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CARBON, AND ZIRCONIA TO 3700° Kx 

By R. Gale Wilson 
Langley Research Center 

SUMMARY 

I The Initial results of the application of special optical techniques to 
high-temperature emittance and reflectance studies of an ablation-material char 
and certain other refractory materials representative of those present in abla- 
tion residues formed during aerospace reentry operations are presented.  Spec- 
tral hemispherical emittance and reflectance were determined with an image 
pyrometer integrated with an arc-imaging furnace for carbon, graphite, zirconia, 
and a phenolic-nylon ablation-material char at wavelengths from 0.37 \m  "to 
0.72 urn for temperatures from 2100° K to 3700° K.  The data obtained are com- 
pared with those of other investigations to the extent that the existence of 
comparable data permits.! 

Surface-roughness properties of the materials studied were determined from 
measurements made with a light-section microscope. The dependence of the spec- 
tral hemispherical emittance of oxidized carbon at a wavelength of O.65 pm on 
its surface-roughness properties was investigated experimentally and the emit- 
tance was found to be a linear function of the root-mean-square slope of the 
surface when the roughness is large compared with wavelength. 

INTRODUCTION 

At velocities associated with reentry into the earth's atmosphere from 
earth-orbital or outer-space missions, flight vehicles experience aerodynamic 
heating which produces surface temperatures above the melting or vaporization 
temperatures of conventional structural materials.  Thermal protection systems 
have been devised in which ablating materials are used effectively to protect 
the load-carrying structures of these vehicles.  Charring ablation materials 
have been shown to be particularly effective for use in thermal protection sys- 
tems (refs. 1 and 2) because of their ability to reradiate a significant portion 
of the heat absorbed.  In order to evaluate the radiation-cooling effectiveness 
of charring ablators, their total hemispherical emittance at performance temper- 
atures must be known.  The absorptance of charring ablators in the ultraviolet 

*The information presented herein was offered as a thesis in partial ful- 
fillment of the requirements for the degree of Master of Arts in Physics, 
College of William and Mary, Williamsburg, Virginia, August 196^. 



and visible parts of the spectrum is also important to their performance for 
certain types of reentry operation, that is, for reentry characterized by sig- 
nificant radiative heating of the vehicle by ultraviolet and visible radiation 
from shock-heated air.  (See ref. 3-) 

The object of the present investigation was to obtain hemispherical spec- 
tral emittance, absorptance, and reflectance data at high temperatures on the 
char of an ablation material and on certain other refractory materials repre- 
sentative of the class of materials present in ablation residues formed during 
aerospace reentry operations.  In order to circumvent some of the problems of 
radiation measurement and temperature measurement associated with extending 
the use of conventional methods of measurement to high temperatures, special 
optical techniques were applied in this investigation. An apparatus consisting 
of an image pyrometer integrated with a double-ellipsoidal-mirror arc-imaging 
furnace was used for heating the material samples and for measuring spectral 
reflectance and temperature. Spectral emittance was calculated from the reflec- 
tance measurements.  Several filter-detector systems were selected for a range 
of wavelengths covering the visible spectrum and extending into the near ultra- 
violet spectrum.  Suitable attenuation of the arc irradiation of the sample pro- 
vided for sample surface temperatures from about 2100° K to 3700° K. 

Special consideration was given to surface characterization of the mate- 
rials studied.  Surface-roughness properties were determined from surface- 
profile measurements made with a light-section microscope, and pore-size 
spectra were determined for the porous materials by a mercury-intrusion method. 

The International System of Units (si) is used throughout this report. 
(See ref. k.)     In SI units, the familiar wavelength unit |j. (micron) is desig- 
nated by urn (micrometer). 

