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Spectral-Directional Emittance of Oxidized Copper

Peter D. Jones,* Devadas E. Dorai-Raj,t and David G. McLeodt
Auburn University, Auburn, Alabama 36849-5341

The surface emittance of fully oxidized copper is experimentally determined as functions of wavelength
between 2-10 /tin, the direction between the normal and grazing angles, and the temperature between
400-700°C. Clean copper surfaces, heated and exposed to air, begin to oxidize immediately. After a
sufficient heating time, the oxide layer becomes thick enough that the radiative surface properties are
those of copper oxide, independent of the properties of the underlying copper. The experimental apparatus
measures emitted flux over discrete bands of wavelength and solid angles centered about a direction, and
is calibrated with a radiating cavity (hohlraum). Emittance results are presented in both spectral and
polar form, and also integrated to obtain the spectral-hemispherical emittance of fully oxidized copper.
By assuming copper oxide to be a dielectric, the real part of the index of refraction is reduced from
emittance data. This index is found to decrease with wavelength and temperature. This technique of
spectral-directional emittance determination by direct emission measurement, together with index of
diffraction identification (if found to fit Fresnel or other relations), should prove useful for other engi-
neering materials as well as copper oxide.

Nomenclature
a = side dimension of square test article surface, m
C = calibration factor for radiometer reading
g = acceleration of gravity, 9.81 m/s2

IM, = spectral blackbody intensity, W/(m2-/xm-sr)
k = thermal conductivity, W/m-K
kx = spectral imaginary index of refraction
Nu = Nusselt number
nK = spectral real index of refraction
R = radiometer reading, W/m2

5 = sample standard deviation
T = temperature, K
t = material thickness, m
t2,90 = student-f parameter, 2 degrees of freedom,

90% confidence .-. = 2.920
u = uncertainty, units of subscript
a = thermal diffusivity, m2/s
6A = monochromator wavelength interval, jjum
6H = optical path acceptance solid angle, sr
e = emittance
6 = surface polar angle, rad
A = wavelength, /-im
v - kinematic viscosity, m2/s
<rb = Stefan-Boltzmann constant, 5.67 X 10~8 W/m2-K4

Subscripts
a = air over test article surface
Cu = copper
c = calibration blackbody
co = copper oxide
s = test article surface
ss = test article subsurface
oo = surroundings visible to test article surface

Received March 6, 1995; revision received July 25, 1995; accepted
for publication Dec. 14, 1995. Copyright © 1996 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved.

"•Assistant Professor, Mechanical Engineering Department. Mem-
ber AIAA.

tGraduate Student, Mechanical Engineering Department; currently
Engineer, J. H. Kelly Co., 1550 East, 3400 North, Suite 300, Lehi,
UT 84043.

^Graduate Student, Mechanical Engineering Department; currently
Engineer, Lexmark International, Inc., 740 New Circle Road, Lexing-
ton, KY40511.

Introduction

HOT copper surfaces, when exposed to air, immediately
oxidize and a covering layer of copper oxide begins to

grow. Copper blocks are often used in heat transfer research
apparatus because of the high thermal conductivity of copper,
making constant temperature conditions easier to approximate.
Therefore, it is important to know the emittance of naturally
oxidized copper to evaluate radiative heat transfer effects in
such apparatus. Many of the radiative heat transfer numerical
modeling techniques that are coming into widespread appli-
cation (Monte Carlo, discrete ordinates, etc.), easily accept
surface boundary emittances that vary with wavelength and
direction. Therefore, availability of spectral-directional emit-
tance data allows more detailed computation of radiative trans-
fer effects than is possible using total and/or hemispherical
properties.

Most of the data available in the literature for copper oxide
present the variation of the total-normal and total-hemispher-
ical emittance with temperature.1"12 Many of these studies use
outdated equipment, and test surface preparation is often not
well defined. There is remarkably little agreement on the mag-
nitude of the emittance between literature sources, or on its
relation to temperature. Total emittance cannot be derived from
the present work because of spectral range limitations in the
detection apparatus. Extension of this work to measure total
emittance would be helpful in resolving these disagreements.

