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ABSTRACT

FEN;-,

Experimental results are presented to show the effect of surface roughness and of
surface oxidation on the radi ant properties of platinum And of 304 stainless steel.
T~he radiant properties investigated include total and spectral normal, hemispherical,
and directional emittance aug a function of emission aogle, polarization, temperature,--.
and surface roughness or o.,dde film thickness. In-

Emittance data are presented for five-plaintm s~iriies wit sufcIogps
values between 0. 20 and 2. 50 "Urms, at five temperatures between foran 164ne
and at selected wavelengths a"sn1an 2Q' Similar data are presentedfo'ne
stainless steel samples wilth surface oxide filma-thickne,:,s values between 0 and 1
at five temperatures between 535.0 and 1090,!,K. Variations in the radiant properti;P
of each material are explained in terms of the differences in- surface characteristics
of the samples, or of changes in their surface characteristics as the result of aimneal-
ing, recrystallization, and oxidation dur1ng the high temperature emittance tegst

Methods used to evaluate the physical, chemical, and geometrical characteristics
of the sample surface include: proftlometry, optical and electron microscopy,
x-ray and electron diffraction, and arc spectroscopy. The advantages and short-
comings of these methods are discussed and typical results are presented.

Distribution of this abstcract Is unlmited. 9-
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LIST OF ABBREVIATIONS AND SYMBOLS

The definitions and symbols used in this report for the thermal radiation properties

of materials and surfaces are the same as described in (1). Words ending in ivi
are used to describe intrinsic properties of a bulk material; words ending in ancee
denote properties of z specimen surface; and words ending in ion describe processes.
Thus, emissivity is an intrinsic property of the pure, bulk material; emittance is a
property of the emitting surface measured relative to the same property for a black-

body; and emission is the process by which thermal energy is emitted by a surface or
body by virtue of its temperature. The symbols used in this report are defined in the
following list:

NOMENCLATURE

A area

a correlation distance for rough surface

b2 constant defined in Eq. (7)

b3 constant defined in Eq. (7)

c speed of light in vacua

cI first radiation constant

c2 second -adiazlon constant

c3 constant defined in Eq. (7)

d oxide film thickness

E emissive power

e electron charge

H average ratio of hemispherical-to-normal emittance

Planck constant

current

xvit
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K constant, characteristic of a metal, Eq. (8)

K absorption coefficient

KR radiation conductivity

k imaginary part of n (absorption index)

kO Boltzmann constant

M atomic weight

m mass of carrier

N carrier density

n real part of n

n complex index of refraction

no index of refraction of surrounding medium

PL power loss term in Eq. (25)

S average spacing between shields

S backscatter coefficient

T absolute temperature

V voltage

C emittance

t surface plane

&' characteristic temperature of a metal

eot constant defined in Eq. (9)

0 angle of emission

Of angle of incidence

X wavelength

characteristic wavelength defined in Eq. (2)

xviii
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A2  characteristic wavelength defined in Eq. (2)

1. micvon, 10-4 cm

gin. microinch, 10-6 in.

p reflectance

a electrical conductivity

iao Stefan-Boltzmann constant

am rms roughness

a• .F (_ .1 2•)

T rtransmittance

;o relaxation tim-

complex angle of refraction M

6' angle of internal reflection

x plane of emission

Subscripts

a ambient

b proporty of the blackbody

m property of the mirror

N direction normal to the surface

s property of the sample

w property of the window

"I" electric vector vibrating in plane of emission Q

I electric vector vibrating perpendicular to plane of emission -

r

xix
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Parentheses

(0, W, T) spectral directional

(6 N, A•, T) spectral normal

(X, T) spectral hemispherical

(0, T) total directional

(ONV T) total normal

(T) total hemispherical

(0L -, TL relative spectral directional

(•N, A, T)

(0. T) relative total directional
(ON, T)

(0max) angle at which relative directiflal E is a maximum

C(0)max maximum relative directional emittance

4'C
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Secti3n I

INTRODUCTIONd

The research described in this report is a continuation of that reported in AFML-
TR-64-363, Investigation of the Effect of Surface Condition on the Radiant Properties
of Met, (1). The purpose of these studies was to experimentally and analytically
investigate the effects of surface condition (e.g., rouighness and oxidation) on the
emittance properties of metals. During the first year, experimental techniques were
developed for preparation of pure metal specimens with varying degrees of surface
roughness and for measurement of their absolute and relative direetional emittance
properties. Results were presented for carefully prepared specimens of copper,
tungsten, and platinum. Analytical methods were used to obtain the optical cons-
tants for each metal from the relative spectral directional emittance data for each
of the smooth-surface specimens. Theories for the reflection of electromagnetic
energy from a randomly rough surface were examined to determine their applicability
for prediction of roughness effects on the directional distribution of emitted thermal
energy.

This report describes effort in t',e second year during which additional studies were
completed on the effect of surftce roughness on the ern~ttance properties of platinum,
and an investigation was m-4d: of the effects of surface oxidation and roughness on
the emittance properties of stainless steel.

The physical condition and geometric features of the roughened platinum surfaces
were evaluated using profilometric and photomicrographic methods similar to those
described in (1). Several new techniques, principally involving the use of electron
microscopy, were investigated for evaluation of the thickness, morphology, and
composition of the oxide films that were obtained on the stainless steel specimens.
These methods are described in Section EI[ and the results are discussed in Section V.

Enittance results are presented for five platinum specimens and nine stainless steel
s,3ecimens and include the total normal, total hemispherical, spectral normal, rela-
tive total directional, and relative spectral directional emittance. These properties
were. determined ut temperatures between 5350 and 16450K and ýl wavC!.ngths
between 1 and 12 p. The relative spectral directional emittance determinations
were made for both the parallel and the perpendicular components of nolarized radia-
tion from the specimens. Complete sets of emittance data were obtained at each test
temperature as permitted by available energy levels. The results are presented in
the same format as was used for (1), with complete sets of data for each test speci-
men presented in a separate section (Section VII) to facilitate detailed study by other
investigators.

U.•
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Section II

RADIANT PROPERTIES OF SURFACES

1. INTRODUCTION

Although the thermal emission of radiant energy by a material is usually thought of
as a surface phenomenon, the emitted energy Pctually originates from within the body
"of the material. Thc energy is generated by thermal excitation of atomic and molecu-
lar oscillators (i.e., free and bound electrons and/or iattice bonds) that are charac-
teristic of the chemical composition of the material and its physical state. At a given
temperature, each collection of oscillators generates a unique spectrum of electro-
magnetic frequencies (or wavelengths) characteristic of the- material lattice. The
amount of energy that reaches the surface depends upon the frequency of the radiation,
the distance between the osciilator and the surface, the optical constants of the mate-
rial, i.e., index of refraction and absorption coefficient, and the scattering charac-
teristics of the material.

For the wavelengths commonly associated with optical and thermal energy (i. e., 0.25
to 40 p), the depth of penetration of an incident electromagnetic field can range from
very small to very large values adepending on the absorption and scattering properties
of the material. Since the extinction (absorption) coefficients for metals are large in
this spectral region, the radiant energy cannot travel farther than a few hundred
angstroms before total absorption occurs. Similarly, the internally generated radiant
energy reaching the surface of a metal originates from oscillators in a very thin sur-
face layer, from 0 to perhaps 1000 A deep. As the extinction coefficient decreases,
there is a corresponding increase in the effective depth of the surface layer. If the
material is a metal oxide, the depth of penetration may be one or two orders of mag-
nitude larger than for metals. However, since few data are available on the optical
constants of metal oxides commonly encountered in engineerang practice, a definite
statement of depth cannot be made. If the oxide is thick enough to be opaque then
all the energy reaching the surface will ha% e been generated within the tuxide layer.
As the thickness decreases below npacity, an increasing percentage of the energy
reaching the emitting surface will originate from the metal substrate.

Regardless of its origin, a portion of the energy reaching the surface is . iitted by
transmission and refraction into a new medium, e.g., air, vacuum, or a thin film
with different opti"-.' constants, and the remainder is interially reflected back Lato
the original materi-S_ The relative proportions of emitted and reflected energy at
the surface depend upon the wavelength of the radiation, its angle of incidence on the
surface, and the relative index of refraction of the two media.
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When all of the parameters are known or specified, it is possible to calculate the
emittance properties of the sua-face (e.g., see (2, 3, 4)1. However, even for smooth
surfaces the calculations are tedious except for the case of normal incidence. For
off-normal angles of incidence, the reflected (and refracted) energy is a function of
polarization and phase-change phenomena as well as wavelength and temperature.
Therefore, computer techniques are usually employed to obtain solutions of the
equations.

The sclutions obtained generally apply for ideal conditions of uniform surface coatings
on smooth metallic substrates. Application of the equations to those surfaces created
by oxidation of common materials is extremely difficult due to the tremendous variety
of surface layer structures that exist on practical engineering materials used for
optical and heat-transfer applications. Geometrical variations in surface profile,
various preferred orientations of crystal lattice, strains awd/or defects in the lattice
structure, porosity or chemical inhomogeneities in the surface layer, and thin con-
taminant films are commonly found on engineering materials. These physical, chemi-
cal, and geometrical variations of the surface layer produce conditions far from the
ideal state. Therefore, laboratory measurements are presently the only soirce of
reliable values for the radiant properties of a given complex surface. Hopefully, as
methods and techniques are developed for complete surface characterization, and as
experimental data on the radiant properties of carefully characterized surfaces are
accumulated, then a more thorough assessment of the effects of surface condition on
radiant properties will be possible.

I 2. SMOOTH SURFACES

The optical behavior of smooth, pure, metal surfaces has received the attention of a
large number of investigators for many years. As a result, a vast amount of litera-
ture is available describing experimental and theoretical results which apply to pure,
polished surfaces. The proceedings of a recent colloquium (5) provide an excellent
indication of the progress being made in this area of study.

he pure, polished surface is of interest since its behavior is closely linked with
r, )perties of the bulk material. These are altered by nonideal surface conditions.
Therefore, the properties of smooth samples were experimentally determined to
establish the required reference values. The nomenclature used to describe reflec-
tion and emission from a surface was presented previously in (1) and is repeated
herein for convenience of the reader.

In. Figure 1 the sur.ace plane of an emitting mate rial is represented by i, fi is the
complex index of refraction of the material, and no is the index of refraction of the
surrounding medium. internally generated thermal radiation incident on the surface
at angle 0 to the surface normal is either reflected at angle •' or is transmitted
and refracted into the surrounding medium :.t angle 0 . Similarly for the reflectance
case, external energy incident on the surface at angle B' is either reflected at angle
0 or is refracted into the mate_'ial at angle • . Except for the case of normal

3
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incidence, both the direction of propagation and the direction of polarization of the
radiation must be considered to calculate either the reflectance or the emittance of
the surface.

In Figure 2 the plane of emission, X , is defined as a horizontal plane perpendicular
to the surface plane E . The angle of emission, 0 , gives the direction of propaga-
tion in the plane of emission, measured from the normal to the sample plane. The
direction of polarization is specified for the electric vector of the wave where the
parallel(I) component is that which vibrates in the plane of emission and the per-pendicular (.L) component is that which ,.,brates normal to the plane of emission.

Using the nomenclature defined by Figures 1 and 2, expressions for the spectral
normal and spectral directional emittance of a material in vacuum, in terms of the
optical constants of the material, were developed from the Fresnel equations in (1).
Such expressions are readily available in open literature and will not be repeatedhere. It is important to note that the complex index of refraction is a function of

!• temperature and wa7,releiigth which requires separate solution of the equations for each

condition of interest. Unfortunately, very few optical constant data are available for
metals onvr thp- r-ncr•.a nf uwnVgAvth and temperature commonly used in heat-trans-
fer computations. Also, it is rare that metallic surfaces used in construction satisfy
the conditions assumed in the formulation. That is, only special laboratory samples
are optically smooth and free of surface strain and oxidation. For these reasons,
direct application of results obtained from the Fresnel equations is limited to special
circumstances or is at best an approximation of actual conditions.

In spite of the departure of most practical surfaces from ideal conditions, it will
often be found that the effects of surface roughness, oxidation, and surface strain
are sufficiently minor to permit the assumption of ideal conditions for the purposes
of heat-transfer computations. This approach would be satisfactory for the roughened
platinum and nonoxidized stainless steel samples examined during this program. The
results presented in Section V show that roughness up to 2 u rms increases the abso-
lute total emittance by approximately 7% for a roughened, annealed, clean specimen.
Additionally, the ratio of hemispherical to noL-nal emittance is increased only slightly
(approximately 7%) by roughening in this range. These minor departures from ideal
conditions have little influence on the accuracy of heat-transfer computations that use
emittance properties obtained from smooth, polished specimens.

The temperature and wavelength dependence of spectral emittance was observed
during this program to be a greater influence on the total emittance properties of
platinum than was the influence of surface roughening. Therefore, an analytical
study was completed for the purpose of establishing straightforward relationships
from which the emittance of pure metals could be computed from the fundamental
optical properties. Once the emittance properties are established, it is possible to
perform heat-transfer computations without the assumption of gray surfaces or com-
plete reliance on experimental results.

A5
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A number of approaches to the computation of energy transfer between nongray
surfaces have been suggested by recent investigators. These generally require
semigray approximations (6, 7), experimental spectral emittance data (8, 9), or
idealized multiband models (10, 11). All of these approaches require detailed
.umerical computations and fail to reveal a general functional dependence between
cptical properties of the materials and the radiant heat exchange. The numericalI •woz k reported by Branstetter (8) provides interesting results in that the net energy
exchange between metallic surfaces is best represented by a general relationship
that differs from the fourth-power dependence on absolute temperature. However,
no dnalytical explanation of this result was offered. By use of a simple spectral
emittance spectrum, which is valid at long wavelengths, it is possible to obtain some
clarification of Branstetter 's results.

From the single-electron theory (12, 13), the normal spectral emittance is given by

1 1/2 1/2

E(O, X,T = (8) 1/2• ,) 1]

where

[ 21/2 fc~ /2 rcr
rmc [c2 2 _mc_

Ne- [2-- , 2  = 2 = 2ccr° (2)NeN

and m is the mass of the charge carrier, c the speed of light, N the number of
carriers per unit volume, e the carrier charge, a the elect.ic conductivity, and
T the relaxation time.

Equation (1) is based upon a single set of charge carriers. It applies to the ;&frred
part of the spectrum and is applicable to relatively low temperatares. For moderat
and high temperatures, expressions based on the two-electron theory have been
developed (13, 14), but their applications have been severely limited due to the com-
plexity involved. The spectral hemispherical emittance may be obtained from the
spectral normal emittance through use of expressions presented by Dunkle (15). In
general, the ratio of these two quantities is dependent on the cumplex refractive indexf and, consequently, is a function of wavelength. For metals at moderate temperatures,
the hemispherical emittance is approximately 1.30 times larger than the normal e-mit-
tance value obtained from Eq. (1). For the platinum samples investigated during thi4
program, the ratio of hemispherical to normal emittance was approximately 1.2.
(See Section V.)
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Even though Eq. (1) is the simplest form avail.ble for prediction of spectral emissivity,
it Is still sufficiently complicated so th.at no simple closed form result can be obtained
for total emissivity. Therefore, simpler approximate forms were sought that .-on-
tained the functional dependence of Eq. (1). Numerous approximate forms can be
derived that in some degree match the numerical values of rq. (1) for the same values
of independent variables. However, no single simple expression was found that did so
over the entire range of the ratio X/A2 . Final s'iection of an approximate form led
to the expression

C(0 NX, 1) = (8)1/2 (xi/ 2 ) ( 2 /X) 1/2 _ 0. 32(k2 / )] (3)

This relation matches the behavior of Eq. (1) with satisfactory accuracy for the range
0.4 -: AA2 -s 00 which for most metals corresponds to wavelengths beyond 8 I.
Figure 3 compares the approximate form with a computer solution of Eq. (1).

The total normal emittance, E(GN, T) , is obtained from

E(0N, T) = 1 J E(O N1 X, T) Eb(•,T)d, (4)a T4 X1)d

0 o
0

where

Eb(A,,T) = C1 x5 [exp (c2 /X) - 1]-1 (5)

Although Eq. (3) is a simple expression, it is still necessary to introduce an additional
approximation to obtain a useful closed form result from the integration of Eq. (4).
This approximation requires substitution of the Wien distribution for Eb((A, T). Use
of the Wien distribution to approximate Planck's equation is a valid procedure for the
range of interest since this distribution closely approximates the energy content given
by the Planck distribution through most of the spectral range (10). Whe.!e the approxi-
mation fails to give close correspondence, i.e., at large values of (XT) , there

remains but a small portion of the total blackbody energy. Therefore, the final
expression obtained provides numerically useful results that require a minimurn
of computational procedure.

Performing the integration of Eq. (4), with c(ON, X, T) and Eb(X, T) given respec-
tively by Eq. (3) and the Wien distribution, gives

(0N1 T) 93.(96 b 11 0. 525 b1/2 (6)
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b2 and b3 characterize the effects of electrical conductivity and relaxation time
and are given by (16)

b2= (C3k0T/2ha)1/2 , b3 = (27c 3 koTT0/h) , c3 = ir(15)-1/4 = 1.601 (7)

This result is simple and compares very well with the numerical solution, as shown
in Figure 4. This result was also compared to the results of Parker and Abbott (12)
where series expansions were presented for solution of Eq. (4) basing CE(OW, X, T)
on the original form of the single-electron theory. The comparison obtainea with that
work is excellent with better agreement for low values of b,. than that shown in
Figure 4.

Tha form of Eq. (6) is of particular value since b3 may be considered independent
of temperature (13). The value of b2 depends upon the electrical conductivity and is
linearly dependent on temperature as shown by consideration of the results presented
in (17). For the region (T/0e) > 0.5, the electrical conductivity is closely repre-
sented by the limiting relation of the Bloch-Grunelsen formula.

4MOI2
a= KT (8)

where M is the atomic weight, 8' is a characteristic temperature of the mptal
with values close to the Debye temperature, K is a constant characteristic of the
metal and its volume, and T is the absolute temperature. Using this relation in
the definition of b. gives

2 [c~k]= (c3)- (9)

where e00 is a material constant with the dimensions of temperature. Table I
presents values for the required constants determined from the room temperature
data presented by Lenham and Treherne (18).

The utility of the form derived for spectral emittance, Eq. (3),is the ease of incor-
porating it into heat-transfer computations.

For example, the. radiant heat exchange between parallel plates may be expressed by

(XT ) - Eb(XT.) dX (10)

4E (X, I ~T a + E(, 1-I 0

10
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Table 1. Values of Constants for Pure Metals at Room Temperature(a)

20p Properties(b)

Material N -22 -1l 62 b2/T b3
(cm x 10-) (sec x 104) (ohm-cm x×10) () (p) (°K-lxlO0)

Al 4.3 2.1 3.94 0.161 39.5 15.6 1.32
Cr 1.1 0.73 44.3 0. ýi8 13.7 52.2 0.458
Co 1.05 1.8 18.8 0.326 33.9 34.0 1.03
Cu 5.2 3.15 2.17 0.146 59.3 11.6 1.98
Au 4.9 1.1 6.59 0.151 20.7 20.2 0.690
Fe 1.3 1.2 22.8 0.293 22.6 34.7 0.753
Ni 1.6 1.9 11.7 0.264 35.8 26.8 1.19
Nb 1.55 0.9 21. 4 0.268 16.9 39.6 0.565
Pt 2.6 0.75 18.2 0.207 14.1 33.5 0.471
Ag 6.3 2.5 2.26 0.133 47.1 11.8 1.57
Ta 0.8 0.75 58.2 0.373 14.1 60.4 0.471
Sh 3.0 0.8 14.8 0.193 15.1 30.2 0.502
Ti 0.8 0.3 14.8 0.3731 5.65 95.6 0.188
W 1.3 1.35 20.2 0.2931 25.4 35.3 0.847

n.C. Properties(c)

Al 5 2. .6 01952.7 12.5 1.76A11 52.8 2.561I0. 149

Cr 1.15 2.05 15.1 0.311 38.6 30.5 1.29
Co 1.2 5.6 5.29 0.305 105.4 18.1 3.51
Cu 5.2 4.4 1.55 0.146 82.9 9.79 2.76
Au 4.9 3.6 2.02 0.151 67.8 11.1 2.26
Fe 1.3 3.16 8.65 0.293 59.5 23.1 1.98
Ni 1.6 3.4 6.54 0.264 64.0 20.1 2.13
Nb 1.6 0.95 23.4 0.264 17.9 38.0 0.596
Pt 2.5 1.5 9.48 0.211 28.2 24.2 0.941
Ag 6.3 3.7 1.52 0.133 69.7 9.70 2.32
Ta 0.8 3.6 12.3 0.373 67.8 27.6 2.26i Sn 3.2 1.24 b.95 0.187 23.3 23.5 0.778
Ti 0.8 1.06 41.9 0.373 20.0 50.8 0.665
W 1.3 5.6 4.88 0.293 105.4 17.3 3.51
Zn 1.5 4.3 5.51 0.273 81.0 18.4 2.70

(a) Values given are best averages for hand polished or evaporated film surfaces as
reported by Lenham and Treherne (18).

(b) N and r computed from reflectance measurements using mass and charge of
electron ?nfree space.

(c) From D. C. conductivity measurements.
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where eQ., T) is the spectral hemispheridal emissivity, and the subscripts a and 6
refer to the hot and cold surfaces, respectively. Equn-tici (10) includes the assumption
of KirchoffIs law and negligible effects of polarization and directionality. At low and
rmoderate temperatures, e is small and Eq. (10) can be pl~ced in- the form

= if E (X, Ta)EX f3 [EQT)-E(T)I ()•:qa [E T E(, ), + (XT

9! where H is the average ratio of hemispherical to normal emittance and has a value
near 1. 3 for most metals. The integration indicated by Eq. (11) can be performed in
closed for~m using the Wien distribution and Eq. (3) or by a computer lising the Planck
distribution. In either case, the computation is considerably simplified compared to
that required when using Eq. (1).