SYMBOLS 

A oscillograph signal for arc light 

C]_ first radiation constant, watts-^inr/m^ 

C2 second radiation constant, um-°K 

E photomultiplier output for emitted light from sample or standard lamp 

h surface-profile height 

i incident light on element of sample surface 

K combined constant of optical system 

k constant of filter-detector system, per °K 

n summation index 



R       photomultiplier output for reflected light from sample 

r       reflected light from element of sample surface 

T       temperature 

W       hemispherical spectral radiant intensity per unit area of sample or 
standard lamp, watts/m2-(jjn 

Ax small increment of length along nominal (average) surface of material 

Ay small increment of length perpendicular to nominal surface of material 

a hemispherical absorptance 

e hemispherical emittance 

A wavelength, |jm (l pm = 1 micron) 

p hemispherical reflectance 

Subscripts: 

1 higher (temperature) or first (radiation constant) 

2 lower (temperature) or second (radiation constant) 

a apparent 

L       standard lamp 

S       material sample 

t       true 

A       spectral 

A prime is used to denote values corrected for errors due to rapid cooling. 

TEST APPARATUS AND SAMPLES 

Apparatus for Measurement of Reflectance and Temperature 

Imaging furnace and pyrometer.- The arc-imaging furnace used in this inves- 
tigation is described by Glaser in reference 5 and the image pyrometer and its 
principles of operation are described by Comstock in reference 6.  Briefly, the 
arc-imaging furnace, shown schematically in figure 1, consists of an optical 
system having two 52-centimeter-diameter ellipsoidal mirrors located coaxially 
and facing each other at a distance of approximately 2 meters.  Their major and 
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Figure 1.- Schematic  of arc-imaging furnace with image pyrometer. 

minor focal lengths are 10^ centimeters and 20 centimeters, respectively.  An 
electric-arc radiation source is located at the minor focal point of one mirror 
and its image is formed at the minor focal point of the other mirror, after two 
reflections of the arc radiation. 

The image pyrometer, illustrated schematically in figure 2, is an instru- 
ment designed to obtain radiation measurements in the intermediate image plane 
where the major focuses of the mirrors coincide and where magnified images of 
the arc and sample are formed.  The image pyrometer consists principally of two 
light pipes, a chopper, an optical filter, and a photomultiplier.  The light 
pipes are L-shaped, each constructed from platinum tubing enclosing a single 
filament of quartz.  One tube has an aperture facing the sample and the other, 
an aperture facing the arc.  The light pipes are mounted in a common hub, and 
as it rotates the light pipes scan periodically through the arc and sample 
images and transmit light from the images to the photomultiplier via the fil- 
ter.  The output of the photomultiplier is amplified and read out on an oscil- 
lograph recorder in the form of radiation profiles across the diameters of arc 
and sample images.  The rapidly rotating chopper is synchronized with the light 
pipes to permit the sample-oriented light pipe to view the sample image alter- 
nately with the arc radiation incident on the sample and with the arc radiation 
briefly obstructed from the sample.  A reduced tracing of a typical oscillogram 
for carbon (Ts = 3100° K; A =0.72 urn), together with an enlarged view of the 
central part of the radiation profile, is shown in figure 3-  From the radia- 
tion measurements on the sample with the chopper alternately open and closed, 
ET. g + R^ 5 and E-^ g, respectively, along with measurements on a standard- 

temperature source and a reflectance standard separately substituted for the 
sample, the temperature and reflectance of the sample at every point across 
its irradiated surface can be determined. 

Optical filters.- A set of five filters was used to make reflectance meas- 
urements over a range of wavelengths that included the visible spectrum and 
extended into the near ultraviolet spectrum.  In the set there were two glass 
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Figure 2.- Image pyrometer operating mechanism. 

filters, one single-film gelatin filter, and two gelatin filters each of which 
was constructed by superimposing two single gelatin films.  The gelatin film in 
each case was mounted in Canada balsam cement between two thin layers of opti- 
cally flat glass.  Tests were made to assure that the temperature in the filter 
receptacle of the pyrometer stayed within safe limits for use of the gelatin 
filters during furnace operation.  Table 1 presents certain properties of the 
filters and the filter-detector systems. 