There is some data on the spectral-normal5'13 emittance of
copper oxide in the literature, although these data are sparse and
too scattered to make functional correlations over the whole
spectral range of thermal radiation. There are no data in the
literature on the spectral-directional emittance of copper oxide.

The purpose of the present study is to determine the spec-
tral-directional emittance of naturally oxidized copper to pro-
vide boundary conditions for radiative transfer computational
techniques that are sensitive to data in this form. The direc-
tional range covered by this study excludes very nearly grazing
angles because of the size of the apparatus acceptance cone.
The spectral range is limited to between 2-10 /-im, and the
temperature range is limited to between 400-700°C by the
constraints of the present apparatus. Further study with more
capable equipment is recommended.

Apparatus
Surface emittance is determined using an apparatus for the

measurement of radiative flux within a finite cell of solid angle
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and a band of wavelength (shown in Fig. 1). For small solid
angles and bands, this flux is taken as the radiation intensity.
A cone of radiation leaving a surface (1 on Fig. 1) is reflected
from an off-axis parabolic segment reflector (6; gold plated),
resulting in a collimated beam. The beam is trimmed by re-
flecting away all but the 19-mm-diam center portion (8), and
the remaining beam is chopped to allow comparative (open
path to closed path) noise filtering (9). The beam is transmitted
through one of a battery of optical edge filters (10), and is
refocused by a second off-axis parabolic reflector (11; identical
to 6) into a one-eighth-m grating monochromator (12) to
achieve spectral discrimination. Filtering is necessary as the
monochromator accepts A/2, A/3, A/4, etc., as readily as A, and
these higher-order terms must be removed. Optical path align-
ment is achieved using a pair of visible diode lasers, mounted
in a jig to hold them parallel and at opposite edges of the path.
The output of the monochromator (12) is focused onto a py-
roelectric detector (13; electrically polarized lithium tantalate
crystalline chip), whose output is amplified and taken to a ra-
diometer control unit (14). The control unit (14) compares the
detector (13) signal rise during the open chopper interval (sig-
nal plus noise) to that during the closed chopper interval
(noise), and displays a voltage proportional to the radiant
power incident on the detector through the optical path. The
acceptance solid angle of the intensity measurement system
optical path is 0.020 sr (maximum polar variation 9 deg), while
the monochromator passes a wavelength band that varies be-
tween 0.026 /xm in width at a wavelength of 1.5 and 0.16 /un
in width at 10 /im. The radiometer display is taken as pro-
portional to the radiative intensity, averaged over this solid
angle and wavelength band. Calibration is performed over the
same set of solid angles and wavelength bands as those over
which the measured data is taken. Polarization effects for ra-
diation emitted by the rough oxidized surface are neglected,
although the test article was rotated to ensure that there was
no bias because of orientation.

The intensity measurement system is intended to measure
the moderately diffuse, randomly polarized, broadband inten-
sity issuing from the surfaces of hot objects, and is calibrated
using a blackbody source (5). The source cavity consists of a
63.5-mm-diam cylinder, 152 mm deep with a 45-deg conical

Fig. 1 Radiation intensity measurement system: plan view. Sys-
tem components: (1) test surface/test article, (2) test article holder,
(3) trunnions, (4) slotted arc rack, (5) blackbody, (6) collecting
reflector, (7) reflector rotation mechanism, (8) trimming plate, (9)
chopper, (10) filter rack, (11) refocussing reflector, (12) mono-
chromator, (13) detector, and (14) radiometer control unit.

end, bored into 152-mm-diam high-grade (99.9% purity) cop-
per stock. The cavity is closed with a 25-mm-thick copper
faceplate, through which the 9.5-mm aperture is bored [the
aperture is the small end of a truncated 15-deg cone, so that
direct emissions from the sides of the aperture cone are not
passed into the field of view (FOV)]. The blackbody is packed
in a 75-mm layer of a ceramic wool insulating blanket. Eight
cartridge heaters and a J-type thermocouple embedded in the
cavity wall employ an autotuning control with a 10-s time
constant to maintain the thermocouple temperature within
(—1°C, +0) of the set point. A numerical model of transient
conductive and radiative transfer within and between the
blackbody walls shows a maximum deviation of 1°C between
the control thermocouple and any point on the cavity surface.
Blackbody temperatures up to 700°C may be maintained. Since
the blackbody aperture is of finite size, the intensity exiting
the aperture is less than the blackbody intensity, and depends
on the emittance of the cavity walls. The blackbody was op-
erated continuously for several hundred hours to ensure growth
of a thick crust of copper oxide on its surfaces. A diffuse-gray
30-element surface radiation analysis of the cavity using black-
body radiation at ambient temperatures for the incoming ra-
diosity of the aperture and using a total-hemispherical emit-
tance for copper oxide of 0.73 shows that the effective aperture
emittance is roughly 0.999. The collecting off-axis parabolic
reflector (6) may be rotated (7) so that the detector will sense
either the blackbody or the test surface radiation.