For computations of energy transfer through multiple shields, it is often desirable to
define a radiation conductivity (13) so that the energy rate is given by the simple form

q =_(Kc+ KR)T (12)

where Kc is the solid conductivity, and KR is the radiation conductivity defined as

KR(T) = T J(ON, X, T) aT dX (13)

O
with S being the spacing between shields. In general, Eq. (13) results in a lengthy
form that is of limited utility in engineering computations. However, by use of
Eq. (3) and the Wien distribution it is easily integrated to the result

S= [252b 1 - 0.682b1/2I (14)

where the parameter on the lefthand side is the dimensionless radiation conductivity.
Equation (14) is shown in Figure 5 aa a function of b 2 and b3 in the range of practical
intereEt. The dimensionless radiation conductivity varies with temperature. The
simple form is very convenient for calculations of low-temperature radiation shields.
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.•. ROUGHENED SLrRFACES

The effects of roug•_uess on •, r•flecting surface have been studied in considerable
detail by numcro'.•s invest,.ga•rs. Of primary concern has been the bidirectional•o•Sreflectance. There ,.'•re several reasons for concentration of effort on this particularSproperty in spite of its tim•te• utility In heat-transfer computations. First: con-

siderable early efforts b•a been e•pended on analyses of the bidirectional reflectaace
of r'ddar and radio wavec from rough terrain. This work has established a foundation
which is easily extended to •he problem on the rough reflecting surface in th-,. infrared
spectrum. S•.ond, the specular component of reflectance is ce.•siderably altered by
roughness and can be dlrectly correl•ted with geometrical properties of the surface
profile. This offers advantage to the experimentalist since large changes in specular
propc•es wil! be observed. Finally, the preparation of rough reflecting samples and
t•e radion:etrie techniques required for their measurement is straightforward.

The work •_ccomplished on reflectance has conclusively shown that the reflectance of
coherent ene•- Item a randomly rough, perfec'Ay reflecting surface may be described
by a functio• whic• •ccounts for the coherent and ineoherer, t energy separately. Theener•-,y in the coherent beams depends upon the optical -- - •ro,•hn•oo vm• ,- and the angle
of incidence 0. -•..e Incoherent ener•'v distribution depends not only on •m!X, bu•
also on the paramour aft. where a is the cerrelatian distance and is determined
from the rms slope and rm•hness. A,-mlytical an(' experimental efforts are still
continuL•g toward further' development of the bidir•:ctional reflectance theories.

Sor •he rough en•t•ing surface, the analytical treatment is considerably more diffi-
cu!t thgn for the rough reflecting surface. The interactions between electromagnetic
waws •nd matter at• the sv.rf•ce boundary are s• complex t.hat direct analytical con-
siderattons of emittance are not •thematic•lly manageable. An indirect approach
through catcnla•to•, of the reflectance appears more feasible. However, such an
indirect study of endttauce reqmres a ccmpl¢•z and comprehensive knowledge of both
the specular and (•lffuse components avd must include the effects of finite conductivity,
shadowing, mul•iple reflections, and depolsrizatio•. These are often neglected in
existing reflectance analyses since their i:dluence introduces great difficulty in the
mathematica! treatment. •n f•ct, it is reasonable to state that an analysis to properly
include a•l of these effects is not possible within the present state of knowledge.

Attempt• were m•.d,• during this progra• to extend the exact approach of Rice tc
higher order terms than were considered daring the first year's effort (1). The
rest,•t, if successfully carried out, might indicate the extent of the effects previously
n•ent•oned, although this limP.•,.a information would not be directly applicable to
er ittances. However, the hl•er order analysis became so invo!ved that its comple-
tion, while entirely possible, would ratuire an intensive effort *.hat could not be sup-
ported with•.u the scope of fl'As study.
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At the present time, the only method available for correlation of data on rough emitting
surfaces is a semi-empirical one which assumes the functional dependence of emit-
tance to be of the form

El(, A, T) m (

[c(O, A, T)J polished f2 ' X 2(

Attempts to correlate to these variables were made on the data presented in Section
VII. However, no clear indication was obtained that thece variables are sufficient for
descripticn of emittance properties. This failure could be an indication of the inade-
quacy or incompleteness of the groupings as well as an indication that the profilometer
data on am and a were not sufficiently accurate. Optical determinations of am and
a from bidirectional reflectance measureme-.ts were not made during this program
since instrumentation was not available. However, such measurements are planned
and may provide more realistic values of am and a for purposes of further aalysis
of the emittance results.

4. OXIDIZED SURFACES

The effect of oxidation on the radiant properties of metal surfaces is of practical
interest for several rersons. Because of their spectral emittance characteristics,
the total emittance of clean metal surfaces is lowest at low temperatures and increases
almost linearly with increasing temperature whereas the temperature variation of
total emittance for oxides may be either positive or negative depending upon the loca-
tion of spectral absorption bands. Also, the totWl hemispherical emittance of metal
surfaces is gene-rally from 20 to 30% higher than the total normal emittance whereas

the total hemispherical emittance of oxides is from 0 to 10% lower than the total
normal emittance. Between the low and high limits of emittance associated with these
surfaces a wide variety of radiant characteristics is obtained depending upon the thick-
ness of the oxide, its uniformity, and upon the optical properties of the oxide and the
metal substrate. Those oxide coatings whose thickness is such that their radiant
properties are influenced by the substrate metal are usually classified as thin films.
Many of the oxide films that form on metal surfaces under ordinary exposure condi-
tions fall into the thin film category.

With the development of vacuum deposition technology, a considerable amount of
literature has been published concerning the optical properties of thin films [e. g.,
(3) and (19) through (21)]. The interest has concentrated, however, on the ultraviolet
and visible reflectance properties of thin metal films. Very little attention has been
given to the effects of absorbing oxide films on the infrared emittance characteristics
of metal surfaces. Of the work that has been done with oxide films, most has been in
connection with the effects of thin, weakly absorbing, protective films, such as silicon
monoxide, on the reflectance properties of metallic mirror surfaces (22).
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Calculations of the effect of a weakly absorbing dielectric film on the spectral normal
reflectance of aa opaque metallic reflector are reported by Turner in (21). His re-
sults for a high and a moderately high reflector are shown in Figures 6 and 7. For
the case illustrated in Figure 6, the complex index of refraction of the metal reflector
is taken as: i = 6. 1 - i(36. 4). This corresponds to the index for aluminum at
A = 4 p. The index for the dielectric film is taken as = 1. 8 - ik, and four cases
corresponding to absorption coefficients of k = 0, 0. 05, 0. 10, and 0.20 are shown.
The index for the first case, i.e., i 1. 8 - 1(0) ccrresponds to that for Si in the
visible and infrared. The curves show the effect of film absorptance and film thick-
ness on the spectral normal reflectance characteristics for SiO films on aluminum at
S!A- 4 p. The reflectance is highly sensitive to slight increases in film absorptance.
Correspondingly, significant increases in the emittance of the surface at this wave-

length would be expected. i

SFigure 7 shows analogous curves for the same coating on a less highly reflecting
R "•metal with an index of n = 2.5 - 1(28). This index corresponds to that for inconel

at A =0. 543y.

Although naturally occurring oxide films may significantly affect the reflectance of
metal sinrfaces in the ultraviolet and visible spectral region, such films may have
very little effect on the infrared enlittance. As an example, Bennett (23) shows the
calculated effect of thin (10 to 100 A) oxide films on the spectral normal reflectance
of aluminum at wavelengths from 0.5 to 5 p. At wavelengths longer than 1.5 i, the
change in reflectance calculated for the 100 A thick film is shown to be less than 0.1%.

Experimental data showing the effect of oxidation on the spectral normal reflectance
of titanium have been reported by Edwards in (24). For films between 500 and 700 A
thick, a significant absorption band was observed in the 0.5- to 1.0-p region. Beyond
1.5 pi, however, the observed drop in reflectance decreascc from 20% to about 5% at
14 p. By roughening the titanium substrate before oxidation, a wider but less deep
absorption band was obtained which was attributed to the formation of a less uniform
(variable thickness) oxide film.

For thicker films of A120 3 which were vacuum deposited over aluminum, Hass (25)
reports spectral reflectance data showing that significant increases in the Infrared
emittance can be obtained without changing the solar absorptance. The data presented
by Hass include coating thicknesses of 9.5, 1.0, and 1. 5 A; the latter coating showing
a marked drop in reflectance at wavelengths longer than 9 p.

Thus far only the effect of different optical constants between the film aid substrate
has been considered. Additional complications are introduced when scattering occurs
within the film.

Richmond (26) has derived equations for the spectral normal and hemispherical emit-
tance of composite specimens consisting of partially transmitting, light scattering
coatings over opaque substrates. The equations relate the emittance of the surface
to the coating thickness, the reflectance properties of the coating and substrate, and
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the abscrption and scattering coefficients of the coating. Figure 8 shows the
Sffect of coating thickness on emittance for a specimen with properties which ap-
pro:dmate those for a glossy gray paint coating over a polished metal substrate.
The family of curvos designated by different values of a, show the effect of variations
in the absorption and backscatter coefficients for the coating i = ' + . In a
later publication, Richmond (27) uses the same equation to demonstrate that the
emittance of nonmetallic surfaces should be essentially independent of surface rough-
ness. The analysis is supported by experimental data for the spectral normal emit-
tance of alumina.

The references above are cited to indicate that analytical treatments are available for
a simple, ideal, coating-substrate system, i.e., a system for which the surface inter-
faces are perfectly smooth, the coating thickness is uniform, and the optical proper-

ties of the coating and substrate are known. When these conditions are met, the

analyses provide values for the monochromatic reflectance. Edwards (24) presents an
extended analysis to account for irregular film thickness wherein he assumes a saw-
tooth surface profile. The results of the analysis indicate broadening of the absorption
bands due to the changing thickness; however, these results may only be used to indi-
cate probable trends. The actual geometry of oxide films is far more complex than
the analytical model and would require a detailed statistical analysis for prediction of
the radiative properties. Ile nonuniform geometry and frequently variable composi-
tion of most metal oxide films formed under natural exposure conditions, in combina-
tion with the almost complete lack of optical property data for oxides in the infrared,
presently require that the directional and total emittance characteristics of any par-
ticular oxide system be determined experimentally. This report contains the results
of such an experimental evaluation and demonstrates the complex surface conditions
that are created by surface oxidation. The trend of the results is in agreement with
the establisheaed yse odato hef ere n however, direst In areeimctions of

the measured results were not possible.
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Section mI
SAMPLE PREPARATION AND CHARACTERIZATION METHODS

I. ROUGH (PLATINUM) SAMPLES

One of the important conclusions from test results of the first year was that rough

metal surfaces with am values as high as 200 in. still retain directional, non-
Lambertian, emittance characteristics. The observed changes in directional emit-
tance characteristics for rough-surfaced samples relative to the directional charac-
teristics for smooth-surfaced samples were most dramatic, however, for changes
in am between 0 and 100 pin. Additional studies of surfaces with am values in this

latter range were needed, therefore, to obtain a more complete understanding of the
effect of roughness on directional emittance. Platinum was selected as the metal for
further study because of its inherent chemical stability at the high temperatures
required for the emittance tests and its amenability to preparation with controlled

degrees of surface roughness.

Six 2 by 8 by 0sr008 inp platinum strips were obtainded with as-received surface
characteristics similar to those for the three samples studied previously. The
purity of the strips was certified to be 99.9+ % and special, highly polished rollers
were used to rrovide a uniform thickness and a bright, smooth surface.

Faint longitudinal roll marks were just discernible on the as-received surfaces.
Profilometer traces indicated -ms roughness values of 4.3 pin. in the transverse
direction (perpendicular to the rolling direction), and less than 0.5 Ain. in the longi -
tudinal direction. Surface interference micrographs indicated the roll marks were
spaced between 100 and 400 Ain. apart and were between 5 and 20 Ain. deep. X-ray
diffraction patterns indicated a highly preferred orientation of (200) and (220) crystal
planes for the rolled platinum surface. These characteristics are discussed in more
detail in subsection V. 1. a, along with changes that occurred as a result of the high-
temperature emittance-test exposures.

a. Sample Preparation

The glad.: hot blast method described in (1) was used to prepare the platintu-n sample
surfaces. This method was selected because of its following desirable features:
(1) high surface purity is maintained and contamination by embedded material is
minimized relative to such alternate methodi8 as sand blasting or grinding; (2) large
surface areas can be uniformly roughened to obtain a values between 10 and 150 Ain.
with relatively good control over the parameters useJ-to achieve the different degrees
of roughness; (3) the roughness profiles produced by this technique, are independent
of direction (i. e., are isotropic), and the distribution of profile heights is approxi-
mately Gaussian.
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Five of the platinum strips were ro, aened using glass shot with diameters between
0.0005 and 0.0021 in.( 13 to 53 A). The shot-blast chamber was specially equipped
with a filter and circuiation system for removing used beads from the air stream,
an adjustable regulator for controlling the air stream pressure, and a manual control
for maintaining a fixed distance between the sample and the shot-blast nozzle. Each
sample was roughened on both sides to within 1/4 in. of each end. The samples were
supported on a heavy steel block while they were blasted to prevent excessive deforma-
tion and warpage. For the treatments used in this year's program. sample deformation
due to the peening action of the shot was not a serious problem. After being roughened,
each sample was cleaned for 10 min in an ultrasonic bath of trichlorethylene, rinsed
in alcohol, dried, then stored in a desiccated belljar until ready for instrumentation
and testing.

A summary of the shot-blast parameters used to prepare each sample and the resulting
rnms roughness obtained is shown in Table l. Sample identification numbers are followed
by the letter B to differentiate them from similarly numbered samples tested last year.
Sample 1B was tested as received to provide comparative data for the emittance charac-
teristics of essentially smooth platinuxn.

Table II

SURFACE PREPARATION PROCEDURES FOR PLATINUM SAMPLES

.sample Shot-Blast Shot-Blast Distance rms•"•'• Pressure (Nozzle to -nam--pL Roughness(a)
No (psi) (in.) ) I (A

SI 1B(b) 4.3 (0.11)

2B 5 12 15 (0.38)

3B 10 12 28 (0.70)

4B 20 6 49 (1.23)

5B 30 6 39 (0.98)

£ 6B 60 6 127 (3.18)

(a) Determined from initial prefilometer traces for each sample.
(b) Tested as received. Roughness values are for direction

perpendicular to the roll marks.

It will be no'.ed later that no test data wei e obtained from platinum sampla No. 2B.
During a pre-emittance test anneal treatment of this sample at 1645 K, an air blister
formed in the center of the strip which made the sample unsuitable for testing. It will
also be noted from Table II that the initial rms roughness of sample 5B was less than
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that of sample 4B, even though a higher blast pressure was used to prepare this
sample. The rms roughness of sample 5B was intended to be on the order of 70 to
80 pin. and no reason was discovered for the lower am value actually obtained.
This discrepancy indicates the need for further improvements in the shot-blast
technique in order to produce surfaces with specific roughness values.

b. Surface Characterization Methods

Profilometric, photomicrographic, x-ray diffraction, and spectrographic methods
similar to those described in (1) were used to evaluate the surface characteristics
of each platinum sample. By these methods, a fairly complete description is
obtained of the geometrical, physical, and chemical characteristics important to
the process of thermal emission from a metallic surface. Experience gained during
the study of the previous year had shown that the surface characteristics of metallic
samples changed significantly during the high-temperature emittance tests in a
vacuum environment. Since these thermally induced changes could not be avoided,
the surface characteristics of each sample were determined both before and after the
emittance tests whenever possible. The emittance-test procedure was such that cach
sample was first annealed at the maximum test temperature (1645°K) until a stable
emittance was indicated before collecting emittance data at the lower test tempera-
tures. A discussion of the changes observed between the initial and final surface
characteristics of each sample is contained in Section V. A brief discussion of the
methods used to evaluate the surface characteristics oi the samples is contained in
the following paragraphs.

(1) Profilometry

Profilometer traces were the principal source of information about the geometrical
characteristics of each sample surface. A complete description of the profilometer
used for this program has been given in (1). Profile traces were obtained before and
after each emittance test to determine the in:rial and final surface characteristics of
the samples. Each time, several longitudinal and transverse traces were made to
ensure that the traces were 'spresentative of the sample test area, and to check the
uniformity and nondirectional characteristics of the surface profile. The length of
each sample trace was 0.25 in. and the horizontal scale for the recorded profile was
1000 pin. per 0.5 in. chart division. Vertical scale factors of 5, 25, and 100 pin.
per 0.25 in. chart division were used depending on the roughness of the sample. At
least 100 profile height measurements were made to calculate the surface roughness
parameters, using the methods described in (1).

Microscopic examinations of each sample surface were also made to check on the
accurary of the profilometer traces. No evidence of surface scratching by the pro-
filometer stylus was detected nor did any of the profile irregularities appear to be
incapable of measurement by the stylus except possibly for those on the as-received
platinum surface. The relatively close spacing of the roll marks on this latter sur- -

face may have prevented stylus contact with the deeper valleys, thereby causing the -

recorded profile to appear smoother than the true surface profile. Evidence of this
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error was obtained from surface interference photomicrographs of the sample which
indicated peak-to-valley depths two to three times larger than were indicated by the
profilometer traces. Profile traces for the remaining samples are believed to be
free of the errors associated with the size and weight of the stylus; consequently,
the roughness parameter values calculated from these traces should be accurate
descriptions of the true surface profiles. Repeated determinations from separate
traces indicated variations in the calculated values of am of less than * 5%.

"(2) Photomicrography

As mentioned above, microscopic examinations of the sample surfaces were made
to verify the height and spacing of the profile features indicated by tke profilometer
traces. Photomicrographs also provided supplemental information about the uni-
formity and topography of the surface finishes and about the crystallinity of the sur-
face metal. Various micrographic techniques were used including surface photo-
micrographs, surface interference photomicrographs, and taper section photomicro-
graphs. The methods and apparatus used were essentially the same as described in (1).
Illustrations and results obtained by these methods are diecussed in Section V of the
report.

,Furface interference micrographs provided valuable information about the irregulari-
ties on the as-received ahd annealed surfaces of the unroughened platinum sample
(No. IB), but meaningful interference patterns were not obtaind for any of the
roughened platinum surfaces. Similar results were reported for this method in (1).
The relatively close spacing of the randomly distributed surface irregularities on the
roughened sampl;., produces a highly complex pattern of interference fringes which
cannot be resolved by our microscope. Some success in overcoming this difficulty
has been reported by other investigators 128,29) using the Zehender method of fringe
demagnification. However, development of the technique required to utilize this
method was not attempted for this program. For the interference micrcgraphs shown
later in Section V, 0.4 8 7-p monochromatic light was used. Therefore, fringe devia-
tions equal to one fringe separation interval on the interference pattern correspond
to surface height variations of 0.24 p (10 pin.).

Taper-section photomicrographs provided supplemental information about the charac-
teristic peak-to-valley depths of the profile irregularities on the roughened platinum
surfaces. Measurements from the photomicrographs and from the profilometer traces
for each surface were in good agreement; thereby reaffirming the accuracy of the
profilometer data for these surfaces. The photomicrographs were not suitable,
however, for the statistical determination of a values because of their limi.'ed field
of view and the complex appearance of the profiees of randomly rough surfaces. The
taper sections shown in Section V were prepared with a taper angle of 50451 ± 15'.
This angle gives an additional magnificati n of 10 ± 0. 4x to the vertical scale of the
photomicrographs. Before preparing the taper-section mounts, each specimen was
coated with a 3- to 5-mil electroplated layer of nickel to help preserve the profile
boundary while the specimen was sectioned and polished.
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(3) X-Ray Diffraction and Spectrographic Methods

These methods were routinely used to examine the surfaces of the as-received and
roughened platinum samples. Although quantitative methods were not available for
determining specific surface properties, the qualitati - results obtained provided
useful additional information about the physical and chemical characteristics of the
surfaces betore and after their preparation and testing.

F X-ray diffraction patterns were of value primarily for their indication of -he lattice
orientations of the as-received and roughened platinum samples. A highly preferred
orientation of (200) and (220) lattice planes was indicated for the as-received platinum.

j This characteristic was not appreciably affected by the shot-blast treazments used on
samples 2B through 5B; however, the pattern for sample 6B indicated that the more se-
vere treatment used to prepare this surface did cause some reorientation of the surface
lattice. Annealing and grain growth that occurred during the high -temperature emit-
tance test exposures had no measurable effect on the orientation of any of the samples.

Spectrographic analyses were made to confirm the initial purity specification for the
platinum samples and to check for possible contamination of the roughened samples
by the glass shot. This method is extremely sensitive to the presence of minute
quantities of inorganic impurities in a metal. Therefore, the absence of the persistent
(sensitive) lines for Si, the principal constituent of the glass shot, from the spectra of
the roughened platinum samples was interpreted to confirm that no significant con-
tamination of the surfaces resulted from the shot-blast treatments.

2. OXIDIZED (STAINLESS STEEL) SAMPLES

In addition to the study of roughened platinum surfaces, a second objective of this
year's program was to determine the effect of oxidation on the directional emittance
properties of a common, high-temperature alloy. Type 304 stainless steel was
selected for this phase of the study because of its widespread use as a high-temperature
alloy and its kmown susceptibility to oxidation.

Several 2 by 8 by 0.015 in. sample strips were obtained wit-. a type 2B (bright,
annealed) surface finish. The chemical analysis of the sheet from which the samples
were obtained was ce.rtified as follows:

SChromium 18. 37%0 Carbon 0.058%
Nickel 8.89% Phosphorus 0.025%
Manganese 1. 60% Sulfur 0. 007%
Silicon 0.50% Iron Balance

The surface condition of the as-received samples was smooth (cm s 5 Ain.) but dull
gray in appearance. To obtain clean, bright surfaces to enhance the formation of
uniform reproducible oxide films, all of the stainless steel sampl, s were electro-
polished and cleaned using the following procedure:

* Step 1. Soak for 5 min in a Na 4 P'20 7 solution (60 g/liter) at 130°F.