Temperature modulation.- In order to cover a range of sample temperatures, 
neutral-density filters were constructed of standard 10- and 20-mesh brass cloth 
to reduce the intensity of irradiation of the sample.  Each wire-cloth filter 
was mounted on a ring designed to fit the circumference of the mirror at the arc 
end of the furnace, with a 15-centimeter hole in the region of the arc.  With or 
without a filter, the temperature distribution across the diameter of the sample 
approximates a Gaussian shape, with the temperature decreasing from a maximum 
value at the center of the sample to about 75 percent of the maximum at a radius 
of about 0.5 centimeter, corresponding to the periphery of the arc image. The 
measurements of reflectance and temperature were obtained in every case in the 
region of the maximum temperature of the sample, and, except for one particular 
series of tests whose exception will be explained later, after the sample had 
attained a steady state.  The purpose of this particular method of attenuation 
of the arc irradiation was to preserve the hemispherical character of the meas- 
urements and to avoid shadowing either of the intermediate images.  It was 
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Figure 3.- Image pyrometer oscillogram for carbon. 

TABLE 1.- PROPERTIES OF FILTERS AND DETECTORS 

Spectral response Half-bandwidth for Effective 
Type of filter curve of filter-photomultiplier wavelength, 

photomultiplier system, |_un |jm 

Glass S-i4- 0.0^0 O.366 

Gelatin film s-k .029 A59 

Gelatin film s-k .021 .560 

Glass s-k .029 .650 

Gelatin film S-8 .070 .716 



believed that this approach to temperature control would yield more reliable 
and consistent data than those obtainable from measurements during temperature 
rise of the sample or from measurements made at points other than the maximum- 
temperature region on the surface of the sample. 

Test Samples 

Samples of all the materials studied were disks 1.3 centimeters in diam- 
eter and 0.5 centimeter in thickness. For each reflectance and temperature 
measurement, one of the disks was mounted in a small steel block, supported in 
and insulated from the block by four equally spaced spring-loaded zirconia pins 
which were tapered at the points of contact with the periphery of the sample. 
Measurements were made on the circular face of the disk which was located in 
the minor focal plane of the reimaging mirror, with its center on the optical 
axis of the arc-imaging furnace mirrors. 

Apparatus for Measurement of Sample Surface Properties 

Inasmuch as the emittance of any material is expected to be variable with 
surface roughness, it was considered desirable in this investigation to define 
the microgeometry of the surfaces of the materials for which emittance was 
determined. A light-section microscope was chosen for making the measurements 
because it permits measurements on soft materials without destroying or altering 
the surface and because it is suitable for the determination of several surface 
parameters.  One arrangement for use of the light-section method to measure sur- 
face roughness is described in reference 7. The optical arrangement of the 
instrument employed in the present study is shown in figure Ma). An incandes- 
cent lamp illuminates a slit which, by means of an objective, is reproduced on 
the surface under study as a thin band of light. The band of light illuminates 
the surface along its contour, and a profile image of the surface may be 
observed and/or photographed through a microscope whose objective has the same 
magnification as that of the illuminating objective.  Illumination and observa- 
tion directions form a 90° angle with each other and a V?° angle with the sur- 
face being examined. A crosshair, visible in the eyepiece, may be shifted 
within the field of view by means of a micrometer drum.  Because the light 
band meets the surface at an angle of k^°  and is observed at a right angle to 
this direction, an apparent profile height ha (fig. Mb)) is observed instead 

of the true profile height ht. Obviously, ha = \/2ht> 
but the factor \/2 is 

accounted for in the calibration of the crosshair which makes possible direct 
reading of the height and longitudinal location of each observed point of the 
profile.  The range of the instrument permits measurements of surface irregu- 
larities for which h-^ varies from 1 to 400 (jm. 