The collecting reflector (6) may be rotated to view the test
surface (1) from angles at 6-deg increments between 0-84
deg, as shown in Fig. 2. The test surface (1) is mounted in a
test article holder (2), which hangs on trunnions (3) that may
be moved into different slots on a 90-deg arc circular rack (4).
As the collecting reflector (6) is rotated (7), its focal point is
held to the same spot on the test article surface. This combi-
nation of movements allows radiative flux within a 0.020-sr
cell of solid angle to be measured at angles relative to the
surface of the test article, allowing a full variation in surface-
relative polar angle. The test article (1) is attached to the top
of a heater block comprised of a 75-mm cube of copper with
two cartridge heaters and two thermocouples embedded in it.
One thermocouple protrudes into the test article, though not to
its surface. The second thermocouple is located near the heat-
ers. The test article temperature controls the heater block in a
manner similar to the blackbody source. The test article/heater
block assembly is open to the surroundings on its top (mea-
surement) face, and is otherwise packed in a ceramic wool
insulation blanket enclosed by a casing (2). The trunnions (3)
are attached to the test article holder casing.

The test article is a 75 mm square of industrial high grade
(99.9% purity) copper, 6 mm thick. It is milled to a no. 8 lathe

Trimmed
Acceptance Com

Collecting
Reflector

9°
Oxide Layer

Ceramic Wool Insulation
Test Article Holder
(hangs from slots)

Fig. 2 Arrangement for varying intensity measurement direction
relative to the surface normal: elevation viewed from axis of op-
tical path.
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finish (polished smooth, but not mirror-like, with small
scratches and imperfections plainly visible), and thoroughly
cleaned to remove foreign films and particles.

Apparatus have been prepared by Heinisch,14 Hesketh,15 and
Brandenberg16 that are similar in various features to the present
apparatus, and these were used in emittance measurements,
respectively, for stainless steel, microgrooved silicon, and plat-
inum mirrors, grooved surfaces, and black paint.

Procedure
The copper surface discolors quickly at elevated tempera-

tures, and a film of copper oxide is observed to grow. Copper
oxide has both a higher emittance and a lower thermal con-
ductivity than copper. Therefore, asymptotic levels in transient
measurement series of subsurface temperature and emitted in-
tensity may be used to identify an asymptotic oxide thickness.
A period of 300 h was found to be sufficient to allow all
transients to die out (during which the subsurface temperature
was between 400-700°C). Data were taken over the next 200
h over full ranges of wavelength, direction, temperature, test
surface orientation (azimuthal rotation), and measurement spot
location (displacement). Repeatability to within the experi-
mental uncertainty (following) was found for all parameter
variations. After 500 h of heating, an oxide film thickness of
0.40 mm was measured (±0.05 mm; slightly rough in ap-
pearance).

X-ray diffraction analysis of a 0.4-mm-thick oxide chip from
the surface of the test article indicated interference peaks that
correspond with the major peaks of CuO. An additional peak
was also present that corresponds with Cu2O, although none
of the other Cu2O peaks were detected. As CuO has a lower
formation energy than Cu2O, it might be expected that the
oxide layer would be composed of CuO. However, it is pos-
sible that in a thick oxide layer, oxygen starvation results in
Cu2O formation at the copper surface, while CuO is formed in
the initial growth of the oxide and dominates the oxide surface.
Therefore, it appears that the present data primarily address
CuO, although the presence of some other compound, possibly
Cu2O, was detected.