* Step 2. Electropolish for 20 min in a H3 PO4-H2SO4 solution (Electrogleam 55
by MacDermid, Inc.) at 80°F. Lead cathodes, 15 A per strip, no
agitation.

25



* Step 3. Rinf e with distilled water.

* Step 4. Dip in solution of nitric acid (100 ml per liter) and sodium
dichromate (20 g per liter).

* Step 5. Rinse and dry.

After ele: .- ishing, several of the sample strips were roughened by glass -shot
blasting ., blast pressure of 30 psl and a blast distance of 4 in. from the surface.
To furthe. ud in obtaining uniform and reproducible oxidation results, both the smooth
and the roughened samples were then annealed for 10 min at. 10400C in a dry hydrogen
furn.ace. Profilometer traces of the annealed surfaces indicated rms roughness values
of 13 pin. for the electropolished samples and 20 pin. for the roughened sam~pies. The
initial characteristics of these unoxidized surfaces and changes due to their instability
during the high-temperature emittance test exposures are discussed in more detail in
subsection V. 2. a.

a. Oxidization Procedures

Several methods were investigated for obtaining oxide films of suitable thickness and
uniformity for this study. Initially, samples were oxidized in air using an open-end,
muffli .ube furnace. The results obtaincd were generally poor. The oxides formed
were nonuniform in appearance and frequently spalled off the substrate when cooled.
Reproducibility of results under duplicate exposure conditions waw also poor. Subse-
quent tests in a controlled atmosphere furnace, using wet hydrogen, gave improved
results and this method was finally seiected for preparing the ox>uized samples. The
advantages of this method were: (1) uniform appearing oxide films were obtained;
(2) the oxide films were strongly bound to the substrate, i.e., did not spall or flake
off; (3) the oxidation rate was approximately th-. same for both the smooth and the
ro-ghened surfaces; (4) the repeatability of r'esults was comparatively good; and
(5) the composition of the oxide films was approximately tne same for all samples
regardless of thickness.

For the emittance tests, four pairs of smooth and roughened samples were oxidized
in the wet-hydrogen atmosphere furnace, and one pair was retained for measurements
of the emittance properties of the unoxidized surfaces. A summary of the oxidatu. i

4 exposure conditions and results obtained is shown in Table MI. The -ample identif'ca-
tion numbers have been given the suffix S or R to designate a smooth or rough sr .strate
surface, respectively.

Three 1-in. diameter disk samples were also prepared concurrently with each sample
test strip to provide samples fnr the following pre-emittance test characterization
studies of the oxide films:

e Spectral normal reflectance at room teemperatu! e

"a Electron micrographs of the initial oxide films

S* Electron diifractijn patterns of the initial oxide film.
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Tab~le III

- • OXIDATION EXPOSURES FOR 304 STAINLESS STEEL SAMPLES

S~Color

Oxidation Average Approximate Cofor
Sample Temperature Weight Gain Film Thickness(b) of

No. Oxide
and Time(a) (pg/cm 2) (9) Film

is Not oxidized "

2S 2.1 0.015 Gold
2R(C) 600°C for 30 min 2.9 0.020

3S24.3 0. 170
3S 800°C for 30 min Purple
3R 23.6 0.165

4S ioooC for 30 mi 135.7 0.9LG Dull gray
4R(c) 136.0 0.95

5S 200 1.40 Dark
SR J 000C for Q0minR 219 1.53 brownish

gray

Notes:

(a) Wet hydrog3n atmosphere. Hydrogen flow rate of 25 cfm through humidi .:-r
of the controlled atmosphere furnace.

(b) Approximate film thickness values are based on samnple weight gain data and
the asstnmption of a uniform film of Fe30 4 with an average density of 5.2
g/cr 3 .

(c) Sample ; 2R and 4R not tested.

After oxidation, each bunple was stored in a desiccated belljar until ready for instru-
"mentation and testing.

In the discussion of results in Sections V and ViI. it will be noted that because of surface
instability of the sample3 at test temperatures abojoe 9501K three separate samples of
the smooth, unoxidized stainless steel were tested to obtaia suitable data for this sur-
face. These samples were designated IS-i, 1S-2, and 1S-3 to indicate the chronologi-

Scal order in which they were tested. Of these samples, only the test data for samples
1S-2 and 1S-3 are presented. Because of the observed similarity of results for the
roughened and smooth substrate samples, samples 2R and 4R were not tested.
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I b. Oxide Characterization Methods

Root-mean-square roughness values for the smooth and roughened, unoxidized,
stainless steel surfaces were determined from profilometer traces by the same pro-
cedures as described in subsection III. 1. b. To investigate the thickness, composition,
and morphology of the oxide films. considerable emphasis was placed on the use of
electron micrographic and diffraction techniques. Except for the most heavily oxidized
samples, the oxide films were too thin to be effectively studied by ordinary photomicro-
graphic and x-ray diffraction methods. in the remainder of this section, The various
methods used to examine the oxide film characteristics are described.

(1) Film Thickness Measurement Methods

Methods investigated for obtaining direct measurements of oxide film thickness
includedl photomicrographic and electron micrographic techniques and the use of an

electronic film thickness measurement gage (the Dermitron). Indirect estimates of
average film thickness were also made from weight-gain data obtained by weighing
each sample before and after its oxidation exposure, and from the colors of the oxide
films. In general, none of the direct measurement methods provided reliable film
thickness data. The primary reason for the failure of these methods was the nonuni-
fortuity of the oxide film thickness. Secondarily, the time and expense required to
develop and refine the methods were beyond the scope of this program. Consequently,
most of the thickness values cited in this report are estimates based on the weight-gain
data for each sample..

Attempts to correlate the Dermitron gage readings with film thickness were totally
unsuccessful and this method was abandoned early in the study. Some suc.. ,ss was
"obtained in measuring the thickness of the more heavily oxidized samples (4S and 5S)
from high-magnification photomicrographs of carefully prepared and polished cross-
section mounts of these sairples. (See subsection V. 2. a.) However, the thinner
oxide films were not detectable by this method.

Two different electron micrographic techniques were investigated for determining the
thickness of thin films. The first involved replication of the metallurgical polished
cross-section mounts used for the photomicrographic studies. Because of difference
in the polishing characteristics of the mount material (bakelite), the oxide film, and
the substrate metal, some relief existed at the oxi -, film boundaries which could be
observed on the replica. The replicas obtained in this manner, however, were fre-
Squently marred by extraneous artifacts, e.g., cracks in the mount which caused tears
in 1% replica and flakes of oxide which stripp-ed off with the replica, which prevented
the acquisition of clearly defined film boundari( s. The reliability of film-thickness
values obtained by this metihod was also impaired by the nonuniform nature (f the
films in combination with the small field of view covered by the electron micrographs.
Typical electron micrographs obtained by this wethod are shown in subsection V. 2. a.
It will be noted that the film thickness values indicated by the electron micrographs

V1 bwTIPLUS "MA."j, rc G4. 2 t"-'ci larger.~ Uhan. fhie t-h-i erm valiuAes indinated by
the photomicrographs and inferred from the sample weight-gain data for hese samples.
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The second electron microscope technique investigated involved stripping the oxide
film from the substrate, then obtaining a shadowgraph of the free film in cross section.
Most of the films were easily stripped from their stainless steel substrates by immers-
ing the sample in a solution of bromine and methanol for a few minutes. The method
is essentially the same as reported by Mahla and Nielsen (30). The free film was then

_ 1m cast into a mold of epoxy resin and, after the mold had cured, a thin cross-section
slice of the film and mold was obtained with a microtome. This specimen was then
mounted in the microscope and a traismission micrograph taken. The micrograph
shows a dark silhouette of the film in cross section, as a result of its high abeorption
relative to the surrounding epoxy. Typical shadowgraphs obtained in this manner' are
shown in subsection V.2. a. Film boundaries were not well defined in the shadowgraphs
obtained in this program and the irregular thickness of the films made interpretation

still more difficult.

Best estimates of average thickness for the initial oxide films are believed to be those
based on the weight-gain data obtained when the samples were oxidized. Each sample
was weighed on a laboratory balance before and after its oxidation exposure. The
balance sensitivity was 10 pgrams, and since the total surface area of the samples
was large (about 200 cm 2). weight changes on the order of 0.05/jg/cm2 could be

F detected. To convert oxidant weights to equivalent oxide film thickness, it is necessary
to assume a uniform film thickness of known composition and density. Based on the re-
sults of the oxide composition determinations described below, the oxide films on these
samples were assumed to be Fe3 0 4 with a density of 5.2 g/cm3 , and a factor of 70 was
calculated for the conversion of weight gain per unit area to thickness in angstroms.

Rough estimates of film thiclmess can also be inferred from the color of the film;
however, this method is subject to considerable error depending upon the width of
the interference bands and the characteristic colors of the metal and the oxide. A
summary of color versus film thickness data for several metals and oxides is pre-
sented in (31) akng with an explanation of the origin of colors for thin (interfere.Ice
type) films. The lack of agreement between investigators shows that color by itself
does not provide an accurate measure of thickness. Color versus thickness data for
oxide films on type 304 stainless steel, reported in (32), indicates that interference
colors are produced by films with thicknesses ranging from 100 to 2500 A. For
thicker films, the characteristic color of the oxide predominates.

(2) Oxide Composition Determinations

The chemical composition of the oxide films was determined exclusively from electron
E *diffraction patterns. Transmission patterns of the thin oxide films were obtained by

stripping the films from the metal, as described earlier: and reflection patterns were
9 •obtained for the thicker oxide films. The effective wavelength for the patterns was

calibrated using a gold foil standard. Interplanar "d" spacings for the oxide patterns
were then determined and compared with those obtained by other investigators using
x-ray du"I etion methods (33). Typical diffraction patterns for the oxide films in
this study are shown in subsection V.2.a.
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In addition to provtding information about the composition of oxide films, electron
diffraction patterns may also serve to indicate the average grain size of the oxide
crystallites. In general, sharp, uniform diffraction rings are obtained from fine-
grained oxide films, and spotty, nonuniform rings indicate large-grained structures
with preferred lattice orientations. Broad, diffuse rings generally indicate an
amorphous structure.

(3) Surface Morphology

Variations in the surface morphology of the oxide films resulting from the different
oxidation exposures were examined using both photomicrographic and electron micro-
graphic methods. Examinations before and after the emittance tests also served to
indic.1e the changes in surface morphology resulting from the high-temperature
exposures in vacuum. Typical before and after micrographs for each sample are
shown in subsection V. 2. a. The electron micrographs were obtained using a double
replication technique.
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Section IV 4

EXPERIMENTAL APPARATUS AND PROCEDURES

1. APPARATUS

The ex:per.riental apparatus used to measure the emittance characteristics of the
platinum and stainless steel samples is shown in Figures 9 and 10. The apparatus con-
sists o: a water-cooled, evacuated test chamber which surrounds an electrically heated
sample. The sample may be rotated in azimuthwhile it is viewed by an external optical
transfer system, The optical system focuses an image of the center portion of the
sample either on a total radiation detector or on the entrance slits of a monochromator
for spectral measurements. "'rovision is made to also view a reference blackbody
source through the same optic., 'or absolute emittance determinations.

Although a description of the apparatus is contained in (1), several modifications were
made to improve the vacuum stability of the test chamber and the measurement accuracy
of the sample azimuth angle before starting the experimental phase of this year's study.
Additional instrumentation was acquired to permit calorimetric determinations of total
hemispherical emittance, and the optical transfer system was modified to improve the
total radiation measurements.

a. Vacuum Test Chamber

The vacuum chamber consists of a water-cooled stainless steel bell jar which is 12 in.
in diameter and 14 in. high. The cylindrical chamber rests on a 1-in. -thic: stainless
steel base plate. Conduction from the chamb-cr walls to the cooling coils was aided by
the application of Thermon, a high-conductance cement, over the external surface of
the chamber and cooling coils. The inner surface of the bell jar was coated with a low-
reflectance, flat black paint, to minimize internal reflections. A potassium bromide
window in the chamber view port transmitted emitted energy from the sample to the
external opt'-cs and the radiation detectors. A sample view port with a quartz window
was also provided for visual observation of the sample and optical pyrometer tempera-
ture measurements. Removable vacnunr feed-throughs were mounted in the base plate
for a ýcess to the sample instri.iientation wires.

The chamber vacuum s: stem was modified by replacing the original 2-in. oil diffusion
pump with a high-speed, 4-in. pump and manifold connected to the base plate. This
change, in conjunction with the elimination of the large O-ring seal for the rotating
sample mount, improved the test chamber vacuum by more than an order of magnitude.
Pr..--ue or 'Ule order of 10-6 to 10-5 Torr were maintained inside the chamber even
during the highest sample-temperature tests. A large liquid nitrogen cold trap and a
water-cooled baffle were located between the diffusion pump and the test chamber to
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Figure 9 Directional Emittance Apparatus
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minimize back-streamtig of oil into the chamber. A zeolite trap was also located in
the vacuum roughing line between the 5 cfm fore-pump and the chamber to remove oil
vapors from thi6 •vurce. Chamber pressures % ere measured with a nude-type ioniza-
tion gauge located in the base plate but shielded from the sample by a water-cooled
plate.

b. Rotating Sample Mount and Angle Indication System

A considerable modification was made to the rotating sample mount to eliminate the
large O-ring seal and flange ariangement used last year. The modified samjlP mount
is shown in Figure 11. The sample is tightly clamped between two water-cooled copper
electrodes. Both electrodes pass through a 1-3/4 in. diameter insulated rotatable
vacuum seal located in the bottom of the vacuum manifold, 6 in. below the base plate.
The electa odes are rigidly supported at the base plate level by an insulated steel yoke
which turns on a 4-in. diameter ball bearing and race press-fitted into the base plate.
The sample can be rotated about its longitudinal center-line axis to 95 deg on either
side of the normal viewing angle. J1ariable tension can be applied to the sample by
means of a bellows and spring-tension system in series with the lower electrode.

A new angle-indication system was also built to replace the previously used pointer and
scale system. The new system consists of a 3-turn, precision potentiometer which is
mechanically linked to the sample rotation shaft so that the resistance of the potenti-
ometer varies linearly with the angular position of the sample. A small, constant
current is passed through the potentiometer and the angular position of the sample is
indicated by the voltage drop between the wiper arm and one end of the potentiometer.
Voltages were read out on a four-place digital voltmeter.

In operation, the potentio-, eter current was adjusted through a variable resistor to
2.61 mA to obtain a signal o.f J0 mV per degree of sample rotation. This gave a read-
out sensitivity of 0.1 deg. The accuracy and repeatability of the system was calibrated
using an eight-sided gage block to which mirrors were attached and whose angles
between adjacent sides were known to within 0. 1 deg. The calibration data indicated
that the system was accurate and repeatsble to within 0. 2 deg over the entire angular
range.

Electrical power to heat. the sample was zupplied by a variac-controlled, 10 kVA,
stepdown transformer with a maximum current output of 1000 A at 10 V, or 500 A
at 20 V. The current was measured with a 1000 A, 100 mV current shunt in series
with the sample circuit. Voltage drops across the shunt were read to four-place pre-
cision with a Fluke Model 803B differential ac-dc voltmeter. The maximr-n power
requirement for this study was 420 A at 8 V for heating the platinum samples to 1640"K.

c. Optical and Radiation Measurement System

Radiant energy from the sample was colle'ted and focused on either the total or the
spectral energy detectors by the optical system shown in Figure 10. All of the reflecting
surfaceq were front s.rface aluminin.zed mirrno-rn The, 5yn1pe ,-• e,.t.,rA +1,• ,
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system through a 1-1/2-in, diameter KBr windaw in the chamber wall. [3]* The window
was tiltod at an angle of 5 deg to the optical axis of the system to prevent interreficctions
between the sample and window surfaces at normal incidence. Radiant energy from
the reference blackbody scurce [5) could be directed into the same optical path as the
sample energy by means of a 45-deg mirror 16] located ill front of the KBr window.
The energy from either source was chopped at 13 cps by a Perkin-E1 aer chopper [7]
and collected by an 18-in. focal length spherical mirror 1 8] which ; as maskrd to limit
the collecting half angle to 1.5 circular deg (2.1 x 10-3 sr).

Energy collected by the spherical mirror 18] was directed to the plane mirror 19] and
then to the variable aperture slit [ 11]. At this position a real image of the sample was
formed at a magnification of 1.6 x and the slit adjusted so that it was completely filled
for viewing angles up to 88 deg from the normal. This condition was obtained for a
slit-width setting of 0. 035 in. After passing through the adjustable slit, the energy
was either focused on the total radiation detector [ 13] or was directed to fill the
entrance slits of a Model 13U Perkin Elmer monochrometer i 16]. A real image of the
adjustable aperture slit was formed at ( 161 at a reduced magnification of 0.75 x. The
monochrometer was equipped with a NaCl prism and a vacuum thermocouple detector.
118] Both the total and the spectral detector outputs were amplified and recorded by
the Perkin-Elmer Model 107 amplifier.

With the exception of the KBr window and the blackbody selector mirror, the optical
paths from the sample and the blackbody to the detectors were identical; consequently,
the results were independent of the reflectance of the mirrors [8], [9], [ 14], and [ 151.
However, absolute emittance determinations required absolute values for the trans-
mittance of the KBr window and the reflectance of the blackbody mirror. The spectral
transmittance and reflecn .ce characteristics of these components were measured
periodically throughout the experimental phase of the study to assure their stability.
The optical system from the KBr window to the entrance slits of the monochrometer
was enclosed within a black enclosure to elirninnte pickup of stray radiation.

The reference blackbody was an Infra-Red Industries Model 406 equipped with a
Model 101 temperature controller. This source is designed to operate at temperatures
between 1000 and IO00°C with a temperature sta!' lty of 110C. The cavity temperature

. was read with a plntinum/platL:umr-10% rhodir, Lhermocouple embedded in the cavity
wall. The blackbody was used as a reference source for absolute total and spcctral
normal emittance determinations and as a calibration source for checking the response
of the total and spectral energy detectors.

An infrared polarizer was used to determine the directional emlitance characteristics
of the parallel and the perpendicular components of polarized spectral energy emitted
by the samples. The polp-izer consists of ten 0.010-in. -thick silver cnloride plates
mounted in a rotatable housing and inclined at a polarizing angle of 75 deg to the optical
axis. The characteristics of this polarizer have been described by Newman and
Halford in (34). The spectral transmission characteristics of the polarizer used in
this study are showp in Figure 12.

*Numbers in brackets in this section refer to the optical syst: components shown in

Figure 10.
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2. EXPERIMENTAL PROCEDURES

With the exception of the calorimetric determinations of total hemispherical emittance,
the emittance-measurement procedures used this year were the same as described in
(1). Consequently, only the working equations used for the em1taance calculations are
summarized below.

a. Absolute Spectral Normal Emittance

For the arrangement shown in Figure 10 the spectral normai emittance is given by

Pm Vs(N) [Eb ,T)- Ea(A, "IT
Ns w Vb [Es(A, T) E-a(: J (16)

where es(ON, A, T) is the absolute spectral normal emittance of the sample at wave-
length A ; pm is the spectral reflectance of the blackbody selector mirror [61 at
wavelength A; Tw is the spectral transmittance of the KBr window [3] at wavelength
A ; Vs(ON) is the detector signal when viewing the sample; Vb is the detector signal
when viewing the reference blackbody; Eb(X, T) is the spectral emissive power of
the reference blackbody; Es(X, T) is the spectral emissive power of a blackbody at
the temperature of the sample; and Ea(X, T) is the spectral emissive power of a
blackbody at ambient temperature.

When the blackbody and sample temperatures are the same, Eq. (16) reduces to

Pm Vs (ON) or7Tes(0 N, 9 , T) = 7 (For T. TO7
.• •~w Vb =b

"" In most cases, thi sample and blackbodytemperatures were not the same and Eq. (16)
was evaluated using measured temperatures. Values for Eb(A, T) , Es (A, T), and
Ea(A, T) were calculated with the aid of tables listed in (35). Values of Ea(A, T)
were negligibly small except at wavelengths greater than 6Ap.

The spectral normal emittance of the platinum samples at A = 0. 65p was also deter-
mined from optical pyrometer readings by use of the pyrometer relation

c /A
In cs('N, 2, in (18)STS - T w

S B

Here c2 A = 22,135°K; TS it .fe true temperature of the sample: TB is t! 3 bright-
ness temperature of the sample; and Tw is the spectral transmittance of the quartz
viewing window at A = 0.65gu. TS values were taken to be the temperatures indicated
by the sample thermocouples. TB values were the Rample temperarure readings
obtained with a Micro Optical Pyrometer.
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b. Relative Spectral Directional Emittance

As previously discussed in (1), the vertical refracting and reflecting surfaces in prism
spectrometers introduce considerable polarization in the horizontal plane. Simon (36)
found the degree of polarization for a Perkin-Elmer Model 12-B spectrometer to be
about 30%. Because of the highly polarized nature of the radiation emitted by metal
surfaces at off-normal direction angles, careful measurement procedures must be
employed to eliminate the effects of apparatus polarization. The relative directional
emittance cannot be measured directly without knowledge of the absolute poiari•ation
characteristics of the measuring apparatus.

To avoid this difficulty, measurements of the relative spectral directioual emittance
of each polarized component of the sample radiation were made, i.e.,

E (0, X , T)/E (ON, , T)

and

C, (0, X, T)/.E1 (ON' X. T)

Emitted energy at the normal viewing angle, 0 = 0N = 0 deg is by symmetry circularly
polarized; therefore, absolute values of emittance were determined only at that angle.