Apparatus for Measurement of Sample Porosity 

The very porous nature and precipitous surfaces of some of the materials 
studied precluded obtaining meaningful surface-roughness measurements on them 
with the light-section microscope because of the formation of discontinuous 
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istics of porous mate- 
rials are closely 
related to their 
porosity, pore-size 
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method described in 
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Briefly, the method 
is based on the neg- 
ative capillarity of 
mercury; that is, mer- 
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into a porous material 
and the pressure 
required is determined 
by the surface tension 
of the mercury, the 
wetting angle, and the 
diameter of the small- 
est pore filled at 
that pressure. The 
instrument is designed 
for forcing mercury 
into the pores of a 
sample material at 
pressures ranging from 
subatmospheric to 3-5 X 
mercury absorbed at any given pressure, thus determining the pore-size spectrum 
of the sample for pore sizes ranging from 0.035 to 100 urn. 
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(b) Principle of measurement. 

Figure h.-  Operation principles of light-section microscope. 

10' N/m2 and simultaneously indicating the volume of 

TEST METHODS 

Method of Reflectance Measurement 

In the following discussion, the principles of operation and measurement 
employed by the image pyrometer given in reference 6 are summarized and the cal- 
culations involved are modified for application to measurements covering a range 
of wavelengths. 

To determine the temperature of the sample, it is first necessary to deter- 
mine its emittance. For an opaque sample, 

^ + PA = l (i) 
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and from Kirchhoff's law (ref. 9) and equation (l) 

eA = aA = 1 ~  PA (2) 

The image pyrometer measures the spectral reflectance, from which the spectral 
emittance is calculated by equation (2) and is used in the determination of sam- 
ple temperature.  To accomplish the reflectance measurement, the apparatus meas- 
ures sequentially the arc light, the emitted plus reflected light from the sam- 
ple, and the emitted light from the sample. The difference between the last two 
measurements is the reflected light from the sample, if no cooling of the sample 
occurs during the brief time taken for the chopper to interrupt the arc irradia- 
tion of the sample.  The emitted light is measured while the arc radiation is 
briefly obstructed by the chopper.  Interruption by the chopper occurs every 
67 milliseconds and the duration of each interruption is about 7 milliseconds 
as shown in figure 3- 

From the foregoing considerations the spectral emittance of the sample may 
be expressed as 

,- . - 1 - p. B - 1 - 2* - 1 - K Ks *  *A,s) - EA,S 
A,S     ^A,S     iA^g AA 

The constant K includes a measure of the fraction of the light from the arc 
image that is incident on the sample, as well as the pyrometer sensitivity 
through the sample- and arc-viewing optics.  This constant may be determined 
by replacing the sample with a water-cooled surface of known reflectance. 
Because the spectral reflectance of freshly deposited magnesium oxide has been 
extensively studied (e.g., refs. 10 to 12), it was used as a standard for deter- 
mining the value of K.  Its diffuse reflectance throughout the visible spectrum 
is about O.97. 

The reflectance measurement by the image pyrometer, including specular and 
diffuse components, is essentially hemispherical, since the re-imaging mirror 
irradiates the sample and collects reflected and emitted radiation from the sam- 
ple over a solid angle of about 5.7 (l.8ir) steradians.  The emittance deter- 
mined is essentially hemispherical, since reflectance measured under conditions 
of hemispherical illumination and hemispherical viewing is the complement of 
hemispherical emittance. 