To not interrupt the copper oxide surface, the surface tem-
perature measurement thermocouple was embedded in the test
article to a point slightly beneath the surface of the copper.
Heat flux through this thin layer of copper and through the
copper oxide film (which has a low thermal conductivity), was
compared to the heat flux from the test article surface (deter-
mined using free convection heat transfer correlations and the
total-hemispherical emittance of copper oxide) to estimate the
actual surface temperature. Since the oxide thickness cannot
be accurately measured until after completion of all measure-
ments, the test article surface temperature cannot be known at
the time of measurement, and the blackbody source cannot be
set to this temperature for on-line calibration. Instead, the in-
tensity measurement system was calibrated in advance using
the blackbody, measuring the correlation of measurement sig-
nal to blackbody intensity as a function of temperature and
wavelength. Repeated measurements of this correlation dem-
onstrated an uncertainty less than or equal to 2% (except for
Ts < 400°C, A < 3 /Am, or A > 10 ^m, where lower emissive
power levels drive uncertainty to 3%).

Test surface emittance was determined by comparing the
measured intensity leaving the test article surface with the cal-
ibrated blackbody intensity of the test article surface temper-
atures. The influence of reflected intensity was reduced by
minimizing the presence of hot objects within the test surface
FOV, as shown in Fig. 2. All parts of the test article holder
assembly were at or beneath the plane of the test article sur-
face. The blackbody source was switched off and allowed to
cool prior to test article intensity measurements. All compo-
nents of the circular arc rack and optical train are no hotter
than slightly warm to the touch (~40°C; recall that data are
taken for test article temperatures of 400°C and above). The

1.1-m total optical path is long enough that it is difficult for
stray radiation to pass through all of the apertures. Reflection
from the detector surface back through the optical path has a
negligible effect on the data because of transmission losses in
the filters, low reflectance of the lithium tantalate detector, and
diffuse rather than specular reflection from the detector sur-
face.

Following an oxide film growth period, spectral series (18
wavelength points) were measured at each polar angle (eight
directional points). After reaching the 300-h oxidation time,
the temperature of the test article was successively reduced
from 700°C in 100-deg steps to complete the measurement
matrix. Higher temperatures were occasionally returned to en-
sure repeatability. No repeatability difficulties were found once
the film growth period was complete. Copper oxide is a brittle
material that cracks and flakes off when the test article is
cooled to room temperature. Therefore, the test article was
kept above 400°C continuously until all measurements were
complete. To test for sample bias, a second test article was
prepared and a limited range of data was taken. Variations
between the first and second test articles are within the ex-
perimental uncertainty.

Data Reduction
A calibration factor is determined as

r /»A+8A/2 -i

C(A' r«> = F7TTT 7^r<> dA
KC(A, TC) LA-5A/2 J (i)

where Rc is the radiometer measurement taken with the black-
body source set at Tc and the filters and monochromator set
for A. The measurement Rc is a function of the blackbody
radiation and the various reflectivities and transmissivities,
monochromator aperture and cone corrections, grating effi-
ciency, and detector area, as explored more thoroughly by Do-
rai-Raj.17 The factor C is found to have a very weak depen-
dence on Tc (within the experimental uncertainty over the
measurement range), indicating that the intensity measurement
system may be regarded as linear. The spectral-directional
emittance is determined by

0, r,)C(A, Tt)
\,0\*sJ — i- /»A+6A/2 -i

7A,(r,)dA
LJA-6A/2 J

(2)

where Re is the radiometer measurement taken from the test
surface, and Ts is the calculated test surface temperature, de-
termined after the test article has cooled and the thickness of
the flaked-off copper oxide has been measured. The measure-
ment solid angle 5O about 0 and the measurement wavelength
band 8\ about A are constant between Rc and Re. The data
reduction system of Eqs. (1) and (2) would amount to simply
the ratio of Re to Rc, except that Ts differs slightly from Tc.

The surface temperature is resolved from

T — T 4k
"

where the correlation

(4)

corresponds to a hot, horizontal square surface facing up.18

Published data18'19 are used for the thermophysical properties
in Eqs. (3) and (4), along with measured values for fcu and a.
TM and Ta are taken to be equal, 7SS is set for each data run,
and tco is measured when the test article cools to room tem-
perature and the oxide film flakes off. These measurements
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allow T; to be determined (typically 1-3°C below Tss), and,
hence, I\b(Ts) for A as set by the monochromator can be
calculated.