Relative spectral directional emittance for each of the polarized components were
then determined from:

E s(0. X, T) V s(0) - (19)
Es(0N 9 , T) Vs(0 N)

where Vs(O) is the recorded detector signal obtained when viewing the sample at
angle 0 and Vs(ON) is the recorded detector signal obtained when viewing the sample

at the normal viewing angle. Care was employed to maintain a constant sample tem-
perature during the angular measurements since Vs(0) and Vs(ON) are measured
separately and small temperature variations could cause significant errors in their
ratio. All of the relative spectral directional emittance data presented in Section VII
have been normalized to a value of 0.5 at 0 = ON since

E'.1 (ON X' T) e .L0N X•, T) =0.5 cs(0N X, T) (20)

To obtain absolute values for the spectral directional emittance from these data, the
normalized values for each polarized component must be added and then multiplied by
the absolute spectral normal emittance value obtained at that temperature.
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c. Absolute Total Normal Emittance

Absolute total normas emittance measurements are made by placing the total detector
at position [ 13) in Figure 19. For this arrangement, the absolute total normal
ewittance is given by

E T =Pm Vs (ON) [Eb(T) - E(T)1

s N# ) Vb PE(T - E(T)j2)

wihere cs(O•, T) is the absolute total normal emittance of the sample at temperature
T: Pm is tme reflectance of the biackbody selector mirror [6]; -T is the transmittance
of the KBr window [31; Vs(ON) and Vb are the recorded signals Tor the sample and
the blackbody, respectively; Eb(T) is the total emissive power of the reference black-
body; Es(T) is the total emissive power of a blackbody at the temperature of the
sample; and Ea(T) is the total emissive power of a blackbody at the ambient tempera-
ture of the surrounds. When the blackbody and the sample temperatures are the same,

/,E-. (21) reduces to:

Pm s(N)

Cs(ON T) m V (For T = Tb) (22)
T W b sTb

In most cases, the sample and blackbody temperatures were not the same and data
were reduced by means of Eq. (21).

* d. Relative Total Directional EmIttance

Polarization of the total emitted energy Is not a source of difficulty in these measure-
meats since the collecting and detecting system does not influence the state of polariza-
tion. Polarized components were not determined for the total directional emittance
measurements because of the nongray transmission characteristics of the polarizers.
(See Figure I"'I The total energy emitted in each zomponent is best obtained by
integrati(cn of the spectral results.

The relative total directional emittance was determined from:

c s(0 T) V V(O)
-1_s(23)

C (ON, T) Vs(0

where V,(O) and Vs(ON) are the detector signals obtained at sampkl viewing angles
of 0 and ON, respectively. All of the relative total directional data presented in
Section V1 has been normalized to a value of 1 at - a To obtain values for the
absolute total directional emittance, the normalized railos must be multiplied by the
absolute total normal emittance value at that temperature.
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e. Spectral HemiEpherical Emittance

As shown in (1), ratios of the spectral hemispherical emittance to the spectral normal
emittance are obtained hy integration of the directional results. Integration yields:

E(,7/2 1
E(0N,XT) 2 f(01 sin0cos 0d0 = 2 f f(O) cos 0 d (cos 0) (24)

0 0

where f(O) = E(O, X, T)/E(ON, X, T), i.e., f(6) is the sum of the normalized relative
spectral directional emittance values for the parallel and perpendicular posirized
components. This form was used for numerical integration of the data to obtain the
hemispherical results presented in Section V. By letting f(O) represent the normalized
relative total directional emittance values, defined in subsection IV. 2. d, Eq. (24)
gives the toial hemispherical-,to-total normal emittance ratio, e(T)/e(0N, T). These
ratios are also presented in Section V.

f . Total Hemispherical Emittance

With the acquisition of an ac voltmeter for accurate measurement of the voltage drops
across the current shunt and across ihe center uniform temperature region of the
sample strips, calorimetric determinations of total hemispherical emittauce were
added to this year's experimental program. The method for determining c(T) is
analogous to the methods described by Richmond and Harrison in (37) and by Abbott
et al. in (38). The total hemispherical emittance for the center region is given by

VI- P

c(T) :A 4(T L 4 (25)

where V is the voltage drop across the center of the sample; T is the current flow;
PL is a power loss term to account for thermal conduction lobses at each end of the

center portion of the sample; A is the surface area; qo is the Stefan-Boltzmann
constant; Ts is the absolute temperature of the sample; and Ta is the absolute tem-
perature of the surrounding chamber walls. V was measured between the platinum
legs of the two thermocouples located on either side of the center line of the sample.
PL was determined from estimates of the temperature gradient at the location of the
two thermocouples, from published data for the thermal conductivity of platinum and
stainless steel, and from measurements of O-e cross sectional are' of the sample.
Estimates of the temperature gradients were obtained from inspection of graphical
plots of the temperatures at the five different locations along the length of the sample
strip. Except at the lowest test temperatures, both the PL and T terms were
negligibly small. The surface area, A, was corrected for thermal expansion of
the sample at each test temperature using published values for the expansion
coefficients of platinum and stainless steel.
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3. TEST PROCEDURE

a. Sample Instrumentation

Each sample was instrumented with five Pt/Pt-13% Rh thermocouples spot welded to
the back surface of the test strip. Forty-gage thermocouple wire was used to minimize
thermal conduction losses from the sample through the wires. The junctions were
located Wpl-oximately 1/2-in, from one edge of the strip and at vertical positions + 1,
: +2, and +3 cm from the center line of the strip. Care was taken to attach both wires
of each jtwction at the same vertical location to avoid pickup of the ac voltage gradient
along the strip. Between the junctions and the vacuum feed-through header, each wire
was Insulated with fiber-glass sleeving to prevent short circuits. (See Figure 11:)
After passing through the vacuum feed-through, the leads were individually terminated
in a reference-Jimction ice bath. Sample temperatures were determined from measure-
ments of the tiermocouple ends with a Leeds and Northrup portable potentiometer.

b. Sample Test Procedures

Each sample was clamped into the rotating sample mount, the thermocouple wires
attached to the vacuum feed-through leads, and the test ci-amber was evacuated to a
pressure of 10-6 Torr. Each of the roughened platinum samples was then annealed
at 1645"K (the highest test temperature) until a stable emittance was indicated by the
sample heating power and temperature data. Except for platinum sample 6.3, no sig-
nificant change in emittance was observed over a 20-min anneal period. Sample (.B
was annealed for 1 hr as the emittance of this sample appeared to decrease slightly
during the first 1/2 hr. The smooth platinum sample (1B) was annealed for 6 hr at a
lower temperature (1365"K) to minimize recrystallization of the sample before the
first set of emittance data was obtained. No pre-test anneal was given to the stainless
steel samples because of their nonstable surface charanteristics at temperatures
above 950"K.

Emittance tests of the platinum samples were made at five temperatures: nominally
865-, 10900, 1225-, 1365°, and 1645-K (1100-, 1500-, 17500, 2000-, and 2500-F).
Complete sets of emittance data were taken at eacb temperature except 1225*K as
permitted by the available sample energy. The 1225%K relative directional emittance
measurements were omitted for samples 3B, 4B, and 5B. The stalnkcss steel samples
were tested at 5350, 670", 8100, and 950°K (5000, 750., 10000, and 12500F), starting
at the lowest temperature, and samples 1S-3, 2S, and 3S were also tested at 10900K
(15000F), Retests of most of the samples were made after completion of the measure-
ments to check the stability of the sample emittance, characteristic3. A summary of
the thermal history for each of the s mples is presented in Sectiorn Vii.

Absolute spectral normal emittance measurements . made with the variable aper-
ture slit width set at 0.075 in. and the monochromator inlet slit width set at 0. 30 mm
to collect the maximum possible amount of sample energy at the lower test temperatures.
For the high-temperature platinum sample tests it was necessary to reduce the mono-
chromator slit width setting to 0.50 mm to avoid saturation of the detector. During
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each sample.-to-b!ackbody ratio measurement, care was taken to maintain constant
values for suz-h variables as optical alignment, monochromator slit width and wave-
length seLuings, and anplifier gain.

Absolute total normal emittance measurements were made with the variable aperture
slit width set at 0.015 in. and with an additional, horizontal aperture, 1/4-in. wide,in front of the vertical slit. This arrangement was employed to a-¢otd fsuur.qtiom of

the total detector system while at the same time obtaining uniform and complete
irradiation of the total detector element. (See remarks for platbiu-n samples IB and
6B in subsections VII. 1 and VH. 5.)

43



I

Section V

RESULTS

io PLATINUM SAMPLES

-. Surface Characteristics

Photon,'•rographs of the five platinum sample-., before and after emittance tests are
shoWn in Figure 13. These pictures illustrate •. •t.mnple-to-sample variations in
surface appearance achieved by the varicus shot-4g. t +reatments and show the
changes in surface appearance due to the annealing, -h irmal etching, and thermal
facefing which occurred during the high-temperatur.ý. eirttance tests. Very little
quantitative surface profile data can be deduced from surface photomicrographs
because of Ehe small peak-to-valley dimensions relative to the lateral (peak-to-peak)
dimensions. However, the photographs do provide a qualitaqve measure of increasing
roughness and are presented here for that purpose. All the microgrpphs in Figure 13
were taken using dark-field (obliquia) illumination of t.e st-rface, as (.pposed to bright-
field (direct) illumination. The former type of illunatior. best. indicates variations
in surface appearance between samples and providtk increased contrast between the
recrystallized grain boundaries and the roughened grain faces.

Figure 13 shows the progressively more extensive surface pitting obtained on the
platinum samp.,,s as a result of increased shc0-blast pressure. Even the ril).d shot-

blast treatment for sample 3B is sufficient to obscure the roll marks that are the pre-
dominant feature of the as-received surface. The post-test surface m:crographs
show that recrystallization and thermal etching b,.come less apparent as the initial
roughness of the surface increases. Grain boundaries, whinh are the dominant feature
of the unroughened surface, are still a significant feature ot the suriace of sample 3B.
Grain boundaries are also detectable on the surfaces of samples 4B and 5B but are
obscured on the su, face of sample 6B. In all cases where .rains were visible, it
appeared that they were of the same average size for each s-aple, although sample I B
appeared to have a greater number of smaller grains and suffered considerably more
thermal etching and faceting. The effects of 'he increased etching were clearly visible
to the unaided eye because under vrrious lighting angles the grains appeare, 4, 1,e blue
and yellow. The roughened samples e:ihibited a more vnifora gray appear, ;a, even
though grains could be observed without magnifying optics.

A summary of roughness characteristics for the platinum surfaces is presented in
Table IV. Except for the approximate values for the as-received surface of sam-
ple 1B, shown id parentheses, all the parameters were determined from profilometer
traces of the surfaces. Typical portions of these profilometer traces "re shown in
Figure 14. Samples 1B and 6B were the only two for which significant changes in
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roughness occurred during the emittance tests. The Increased roughr. ýss values for
sample -1 were directly attributable to the recrystallization shown in Figure 13. The
decreased roughness for sample 6B was due to higi.-temperature annealing effects
which. cause the rougher surface asperities to sLamp or level off. Similar large drops
in roulhness were observed for samj.les tested in last year's program, when the
initial rms roughness exceeded 100 gin. The relaive geomeiric stability of samples
3B, 4B, and 5B indicates, for the temperature-time histories of these samples, that
neither recrvetallization nor annealing changed the roughness from the initial rms
values between 20 and 50 pin.

The emittance characteristics of the samples remained reasonably stable after the high-
temperature anneal treatment given each sample before the emittance tests. Therefore,
it is assumed that the changes in surface charactexistics indicated in Figure 13 and
Table IV occurred before emittance determinations were made.

Many analytical treatments of the effect of surface roughness on the scattering of
elect-omagnetic energy from a surface include the assumptions that the surface
irregularities are isotropic and are normally distributed about a mean surface plane.
Profile Lraces of the platintml samples, made both parallel and perpendicular to the
longitudinal axis, indicated isotropy in these directions except for the as-received
platinum surface. Histograms showing the frequen distribution of profile heights
about the mean surface plane were piepared for the ;-.ar roughened samples and are
shown in Figure 15. These distributions are based an 100 profile height measurements
from the post-test profilometer traces and roughly indicate a Gaussian distribution of
surface asperities. A larger sampling of data would undoubtedly result ia a more
nearly Gaussian form; however, the procedure wculd require considerable improvement
over the manual techniques used for this evaluation.

Additional information about the surface topography of the unroughened platinum sam-
ple (1B) was, obtained from surface interference micrographs similar to those shown
in Figure 16. The interference pattern fc.r the pre-test surface indicates that the roll
marks are spaced about 300 gin. apart and are from 5 to 20 pin. deep (1/2 to 2 green
fringe spacings). This close spacing suggests the possibility that the 500 pin. (radius)
stylus for the Proficorder was too large to properly indicate the valley depths for this
surface. Consequently, the roughness values determined from the profilometer traces
are probably low. The interference pattern for the post-test surface shows a dramatic
change in the surface characteristics of this sample. No trace of the original roll
marks remains. The dominant surface features after high-temperature exposure are
the grain faces and boundaries. The grains are irregularly shaped polygons with
diameters ranging from 0. 02 to 0.2 in. (500 to 5000 y). Each grain appears to have
its own unique surface topcgraphy with no preferred orientation or irregularities.
Some ot the grains appear flat and smooth while others appear hilly and rough. LA
addition, D~any grains are tilted relative to those adjacent to £hem. These feature*'
were corroborated by the profltkmeter tracez and taper-section photomicrographs of
the surface.
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Profilometer traces of the post-test surface of sample 1B indicated that the mean
surface planes for adjacent grains were frequently displaced from one another by asI much as 50 to 75 pin. This characteristic was evidenced by sudden vertical dis-
placements of the centrline of the profilometer trace which occurred at intervals
corresponding to the distance between grain boundaries indicated by the surface
photomicrographs. Using an average centerline for the entire length of one pro-
filometer trar"3, an rms roughness value of 23 gin. was calculated for the surface.

This value includes the roughness contribution of the long-period (i. e., Infrequent)
grain boundar.y slips. By adjusting_ the centerline of the same profilometer trace to

"fit" each apparent grain face, an rns roughness value of 8 pin. was calculated. The
latter value represents the rms roughness of the grain faces only.

Vertical displacements of the profilometer centerline were also detected in the traces
for sample 3B; however, the profile between the slips was sigvif .4ly rougher. The
post-test roughness parameters for this surface were also calculated by adjusting the
centerline to fit eacb apparent grain face. The profilometer traces for samples 4B,
5B, and 6B indicated no boundary displacements,

Taper-section photomicrographs of the post-test surfaces of platinum samples 1B, 4B,
and 6B are shown in Figure 17. These micrographs indicate the saone range of rough-
ness parameter values as were determiued from the profilcmeter traces for these
surfaces. The sudden vertical displacements of 50 to 75 pin. on the profilometer
tiaces of sample LB correspond directly to the abrupt "slips" shown in Figure 17.
The roughness across the grain faces, as indicated in Figure 17, is barely detect-
able and is about one order of magnitude less than the displacements at the grain
boundaries. For sample 4B, peak-to-valley depths of from 10 to 150 pin. with an
averagb peak-to-peak spacing of about 1300 pin. aie indicated in Figure 17. Both
of these characteristics are in agreement with those indicated by the profilometer
trac 3s. The taper set.don of sample 6B indicates a maximum peak-to-valley depth
of about 480 Ain. and an average depth of about 160 pin. Again, both values cor-
resp..nd with the profilometer data for this surface. The dark areas at the surface
of sample 6B are indications of surface damage (e. g., crystalline fractures and
reorientation) caused by the more severe shot-blast ýreatment of this surface. This
interpretation is supported by the x-ray diffraction data, which indicated a change in
the crystalline orientat.on at the surface of this sample caused by the roughening
process.

Arc spectrographic analyses of each sample were made after the emittance tests to
check for evidence of surface contamination. No evidence of contamination was indi-
cated by these analyses. Similarly, no evidence of embedded glass-shot fragments
was detected during the microscopic examinations of the surfaces.

X-ray diffraction patterns were obtained after the emittance tests for determination of
the crystalline ortlntation of each surface. The pattern obtained from sample 1B
indicated a strongly preferred orientation of (200) and (220) crystal planes parallel
to the surface. This characteristic was also observed for the as-rolled platinum and
was evidently not affected by the annealing a:id thermal etching that occurred during
tt c high-temperat ire tests.

4
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The diffraction patterns for samples 3B, 4B, and 5B were identical to the pattern for
sample lB. This indicates that the shot-blast treatment of these samples did not alter
the original crystalline orientation at the surface. The pattern for sample 6B, however,
contained "d-lines" characteristic of the (111) and (311) crystalline planes. Thus, the
more severe shot-blast treatment of this sample was sufficiently damaging to alter
the original crystalline orientation. A comparison of the diffraotion patterns for the
emittance iamples with a standard powder pa~tern for platinum (completely randomizedIN
orientation) is shown in Table V.

An overall evaluation of the results of the surface characterization provides the follow-
ing conclusions:

"" Exposure of platinum samples to high temperatures for extended periods
results in thermal damage, as evidenced by etching and faceting of individual
crystals. The extent of thermal damage is time dependent and was most
severe on the as-rolled specimen (MB), where the sample was held at elevated
temperatures in excess of 20 hr. (For details, see Section VII.) This resulted
in creation of both fine structure (faceting) and coarser grain surface elevation
shifts (due to etching) that increased the emittance of the sample.

"* The annealing procedure used on the roughened samples provided a relatively
stable surface geometry for the short duration of the emittance tests. Rough-
ness values obtained at the conclusion of the emittance measurements are
reliable indications of the surface geometry that existe, during the
measurements.

9 Roughened surfaces up to 50 Ain. rms created by shot-blasting platinum are
relatively stable for the thermal conditions used in this program. For higher
initial values of roughness, it is probable that high-temper,.Zdre annealing
has a smoothing effect on the surface.

* The samples used in the program were of high purity and free of surface
contamination; they were thoroughly annealed before measurement of emit-
tance and had a preferred crystal orientation at the surface.

M3
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Table V. X-Ray Diffraction Data for Platinum Samples After 16450K Emit-
tance Tests

Standard (Powder) Patternfo ltnm(3 Pattern for Smls Pattern forfor Platinum (33) ,pe
i--1B, 3B, 4B, and 5B Sample 6B

(Face-Centered Cubic, a = 3.9231)

d (hki) I/10 d 1/10 d I/IO

2.265 (111) 100 2.262 10

1.962 (200) 53 1.959 100 1. 966 100

1.387 (220) 31 1.388 50 1. 390 10

1. 183 (311) 33 1.182 5
1. 133 (222) 12
0.981 (400) 6
0.900 (331) 22

0.877 (420) 20
0.801 (422) 29
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b. Emittance Characteristics

(1) Total Normal and Total Hemispherical Emittance

A complete tabuiation of the total normal and total hemispherical emittance values for
each platinum sample at each test temperature is provided in Tables XIV through
XVII in Section VII. A summary of these data is shown in Figure 18 along with com-
parative data for polished platinum reported by Abbott et a!. in (38).

The hemispherical and normal results clearly show a trend of increasing emittance
with roughness for all samples with the exception of the smoothest sample (1B) which
had the highest emittance of all samples tested. The reason for this apparent anomaly
is attributed to the extended period of high temperature (; 1650°K) operation to which
this sainple was subjected during alignment and calibration of the apparatus. This
caused a considerabie increase in emittance of the sample due to thermal etching and
faceting of the surface grains. Such phenomena have been fre- -ently observed for
platinum and are reported in detail in (38) where increases in emittance on the order
ol 20% occurred after 1l-hr aging at 13100K. It is apparent from Figure 18 that this
same order of change must have been experienced by sample 1B since its emittance
would normally be slightly, less than that shown for sample 3B if it had received the
same thermal treatment.

For the remaining samples it is apparent that roughening from 0.20 to 2.38 p rms
results in an increase of total normal emit•ance of from 5% at 870*K to 6% at 1360*K.
Corresponding increases in total hemispherica: -nmittance are 10% at 8708K and 13%
at 1360 0K.

Absolute values for ths total normal and hemispherical emittance of sample 3B com-
pare well with predictions based upon single electron theories and with the experimental
observations of Abbott et al. (38) as shown in Figure 19. Agreement between experi-
mental results for hemispherical emittanc.i at temperatures below 1200K is excellent
'.vhtle at higher temperatures greater rL.,yeigence : s apparent. For the normal emittance

results, agreement is excellent throughout the ;ntire temperature range. These results
substantiate the expectation that very slight surface roughness (a m/ < 0. 1) will have
little effect on absolute values of emittance. However, as reporte later, slight rough-
ness does significantly change the distribution of energy above the surface plane.

It is doubtful that initial values of emittance will remain stable during iong-term, high-
temperature exposure since the effects of recrystallization, thermal etching, and
thermal faceting will alter the sur.-ce and result in significant changes in surface
geometry. In fact, grain boundary slips and faceting may cause geometric changes
that overshadow effects irfroduced by the roughening procedure. Examples of differ-
ences in the surface geometry of platinum samples 1B and 3B resulting from their
high-temperature, emittance-test exposures are shown by the high magnification
photomicrographs in Figure 20. Photomicrographs (a) and (b) show the surface of
sample lB. Differential evaporation from the surface has caused formation of con-
tinuous, step-like features, shown iW (a), over most cf the exposed crystal faces.
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SOnly a few siooth crystal faces, such as shown in (b), were observed on this m --ace.

