MEASURING THE NORMAL SPECTRAL INFRARED
EMISSIVITY OF STRUCTURAL MATERIALS
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The emissivity of various structural materials was measured over the 2-10 um range of
wavelengths at temperatures from 50 to 200°C; the results are shown and their accuracy
is evaluated,

The measurement of directional and, particularly, the normal spectral emissivity is of most interest
where scientific and technical applications are concerned. With the value of this coefficient known, it is
possible, for instance, to calculate the normal total emissivity [1] (the validity of such a calculation has
been confirmed experimentally in [2]) and from this the hemispherical total emissivity [3]. Data on the
spectral emissivity of materials at temperatures below 500°C are extremely scarce, however. Further-
more, the proposed methods of measurement have not been perfected yet and this presents an obstacle
to their wider application in the evaluation of various materials with different properties. In order to make
measurements by the method shown in [4], for example, the specimen must be shaped into a cylinder with
a narrow slot in the wall. The dependence of test data on the ambient radiation determines the lowest
specimen temperature, which should not be lower than 200°C. Two methods of measuring the spectral
emissivity at lower temperatures have been proposed in [5]. Their gist is that, in order to eliminate the
effect of ambient radiation, the measurements are made with a self-contained black body (at several
slightly different temperatures) and with a system comprising two specimens and two black~body models
pairwise at two different temperatures. The application of these methods evades the effect of ambient
radiation, to be sure, but it also complicates the measurement procedure appreciably without eliminating
the need for precise measurement and maintenance of the temp eratures of both the specimens and the
black-body models. In [6] the authors have proposed a procedure for measuring the normal spectral emis-
sivity of opaque materials by means of two standard specimens, a "white® one and a "black" one, at the
same temperature as the test specimen,

In this article we present the results of emissivity measurements pertaining to various structural
materials, within the 2-10 um range of wavelengths and at temperatures from 50to 200°C, with a subsequent
evaluation of their accuracy,

As has been shown in [6], the normal spectral emissivily of a specimen is determined according to
the formula:

b

Fig. 1. Layout of standard specimens and test specimen
in the heated yoke.
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The standards and the test specimen are put inaheatable
yoke, the latter having been designed so as to ensure that all
specimens are at the same temperature. The location of all
specimens on the front side of the yoke is shown in the dimen-
sioned diagram in Fig. 1a: here item 1 is the "whiter standard,
item 2 is the test specimen, and ifem 3 is the "black" standard.
For the "white" standard we used a gold disc with a smoothly
polished surface. It is common knowledge [7] that gold is one
of the metals almost perfectly resistant to oxidation in air when heated to rather high temperatures. The
data on the spectral emissivity of gold were taken from [8]. For the "black" standard we used a model
of an ideal black body, an assembly of rings of various diameters shown in cross section in Fig. 1b.

Fig. 2. Layout of the measuring
apparatus,

The surface temperature of the solid copper disc, heated in the yoke together with the test
specimen and the other standard specimen, was measured with a platinum resistance thermometer as one
arm of a2 model MVU-49 dc bridge circuit. The disc surface was scanned by the pad of a receiver-probe,
to check whether the temperature distribution here remained uniform. This was dscertained by a con-
stant output signal from that receiver-probe. The radiation receiver was a cooled (51°K) Ge—-Hg photo-
resistor for the 2-10 um wavelengths and an uncooled PbS photoresistor for the 1-3 um wavelengths. The
measuring apparatus is shown schematically in Fig. 2. A test specimen inside the heated yoke 1 was emit-
ting radiation in the direction normal to ifs surface and this radiation was collected by 2 spherical mirror
2 (f =300 mm, D =150 mm), from there transmitted to another spherical mirror 3 (f = 500 mm, D =
210 mm), which then focused it on the pad of receiver 5, The yoke, the mirrors, and the receiver were
positioned so that the receiver pad 1 mm in diameter would project on the specimen surface magnified
3-4 times, The radiation was made monochromatic by means of optical interference filters 4 with a 40-
60% transmittivity and a relative pass-bandwidth AX Ay ax = 0.05 % 0.01 for the following peak-transmis-
sion wavelengths A4, =1.80, 1.93, 2.12, 2.66, 3.30, 3.66, 3.85, 4.30, 4.68, 5.10, 6.13, 6.75, T7.66, 8.47,
and 9.30 yum. The radiation was modulated at a frequency of 600 Hz. The modulator blades were enveloped
by a shroud whose inside surface had been coated with soot. The output signals from the receiver were
preamplified by a model V6-2 selective microvoltmeter and then recorded by a model V7-8 voltmeter.