Method of Temperature Calculation 

Calculation of the sample temperature requires measurement of radiation 
from a standard-temperature source as well as from the sample itself. A 
tungsten-strip lamp serves as an accurate standard radiation source.  Planck's 
law or Wien's law may be written for the sample and for the standard lamp. 
Wien's law is simpler to use and was used here since it agrees within one-half 



of 1 percent with Planck's law for the range of wavelengths and temperatures 
involved.  (See ref. 13-) Wien's law for the sample is 

WA,S = %sciA"5e^(- ^) CO 

where WT, g is the time rate of emission of radiant energy per unit interval 

of wavelength throughout 2it steradians per unit area of the sample at absolute 
temperature Tg. Wien's law for the standard lamp is 

WA,L = %LclA~5exp(- ^ (5) 

Since the viewing optics for measuring emitted radiation is the same for both 
the sample and the standard lamp, the ratio of the two expressions of Wein's 
law is equal to the ratio of the oscillograph signals for emitted radiation 
from sample and lamp E-^ g and E-^ -^,  respectively.  By taking this ratio, 
the following expression is obtained: 

-L - -L = _L in %2th>l (6) 
TL      Tg       c2 %SEA^L 

Solving equation (6) for Tg gives 

Ts = — (T) 

1 - kATL log 
%LEA,S 

%SEA,L 

where 

P ^OP*X 
^A = ~~  = Constant incorporating a change from natural to     (8) 

2    common logarithms and absorbing A/c2 

The value of A is a function of the filter and detector system in the pyrom- 
eter and is essentially the effective wavelength of response of the image pyrom- 
eter. The value of k^ may be determined by operation of the pyrometer with 
the standard lamp set successively at two different temperatures, T^ j_    an(i 
T^ 2* r^ae  resultant expression for k^ is 

kA= 
TLA - %2  (9) 

T      T log %L^LA 
L}1 L>2 %L,1EA,L,2 

10 



The sample temperature can be determined by substitution of k^ into equa- 
tion (7) along with the oscillograph data from the lamp at either temperature. 

The physical meaning of effective wavelength of response of the image 
pyrometer is explained in figure 5. Here the triple product of the ultraviolet- 
filter transmission curve, the S-k  photomultiplier relative response curve, and 
the relative spectral radiant intensity curve for the standard lamp determines^ 
the combined response (shown in the upper right corner of the figure) of a typi- 
cal source, filter, and detector system. The effective wavelength is taken as 
the line dividing the area under the product curve into two equal parts. Values 
of A for the five filters determined by this method were in agreement within 
i+.5 percent with averaged values calculated by solving equation (8) for A and 
making use of the values of kA determined by equation (9). The effective 
wavelengths are only very weak functions of the source temperature for the 
range of sample temperatures studied and are well defined at the standard-lamp 
temperature of 2900° K, which is about the midpoint of the range of sample 
temperatures. 

Pelative response 
of system 
.OI61- 

1.0 ,— 

-p 
ft 

c o 
ft 

A50 .500 

Wavelength,   jjm 

Figure 5.- Response of souree-fliter-detector system 
plotted against wavelength. 
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Because of the unavailability of spectral hemispherical emittance data on 
tungsten-strip lamps at high temperatures, spectral normal emittance data were 
used in equations (7) and (9). The spectral normal emissivity of tungsten rib- 
bon filament has been the subject of considerable study because of its use as a 
radiation standard. The data of De Vos (ref. 1^) and Larrabee (ref. 15), cov- 
ering a broad range of wavelengths and temperatures, are considered the most 
reliable available. The data of De Vos were used herein because they include 
a broader temperature range. Normal and hemispherical emittances of tungsten 
are not equal because tungsten does not emit in accordance with Lambert's cosine 
law, but studies by Worthing (see ref. l6) and by Blau et al. (see ref. 17) 
indicate that hemispherically measured values would not be expected to be more 
than 6 or 7 percent greater than normally measured values. 

Evaluation of Errors 

Systematic errors.- Since several potential sources of error are inherent 
in methods of measurement of the type applied in this investigation, the most 
suspected ones are enumerated and evaluated either quantitatively or qualita- 
tively. Errors in temperature measurement would be expected to be due primarily 
to errors in the experimentally determined emittance values, the use of normal 
emittance data for the standard lamp in the absence of hemispherical data, and 
losses due to internal reflections within the envelope of the standard lamp. 
However, an error of 5 percent in the emittance of the sample or standard lamp 
would produce an error of less than 1 percent in the temperature.  The error 
due to applying normal emittance data to the lamp and that due to losses within 
the lamp tend to compensate for each other. 