In contrast the ;urfatce of sample 32B, shown in photomicrographs (c) and (d), Is
observed to nave entir,9ly diff.*-rent geometric features. On this surface evaporation
Shas procduced features similar to those shown in (c) over most of the exposed surface
area. Only a few cf the crystals, as showi. in (d), appear to have the step-like features

ithat were characteristic of the surface of sample 1B. These comparisons clearly W
iemonstrate the differences in surface geometry that existed on the sampleE during U-
the emittance measurements and indicate. the difficulty involved in maintainig Fk pre-
pared surfitce condition at high temperatures. Such changes undoubtedly affect the
absolute emittaace characteristics of the surfaces; consequently, the meaninL.!,flncss
-,f the data wher compared with that of other Investigators is of questionable value.

A comparison be•tween the absolute values obtahio-d this year and those reported after
the first year's effort indicates that the p~revious total normal emittance results were
high by appro~dmately 10%0. The reason for this error was determined early in the
second year's program and was traced to amplifier saturation end detector non-
linearities. Both sources of error were thoroughly investigated and operational pro-
cedures implemented which circumvented the difficulties. Consequently, the reoults
obtained this year are in better agreement with those of previous workers over the
full temperature rmng, in contrast with those obtained last year where emitL~armec,
above 900°K were high. Am assessment of the experimental procedure, thermometry,
blackbody source, and detection system lead to the conclusion that the present expert-
mental error is on the order of 5%. The precision is estimated on the order oi 1To
based on the ability to repeat data on identical samples at different times. Comparisons
between samples are estimated to be of this same order of precision.

(2) Spectral Normal Emittance

Results obtained for the spectral normal ernittance of each platinum sample at each
test temperature are presented in detail in Tables XIV through XTHI in Section VII.
The measurements were made point-by-point at nine wavelengths between 1. 0 and
12. 0 p. as permitted by avallable sample energy levels at each temperature. The
spectral normal emittance at 0. 65 ji was determined by the optical pyrometer method.
Comparisons of the data lead to the same conclusions as reached for the total emittance
data; namely, that sample-to-sample variations caused by surface roughness were on
the order of 10% with greater roughness producing higher emittance. A comparison of
data obtai; I at 8650K and 1645°K is presented in Table VI, and is typilcal of compr-ri-
sons at the other temperatures. The high emittance valuev: for sample 1B correlate
with the total emittance results and again indicate that the as-rolled specimen sufferedA
high temperature, they-mally induced, surface modification. Sample.3 3B through 6B
show an overall increase of emtttance with increasing roughness, though from one
sample to the next rougher sample the difference is small.

Sample energy limited the wavelength range of each determination to the extent that A
integration of the spectral results for comparison to total normal results Is not an
accurate proced~ure. However, some integration[ were performed using extrapolations

In
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I Table VI. Spectral Normal Emittance of Platinum Samples

X, Sample No.
1)3 1B 3B 5B 6B

At T = 865*K

2 0.115 , 0105 0.123 0.135 0,138

3. 105 0. 10,2 0. 101 0. 107 0. 112

4 0.085 0.082 0.01 0.084 0.090

6 0.068 0.062 0.066 0.068 0.074

8 0.057 0.052 0.050 0.058 0.065

10 0.050 0.041 0.043 0.039 0.058

At T = 1645K

0. 6 5 (a) 0.30 0.30 0.28 0.30 0.33

1.0 0.244 0.255 0.254 0.253 0.253

1.5 0.197 0.197 0.212 0.209 0.203

2 0.165 0.166 0.180 0.172 0.167

S3 0.140 0.141 0.144 0.146 0.144

4 0.118 0.118 0.119 0.122 0.123

6 0.098 0.097 0.100 0.102 0.107

8 0.086 0.085 0.087 0.089 0.094

10 0.076 0.074 (.072 0.079 0.087

12 0.065 0.067 0.070 0.070 0.080

(a) Determined by opticai pyrnmeter method.
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of the available data to obtain emittance values at the short and long wavelength ends
of the energy spectrum, Comparison of these results with the measured total normal
values show the integrated values to be approximately 10% low. This disagreemeut is
witbin the inherent accuracy of the experimental and analytical procedures.

Changes in spectral normal emittance with increasing temperature are shown in
LF Figures 21 and 22 for samples 3B and 5B respectively. A comparison between these

figures demonstrates that surface roughness has less influence on the spectral emit-
tance than does the sample temperature. Roughening in this range did not cause
significant increases in c(ON, X,T) nor did it influence the functional dependence of
cmittan, )n wavelength. A similar result is obtained by comparison of data from the
other samp.es.

(3) Relative Total Directional Emittance

The results obtained from relativ, total directional emittance measurements are pre -
sented in Figures 48, 55, 62, 69, and 76 in Section VII. These results, along with
the spectral measurements discussed in the next section, satisfy the primary objec-
tive of this program. It was anticipated that absolute emittance values would be
influenced by numerous factors that could rot be precisely controlled during the experi-
mental effort. Additionally, it was expected that surface roughness would not provide
large, demonstrative changes in absolute emittance properties for the range of rough-
nesses used. These expectations are adequately substantiated by the results discussed
in the previous sections. However, it was also anticipated that slight roughness would
strongly influence ti- spatial distribution of energy leaving the surface. These data
provide the most sc. dtive measure of surface geometry. In addition, the inherent
precision of relative measurements is of considerable assistance where accurate com-
parisons of the effects of roughnens are desired.

The directional emittance of a polished metallic surface may be predicted with reason-
able certainty from classical retlectance theories that utilize known values of the
optical constants. These theoxie," have frequently been presented in detail in previous
literature and were discussed ir. 1ist year's final report. The results reported in
See'ion VII are in essential agrerement with analytical predictions in terms of the effect
of temperature or. total directional emittance. Three characteristics are noticeable
for all of the platinum samples. First, the maximum relative directional emittance
value, designated [ e(O)max] , decreases as the sample temperature Increases. Sec-
ond, the angle at which the maximum relative directional emittance occurs, desGgnated
Omax, tends to shift slightly towards the normal as the sample temperature increases.
Finally, the area beneath each curve, which is a measure of the total hemispherical-tn-
total normal emittance ratio [ se.e Eq. (24), subsection IV. 2. e], decreases as the
sample temperature increasee. These general trends are all in agreement with antici-
pated cIh.anges in n and k w.;tt. temperature and wavelength. A summary of the valuos
obtained for these three paramet.,rs is presented in Tables VII and VIII.

Change3 in c(O)max and c(T)/c ,ON,T) with temperature are evident for all samples
with the strongest temperatur . d •pendency existing for the smoother samples. Rough
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surface effects tend to smooth out the temperature dependence. The effect of surface
F ~roughness on the relative total directional eraitrance characteristics of platinum is

illustrated by the curves shown in Figures 23 and 24 for the highest and lowest test
temperature used in this study. These figures show that for a fixed temperature, the

value of c(0)max decreases as surface roughness increases. The decrease caused
by roughness is largest for low temperature surfaces due to the highly directional
emittance characteristics at long wavelengths as shown in the following section.

Attendant with the lower c(O)max values obtained for rougher surfaces there is an

increase in E(8,TV/E(ON ,T) W' viewing angles between 20 and 70 deg. Integration of
the distributional data shows the ratio of hemispherical to normal emittance to in-
crease with increasing roughness even though c(O)max has decreased. This is
clearly demonstrated by comparison of the values listed in Table VMI for each tem-
perature. Except for the 8650K data, however, the trend is not a smooth function of
roughness. For the range of surface roughness values represented by these samples,
little or no effect on the relative total directional emittance at viewing angles between
0 and 20 deg was observed.

(4) Relative Spectral Directional Emittance

A complete compilation of spectral directional emittance data for each of the platinum
samples is presented in graracal form in subsections VII. 1 through VII. 5. The data
include angular distrlbutionrs for the parallel and perpendicular components of polarized
radiation emitted at wavelengths of 1.5, 2, 3, 4, 6, and 8 p. An inspection of the data
indicates that for each sairple, the relative angular distribution of the perpendicular
polarized component of vnuitted energy at each of the above wavelengths is a very weak
functin of sample temperature between 865 and 16450K. It is also observed that the
angular position of maximum emittance for the parallel polarized component does not
change measurably with temperature. These two observations lead to the conclusion
that the optical constants oi platinum (n and k) in the infrared are nearly constant
with temperature throughout this temperature range. The resul" 'or 0 and
E()m)ax are summarized in Table IX. The general trend of the results fs for a slight
decrease in E(0)max as the temperature increaseb. This implies, on the basis of
single electron theories, that the ratio k/n is increasing and the sum (n2 + k2 ) is
decreasing as a function of increasing temperature. The absolute values of the changes
were not determined though they are obviously small. Optical constants were not com-
puted from the results on sample lB since the technique, as reported last year, is
insensitive to small changes in directional characteristics.

The behavior of each sample, as a function of wavelength at fixed temperatbre, demon-
strates the effect of increasing n and k with wavelength. Figures 25 and 26 present
the directional results for sample lB. The maximum emission angle (8)max and
maximum relative emittance, E(O)max, for the parallel polarized component both
increase with wavelength, indicating larger values of the optical constants in the infra-

A red. These changes were apparent for all samples and were not eliminated by increas-
ing surface roughness, although the wavelength dependence for the rougher samples is
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I lesa dominant. Figure 26 shows spectral changes in the perpendicular directionalf component for sample lB and indticates a negligible wavelength dependence for this

~ component. This is In agreement with predictions from the Fresnel equations.
Spectral hemispherical-to-spectral Pni~mal eniittance ratios for all the platimnte

~ samples, determined using Eq. (24). subrection IV. 2. e, are listed In Table X for theIlowest and highest tettmeauedt.The hemispherical-to-normal emittance
reported here. Although the values for c(9)max tend to decrease slightly with
increasing temperature, as noted from the data in Tab~le 1K, the effect of this decrease
on the hemispherical-to-normal emittance ratio is small because of the large angle at
which E(O)max occurs. The change in the relative spectral directional emittance
e.aracterlstlcq of the parallel polarized componients Illustrated Mn Figure 25, howevez,I ~is sufficiently large to 'nroduce detectable changes in the hemispherical-to-normal

emittance ratio with wavelength. As shown by the data in Table X, this ratio tends to
increase with wavelength.

Table X. Wavelhepgth and Temperature Dependence of c(L, T)/c(ON XT)
Ratios for Platinum Samples

Nominal aeetgh_____Sample No.
Temperature (. B3 B B f 6

865 2 1. 1-53 1. 151 1. 175 1.171 1.191

865 3 1.180 1.188 1.204 1.217 1.267
865 4 1.183 1.220 1.220 1.235 1.264

1645 1.5 1.110 1.131 1.130 1.143 1.170
1645 2 1. 153 1. 136 1. 153 1. 1586 1 191
1645 3 1.170 1.163 1.177 1.186 1.232
1645 4 1.183 1.179 1. 2(AIG L20 1.240

1645 6 1.201 L,214 1.198 I'a 1.236
1645 8 - 1.235 1.214 1.220 1.3
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The temperature and wav:elength effects described above are observed to generally
hold true for each of the platinum samples, regardless of its surface condition. The
relative spectral directional emittance characteristics of platinum, however, are
modified by the roughness of the surface, as illustrated by the data shown in Figures 27
and 28. These figures compare the directional results for each of the polarized com-
ponents at 1. 5 and 6 jL for samples 1B, 3B, 5B, and 6B. The effect of increasing
roughness is to decrease the strongly directional character of the polished surface.
This is most apparent at the longer wavelengths where the polished surface i- most
directional. The overall effect of roughening is to decrease E(O)max and Omax of
the parallel component and to increase E(0 ,X ,T)/E (ON , X , T) of the perpendiculdr
component. The integrated spectral directional results for E(O , T) are in good agree-
ment with those reported in the previous section.

As was the case for thaý total hemispherical to normal Emittance ratio, it is seen that
increasing roughness increases the ratio c(X ,T)/E(ON , X, T) for all temperatures and
wavelengths. While Lhis is iot immediately apparent from an initial inspection of
Figures 27 and 28, it is easily discerned when the results are plotted as

Ell(O,X,T) + E I(O,X,T)

E(eN, I, T)

versus cos 8. In this form it becomes appartent that the sldft of parallel component
energy from extreme anigles (0 > 80 deg) to less grazing angles (30 deg < 0 < 80 deg)

combirad with an overall increase in the perpendicuiar comporent results in the trend
of values reported in Table X.

As previously mentioned in subsection H. 3, attempts at correlating the directional
emittance data with the parameters am/X and aiX were made; however, no defirite
correlating functions were established. The effects of polarization that are clearly

j observable oil the previous figures are not accounted for by the reflectance theories;
therefore, complete correlations based on parameters from that theory are not antici-
pated. Howcver, it is interesting to note that the maxima of the spectral distributional
curves for the parallel component are strongly influenced by the parameter gm/X. It
was found that these maxima could be described by a single plot similar to that shown
on Figure 29 for T = 1645°K. Similar results were obtained for the other tempera-
tures. In each case, sample 1B was observed to deviate considerably from the remain-
ing samples due apparently to the different nature of its surface profile. The grain
displacements, thermal etching, and thermal faceting that introduced roughness into
this surface provide a geometry that is far from irregular or Gaussian.

For the other saminles, the correlation with am/X was distinct for each temperature
though no single a', 'tlcal form was found to describe the correlation function. In
most cases the curm,, are best described by an inverse power of (am/X) rather than
the exponential function used to d 2scribe the decay of specularly reflected energy.
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2. STAINLESS STEEL SAMPLES

a. Surface Characteristics

Surface photomicrographs of the stainless steel samples before and after their emittance
tests are shown in Figure 30. Electron micrographs of the same surfaces are shown
in Figure 31. Micrographs of sample 1S-3 are not shown since its surface appearance,
both before and after the emittance tests, was nearly identical to those shown for sam-
ple 1S-2. No after-test micrographs of sample 3S were taken because the oxide appar-
ently dissociated and evaporated during its test at 1090°K. leaving a bright, unoxidized
surface.

The initial electropolished and annealed surface condition of all smooth samples was
identical to that shown for sample 1S-2. Similarly, the initial electropolished, glass-
shot blasted and annealed surface of sample 1R is representative of all the roughened
sample surfaces before they were oxidized. The rms roughness of the latter samples
was 20piin. before oxidation. No roughness measurements were made of the samples
after oxidation since the substrate roughness produced by the shot-blast treatment was
completely obscured by the oxide films.

The thickness of the oxide films on each sample increased during the high-temperature
emittance tests with the exception of the film on sample 3S which disappeared from the
surface during the tests at 10909K. No satisfactory explanation for this oxide removal
is known since its composition was the same as for the other samples and the dissocia-
tion pressure for Fe3 04 at 1090°K is low - on the order of 10-11 Torr (39). To prevent
a recurrence of the phenomenon, the maximum test temperature for the remaining
samples was lowered to 9500K. Changes in the thickness of the oxide films, even at
this lower temperature, caused significant changes in the emittance characteristics
of the samples.

Continued oxidation of the stainless steel samples during emittance tests was not
anticipated since the test chamber pressure was maintained at pressures less than
5 x 10-6 Torr during all high-temperature measurements. It is possible that the
sample surfaces acted as "getters" for residual oxygen and/or water vapor in the
test chamber. A phase transition occurs for Fe3 04 at 900"K ,40). However, the
influence of this transition on the surface oxidation is uncertain. Richmond (41) has
reported a similar occurrence for an Lnconel specimen which oxidized when heated to
between 850 and 950°K in a vacuum of 10-5 Torr.

The initial surface photomicrographs of sample IS-2 show that crystallization of the
stainless steel samples occurred during their pre-oxidation anneal treatment at 1300°K
(10 min) in the dry hydrogen furnace. Grain boundaries are clearly evident on the
initial surfaces of samples 1S-2 and 2S (also on 1S-3), but are obscured by the roughntss
on sample 1R. These grain boundaries are also evident in the electron micrographs
(Figure 31), including the one of sample 1R. Small spherical nodules appear to be
scattered over the surfaces of samples 1S-2 and 1R. Gulbransen and Andrew (32)
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point out that the annealing of stainless steel at temperatures above 1050°K is known
to precipitate carbides and nitrides which might also occur during normal oxidation
at these temperatures. The nodules on these surfaces are Issumed to be these
precipitates.

The photomicrograph of the initial surface of sample 2S fails to show the thin, gold-
colored oxide film that covered this surface; however, the oxide film is clearly evident
*i the eluctron micrograph. The latter micrograph also indicates a difference in the1ormation rate, and possibly in the composition of the oxide at the grain boundaries.

Photomicrographs of the initial surfaces of samples 3S, 4S, 5S, 3R, and 5R indicate
that the thicker oxide films hide the substrate and that the oxide morphology changesB considerably as film- thickness increases from 0. 015 to about 1.0 pt. The changes in3 mohrnpholg are shown more dram•atically by the electron micrographs of these surfaces.
L .... oxid ndu. . bgin to appear on the surfaces of samples 3S and 3R with major

U diameters of up tcA 2 y. These nodules coatinue to form and grow to where they cover
over 50% of the surface area of sample 4S and have major dimensions up to 4 I. On
the surface of sample 5S, the nodules are merging toget•her, forming relatively smooth-
looking lumps of oxide up to 8 or 10 p long.

Emittance data for the stainless steel samples at temperatures less than 9500K are
attributed to oxide films having the initial properties described above. However, at
9500K all the surfaces (except for sample IS-3) experienced further oxidation which
re-Pue JIM s,,•,ct changes of the emittance characteristics on both oxidized and
Sunoxidized samples. Micrographs of the after-test surfaces in Figures 30 and 31 show
the ch~nes- in surface appearance of the samples caused by high temperature exposure
and attendant oxidation. "ae most dramatic change occurred on the unoxidized samplesurfaces (1S-21 and 1S-3). A light blue-colored oxide film formed on sample 1S-2

during its 9500K tests which appeared entirely different from the prepared oxides.
Small grained crystals completely hid the substrate and were brightly multicolored
when viewed trough a microscope. A light gold-colored oxide film formed on sample
IS-3 during its 1090*K tests m the hydrogen-purged atmosphere and appeared practically
idertical in structu:re to the initial film on sample 1S-2. A light reddish-gold-colored
film formed on sample 1R during its 9500K tests that appeared more fine-grained than
the thicker oxides, but did not have the bright, multicolored appearance of the smooth
surface oxides. Electron micrographs of the films that formed on samples 1S-2 and
1R indicate the smoother and more uniform films that formed on these samples.

Electron micrographs of the remaining samples in Figure 31 show that significant
changes in the morphology of all the oxides occurred during the emittance tests.
These changes were not generally detected in the surface photomicrographs, except
in the case of sample 2S.

Only one clear surface interference photomicrograph was obtained from the stainless
steel samples and it is shown in Figure 32. This was obtained en sample 1S-2 and is
representative of all the smooth, electropolished, and annealed stainless steel surfaces
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Figure 32 Surface Interference Photomnicrograph of
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before oxidation. Because of the nonuniform appearance of the pattern, it is not
possible to specify quantitative values of roug.hness parameters by analyses of the
patterns. However, the photograph does show closed fringes around each precipitEte
nodule which indicate their height to be between 1/2 and 1 M (2 to 4 fringes). This
dimension agrees with the diameter measurements from the electron micrograph in
Figure 31, and indicates the nodules to be approximately spherical in shape.

Attempts to obtain direct measu "mnLents of film thickness by the tec" niques described
in Section MI were generally umsuccessful. Best estimates of the average initiat oxide
film thickness are believed to be those from weight-gain data obtained before and after P.
sample oxidation. However, this method was not applicable for determining the changes
in thickness during tbe emittance tests because of the weight of the thermocouple
attachments.

Attempts to measure film thickness from micrographs of metallurgical cross-section
mounts of the samples were unsuccessful for the thin films on samples 2S and 3S.
However, some success was obteIined by metallographic cross-sectioning for the
thicker films on samples 4S and 5S. Photomicrographs and electron wicrograpbs of
the films on these latter two samples are shown in Figure 33. The photomicrographs
i•iicate average film thicknesses of approximately 1._25 p for sample 4S and 1.5 p
for zsample 5S. These values are slightly larger than those from the weight-gainestimaves for the initial thickness of these films. Average film thickness estimates

obtained from the electron micrographs of the same cross-section mounts, are 2.3 y
for sample 4S and 3.8 p for sample 5S. These values are about twice as large as
those obtained from microscopic examination, but are highly questionable since the
oxide boundaries are Ro poorly defined and the lateral field of view is so small at this
high magnification. Detwftion of the oxide boundaries on the electron microgr~phs of
the cross-sectioned thinner oxde films of samples 2S and 3S was so poor that no
definitive estimate of thickness could be established.

Attempts were also made to determine oxide A lm thickness from electron shadow-
graphs of "free,, films, These were stripped froni the stainless steel substrate, cast
in epoxy, and cross sectioned [ see subsection MI. 3. b. (i)] . Typical shadowgraphs
obtained by this method are shown in Figure 34. The procedure rejie.L-d to obtain a
suitable cross-section was tedious and the results were erratic and nonrepeatabie
from cne region to another on the same film sample. The thinner films usually
appeared to be discontinuous, which is not surprising in view of the uneven profiles
indicated by the surface micrographs shown in Figure 31. From the shadowgraphs
shown for the thin films in Figure 34, it is apparent that film thickness estimates
would be highly unreliable. The thicker oxide film stripped from sample 5S, was
more uniform and its thickness agreed fairly well with that indicatedl by the weight gain
data and tbe photomicrograph shown in Figure 33.

The discontinuous nature of the tlhnner films indicated by the electron shadowgraphs
was also apparent on normal transmission shadowgraphs of one of the "free" films.
Two of these latter shadowgraphs are shown in Figure 35. Another example of the
preferred oxidation in the vicinity of a grain boundary. is indicated in the lowerI 83
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a -Oxide Mlm -Stripped From LK
Sample Oxidized at 8000 C
for 20 roi (Slhnilar to
Sample 3S)%0o

b. Oxide Film Stripped From
Sample 3S (Control Disk),
Before Emittance Tests

z.Oxide Film StipdFrom
Sa~mple SS (Control MAIsk,
Before Ezrattance Tests'

Figure 34 Cross-Section Electron Shadowgraphs of Stainless Steel
Oxide Films
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a.

b.