Uncertainty Analysis
Combining Eqs. (1) and (2), the uncertainty in the spectral-

directional emittance may be stated

where 8£l and 8\ are considered to be perfectly repeatable
(further low-order errors are considered in Ref. 16). Consid-
ering that as Tc « Ts, I»(Te) ~ I»(Tg)9 Eq. (5) may be reduced
using Eqs. (1) and (2) to

ul = (1 + s2)[t2,90(SRc/Rc)]2 + (4s/Ts)\u2
Tc + ii J.) (6)

for three complete calibration spectra and a 90% confidence
level. Taking the control tolerance for the uncertainty in the
calibration temperature, and considering the effect of the terms
in Eq. (3) on the surface temperature uncertainty, it may be
shown that the emittance uncertainty is dominated by the ra-
diometer reading uncertainty, and temperature uncertainty ef-
fects (including oxide layer thickness uncertainty) are insig-
nificant. Hence, ue < 0.06(1 + e2)172 for Ts > 400°C and 3 /mi
< A < 9 /mi, and ue < 0.09(1 + e2)172 otherwise for the
parameter ranges reported here.

Results
Reduced data showing the spectral -directional emittance of

oxidized copper for surface temperatures of 399, 499, 598, and
697°C are given in Table 1. (Note that while the subsurface
temperature was set at 400, 500, 600, and 700°C, the surface
temperature is not known until the oxide thickness is mea-
sured.) Gaps in these data indicate measurements that could
not be made repeatably because of low blackbody power. The
normal emittance may be seen to increase with wavelength,
increasing from -0.6 at A = 2 /mi to -0.9 at A = 10 /mi. At
grazing angles this trend is more pronounced, with the emit-
tance at 6 = 84 deg increasing from -0.3 at A = 2 /mi to -0.8
at A = 10 /mi. Emittances increase with temperature at all

0(

0.2 0.4 0.6 0.8

Spectral-directional emittance

1.0

Fig. 3 Spectral-directional emittance of fully oxidized copper as
a function of direction for wavelengths of 3.5 ftm (-•-) and 9.5
/un (-A-) and temperatures of 399°C (lower emittance), 499, 598,
and 697°C (higher emittance).

wavelengths and directions. There is a near linear increase in
emittance between 399-697°C, at a rate that varies between
about 0.3 X 10~3/K at 4 /mi and 0.2 X 10~3/K at 8 /mi.
Naturally grown copper oxide is shown to be slightly direc-
tional at lower wavelengths and relatively diffuse at higher
wavelengths. At A = 3.5 /mi, the emittance is relatively con-
stant from the normal to 0 = 48 deg, and declines by about
30% between 48-84 deg (emittance at 90 deg cannot be mea-
sured with the present apparatus). However, at A = 9.5 /mi,
emittance is diffuse to within 10% over the range from normal
to grazing angles. Figure 3 is a polar plot of the measured
spectral-directional emittance of fully oxidized copper at A =
3.5 and 9.5 /mi for various temperatures.

The authors have been unable to locate any non-normal
spectral-directional emittance data for copper oxide in the lit-
erature, with the exception of Burgess,20 reported in 1909,
where measurements for 6 = 25 deg are given for A = 0.55
/mi (e = 0.68 and 0.49 for T = 1100 and 1200°C, respectively),
and 0.65 /mi (e = 0.80, 0.60, and 0.49 for T = 1000, 1100,
and 1200°C, respectively). Burgess' data cover a lower wave-
length range and higher temperature range than the present
data. Burgess' data suggest a decrease in emittance with in-
creasing wavelength and a decrease in emittance with increas-
ing temperature. Both trends are at odds with the present data.
Many of the details of Burgess' work are inaccessible, making
it difficult to comment in detail on its apparatus and procedure.
However, Burgess' measurements continue to be cited in prop-
erties reference works.

