The front of the tube is con-
stricted to an opening 0.3 inches in diameter.

The graphite tube is contained in a thin ceramic tube, on
which secondary heater windings are carried and this assembly
is enclosed in another ceramic tube on which the primary
heater is wound. Another ceramic tube enclosed this and is in
turn sheathed with a 0.12 inch thick molybdenum sleeve for
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longitudinal teriperature equalization. All ceramic is re-
fractory alundui and the tungsten heating wires are embedded
in refractory cement. Fiberfrax was initially and is finally
used for external insulation. Froiim June 1962 to December 1962
bubble zirconia was used as external insulation on the premise
that soie of the contamination problems arose from the Fiber-
frax insulation. Since these problems continued with the use
of the zirconia it was ultimately replaced by Fiberfrax to
realize the better thermal insulation obtained with that
material.

The primary heater is made of 80 mil tungsten wire. A
secondary heater at the front of the cavity is of 40 mil wire
and another at the rear is of 80 nil wire. These secondary
heaters are also a revision of the original design. Heating
current is supplied from transformers having primary voltage
supplied through Variacs; all control is manual.

Platinum-platinum 10% rhodium thermocouples are located in
the base of the cavity and at the front edge of the cavity.
Checks were made by inserting a thermocouple into the cavity
through the orifice, with good agreement between this ther-
nocouple and the thermocouple at the back of the cavity. At
one period, prior to December 1962, difficulty was experienced
due to apparent deterioration of the thermocouple in the back
of the cavity, so that its response diminished, and for the
period cavity temperatures were determined from optical pyrometer
observations, corrected for the transmittance of the optical
system. In all cases this observation was available as a check.

SAMPLE HEATER

The internal construction of the sample heater is the same
as that of the cavity, except that only one 80 mil tungsten
heater is used. As in the cavity, the external insulation was
for a time of bubble zirconia instead of Fiberfrax, but re-
placement was made in December 1962. In this unit particularly,
the higher thermal resistance of Fiberfrax was needed because
of the smaller thickness of the external insulation. Fig. 18
shows the maj details of the unit and is the same figure as
used before '

Fig. 19 gives greater detail of the method of sample
support, the sample holder shown being the final form used for
this component. This was cut from 0.005 inch thick molybdenum
sheet and when the contamination problem was severe a new
holder was used for each new sample. Three tabs cut from the
sheet were folded back to hold the sample, three others pro-
jected forward to enter the space between the ceramic ring in
the furnace door and the water cooled shield. Additional tabs
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cut from the sample holder held the ceramic tube carrying the
sample thermocouple wires. A 0.30 inch hole in the front of
the sample holder provided the view of the sample.

This sample holder assembly is inserted by opening the
door of the furnace and registering the front tabs of the
sample holder. The door is then closed; the sample itself
enters the opening in the ceramic front ring of the furnace and
the ceramic thermocouple tube a recess in that ring. The thermo-
couple wires, fitted with a connector, are plugged into the
mating connector on the terminal board of the sample heater,
adjacent to the reference junction for that board. With the
door closed and the sample in place, the gap between the face
of the sample holder and the water cooled shield is about 0.05
inches.

The water cooled shield, shown on Fig. 18, was made of
stainless steel, with all seams heli-arc welded. Substantial
difficulty was encountered with the joints of the shield at
the base of the shield, adjacent tolhe sample. Very small
pin holes developed in this region, and the only solution
achieved was to cut back this face and soft solder the seams
and entire face. Difficulties of this nature occurred at the
beginning of operation and subsequently in a failure of the
solder joint. A second shield, fabricated with ostensibly
more care, revealed the same difficulties. The final repair of
this shield has, however, maintained its integrity for a six
nmonth period.

The one inch inside diameter of the shield is honed smooth,
to avoid diffuse reflection, and the face of the shield adjacent
to the sample holder is painted black to minimize reflection
in that area.

EMITTANCE DETERMINATION

The relation of the true emittance to the ratio of the net
monochrometer detector responses and the observed temperatures
of the cavity and the sample was considered in some detail in
Refs. 2 and 3, here the algebra is minimized and the important
effects are discussed more qualitatively. This can be divided
into a consideration in which it is assumed that the radiosity
of the sample is indeed the emission therefrom and another in
which additional possible contributions to the radiosity of the
samples is considered.

The location of the chopper, outside of the tank and
intermediate in the optical path, leads to additional contri-
butions 6o the detector output from the pptics between the

59



+~~~~ ~ +

+ + + + + + + + r

+ + + 0

+ ) P4
+ + + I+ ++ 4 , C

C + + co64



2

C=3:3

SALUNDUM

ALUNDUM CEMENT

SFIBERFRAX

1. SAMPLE THERMOCOUPLE

STEEL Figure 19 2. SAMPLE

Sample Holder 3. SAMPLE HOLDER, MOLYBDENUM
SHEET.

61



sample and the chopper location. Obviously, the preferred
location for the chopper is at the front of the cavity and in
front of the sample, but the need for large chopper blades and
the internal location of the motor and breaker points in this
arrangement led to the compromise represented by the outside
location of the chopper. Thus the emission from the internal
mirror, the window, and two external mirrors must be accounted
for, as well as the transmittance of the window. The ratio of
the detector responses for the sights on the sample and on the
cavity then is complicated even when the negligible contribution
of the two external mirrors is neglected.

here C , r, E denote the emittance, reilectance and monoch-
romatic emissive power of the composent indicated by the sub-
script: c, cavity; m, mirror; w, window; s, sample, o, room
temperature.