Figure 35 Surface Electron Sbadowgraphs of Stainless Steel Oxide
Film F ýon Sample 3S, Before Emittance Tests
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shadowgraph in this figure. The results obtained from weight gain measurements and
from the various photomicrographic and electron micrographic examinations clearly
indicate the complex nature of the films examined during this study. The films were
irregular, suffered changes in morphology with temperature, and had thicknesses
which from point-to-point varied by an order of magnitude. It is obvious that the
average film thickness values computed from weight gain data have little meaniing for
such heterogeneous surfaces. However, the other inspection techniques also fail to
provide the information required for analysis of the effect of oxide films on emittance
due to the limited field of view of the micrographs (this severely limits the statistical
sample avaiiavle), and the need for considerable interpretation of the photographic
evidence obtained. These results indicate the need for further development of film
thickness measuring techniques and also show that, for the stainless-steel samples
used in this program, a single specification of film thickness cannot be established
for the purpose of describing the emittance results.

Oxide film composition determinations were made exclusively from electron diffraction
patterns of the films. Transmission patterns were obtained for the thin films on sam-
ples 2S and 3S and of the light blue-colored film that formed on sample 1S-2 during its

emittance testS. Reflection patterns were obtained for the films on samples 4S and 5S
since these were too thick to be analyzed by the transmission method. Samples of the
initial oxide films used for analysis were obtained from 1-in. diameter control disks
that were oxidized along with the emittance-test samples. Samples of the after-test
oxide film were obtained from the center portion of the test strips themselves. Typical
diffraction patterns are shown in Figure 36 along with a pattern of the gold-foil standard
used for calibration. From these patterns, the compositior of all the oxide films was
determined to be primarily Fe30 4 ; however, a large number of weaker diffraction lines
were observed which could not be accounted for.

The formation of Fe3O4 on the stainless steel samples is consistent with the findings
reported by Hickman and Gulbransen in (42) for other 18/8 type stainless steels. For
oxide films formed on a type 301 stainless steel in a 1-mm atm of oxygen at tempera-
ture from 300 to 900'C the most common oxide structure is reported to be Fe3 04.
It is further reported that a Cr203 structure predominates at the 800°C formation
temperature and at 90GC a spinel formation, probably of Fe, Cr, and Mn, occurs.
Depending on the size and orientation of the oxide crystals, various degrees of sharp-
ness of the pattern lines resu)ts, with intense arcs or spots generally indicating
preferential growth of the oxide crystals on the surface. Based on the above report,
it is assumed that the additionn'! lines that appeared in the patterns obtained from the
emittance test samples probably resulted front the spinel structure obtained at the
higher formation temperature, since they are not accounted for by the Cr20 3 pattern.
No significant change in the patterns was detected as a result of the emittance test
procedures.
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a. b. c.

1•i a. Blue Oxide Film on Sample 1S-2, After Emittance T6sts.
b. Initial Gold Oxide Film on Sample 2S.f c. Initial Purple Oxide Film on Sample 3S.

IA

I

(2
I

i

d. e. .

d. Initial Gray Oxide Film on Sample 4S.
e. initial Brown-Gray Oxide Film on Sample 5S.
i. Gold-Foil Standard for Calibration.

Figure 36 Electron Diffraction Patterns of Stainless Steel Oxide Films
and Gold Standard
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b. Einittance Characteristics

(1) Total Normal and Total Hemispherical Emittance

Absolute total nornal and total hemispherical emittance values for each stainless steel
sample at all test temperatures are listed in Tables XIX through XXVH in Section VII.
A comparison of the data for the unroughened sampias is shown in Figure 37. A similar
comparison for the roughened samples is not included since a study of the data tabu-
lated in Section VII indicates that roughening of the samples did little to change their

E total or spectral absolute emittance. The oxide growth was by far the dominant influ-

ence causing changes in absolute properties.

The data shown in Figure 37 are the initial emittances for the samples which were
measured during the first test-temperature cycle. Therefore, these properties are
representative of the initial oxide films before they changed as a result of further
oxidation during the high temperature tests. Total hemispherical results for the
smooth, electropolished sample (1S-2) are in good agreement with those reported
by Deitch and Plunkett (43) for electropolished 304 stainless steel, whereas the results
for samp.e 5S are representative of those for fully oxidized stainless steel. The
absolute at, curacy of the total normal emittance results for all the samples is on the
same order as ihat reported for the platinum samples, i.e., + 5%.

'The absolute total emittance of sample 2S, whose initial gold-colored oxide film was
estimated to be about 0. 015 p thick, was found to be just slightly higher than that for
the unoxidized sample. Although the increase in absolute emittance is small, it repre-
sents a large percentage increase (25%). [Approximately the same change in total
emittance wss observed for the light-blue oxide film that formed on sample !S-2 while
it was tested at 9500K (see Table XIX. I

Total emittance values for sample 3S, whose initial purple-colored oxide film was
estimated to be about 0. 17 p thick, were observed to 4e significantly higher than those
for samples 1S-2 and 2S. The increase of emittance with temperature was also
observed to be significantly more positive, indicating a relatively higher increase in
the spectral emittance of this film at the short wavelengths (i. e. , X < 4,u) than at
the lonjger wavelengths. This chr.r,- eristic was confirmed by the spectral normal
emittance data which are presented in the following section. Further large increases
in total emittance were observed for samples 4S and 5S whose initial oxide films were
estimated to be 0.95 and 1.4 p thick, respectively. The emittance of the latter sam-
ple is close to that for fully oxidized stainless steel indicating that a film thickness of
approximately 1. 5 p constituteL an opaque film. No further increase in emittance at
these temperatures would be expected for films thicker than about 1.5 p, except as
might occur because of changes in the chemical composition of thicker films. Interpre-
tations of these observations must take into consideration the fact that the quoted film
thicknesses are based on weight-gain data which provide a crude averaging of actual
film thicknesses. Point to point variations on the oxide films must be considered if
these results are to be used for direct comparison to theoretical predictions.

Figure 37 also shows the total normal emittance of the more heavily oxidized samples
to be higher than the total hemispherical emittance. This characteristic is expected
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as the film thickness becomes sufficient to provide an opaque, nonconducting surface.
c(T)/M(ON, T) ratios obtained from the directly measured values of c(T) and
E(ON, T) are from 5 to 10% lower than the same ratios obtained by integration of the
relative total directional emittance data. Similar differences were reported earlier
for the platinum samples and are consistent with the estimated measurement errors
for these tests.

The change in emittance caused by progressive oxidation during the measurements
was evaluated by remeasuring E(T) and e(0N,T) after the high temperaturp direc-
tional emittance tests were completed. A summary of the results obtained by this
procedure is presented in Table XI, where the initial and final total emittances at
T = 535°K and T = 950°K for each sample are compared. The data for sample 1S-3
are not included as the primary reason for testing this sample was to obtain the emit-
tance characteristics of the unoxidized surface; therefore its emittance was not re-
measured after oxidation at 10900K. The tabulated data clearly show that the normal
and hemispherical emittance of samples with oxide films less than 1 p thick were
significantly affected by the relatively small changes in oxide film thickness.

Table XI. Change in Total Emittance Due to Oxidation During Emittance Tests
of Stainless Steel Samples

Color Change T 535*K T 95WK

of Oxide Film E(T) C(ON T) c(T) C(0N T)

iS-2 (Initial) Bright metal to 0. 151 0. 118 0.206 0.187

1S-2 (Final) light blue 0. 149 0. 125 0.225 0.226

2S (Initial) Gold to 0. 152 0. 130 0.222 0.216
2S (Final)(a) silvery-giay 0.192 0. 153 0.345 0.306

3S (Initial), Purple to 0. 272 0.261 0.517 0.564
3S (Final)•b) bright metal - - - -

4S (Initial) Dull gray, 0.554 0.580 0.648 0.725
4S (Final) no change 0.586 0. 599 0.691 0. 769

5S (Initial) Dark brownish gray, 0.735 0.813 0.826 0.928
5S (Final) no change 0.764 0.841 0.828 0.938

IR (Initial) Bright metal to 0. 153 0. 127 0.212 0. 193
1R (. 1) reddish-gold 0. 155 0.130 0.29.3 0. 212

3R (Initial) Purple to 0.259 0.249 0.439 0.490
3R (Final) blue-gray 0.263 0.276 0.477 0.543

5R (Initial) Dark gray. 0.755 0.799 0.836 0.899
5 R (Final) no change 0.757 0.799 0.838 0.901

(a) Maximum test temperature for sample 2S was 10900K.
(b) Final emir-tance values for sampie 3S not determined because oxide film

disappeared during 10900K tests.
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(2) Spectral Normal Emittance

Spectral normal emittance data for each stainless steel sample at each test tempera-
ture above 800•K are listed in Tables XIX through XXVII in Section VII. Spectral
emittance determinations were not possible at the two lower test temperatures because
of inadequate energy at the detector. This same difficulty existed for the higher tem-
perature tests at wavelengths below 3 p, where the measureme.nt uncertainty approaches
SL 10%. A comparison of the spectral emittance data from the five smooth (substrate)
samples is shown in Figures 38 and 39 to illustrate the effect of oxide film thickness
on spectral emittance. The data shown in Figure 38 were determined from room
temperature spectral normal reilectance measurements, using 1-in. -diameter disk
samples that were oxidized along with the emittance-test samples. Figure 39 presents
the initial emittance data obtained at 810°K, which is most representative of the initial
oxide films on these samples. Data for the roughened (substrate) samples were com-
parable to that shown in Figuref, 38 and 39, thereby indicating that roughening intro-

S- , duced no significant changes in the spectral properties of these samples.

A comparison of the results in Figures 38 and 39 shows that the spectral emittan.ce
characteristics determined frcon room temperature reflectance measurements agree
closely with the directly measired emittance characteristics for the three samples
with thin oxide films. This indicates t-.t the effect of temperature on the spectral
emittance of samples of this t~pe is small. However, significant differences between
the room temperature and ;leirated temperature data are apparent for the samples with
the thicker oxide films. It is improbable that these differences are due entirely to
thermal changes in the radiant properties of the coating material. While such effects
are expected to cause band broadening in the emission spectrum, their influence would
not be as dominant as that incicated in Figure 39. It is more probable that the observed
differences were caused by c'ianges in surface morphology durir.g the elevated tem-
pecature exposures. Such changes, as shown by the surface micrographs presented
earlier, were considerable ,nd undoubtedly resulted in films of different average
thickness and geometry -han those present on the room temperature disk samples.
"Such changes would result ir significant differences in the emittance characteristics
of the sample and would be most apparent for the thick oxide films since their initial

2 condition was more heterogeneous than the oxides )n samples 1S-2, 2S, and 3S.

Figure 40 shows the influence of film thickness on spectral normal emittance at specific

wavelengths. Since only five separate thicknesses were investigated, the data are
somewhat incomplete. For this reason, no attempc was made to extrapolate smoothly
between data points. The emittance at shorter wavelengths was strongly influenced by
very thin uxide layers while at longer wavelengths a considerably thicker layer was
required for a high emittance. No direct comparison of these results with those pre -
dicted from scattering theories is possible due to the complex geometrical nature of
the oxide layers; however, it is apparent that the trend is in agreement with predictions
where uniform dielectric films are assum-ed.

Increases in the spectra:. normal emittance of the samples also occurred as a result
of oxidation during the directional emittance tests. The changes observed are
presented for each sample individually in Section V11 aid compare favorably in
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magnitude with those given in Table XI for the total properties. In view of the continual
growth of the oxide film during testing, it is necessary to carefully consider the
sample thermal histories presented in Section VII during interpretation of the absolute
properties obtained irom the test specimens.

(3) Re' ;., Total Directional Emittance

The re,.&ive total directional emittance of each stainless steel sample is presented in
graphical form in subsections VII. 6 through VI. 14. Interpretation of the resudts
zhould consider that all of the stainless steel samples, except for IS-3, experienced
further oxidation during measurements at 950°K and higher. A& a result, significant
changes occurred in the initial emittance characteristics of the unoxidized and lightly
oxidized test samples. These changes were determined at the conclusion of the high
temperature measurements. Examples of the effect of this additional oxidation on the
relative total directional emittance characteristics are shown in Section VII by
Figure 90 for sample 2S, by Figure 118 for sampie IR, and by Figure 138 for
sample 1S-3.

The relative total directional emittance data obtained at the three lowest test tempera-
tui - (535, 670, and 8100K), are believed to be representative of the initial surface
condition for each sample. This is also true for most of the 9500K data since it was
taken within 15 to 30 min after this temperature was attained. However, the 1090°K
data obtained on samples 1S-3, 2S, and 3S were affected by oxidation during the 950'K
tests. After loss of the oxide from sample 3S during its ]090-Z tests, no further
testing at this temperature was attempted except with sample IS-3 in the special,
hydrogen-purged atmosphere. Figure 97 in &ction VII shows the effect of the oxide
loss from sample 3S on its relative total directional emittance at 109•°K.

The effect of temperature on the relative total directional emittance parameters:
Omax, E(O)max, and E(T)/E(ON, T) for each of the stainless steel samples is illus-
trated by the data in Tables XII and XII. The data for samples 1S-2 and 1S-3 in thesc.
tables, and in subsections VII. 6 and VII. 14, sh:w that increasing temperature has the
following effects on che relative total directional emittance characteristics of electro-
polished, unoxidized stainless steel:

0 emax shifts slightly (1 to 2 deg) toward the normal as the temperature is
increased from 535°K to 9500K. A further shift of another 2 deg at 1090°K
is indicated by the data for sample 1S-3; however, this shift is probably due
to the surface oxidation that occurred at this temperature.

* E (6 ,max and the E(T)/E-(ON, T) ratio drops significantly with each increase
it temperature.

T-iese characteristics are consistent with the spectrz-i directional results presented
in 'he next subsection and are attributable to changes in the spectral energy content
with temperature. The spectral properties are only a weak function of temperature,
as showm M the next section.
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Table XIII. Effect of Temperature on E(T)/EON, T) Ratios
for Stainless Steel Samples

Sample Temperature (0K)
No. 535 670 810 9 50 (a) 109 0 (a)

1S-2 1.202 1.163 1.145 1.109 -

1S-3 1.199 1.159 1.140 1.125 1.099

2S 1. 206 O 1.167 1.143 1.126 1.050

3S 1.027 1.002 0.965 0.947 0.940

4S 0.980 0.970 0.960 0.947 -

5S 0.947 0.947 0.947 0.947 -

1R 1.177 1.151 1.139 1..127 -

3R 1.035 0.995 0.978 0.965 -

5R 0.958 0.958 0.958 0.958 -

(a) See discussion in text on instability of sample surfaces at these
temperatur-es.

The effect of increasing film thickness on the directional emittance char-acteristics

above are apparent by comparison of the data at each temperature ii Tables XII and
Xm. A graphical comparison of the data for two different temperatures is presented
on Figures 41 and 42, These Vgures show that abrupt changes in the dire-tional
properties occur as the film thickness increases from 0.015 to 0. 17 p. The data for
sample 2S, whose initial gold-colored oxide film was estimated to be approximately
0.015 u thick, indicates that this thin film had very little effect on the relative total
directional emittance of stainless steel at 535*K but produced a noticeable effect at
950"K.

The data for samples 3S and 3R, whose initial purple-colored oxide ilms were
estimated to be. approximately 0. 17 A thick, show that this film thickness is sufficient
to produce directional properties that are characteristic of a dielectric at high tem--
peratures (950'K). For this same thickness, th,, Jirectioall emittance characteristics
at low temperatures (longer wavelengths) are intermediate to those for imoxidized and
heavily oxidized stainless Ateel at the lower temperatures. Similar characteristics
were observed for sample 4S, whose initial dull gray-colored oxide film was estimated
tc be approximately 0.95 t thick.

The data for samples 5S and 5R indicate no temperature dependence for the relative
total directional emittance characteristics of the opaque, or nearly opaque, oxide
film that covered these sample surfaces. This behavior is verified by the spectral
directional emittance of these samples where only minor changes in properties were
obtained as a function of temperature and waveiength.
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(4) Relative Spectral Directional Emittance

Relative spectral directional emittance data for each of the staAless stcel samples are
presented in subsections VII. 6 through VII. 14. The data show angular L'istributions for

* the parallel and perpendicular components of radiation emitted at wavelengths of 1. 5,
2, 3, 4, 6, and 8 A. The lowest temperature at which data were obtained was 810°K,
because of energy limitations. The highest temperature for which reasonably stable
emittance data wcru obtained was 950°K. Even at 950°K the relative spectral direc-

* qtional emittance of the unoxidized and lightly oxidized samples (1S-2, 2S, and IR) was
significantly affected by the surface oxidation that occurred as the measurements were

r made. The surface of sample 1S-3, which was tested in the hydrogen-purged atmos-
phere, appeared to remain stable (i. e., unoxidized) throughout the 9506K tests, but
the:, oxidized when measurements were attempted at 1090 0 K. Because of these prob-
lemE, only a limited amount of data were obtained to show the effect of temperature
on the relative spectral directional emittance characteristics of the surfaces.

On the basis of the data obtained from sample 1S-3 (subsection VII. 14) it is concluded
that the relative spectral di-ectional emittance characteristics of smooth, unoxidized
stainless steel are essentia. i independent of temperature between 810 and 950*K. It
is further concluded that the Gifferences in the directional emittance characteristics
of samples 1S-2, 2S, and IR at these two temperatures are due to surface oxidation
that occurred at 950°K. Similarly, on the basis of the data obtained from samples 3S,

S,4S, 5S. 3R, and 5R, it is concluded that the directional emittance characteristics of

the oxide films are essentially independent of temperature between 810 and 950°K. The
assumption of temperature independence of the directional emittanve characteristics ofS! each sample has been used to obtain the 810"K spectral hemispherical-to-normal emit-
tance ratios for most of the samples, sincethe perpenaicular component at this tern-
perature was usually too weak to be measured. This was done by combining the 950 0 K
directional characteristics for the perpendicular polarized component with the 810'K
directional emittance data for the parallel polarized component. The ratio of spectral
hemispherical-to-normal emittance was computed by integration of these combined
properties.

Variations in the spectral directional emittance characteristics of the unoxidized and
heavily oxidized stainless steel surfaces with wavelength are shown in Figures 43 and
44, respectively. For the unoxidized stainLss steel surface, 4he variations with wave-
length ar- those expected for a pure metal. A summary of the results indicates that:

* The relative spectral directional amittance of the perpendicular polarized
component is essent!4iy -. .dependent of wavelength.

* The value of emax for the parallel polarized component shifts toward larger
angles with -ncreasing wavelength, and C(0)rjax values increase
correspondingly.

* Spectral hemispherical-to-normal emittance ratios increase with wavelength.

.'i.... .. .h... t..e eI..... spetral directonal emii-tance characteristics of the
heavily oxidized surface of sample 5S. The figure shows the drastic modification
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caused by the oxide layer. The relati-re directional emittance ratios fo- the parallel
polarized component increawe only slightly with wavelength in the r'gioll between
0 = 20 and 0 = 85 df.-g. Correeponding ratios for the perpendicular component
undergo a slight decrease resulting in constancy with wavelength for the sum of the
polarized com~':ns. These deviations are consistent with the total directional
charactEr7iAstics reported in subsection V. 2. b. (3).

The effect of increasing film thickness on the distributior, of energy about the normal
is demonstrated in Figures 45, 46, and 47, for wavelengths ot 2 and 6 p. At 2 p the
energy content in the parallel component is drastically reduced by a film of 0. 17 A
thickness. The 0.015 u film caused very little change in spatial distribution. At 6 p
the effect of increasing film thickness is also to reduce the relative energy in the
"parallel component, although the change occurs more gradually from sample to sam-
pie than at the shorter wavelengch. For the perpendicular component, the relative
energy at off-normal anigles gradually increases at both 2 and 61, but the distribution
for this component does not become as Lambertian as for the parallel compone.nt at
comparable wavelengths and temperatures. This trend in directional properties with
increasing film thickness is consistent with that predicted from consideration of the
optical properties of metals anG lielectrics. At short wavelengths it is expected that
a film of given thickness will be, more oraque than at longer wavelengths. That is, the
effect of films having like values of thickness-to-wavelength ratios, (d/X), will be
comparable.

Computations were performed using the Fresnel equations to establish the directional
emittance of an opaque film with n = 1.3 and k = 0.4. The resulting curves for
directional distribution of the parallel and perpendicular component compare well with
those in Figures 45 and 47 for the 1.40-p film thickness. These results verify the

I measurements; however, the comparison was made only to verify the assumption of

opacity of the film. The values of n and k used in the computation were se'-ct.-•d
on the basis of the mep.,ured normal emittance of the sample since published da"' !or
the optical constants of 7e 30 4 could not be found.

It should be noted that the difference between the relative directional emittance proper -
ties of samples lS-3 and 2S, on Figure 46, is due to the additional oxidation of sample 2S
at the 9500 K test temperature. For this reason, the initial film thickness value shown
for this sample is questionable and is so designated on the fignare. Similar desigiiations
are used in Figure 47; however, the effect of the change in film thickness on the rela-
tive directional characteristics of the perpendicular polarized component for each sam-

Sple was quite smntl.
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Section VI

SUMMARY

The analytical and experimental work completed during this program had as its primary
objective a clarification of the effects of surface condition on the emittance of metallic
surfaces. This objective was accomplished with varying degrees of success.