Spectral-normal emittance data are presented by Coblentz5

and Wieder,13 and these are shown together with the present
spectral-normal emittance in Fig. 4. Wieder (at 25°C) covers
a spectral range beneath that of the present data, and compar-
ison of the Wieder and the present data suggests that there is
an emittance decrease with wavelength for low wavelengths,
a minimum near 1 /mi, and an increase at higher wavelengths.
For quantitative comparisons, it must be cautioned that Wied-
er's data concern a copper oxide layer only 0.088 /mi thick,
whereas the oxide layer in the present data is 400 /mi thick.
Coblentz' data (reported in 1912, and also at 25°C) corre-
sponds only very roughly with the present data.

The present data are integrated over polar angle to determine
spectral-hemispherical emittance. Figure 5 shows spectra for
different temperatures, demonstrating the increase with both
wavelength and temperature. Note the anomalous points in Fig.
5 between 6-7 /mi. These points are repeatable over three
trials, but do not appear consistent with the other data. Since
the optical path is open to ambient air and has a length of
about 1.1 m, this behavior may be related to an air absorption
band near 6.5 /mi. However, the offset of these points with

1.00
I 0.95
g 0.90
*g 0.85

13 0.80
g 0.75
§ 0.70

•51 0.65
tJ 0.60

cS* °'55

0.50
10

Wavelength,
Fig. 4 Spectral -normal emittance of fully oxidized copper at
various temperatures as a function of wavelength: 399°C (- • -),
499°C (-A-), 598°C (-••), 697°C (-••), Wieder13 (-D-), and Coblentz5
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Table 1 Spectral-directional emittance of oxidized copper at 399°C (1st row), 499°C (2nd row),
598°C (3rd row), and 697°C (4th row)

Polar angle, deg
A, yum 12 24 36 48 60 72 84

1.5

0.58 0.58 0.58 0.58 0.54 0.49 0.40
z,.w

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

0.57
0.62
——
0.60
0.64
0.69

0.60
0.68
0.72
0.63
0.69
0.73
0.76
0.69
0.72
0.75
0.78
0.70
0.75
0.77
0.80
0.74
0.77
0.80
0.83
0.75
0.78
0.80
0.84
0.76
0.80
0.82
0.84
0.79
0.83
0.84
0.89
0.75
0.80
0.84
0.86
0.80
0.81
0.85
0.86
0.83
0.84
0.87
0.88
0.86
0.86
0.87
0.89
0.85
0.89
0.88
0.88
0.87
0.90
0.91
0.90
——
0.87
0.91
0.92

0.57
0.60
——
0.60
0.64
0.68

0.60
0.68
0.71
0.63
0.67
0.71
0.74
0.69
0.71
0.73
0.77
0.70
0.73
0.76
0.78
0.74
0.75
0.77
0.81
0.75
0.76
0.79
0.82
0.76
0.78
0.80
0.83
0.79
0.81
0.84
0.87
0.75
0.78
0.81
0.84
0.80
0.81
0.83
0.84
0.83
0.84
0.85
0.86
0.86
0.86
0.88
0.85
0.85
0.87
0.85
0.88
0.87
0.88
0.87
0.89
——
0.87
0.89
0.88

0.57
0.60
——
0.60
0.64
0.67

0.60
0.68
0.71
0.63
0.65
0.70
0.73
0.69
0.69
0.72
0.76
0.70
0.71
0.75
0.78
0.74
0.73
0.77
0.81
0.75
0.76
0.78
0.82
0.76
0.76
0.80
0.82
0.79
0.81
0.84
0.86
0.75
0.78
0.81
0.84
0.80
0.79
0.82
0.84
0.83
0.84
0.85
0.84
0.86
0.87

r 0.84
0.85
0.85
0.87
0.87
0.86
0.87
0.88
0.87
0.89
——
0.87
0.89
0.89

0.57
0.60
——
0.60
0.62
0.65

0.60
0.68
0.69
0.63
0.66
0.70
0.73
0.69
0.71
0.73
0.76
0.70
0.73
0.76
0.78
0.74
0.75
0.79
0.81
0.75
0.76
0.79
0.82
0.76
0.78
0.80
0.83
0.79
0.81
0.84
0.86
0.75
0.78
0.83
0.86
0.80
0.81
0.85
0.86
0.83
0.84
0.85
0.86
0.86
0.84
0.86
0.87
0.85
0.87
0.87
0.88
0.87
0.88
0.89
0.90
——
0.87
0.87
0.90