If the emittance is calculated from Eqn. 1.1

5 E - El 1.1

then a comparison with Eqn. A.1 indicates the error associated
with the emittance calculated from Eqn. 1.1. These are in
general negligibly small, except for the large error that can
occur due to heating of the internal mirror as that can occur
during operation with a vacuum. If only the mirror is con-
sidered to be at a temperature above that of the reference
sight, then the ratio of the emittance G , indicated by Eqn.
1.1 to the true value, given by Eqn. A.1 is:

M (Em i-a

(EM-er.)A.2

As an example, with sample and cavity temperatures of 2500R,
surroundings at 530 0 R, and an (impossibly) high mirror temp-
erature of 10000 R, with W, - 0.15 and r - 0.85, then
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if the sample were to be metallic with an emittance of 0.10 at
10 microns, the value of the eii.ittanceCs,indicated by Eqn.
1.1 would be twice the true value. Even with a vacuum the
mirror te.perature was doubtless not as large as this but in
some instances it was above the terperature of the surroundings.
Then a spectrometer response could be observed when the mirror
was placed normal to the line of sight inmediately after an
observation on the sample and the final readings were corrected
for this additional contribution to the response. This is an
undesireable feature of vacuum, operation of this system which
was designed for use with an argon atmosphere. With the gas
atmosphere the internal mJirror is cooled by free convection and
the heating problemi, then does not exist.

In addition to possible errors contributed by the optics
of the system, there is an additional contribution from those
effects which may cause the radiosity of the surface of the
sample to differ from its actual emission. Irradiation of the
sample occurs from the ceramic ring in the door of the sample
furnace, "seen" by the sample through the gap between the sample
holder and the black face of the water cooled shield. The
angle factor involved is of the order of 0.02 and if the temp-
erature of the ceramic were to be the same as that of the
sample, and if the sample was a diffuse reflector, then the
consequent increase in the observed emittance would be the
product of 0.02 and the sample reflectance. This could become
significant with a sample which was a poor emitter, but these
samples tend to be specular and even with the rough metallic
samples it is doubtful that irradiation at almost grazing
incidence would be reflected in any substantial amount in the
normal direction.

OPERATIONAL PROBLEMS WITH THE SPECTRAL EMITTANCE SYSTEM

Because of operational difficulties with the system for
spectral emittance measurements a dual objective was imposed on
all of the work which led to the results which have been
presented in this report. On one hand, the program was pursued
in an attempt to determine the effect of temperature on the
spectral emittance for a significant number of materials, while
on the other hand attempts were made to eliminate the problem
of contamination of the sample, which as has been indicated,
introduced uncertainty into the results that were obtained and
likewise limited the scope of the program both in number of
materials and in the maximum temperatures that were obtained.

The contamination was apparent by alteration of the
appearance of the molybdenum sample holder and of the sample
itself. This varied in severity and extent, and in extreme
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cases deposition occurred on the water cooled shield. The
apparent cause was the presence of oxygen in the systei, and the
most consistent adverse reaction was with the tungsten heating
wires in the sanple heating furnace. This oxygen was present
either because oi inadequate out-gassing of the ceraric parts
of the heating furnace (and also of the cavity furnace), in-
adequate purging of the argon supply system, or because of
leakage in the water cooling system. At various times all of
these effects apparently contributed to the difficulty.

During the first part of the progra, the deposits involved
light coatings of blue and brown material near the central parts
of the sample holder, with a frequent occurrence of yellow-
white material in larger amounts on the outer part of the sardple
holder and sometiDes on the face of the water cooled shield.
The darker raterial was probably a mixture of WO e and VZ0c and
the light material the hydrate of W03 . The mechanical problem
of welding the joints of the radiation shield has already been
mentioned and leakage fron. the water circuit apparently reacted
when the yellow deposit and the hydrate appeared. When the
shield was definitely sealed this contamination did not occur
and to reduce the possibility of such occurrance all the joints
in the water tubing within the enclosure, first made with Swage-
Lock fittings, were changed to soldered connections. Continued
deposit of the blue and brown material occurred, prilarily on
the back of the sample and the sample holder, though discolor-
ation of the front of the sample holder also occurred. Since
both WO2 and W205 have sublimation temperatures of the order of
1900°R, it is hard to visualize their presence on the surface
at the temperatures at which the emittances were determined and
they may have condensed during the cooling of the system. Their
presence, however, did open the possibility for a reaction with
the material of the sample itself.

It has already been indicated that in June 1962 the Fiber-
Frax insulation was replaced by bubble zirconia on the premise,
then held, that the Fiber-Frax insulation was responsible for
som of the contamination. At that time also the original
reference cavity and cavity heater were replaced. No substantial
improvement was produced by the change in insulation and because
of the higher thernmal conductivity of the zirconia, operating
temperatures were seriously limited. The operation with vacuum
used in the following period was required to allow temperatures
higher than 20000 R, but such operation was used also at times
in connection with the investigation of the contamination
problem. The zirconia insulation was removed and replaced with
Fiber-Frax in December 1962.
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