The effect cf surface roughness on emittance was clarified to a large extent by the data
obtained on the carefully prepared platinuw samples. The stability of these samples
proved to be a considerable asset to the program. Such was not the case with the
oxidized stainless steel samples which tended to continuously oxidize during the emit-
tance measurements and resulted in doubt that the sample examinations were truly
indicative of the surface conditions existent during the test. Furthermore, the diffi-
culties experience in obtaining meaningful data on film thickness for the oxidized
specimens resulted in a less than adequate specification of surface condition for the
majority of these samples. However, the results obtained from both sets of samples
are sufficient to demonstrate that the effects of oxide films are far more of an influence
on emittance than are the effects of surface roughness.

Previously published works on the total and spectral reflectance of roughened room
tempterature samples, and on the bidirectional reflectance of similar samples have
shown significant decreases in reflectance for only slight increases in roughness.
S'uch results infer that the emittance of these surfaces would be similarly increased.
However, the results obtained on the platinum samples used in this program demon-
strate conclusively that roughness alone, for am up to 2.4 A, will not cause large
increases in snectral or total emittance. For roughness in this i-ange, the increase
in emittance over that of the smooth sample was on the order of 10%. This small
increase can often be neglected for the purpose of heat transfer computations. How-

ever, these computations should not neglect the more significant influences of wave-
length and temperature on the spectral and total emittance. The simple relations
presented in Section II provide working formulae that account for these stronger
influences.

While slight surface roughness has a limited influence on the hemispherical and normal
emittance, its effect on the aistribution and polatization of energy abcit the norrial
is considerable. The maximum parallel component of emittance is reduced consider-
a.,ly as roughness is incrt-ased. Tdis change is accompanied by an increase of energy
in the perpendicular cornponent at less grazing angles of incidence. While this redis-
tribution of polarized energy is readily discernible, its influence on the ratio of
hemispherical-to-normal emittance is relatively minor. The overall effect is to shift
energy toward the normal and increase the ratio by approximately 7%. The fact that
an increase of hemispherical-to-normal emittance occurs is easily explained by

108



M MA

consideration of the geometry involved. For a slightly rough surface, the tilted planes
are, on the average, at a greater angle to the off normal viewer than for the rsooth
surface. Therefore, as the viewing angle is increased to large values, a portion of
the viewed surface lies at grazing incidence where the maximum emittance occurs.
Other effects including depolarization and multiple reflections are also present; how-
ever, it is reasonable to presume that the overall effect will be an increase in the
hemispherical-to-normal emittance r-tio for the gently sloped surfaces examined
during this study.

The correlation between am/A and the maximum of the parallel component of emittanct
was the only correlation found between surface roughness and emittance. This is not
surprising in view of the complex nature af the emission phenomena. Considerably
more theoretical work must be accomplished to establish the guidelines required for
even semi-empirical predictions of emittance for rouglened surfaces. The results of
such work would be of considerable assistance in correlating the significant amount of
data presented herein. The major parameters used to describe the reflectance dis-
tribution of a roughened surface (i.e.. am/X, slope, 0) are equally important for de-
scribing the emittance distribution. However, the functional dependence of emittance
is more complex due to other effects. This dependence was not clarified during the
present study since attempts to correlate the experimental results using the parameters
established in directional reflectance theory were generally unsuccessful.

It is well known that thin dielectric films on metallic substrates cause considerable
alteration of the emittance ,2haracteristics. The changes in spectral and total emittance
will depend upon the optical properties of the oxide and substrate, the film thickness,
unifornity, and scattering when the oride creates this latter effect. Theore'Acal treat-
ments of thin, uniform, films have established relationships that are adequate for
prescription of radiative behavior when the required optical constant data are available
for the temperature and wavelengths of interest. Unfortunately, the films created by
oxidati ,n of a free metal surface grow preferentially and result in nonuniform, non-
homogeneous, irregular oxide layers. Under these conditions, the analytical treat-
ments serve only as a guide for prediction of trends. Satisfactory predictions of the
radiative behavior of complex films appear feasible only through a statistical treatment
wherein point by point variations in film properties are accounted for. The character-
!zation techniques requirad for such a specification are generally available and were
utilized during the progran; however, the effort involed in completely characterizing

a single randomly oxidized surface would bee so extensive that it is doubtful that the
results obtained would justify the expense.

It was found during this study that even a direct measure of film thickness is not
straightforward. Cross-sectioned metallographic mour-ts, replication techmiques, andi
weight gain measurements were all employed and yieldA-d different results. For thin
films (i.e., less than 0.25 1) on the stainless steel, the replication techniques filed
to give satisfactory samples for electron microscope examination. In this range, the
simple method of visual color examination was as reliable as any of the more highly
refined procedures. As film thickness increased, weight gain data provided predic-
tions of film thickness that were judged to be as realistic as those obtained frommetallographic inspection procedures. These findings indicate that considerable work
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must yet be done to refine the techniques used for film thickness determinations.
Equally difficult problems exist for determination of the choiIcal composition and
p0hysical state of the films.

The results obtained for 304 stainless steel showed that films as thin as 0.2 p increase
the spectral emittance at 1.5 p from 0.27 to 0.96. At longer wavelengths this film ic
less important and results in only a slight increase. Thicker films increase the entire
emission spectrum since effects of the substrate are masked and the surface properties
are those of a dielectric. For the stainless steel this occurred for films having thick-
nesses on the order of 1.4 p. Other oxidized metal surfaces are likely to have entirely
different characteristics based upon their optical properties and filri morphology.

In view of the many parameters influencing the emittance of a randomly oxidized sur--- face, and the difficulty in obtaining detailed descriptions of these p;%ramcters, direct
measurement of radiative properties remains as the only practical apr'oach to
specification of their tLhermal radiation characteristi-s.
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Section VII

EXPERIMENTAL DATA

Because of the bulk of materWt, and for ease of use by other investigators, all the

experimental data obtained in this program are presented separately in this section.
Data for each of the 14 samples - the 5 platinum samples and the 9 stainless steel
samples -- are presented in individual subsections. Each subsection Identifies the

sample and presents a summary of the following information:

"* Sample preparation method
"* Surface roughvess or oxide film characteristics, before and after the

emittance tests
"• Test procedure and thermal history
"* Index to emittance data tables and figures
"• Supplementary information regarding sample emittance stability, changes

in sample characteristics during the emittance tests, and results of diffrac-
tion and spectrographic analyses

The absolute emittance data (i. e., total hemispherical, total normal, and spectral
normal emittance values) are presented in tabular form, in the order in which they
were obtained, and the time duration at each temperature is listed. The relative total
and relative spectral directional emittance data are presented in graphic form. Rela-
tive total directional emittance ratios were obtained by normalizing directional signal
ratios to a -alue of 3. at 9 = 0 deg. To obtain the absolute total directional emittance,
the relative directional emittance ratio must be multiplied by the appropriate total
normal emittance that is tabulated for the corresponding temperature and time. The
relative spectral directional emittance ratios are presented for each polarized com-
ponent of emitted radiation, and were obtained by ,,rmalizing directional signal ratios
for each component to a value of 0.5 at 0 = 0 deg. To obtain the absolute spectral
directional emittance, the relative directicne emittance ratio of each polarized com-
ponent must be added and multiplied by the appropriate absolute spectral normal
emittance value at the corresponding wavelenguth, temperature, and time.

All relative directional emittance measurements were made with the aperture slit of
the apparatus filled by the sample image out to viewing angles of *-88 deg from the nor-
mal. Measurements were actually made out to 90 deg on either side of normal in order
to detect possible misalignment of the sample due to thermal warpae. For all but a
few of the highest temperature test runs, sample warpage was not a r trlous problem
and symmetry of directional data was obtained about the normal. In cases where
sample warpage did occur, the sample edge was !maged at different viewing ngles
for each direction of rotation. In these cases, the relative emittance ratios at the
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smaller viewing angles (0 to 70 deg) on either side of normal were matched to ob'aii a
_3 corrected zero setting, and the emittance ratios for the side viewed out to the Lrq pc

off-normal angles were plotted. In no case did the corrf.ction exceed * 1.5 deg frori
-the nominal zero setting of the sample angle-indication meter. The correction pro-
cedures used for warped samples and the calibrated accuracy of the angular measure-
mert device provided an overall angular measurement accuracy of * 0.5 deg.

For the stainless steel samples, th;' data obtained at the highest test temperature are
generally significantly different from those obtained at the lower temperatures. This
Sc true for all but the most heavily ox'.dized samples (5S and 5R). These differences
-are primarily the result of surface instability during the measurements (oxidation,
excerpt for sample 3S), rather than actual temperature effects on the emittance proper-
ties of the strface. The data are included to illustrate the changes that can be expectedduring measurements of he type reported.
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I. PLATINUM SAMPLeA NO. IDl

Preparation: Nove; tested as received.

RMS Roughness: Before emittance tests: 4.3 gin. . to rolling direction; < 5tln. 5
fI to rolling direction. After emittance tests: 8 pin.; varlkble centerline (see sub-
section V. 1. a); large displacements of grain surface levels.

Test Procedure: Before tksting, the sample was annealed at 1365°K for 6 hr in vacuum.
Abhaolute normal, hemispherical, and relative directional emittance data were then
obtained at 1370, 1226, 1093, and 863 K (first .emperature cycle). Absolute and rela-
tive directional emittance data we..e next .btained a, 1644"K (second temperature cycle),
and several additional tests were made to correct tL! total normal emittance measure-
ment procedure. Absolute emittance vuitws were then remeasured at all test tempera-
tures to check the stability of the sample. Test chamber pressures were maintained
between 2 and 1C x 10`1 Torr throughout all tests.

Emittance Data. Absolute emittance values are shown in Table XIV; relative total
directional emlttaice data in Figure 48; relative spectral directional emittance data
at X = 1.5, 2, 3. 4, 6, and 8 A in Figures 49 through 54.

Remarks: After the 6-hr anneal at '.365"K, the emittance of the sample appeared to be
stable. Total normal emittance values for the first five test temperatures, however,
were erratic and inconsistent; therefore, several tests to check the measuring appara-
tus were made after the 16440K tests. (See discussion of results in subsection V.1.b.)
'he trouble was eveatuall- traced to nonuniform irradiation of the total detector ele,-

ment due to too narrow a setting of the aperture slit-width. To correct the problem,
the aperture slit-width was reopened to 0.015 in. and a 1/4-in. horizontal aperture
plate was attached to the front of the vertical aperture slit. This arrangement was
used for the emittarce determination during the third temperature cycle and for all
the total emittance determinations for the remaining platinum and stainless steel
samples.

Photomicrographs of the sample surface before and after the emittance tests are shown
in Figure 13. 3urface interference mlcrographs and a taper-section phm,3micrographa
of the sample are shown in Figures 16 and 17, resp ýctively. Changes in the surface
character&itics as a result of the high-temperature emittance tests are discussed in
subsection V. 1. Most of the observed changes are believed to have occurred during
the pretest anneal treatment.

An x-ray diffraction pattern of the sample, taken after the emittance tests, was Identi-
cal to the pattern for the as-received platinum. Both patterns indicated a strong pre-
ferred orientation of the surface lattice structure- which was unaffected by the high-
temperature teat. ]Diffraction data are presented in Table V.

No evidence of sample impurities or surface contamination was detected by the
spectrographic analysis made after the emittance tests.

1
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2. PLATINUM SAMPLE NO. 3B

Preparation: Lightly shot blasted with size XL "Glas-Shot", pressure, 10 psi;
distance, 12 in., normal to surface.

RMS Roughness: Before ernittance tests, 28 oin.; after, 27 ,uin.

Test Procedure: Before testing, the sample was annealed at 1640°K for 15 rain in
vacuum. Absolute emittance values were then determined at 867, 1088, 1231, 1367,
and 16429K, and relative directional emittance data were obtained at 1642"K (first
temperature cycle). Absolute emittance values were redetermined at ail tempera-
tures to check the stability of the sample, and the reltlive directional emittance data
at 864, 1093, and 13600K were obtained (second temperature cycle). The test chamber
pressure was maintained between 5 and 10 x 10-6 Torr throughout all tests.

I Emittance Data: Absolute emittance values are sno%n in Table XV; relative total
directional emittance data in Figure 55; relative sp,.ctrai directional emittance data
at A = 1.5, 2, 3, 4, 6, and 8p in Figures 56 through 61.

Remarks: During the 16420K directional emittance tests, the samrle was discovered
to have a slight twist which noticeably affected the directional emittance tota. (See
data for X = 1.5/ pin Figure 56.) The twist was removed by increasing the tension
on the sample, and the directional emittance data were remeasured at all wavelengths
except 1.5 p. A post-test examination showed that the sample had stretched slightly
at the center, presumably when the tension was increased.

Total hemispherical emittance vahkes during the second test temperature cycle were
redetermined using the stretched-sample dimensions but were still found to be about
6% lower than the values obtained during the first temperture cycie. A similar drop
in the total and spectral normal emittance values was noted. T.'he latter determina-
tions are independent of the change in sample size; therefore, the lower absolute
emittance values are due to either a real change in the sample emittance character-
istics or to a systematic error during the second test temperature cycle. The second
explanation is believed to be the most likely, since no significant change In the rms
roughness of the sample was indicated by the post-test examinatio-c.

Photomicrographs of the sample surface before and after the emittance tests are
shown in Figure 13, and the changes in surface characteristics are discussed in sub-
section V. 1.a. The x-ray diffraction and arc-spectrographic results were the same
as for platinum sample lB.
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3. PLATINUM SAMPLE NO. 4B

Preparation: Shot blasted with size XL "Glas-Shot"; pressure, 20 psi; distance,
6 in., normal to surface.

RMS Roughness: Before emittance tests, 49 pin.; after, 43 pin.

Test Procedure: Before testing, the sample was annealed at 1640"K for 20r min in
vacuum. Absolute emittance values were then determined at 868, 1088, 1224, 1366,
and 16 14 K, and relative directional emittance data were obtained at 1644P K (first
temperature cycle). Relative directional emittance dcata were then obtained at 1364,
1085, and 8660 K, and the absolute values were remeasured at all test temperatures
(second temperature cycle) to check the stability of the sample. The test zhamber
pressure was maintained between 4 and 10 x 10-6 Torr throughout the tests.

Emittance Data: Absolute emittance values are shown in Table XVI; relative total
directional emittance data in Figure 62; relative spectral directional emittance data
at X = 1. 5, 2, 3, 4, 6, and 8p in Figures 63 through 68.

Remarks: The total hemispherical emittance values were essentially the same before
and after the 1644"K tests, but the total normal and spectral normal emittance values
at the short wavelens is appeared to drop slightly. Slight changes in the su-face
charpcteristics of the sample due to further annealing during the 16440K test are
believed to be the cause for the changes iW emittance.

Photomicrographs of the sample surface before and after the emittance tests are
shown in Figure 13, and a taper-section photomicrograph is shown in Figure 17.
Changes in the surface characteristics of the sample are discussed in subsection
V. l.a. The x-ray diffraction and arc-spectrographic results were the same as for
platinum sample lB.
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1. PLATINUM SAMPLE NO. 5B

Preparation: Shot blasted with size XL "Glas-Shot"; pressure, 30 psi; distance,
6 in., normal to surface.

RMS Rolghness: Before emittance terts: 39 pih.; after, 40 pin.

Test Procedure: Before testing, the sample was annealed at 16400K for 20 mrin -n
vacuum. Absolute emittance values were then determined at 870, 1091, 1232, 136s,
and 1639"K, and relative directional emittance data were obtained at 16320 K (first
temperature cycle). Relative directional emittance data were then obtained at 1365,
i1091, and 866°K, and the absolute emittance values were remeasured at all test tem-
peratures (second temperature cycle) to check the stability of the sample. The test
chamber pressure was maintained between 4 and 9 x 10-6 Torr throughout all tests.

Emittance Data: Absolute emittance values are shown in Table XVII; relative total
directional emittance data in Figure 69; relative spectral directional emittance dati
at X = 1.5, 2, 3, 4, 6, and 8 pin Figures 70 through 75.

Remarks. Absolute emittance values determined after the 16390 K tests tended to be
slightly lower than the initial values for this sample. The cause is believed to be a
systematic measurement error during the second test-temperature Lycle rather than
a change in surface characteristics. No significant change in surface characteristics
was indicated by the post-test examninations. A similar drop in absolute emittance
was noted for sample 3B. A possible explanatica is that the calibration of the fine
(0.003-in. diameter) thermocouple wire changed slightly during the 1640 0 K test.

Photomitkrographs of the sample surface before and after the emittance tests are shown
in Figure 13, and the change in surface characteristics is discussed in subsection

!. V. 1.a. The x-ray iffraction and arc-spectrographic results were the same as for
platinum sample lB.
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5. PLATINUM SAMPLE NO. 6B

Preparation: Shot blasted with size XL "Glas-Shot"; pressure, 60 psi; distance,
6 in., normal to surface.

RMW Ttoughnesu- Before emittance tests, 127 pin.; after, 95 !sin.

Test Procedure: Before testing, the sample was annealed at 1640"K for 1 hr in
vacuum. Absolute and relative directional emittance data were then obtained at 1635,
136f, 1225, 1088, and 870"K (first temperature cycle). Absolute and relative total
directional emittance data were remeasured at 1095, 1223, 1370, and 1640°K (second
temperature cycle) to check the sample Itability. The test clhimher pressure was
maintained between 2 x 10-6 and 6 x 10- Torr roughout all t:ests.

Emittance Data: Absolute emittance values are shown in Table XVIII; relative total
directional ernittance data in Figure 76; relative spectral directional emittance data
in Figures 77 through 82.

Remarks: This sample was the first tested in the modified emittance apparatus used
for this year's study. After the first test-temperature cycle, analysis of the data
showed the total normal emittance determinations to be erratic and unreasonably high
at 1365 and 1640"K. Additional tests of the total detector alignment and response
showed the problem to be saturation of the 13 cps detector-amplifier ý± the energy
levels associated with these temperatures. To eliminate this error, the aperture slit
width for the total normal emittance determinations was narrowed from 0.015 to
0.005 in., thereby reducing to acceptable levels the amount of energy received by the
detector. Subsequent determinations were in good agreement with previous data at
the lower test temperatures but were later found to be erratic and nonrepeatable.
(See Remarks for platinum sample no. lB.) A discussion of this problem and of the
procedure for eliminating it is contained in subsection V. I. b. Since the problem was
not satisfactorily solved during the testing of this sample, a complete set of total nor-
mal emittance data was not obtained. From the absolute emittance data that were
obtained, however, the emittance characteristics of the sample do not appear to be
significantly different from those of the other four platinum samples. The total
hemispherical and spectral normal emittance values indicate that the sample remained
essentially stable after the 1-hr, pretest anneal treatment.

Photomicrographs of the sample surface before and after the emittance tests are
shown in Figure 13, and a taper-section photomicrograph of the sample is shown in
Figure 17. Changes in the surface characteristics of the sample are discussed in

subsection V. 1. a.

X-ray diffraction data for the sample are presented in Table V. The diffraction
pattern indicated that the more severe shot-blast treatment of this surface aLtered
the orientation of the lattice structure somewhat, relative to the structure of the
other four platinum samples. The spectrographic results were the same as for t.1,e
other platinum samples, indicating no surface contamination by the Glas-Shot.
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* 6. STAINLESS STEEL SAMPLE No. 1S-2

Preparation: Unoxidized, electropolished and annealed by the method described in
subsection Ill. 2,a.

RMS Roughness: IVore emittance tests: 13 pin. (independent of direction). After
emittance tests: not measured; surface oxidized.

Test Procedure: Absolute emittance data were obtained at 532, 675, 811, and 955 0 K
(first temperature cycle). The sample surface was visually inspected and appeared
bright and clean, i.e., unoxidized. Absolute and relative directional emittance data
were then obtained at the same test temperatures (second temperature cycle),
and the absolute and relative total directional emittances of the sample at 9460K were
rechecked after the directional emittance tests. An inspection of the sample surface
showed that a light-blue oxide film had formed. Absolute emittance values at 537,
673, and 808°K were remeasured (third temperature cycle) to determine the change
in sample emittance characteristics due to sample oxidation. A test chamber pres-
sure of 2.5 x 10-6 Torr was maintained throughout all tests.

Emittance Data: Absolute emittance values are shown in Table XIX; relative total
directional enittance data in Figure 83; relative spectral directional emittance data
at X = 1. 5, 2, 3, 4, and 6 I in Figures 84 through 88.

Remarka: This sample was the second of three smooth, unoxidized stainless steel
samples tested; test data for the first are not presented because the s'irface oxidized
during a pretest anneal at 1090 *K. The absolute emittance values obtained during
the first te3t-temperature cycle of this sample are believed to be representative of
electropolished, unoxidiz-iJ stainless steel. After the first temperature cycle, the
surface appeared to be unchanged from its initial bright finish. Spectral normal
emittance values obtained during the second test temperature cycle, however, indi-
cate that sufficient surface oxidation occurred to cause a slight rise in spectral
normal em ittance values at 1.5 and 2 A. Following the 8080 K tests, it appears that
further oxidation occurred, sufficient to produce a significant rise in the total hemi-
spherical, total normal, and spectral normal emittance values out to 4 p. Still
further oxidation occurred during the 946 0 K tests, as indicated by the emittance data
obtained at the end of the second temperature cycle and during the third temperature
cycle. After the emittance tests the center portion of the sample surface was covered
with a uniform, light-blue oxide film.

The change in relative total directional emittance due to furthe-: oxidation during the
946°K tests is shown in Figure 83. Most of the change in relative spectral direc-
tional emittance is also attributed to the surface oxidation that occurred at this
temperature. Absolute and directional emittance data characteristic of unoxidized
stainless steAl at 945°K were obtained later from a third sample. (See data for

SI sample 1S-3, subsection VII. 14.)
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Photomicrographphs, a nd a surface interference micrograph of
this sample are shown in Figures 30, 31, and 32, respectively, and are discussed in
subsection V. 2. a. The thickness of the L'ght-blue oxide film was not determined but
its relative total directional emittance characteristics indicaie a thickness between
0.015 and 0.17 p. From the color-versus-thickness data reported by Gulbransen and
Andrew (Ref. 32) for oxide films on 304 stainless steel, the thickness of blue-colored
films appears to be between 0. 020 and 0. 080 I.