0.52
0.53
——
0.60
0.62
0.63

0.60
0.65
0.67
0.63
0.65
0.69
0.71
0.69
0.69
0.72
0.75
0.70
0.73
0.75
0.76
0.74
0.75
0.79
0.80
0.75
0.76
0.79
0.82
0.76
0.78
0.80
0.81
0.79
0.81
0.84
0.86
0.78
0.80
0.81
0.84
0.80
0.81
0.83
0.84
0.83
0.84
0.85
0.86
0.86
0.86
0.86
0.90
0.85
0.87
0.85
0.86
0.87
0.88
0.87
0.85
——
0.87
0.87
0.87

048v/.to
0.49
——
0.54
0.54
0.58

0.54
0.59
0.62
0.58
0.61
0.63
0.66
0.63
0.65
0.68
0.70
0.67
0.70
0.72
0.74
0.70
0.73
0.74
0.77
0.72
0.74
0.77
0.80
0.73
0.76
0.78
0.81
0.75
0.81
0.82
0.86
0.75
0.78
0.80
0.84
0.80
0.81
0.82
0.83
0.83
0.84
0.85
0.84
0.86
0.87
0.85
0.87
0.85
0.87
0.87
0.87
0.84
0.86
0.86
0.87
——
0.88
0.86
0.86

n ^sU.JO

0.43
——
0.42
0.46
0.50

0.48
0.50
0.54
0.52
0.53
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Fig. 5 Spectral - hemispherical emittance of fully oxidized copper
as a function of wavelength: 399°C (-*-), 499°C (-A-), 598°C
(-•-), and 697°C (-•-).
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Fig. 6 Spectral real part of the index of refraction of copper
oxide, reduced from rough surface data, as a function of wave-
length: 399°C (-4-), 499°C (-A-), 598°C (-•-), and 697°C (-•-)•

respect to the trend of the other data lies within the experi-
mental uncertainty.

Considering the copper oxide film to be opaque and not
electrically conducting, the spectral-directional emittance may
be related to the real part of the index of refraction through
the Fresnel relation:

-HLSl(T)cos 6 - - sin20
nl(T)cos B + - sin20

cos 0 -'
I cos ^ +

(7)

Equation (7) is compared to the present data, and nA(7) is
identified by minimizing the deviation. A standard deviation
of 5% is found between Eq. (7) and the experimental data. (A
two-parameter identification yields &A « 0, confirming the di-
electric assumption). Figure 6 shows the spectra of fitted real
part of the index of refraction for various temperatures. The
index of refraction may be seen to decrease with both wave-
length and temperature. Karlsson et al.21 report the index of
refraction for fully oxidized vacuum-deposited copper films at
room temperature over the range from 0.3 to 1.5 /mi, derived
from normal reflection measurements. These data show a value
of about nx = 2.55 and vanishing &A at 1.5 /mi for both CuO

and Cu2O. This value is considerably lower than that derived
from the present work for wavelengths in the 2-3 /mi range,
although the material configurations and temperatures differ
significantly between Ref. 21 and the present work.

Conclusions
The spectral-directional emittance of oxidized copper is de-

rived from measurements of the radiative intensity leaving the
surface of an oxidized copper block. The oxide layer is natu-
rally grown to its limiting thickness at elevated temperatures
over long heating times, and is not dressed or polished in any
way. Emittance data for this material show a strong increasing
monotonic variation with a wavelength between 2-10 /mi, and
a moderate increasing monotonic variation with temperature
between 400-700°C. An index of refraction reduced from
emittance data for this dielectric material shows corresponding
decreasing monotonic variation with wavelength and temper-
ature. The material shows significant directional variation at
lower wavelengths (on the order of 3.5 /mi), and caution
should be used in making a diffuse assumption. At longer
wavelengths (on the order of 9.5 /mi), directional variation is
minimal, and a diffuse assumption is more valid. It is sug-
gested that spectral-directional emittance determination by di-
rect emission measurement, together with index of diffraction
identification (if found to fit Fresnel or other relations), may
be used to improve radiative surface property knowledge for
other engineering materials as well as copper oxide.
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