We will now analyze the basic sources of errors, which determine the accuracy of measurements
[6].

1., Imperfection of the Ideal-Black-Body Model. It is well known that the emissivity of a cavity de-
pends on its shape and also on the degree of its nonisothermality. The emissivity of the ideal-black-body model
made up of rings was calculated here on the basis of assuming very thin ring elements, relative to their
radii. On this basis, the analog of our ideal-black-body model was an infinitely long groove of triangular
cross section with a 10° vertex angle. The spectral emissivity of points on the wall surface of such a
groove at a distance x; from the vertex and at a temperature Tx, was not much different from the vertex
temperature T (operating temperature of the model) and was determined according to the formula which the
authors had derived for diffuse reflection from groove walls with a spectral reflectivity p «< 1:
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The wall width of a triangular groove is taken here as unity.

The temperature profile across the height of a ring element was determined experimentally. For
this purpose, at three points (at the base, in the middle, and at the vertex) of an element were welded on
copper— constantan thermocouples and their readings were recorded through a model R-308 potentiometer
at various temperatures of the ideal-black-body model and various ambient temperatures Ty. The results
have yielded the following relation:
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Fig. 3. Temperature drop across the height of a ring ele-
ment of the ideal-black~body model, Ty, (°K), as a function of
the ring temperature T (°K): ambient temperature T4 = 23°C
(1), 26°C (2), 30°C (3).

Fig. 4. Spectral emissivity of the ideal-black-body model;
isothermal model (1), real model at T =100°C (2), real
model at T = 200 and 500°C (3), real model at 300 and 400°C
(4).

AT, = AT, = — x*(0.005T —1.5). (3)

The straight line in Fig. 3 represents Eq. (3), the test points indicated here by dots. Substituting
(3) for ATX0 and ATy in the integral in (2) yields the following expression for the last term inside the braces
in (2):
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The reflectivity of the ring coating (black chromization plus soot) on the ideal-black-body model was deter-
mined from the emissivity of the "referencer specimen, the latter measured with the same apparatus, and
was found almost constant throughout the 2-10 pm range of wavelengths at a value p = (1—¢) = 0.055.

The calculated mean-over-the-surface of a groove (the ring model of an ideal-black-body) is shown
in Fig. 4 for various operating temperatures T. The ideal-black-body model and the test specimens were
projecting on the radiation receiver with an appreciable reduction, i.e., the probe pad was receiving radia-
tion from a few ring elements, which resulted in a receiver output signal proportional to the mean emissi-
vity of the ideal-black-body model. This had been confirmed by the constant output signal throughout the
scanning of the ring elements by the probe pad.

2. Nonlinearity of the Radiation Receiver. According to the data in [9], Ge—Hg receivers retain
their linearity while the incident radiant flux density on their pads varies through 4-5 orders of magnitude
above the threshold level. The linearity range of PbS receivers is similar [10]. Inasmuch as the maxi-
mum variation of the output signals in our measurements did not exceed 500 times the noise level, this de-
vice evidently did not constitute a source of errors.

3. Indeterminacy of the Surface Finish of the Specimen. This is a source of errors in measurements
of radiation power, also when the surface finish meets special requirements,

4. Inaccuracy of Temperature Measurements. In this method of determining the g(A, T) charac-
teristics the inaccuracy of temperature measurements has no effect on the accuracy of the results, be-
cause the specimen and both standards are at the same temperature, Since the metallic specimens in our
tests were not thicker than 1.5 mm, hence their emitting surfaces and the solid copper disc were at the
same temperature. The values of emissivity for coated specimens referred to the temperature of the
metallic substrate.
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Fig. 5. Spectral emissivity of some materials: (a) coated ma-
terials, (b) titanium and nickel foils.

5. Effect of Disperse Radiation and Ambient Radiation. Since signals were recorded at the modula-
tion frequency of the light beam, while the modulator blades were shielded by the shroud, hence the radia-
tion from the hot yoke was thus dispersed over the components of the test apparatus and had no effect on the
results of measurements, A variable modulator temperature and the ambient radiation had also no effect
‘on the results of measurements, as had been confirmed experimentally. The modulator shroud was of such
a construction as to allow cooling with vapor of liquid nitrogen and thus to facilitate measurements at modu-
lator temperatures from room level to 0°C. Variations in the modulator temperature affected only the
amplitude of recorded signals and not the values of emissivity, Owing to this, it was possible to simplify
the measurement procedure and to eliminate the need for the "whiter standard specimen. Since the test
apparatus was shielded from local heat sources and the ambient radiation was uniform, hence, with the
modulator at the ambient (room) temperature, the output signals from the radiation receiver scanning the
specimen, for example, were proportional to the product of the emissivity of the scanned specimen by the
difference between the energetical luminances of the ideal-black-body model at the specimen temperature
and at the room temperature respectively. Thus, the magnitude of the output sighals was