An electron diffraction pattern of the oxide is shown in Figure 36. Most of the
principal diffraction lines were identified with the pattern for Fe30 4 , but numerous
additional lines were not identified.
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7. STAINJLESS STEEL SAMPLF NO. 2S

Preparation: Oxidized for 1/2 hr at 8006C in wet hydrogen furnace.

Initial Oxide Film Characteristics: Color: gold (interference film). Composition:
primarily Fe 3 0 4 . Average tthickness: 0.015 A (based on weight gain data).

Test Procedure: Absolute and relative directional emittance data were obtained at
532, 673, 810, 952, and 1087 0 K (first temperature cycle), and the absolute emittance
at 108 1°K was rechecked at the conclusion of the directional emittance tests. An
inspection of the sample showed the color of the oxide film had changed from gold to

silvery gray. Absolute emittance values at 534, 668, 802, and 9400K were remea-
sured, and the relative total directional emittance at 534 and 8111K was rechecked
(second temeratu,-e cycle) to determine the change in sample emittance characteristics
due to the change ii the oxide film. A test chamber pressure of 4 x 106 Torr was
maintained throughout all tests.

Ermittance Data: Absolute emittance values are shown in Table XX; relative total
directional emittance data before and after the 1080 0 K tests in Figures 89 and 90,
respectively; relative spectral directional emittance data at X = 1.5, 2, 3, 4, 6, mid
8 p in Figures 91 through M6.

Remarks: The absolute and relative directional emittance data obtained during the
first test temperature cycle are believed to be characteristic of the initial surface of
the sample (i. e., the gold-colored oxide film) up to 952° K. During the 9520 K f Zs
additional oxidation began to occur, and it continued at an increased rate thi ou.a L:-d
10870K tests. The effect of the increased oxide film thickness on the ab3olute • .. '-l
and spectral emittance properties of the sample is clearly shown by the data obtaired
at the end of the first test temperature cycle and in the second temperature cycle.
All the directional emittance data show a high sensitivity to the change in oxide film
thickness. The sensitivity is clearly wavelength depe, dent, causing quite drastic
changes in the directional emittance characteristics at short wavelengths and only
slight changes at long wavelengths. (See subsection V.2.-b.)

Photomicrographs and electr-on micrographs of the sample surfac. are shown in
Figures 30 and 31, respectively, and are aiscussed in subsection V.2. a. These
micrographs show the initial gold-colored oxide film to be intermediate in appearance
to the pre-test and post-test surfaces of sample 1S-2. The thickness of the silvery-
gray oxide film on the post-test surface was not dote -mined, but its relative total
directional emittance characteristics (Figure 90) indicate a taickness about the same
as that of the light-blue film that formed on sample 1S-2. The silvery-gray color
seems to correspond with the "silvery hiatus" mentioned by Kubaschewski in (31).

An electron diffraction pattern of the initial gold-colored oxide film is shown in
Figure 36. Most of the .rincipal diffraction lines were identified with the pattern
foi 304; a few additional lines present were not identified. The diffraction pattern
for L -a silvery-gray film op the post-test surface was ebsentially the same as that
for the gold-colored film.

,L67



0
""O -4$-44.

0) 0-4 cla 0 .4

-4 14 Q

0 0

Mq 0 0 0 O V0to t

C)43 t- CD L CD) 0

ý4 ýq C4 14 -4

0 0 000 400 t

v' t CO) U)O
oo CO w)

c-- 0- Cd

ij >b 0 )
,2 m co0 0 0)00t b1

k eq -4 c' to.
) 000 0 0 ) v0S

to I 0) M' C'C4) q .
$4C- t- tO - 4 U) ~ ~

eq C 14 mj 0 ' 4 4 m4

0q blO D 0~

C) i C13 pa 0 0 to U) 0
U)4 4 C') ca) MO CO4 0 m) 0 C) 4

c.0 66 .

0. Li -) -4 C))) 4 C ') to

E-4 C'4 U)0- . -- 0 '

&d 0 0 0

0

0 -

0j m 0o
.0) CD') 00 m)

E-4'-

-4eqC)CO U C'168



Cq.

i-

IfI

- - - - ----

IN-

1691



tt
d)

00

-4

CO)d
0A - ---

C4.)

00

170



HEII

4-

4)J

144

Ct ly0) -V ly Io).:

- on

171I



444

-,: Ei!EL

I-b

-71-

I 2::

4 If~

172



00

v

ZE

0)3/(Lgy00

-----vF----- -
173



ii'i

OD z

0 ;ýtý --

__ _ 
Go

4-'0

CD2

£ ~EEL =
V1

E - [-

f14

174



HEE

IGOI!Q

00

4.a

W0

r .. . .

cqo

1755



Cd

Z)

$4

10 Cd



a4

I

8. STAINLESS STEEL SAMPLE NO. 3S

Preparation: Oxidized for 1/2 hr at 800 9C in wet hydrogen furnace.

Initial Oxide Film Characteristics: Color: Purple (interference film). Composition:
primarily Fe30 4 . Average thickness: 0.17 I (based on weight gain data).

Test Procedure: Absolute and relative directional emittance data were obtained at 533,
668, 807, 953, and 1090°K. No additional tests were made because of the tunstable
nature of the oxide film and emittance at 10900K. A test chamber pressurc of 2.5 x 106
Torr wp - maintained until midway through the 1090 0 K tests, when the pressure rose
to 6 x J. . - Torr.

Emittance Data: Absolute emittance values are shown in Table XXI; relative total
directional emittance data in Figure 97; relative spectral directional einitiance data
at X = 1.5, 2, 3, 4, 6, and 8 p in Figures 98 through 103.

Remarks: The absolute and relative directional emittance data obtained are believed
to be characteristic of the initial surface of the sample (i. e., the purple oxide 'im)
up to 950 0K. During the 9530K tests, additional oxidetion occurred, as evidence.! by
the higher spectral normal emiftance values at this temperatur,' and at 10900K.
Shortly after the absolute emittance data were obtained at 1090°K, the total emittance
of the sample began to drop, and during the directional emittance tests at this tem-
perature the electrical power to the sample had to be dropped several times to keep
the temperature from exceedir 6 1100"K. At the conclusion of the lsts, the relativw
total directional omittance chai acteristics were observed to be approaching those for
uno;fdized stainless steel and the oxide film had almost entirely disappeared, leaving
the surface bright and clean; consequently no further emittanc,' tests were made. The
reason for the unstable condition of tie oxide film is unknown, and It Is contrary to
the changes in oxide fi1m thickness on the other stainlesn steel samples. To prevent
a recurrence of thl- nstability, the maximum test 'emperature for the remaining
samples was lowered from 1090 to 9506 K.

A photomicrograph and an electron micrograph of the initial purple-calored oxide film
on this sample surface are shown in Figures 30 and 31, re.'pectively, and are dis-
cussed in subsection V. 2. a. No studies of the post-test surfaoe were made. Fiectron
shadowgraphs of the initial oxide film from this sample are shown in Figures 34 and
35 and are discussed in subsection V. .a. The pictures show Lhe film thickness to

be highly variable and almost discontinuous in spots. Consequently, accurate mea-
surement of the film thickness by this method was not possible. An electron diffrac-
tion pattern of the initial purple-colored oxide film is shown in Figure 36. The pattern
is similar to that obtained for the gold-colored oxide film ca sample 2S, which indiates
the composition of the oxide to be primarily Fe30 4 .

17

I

177



-14

-4 OD 0

co cl u

00 0 m "
40D4

00~

W 0 -4 00

to 14 -
'IO t - t

0~ cq L15 0
000

0 02n

0~ o 00

cd2 C~ttcd

0 -4 t

oi C; u;

(D M
CO CD o M 0) 0*
CD -00 -4

U ---

178.1D4'1



-171

d24d
a~ o o~i~

C- ) I 0I

117



z

00

W3

1809

______ __ - I

- ~ - -



14

-100

1 181



---- -- --- -

I/

Z~z ~ - 0

-44

f--- -0

182O



,A s:

smzI

_4 I

-004

-~~--# 3 2 a

ElI 0

4: i ri Y

to)

fnI

- L0

183 A



CD,

=r- 
=4=7 l

-- -,-- -

0z:

I 
_L _ 

_

.18 4. .. ..

A _______________________________________



k -

4 -17Z

- ýI..gff. 
..

'v 4

U4-a

* ~ ~ ~ ~ _ C.; 3L ~ 7'

3-T-1:BFi



9. STAINLESS STEEL SAMPLE NO. 4S

Preparation: Oxidized for 1/2 hr at 1000"C in wet hydrogen furnace.

Initial Oxide Film Characteristics: Color: Dull gray. Composition: primarily Fe3O4 .
Average thickness: 0.95 p, (based on weight gain measurements).

Test Procedrxe: Absolute and relative directional emittance data were obtained at 537,
676, 818, and 9570K (first temperature cycle). Absolute emittance values were re-
checked at all four temperatures after the 957 0K tests. A test chamber pressure of
4.5 x 10-6 Torr was maintained throughout all tests.

Emittance Data: Absolute emittance values are shown in Table XXII; relative total
directional emittance data in Figure 104; relative spectral directional emittance data
at X = 1.5, 2, 3, 4, 6, and 8 A in Figures 105 through 110.

Remarks: The absolute and relative directional emittance data obtained during the first
test temperature cycle are believed to be characteristic of the initial surface of the
sample (i.e. , the dull gray oxide film). The absolute emittance data obtained during
the second tesi temperature cycle were significantly higher at all temperatures and
wavelengths, indicating that a significant change in the oxide film occurred while the
direct.ional emittance data at 979 F were obtained. The appearance of the sample
after the emittance tests, however, was essentially the same as at the start of the
tests, and no significant changes in the relative directional emi trance characteristicc
were observed.

Photomicrographs and electron micrographs of the surface are shown in Figures 30

and 31 , respectively, and are discuszed in subsectio n. 2. a. The electron micro-
graphs indicate the initial oxide film to be quite rough with large oxide nodules
covering about 50% of the surface. After the 9500 F tests, the appearance of the

oxide was significantly different although its color and visual appearance remained the
same. A photomicrograph and an electron micrograph of a cross-section, metal-
lurgical mount of the sample, after the emittance tests, are show. in Figure 33 and
are discussed in subsection V. 2. a.

An electron diffractilo pattern of the initial oxide on this sample is shown in Figure 36.
Most of the principal diffraction lines were identified with the pattern for Fe30 4 , but
numerous additional lines were not identified. The pattern for the oxide after the
cmittance tests was essentially the same as that shown for the initial oxide.
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10. STAINLESS STEEL SAMPLE NO. 5S

Preparation: Oxidized for 1-1/2 hr at 1000°C in wet hydrogen furnace.

Initial Oxide Film Characteristics: Color: Dull brownish-gray. Composition:
prima: ily Fe 30 4 . Average thickness: 1.4 u (based on weight gain measurements).

Test Procedure: Absolute and relatiive directional emittance data were obtained at
535, 679, 809, and 950°K (first temperature cycle). Absolute emittance values were
remeasured at all four temperatures after the 950°K tests (second temperature cycle)
to check the stability of the sample. A test chamber pressure of 3.5 to 5 x 10-6 Torr
was maintained throughout all tests.

Emittance Data: Absolute emittance values are shown in Table XXIII; relative total
directional zittance data in Figure 111; relative spectral directional emittance data
at X = 1.5, 2, 3, 4, 6, and 8 g in Figures 112 through 117.

Remarks: The absolute and relative directional emittance data obtained indicate that
this sample remained fairly stable throughout the emittance tests. The lone excep-
tion is the absolute emittance values at 541°K (second temperature cycle), which are
slightly higher than the initial values determined at this temperature. This suggests
a possible change in the long-wavelength spectrMl emittance characteristics. No visual
change in the appearance of the sample was ob,; '.ved.

Photom icrographs and electron m icrographs af the sample surface are shown hi
Figures 30 and 31, respectively, and are discussed in subsection V. 2.a. Although
the electron micrographs indicate a considerable change in the appearance of the oxidec
during the emittance tests, the visual appearance and color of the oxide were unchanged.
A photomicrograph and electron micrograph of a cross-section, metallurgical mount of
the sample, after the emittance tests, are shown in Figure 33 and are discussed in
subsection V.2.a.

An electron diffraction pattern of the initial oxide on this sample is shown in Figure
36 . The pattern appears to be essentially the same as that for sample 4S, indicating
the oxide composition to be primarily Fe3O4 plus an unknown (possibly spinel) phase.
The pattern for the oxide after the emittance tests was essentially the same as that
shown for the initial oxide.
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11. STAINLESS STEEL SAMPLE NO. 1R

- IPreparation: Unoxidized, electrop•lished by the method described in subsection
III. 2.a. Roughenec by shot blasting with size XL "Glas-Shot", 30 psi at 4 in. Annealed
for 10 mid at 1045"C in dry hydrogen.

RMS Roughness: Before emittance tests, 20 pin.; after, not measured (oxidized).

Test Procedure: Absolute and relative directional emittance data were obtained at
539, 673, 810, and 9470K, and the absolute and relative total directional emittance
values were remeasured after the 947"K tests, (first temperature cycle). Absolute
emittance values at 539, 675, and 811°K were remeasured (second temperature cycle)
to Indicate the change in sample emittance characteristics duc- to oxidation. The test
chamber pressure was maintained at 2.5 x 10-6 Torr throughout all tests.

SEm ittance Data: Absolute em ittance values are shown in Table XXIV; relative total
directional emittance data in Figure 118, relative spectral direction emittance data
at A = 1.5, 2, 3, 4, and 6 pin Figures 119 through 123.

Remarks: The absolute and directional emittance data obtained up to 9470K in the
first test temperature cycle are believed to be characteristic of the roughened, un-
oxidized stainless steel surface. During the 9470K directional emittance tests the
sample oxidized to a uniform reddish-gold color. The emittance data obtained during
the second temperature cycle show that the oxide film had very little effect on the
total normal and total hemispherical emittance of the sample at temperatures lower
than 6750K, and very little effect on the spectral normal emittance at wavelengths
longer than 4 p. The effect of the oxide film on the relative total directional emit-
tance of the sample at 950" K is shown in Figure 118.

A comparison of the relative total directional emittance data with data obtained for the
unroughened sample (lS-2) indccates that roughening had a significant effect [ i. e.,
lower C(0)max values] on this property at the lower test temperatures, but the 9.50*K
data were about the same for both samples. The effect was not as noticeable in the
relative spectral directional emittance data.

Photomicrographs and electron mirographs of the sample are shown in Figures 30
and 31, respectively, and are discussed in subsection V. 2. a. The electron micro-
graph of the reddish-gold oxide film shows the appearance to be intermediate to that
of the initial gold-colored oxide film on sample 2S and the final blue-colored oxide
film that formed on sampler 1S-2. No attempt was made to determine the thickness
of the oxide film.

An electron diffraction pattern of the oxide was obtained and was identical to that shown
in Figure 36 for sample 1S-2, indicating the composition to be primarily Fe30 4 .
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12. STAINLESS STEEL SAMPLE NO. 3R

Preparation: Electropolished, roughened, and annealed in the same manner as stain-
i I less steel sample no. 1R. Oxidized for 1/2 hr at 800" C in wet hydrogen furnace.

Initial Oxide Film Characteristics: Color: Purple (interference film). Composition:
primarily Fe30 4 . Average thickness: 0. 165 , (based on weight-gain measurements).

Test Procedure: Absolute and relative directional emittance data were obtained at
535, 677, 810, and 949' K, and the absolute and relative total directional emittance
values were remeasured after the 949 K n rittance tests (first tcmperature cycle).
Absolute emittance data were remeasured at 540, 675, and 808° K (second temperature
cycle) to determine the change in sample emittance characteristics due to the change
in the oxide film. The test chamber pressure was maintained at 1.5 x 10-6 Tort
throughout all tests.

Emittance Data: Absolute emittance values are shown in Table XXV; relative total
directional emittance data in Figure 124; relative spectral directional emittance data
at X = 1.5, 2, 3, 4, 6, and 8 IA in Figures £25 through 130.

Remarks: The absolute and relative directionml emittance data obtained during the
first test temperature cycle up to 949" K are believed to be characteristic of the initial
surface of this sample (i. e., the purple oxide film). The absolute emittance data
obtained at the end of the 959" K tests and during the second test temperature cycle
indicatd that additional sample oxidation occurred during the 949' K directional emit-Once tests. Only slight changes in the total and spectral directional emittance data

were observed, however. At the conclusion of the emittance tests, the color of the
-ixide film had changed from purple to blue-gray.

Photomicrographs and electron micrographs of the sample art shown in Figures 30
and 31, respectively, and are discussed in subsection V. 2. a. No attempt was made
to determine the thickness of the oxide film after the emittance tests.

An electron diffraction pattern of the initial oxide film was identical to that shown in
Figuare 36 for sample 3S. indicating the composition to be primarily Fe3 0 4 .
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13. STALNLESS STEEL SAMPLE N'r'. 5R 4
Preparation: Electropolished, roughened. and annealed in the same manner as stain- !less steel sample no. IR. Oxidized for 1-1/2 hr at 1000° C in wet hydrogen furnace.

Initial Oxide Film Characteristics: Color: Dark gray. Composition: Primarily"e 3 0 4 . Average thickness: 1.5 A (based on weight gain maasurements).
Test Procedure: Absolute and relative directional emittance data were obtained at
535, 675, 815, and 951* K, and the absolute and relative total directional emittancevalues were remeasured after the 951 K tests (first temperature cycle). Absolute -

emittance values were remeasured at 535, 678, and 813" K (second temperature cycle)to check the stability of the sample. The test chamber pressure was maintained at1. 5 x 10-6 Torr throt:ghout all tests.
Emittance Data: Absolute emittance values are shown in Table XXVI; relative totaldirectional emittance data in Figure 1.31; relative ripectrai directional emittance data
at X = 1.5, 2, 3, 4, 6, and 8 p in Figures 132 through 137.

Remarks: The absolute and relative directional emittance data indicate that thissample remained stable throughout the emittance tests. Similarly, no change in thevisttal appearance of the sample was noticed. The absolute total and spectral normalemittance values were generally slightly higher than those determined for sample 5S,but the total hemispherical emittance values were about the same. These differencescorrelate with the slightly thicker oxide film indicated for this sample by the initial
weight-gain data. The relative directional emittance characteristics of the two
samples appeared to be about the same.

Photomicrographs and electron micrographa of the sample are shown in Figures 30and 31, respectively, and are discussed in subsection V.2.a. No attempt was madeto determine the oxide film L-ickness after the emittance tests.

An electron diffraction pattern of the initial oxide film was identical to that shown inFigure 36 for sample 5S, indicating the composition to be primarily Fe304.
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14. STAWLESS STEEL SAMPLE NO. 1S-3

Preparation: Unoxidized (same as sample no. 1S-2)

FMS Roughness: Not measured, but ass•ned to be the 2ume as for stainless steel: samplie n-o_. 1S-2.

p j Test Procedure. All emittance tests were made with the 6•a~ple in a low-pressure
atmosphere of high-purity hydrogen. Absolute and relative directional emittan.e data
were obtained at 529 and 953"K (first temperature cycle). The sazt -le surface was
inspected and appeared bright and clean (i.e., unoxidized,. Absolute and relative
directional emittance data were then obtained at 531, 674, 814, v55, and 10860K, and
the absolute and relative total directional emittance values were reme&,ured at the
end of the 1086K tests (second temperature cycle) to check the stability of the sample.

Emtttancs E ta: Absolute emittance values are shown in Table XXVII; relative total

directional fmittance data in Fige .38; relative sp(. tral directional emittance data
at X = 1. , 2, 3, 4, 6, and 8 p in Figures 139 through 144.

Remarks: This sample was the third of three smooth, unoxidized stainless steel
samples tested. (Data for the second sample are given in subsection VII. 6.) The
sample was tested in a low-pressure atmobpnere of hydrogen gas in an attempt to
eliminate the surface oxidization problem encountered with the two previous samples.
The emittance data idicate that surface oxidation was inhibited at temperatures up to
1086"K, but that oxidation occurred during the 1086°K tests.

To make these tests, high-purity hydrogen gas was leaked into the test chamber at a
continuous flow rate of 0.03 cfh. This flow rate changed the ionization pressure gage
reading from 2 x 10-6 to 8 x 10-4 Torr, raised the foreline thermocouple gage reading
from 5 to 150 g, and produced an audible change in the sound of the fore pump, indicating
a positive flow rate through the chamber. Except for this modification, the test
procedure was the same as for the previous samples.

After the first test temperature cycle, the sample surface was observed to be bright
and clean. Emittance data were then obtained at the remaining temperatures. At
1086"K, changes in the spectral directional emittance were noted which indicated that
the surface was oxidizing. Absolute emittance values determined at the end of the
1086"K tests also indicated oxidization, and the tests were terminated. The surface

f of the sample was observed to be uniformly covered with a light, gold-colored oxide
film at the conclusion of the emittance tests.

In general, the absolute emittance data for this sample are about the same as for
sample 18-2, although the low-temperature total hemispherical emittance values
appear to be slightly high. This may be due to the conductive transfer of heat from

4 the sample by the hydrogen gas. The relative total and spectral directional emittance
data for this sample are believed tW be representative for the unoxidized stainless
steel up through the 9500K test. The change in directional emittance due to the oxide
that formed at 1090K is Indicated in Figure 138.

A surface photomicrograph )f the gold-colored oxide film that formed at 1090*K was
i identical in appearance to that shown in Figure 30 for sample no. 1S-2. No electron

micrographs or diffraction patterns of the oxide were obtained, but the characteristics
are assumed to be very similar to those for samples 1S-2 and 2S.
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