N—Fe (B —BQ) and N, = kepy(BS—B0 )

amb’

from which
g=¢ N (5)
=gy — .
P N1

The results of measurements according to (1) and (5) respectively agreed within the test accuracy, which
indicated an almost complete absence of errors due to ambient radiation.

6. Errors due to the Difference between the Actual Radiation Wavelengths Extracted by the Optical
Interference Filters and the Nominal Wavelengths. These errors did not have any decisive effect on the measure-
ment accuracy, inasmuch as the emissivity of the test materials varied smoothly with the wavelength. An ex-
ception here were coated specimens with a characteristic radiation peak about the 3 ym level, This con-
firmed the close qualitative agreement between our results and those published in the technical literature
for the same materials,

The use of a four-decade digital voltmeter as the recording instrument ensured a high precision in
measuring the output signals of the receiver; the magnitude of random errors was determined by the signal-
to-noise ratio only. The effect of random errors on the accuracy of final resuits was not analyzed. It is
to be noted that the minimum signal-to-noise ratio in our measurements was 6.

The test results for some coated materials are shown in Fig. 5a. Pure soot burner 1 was first
diluted in ethyl alcohol and then deposited with a brush on the polished surface of a copper substrate, A
small amount of grade BF-2 adhesive had also been added. The finished coating was uniform and ade-
quately wear resistant, Our data for soot agree closely with the reflectivity measurements in {11] (grade
D16AT duraluminum with NKh anodization + grade KF-0OZ OZh varnish + grade AK-069 varnish + grade
KhV-16 varnish and total coating thickness A = 50 um (2), gray percussion-grade enamel (3), grade D16AT
duraluminum with colorless anodization + grade 117 F varhish + two layers of grade AS-82 varnish and
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total coating thickness A = 30 um (4), grade V95AT duraluminum + grade AS5-82 varnish at T = 200°C (5),
grade D16 duraluminum chemically oxidized (6), polished copper air-oxidized (7), grade Kh18N10T steel
as delivered with a V6 surface finish (8), grade Kh18N10T steel polished to V7 surface finish (9), grade
V95AT duraluminum without coating at T = 200°C (10)). All test curves, except 5 and 10, correspond to a
specimen temperature of 100°C. Measurements at temperatures through the 50-200°C range revealed no
significant departure of (A, T) values from those curves in Fig. 5a. We also measured the emissivity

of technically pure titanium and nickel foils at 200°C. The results are shown in Fig. 5b. Curve 1 repre~
sents the emissivity of tantalum foil (0.1 mm thick) as delivered. Curve 2 represents the emissivity of the
same specimen after a short manual polishing treatment with diamond paste on cloth., Curve 4, taken from
[13], represents the emissivity of titanium at 425°C. Curve 3 represents the emissivity of nickel as
delivered and its trend is similar to that of curve 5, the latter having been obtained by an extrapolation of
the data in [12] for mechanically polished polycrystalline nickel at 810°C.

On the basis of the results shown here, one may conclude that the procedure proposed by the authors
for measuring the normal spectral emissivity of structural materials is sufficiently accurate and simple
for use in the laboratory.

NOTATION

A is the wavelength;
T is the temperature;
g(A, T) is the spectral emissivity of test specimen;
ewh(® T) is the spectral emissivity of "white" standard specimen;
gpl(A, T) is the spectral emissivity of ®black" standard specimen;
N is the magnitude of output signal from receiver scanning the test specimen;
Nwh is the magnitude of output signal from receiver scanning the "white" standard;
Npi is the magnitude of output signa] from receiver scanning the "black" standard;
ATXO, ATy are the deviations of the temperatures.at points at a distance x;, and x respectively from

the vertex of a triangular groove, from the operating temperature T;
ATy is the temperature drop from vertex (x = 0) to base (x = 1) of a ring element of the ideal-

black-body model;
p is the reflectivity;
Cy is the second Planck constant;
Bg is the luminance of black body at the specimen temperature;
B°a is the luminance of black body at the ambient temperature;
k is the proportionality factor.
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