The possible difference between the geometrical distribution of reflected 
radiation from the MgO reflectance standard and that emitted and reflected by 
the sample might appear to introduce error into the reflectance measurements. 
However, error due to such a difference would be minimized, on the basis of two 
considerations:  (l) the distribution of illumination and the collection of 
radiation from the reflectance standard and from the sample are both essentially 
hemispherical, and (2) the distributions for the reflectance standard and for 
the generally rough samples studied would be expected to be similar. 

Error in the reflectance measurements that might be expected to result from 
differences in the transmission properties of the two light pipes is eliminated 
through the calibration constant K, assuming that any such differences remain 
constant for all the measurements on the sample and reflectance standard at a 
given wavelength. 

In order to eliminate errors in the radiation measurements that might arise 
from drifts in the electronic equipment, the image pyrometer includes a well 
regulated reference lamp to permit normalizing all the measurements. The 
sample-oriented light pipe receives a signal from the reference lamp (fig. 2) 
once each cycle of rotation, and the accompanying radiation measurements are 
normalized to the reference lamp oscillogram. 

12 



Errors due to rapid cooling.- The most serious problem in measuring reflec- 
tance at high temperatures is separating the emitted and reflected radiation. 
This problem with the arc-imaging furnace arises from the inability to achieve 
an instantaneous interruption of the incident radiation, with consequent cooling 
of the sample surface during the brief time required for the edge of the chopper 
to traverse the aperture at the intermediate image plane.  If measurements are 
made just at the instant that the chopper has completely eclipsed the arc, which 
is the earliest time in the cycle that emitted and reflected radiation are com- 
pletely separated, any decrease in the emitted radiance due to cooling will be 
erroneously classified as reflected radiation.  The magnitude of the error is in 
part dependent upon the thermal conductivity of the sample material, since this 
property determines the magnitude of the thermal gradient associated with a 
given amount of radiated flux from the front face of the sample. 

Null and Lozier (ref. 18), recognizing that a sample in an arc-imaging fur- 
nace provides a plane surface with an essentially uniform temperature over a 
substantial area, have made use of solutions to the problems of one-dimensional 
heat conduction normal to the surface of a semi-infinite body subjected to peri- 
odic and nonperiodic step-function heat fluxes to evaluate thermal conductivity. 
The solutions show that, to a first-order approximation, the surface temperature 
after chopper interruption is directly proportional to the square root of time. 
Null and Lozier have also mathematically investigated the effect on the cooling 
curve of the finite time required to interrupt the furnace radiation by means 
of a mechanical chopper.  This analysis showed that if time is measured from the 
instant when the arc is half-eclipsed, and temperature is plotted against the 
square root of time, the slope of the resulting straight line will be the same 
as that which would be obtained with a chopper fast enough to prevent any 
cooling during the interruption process. 

The work of reference 18 provides a basis for investigating the possibility 
of significant errors inherent in these reflectance measurements due to a combi- 
nation of high temperatures, high total emittances, rough sample surfaces with 
high thermal inertia, and finite chopper speed.  The approach taken was first to 
examine the cooling curve for each sample very closely and to calculate the 
emittance and temperature from oscillograph measurements made at the time corre- 
sponding to completed interruption by the chopper.  The time on the oscillogram 
corresponding to completed chopper interruption could be determined quite accu- 
rately by magnifying the cooling curve, studying it in relation to the time 
scale of the oscillogram, and knowing the time required for the chopper to com- 
pletely interrupt the radiation and the duration of the interruption. A typical 
enlarged cooling curve is shown in figure 3. The photomultiplier output during 
the time that the chopper is closed is proportional to the spectral radiant 
intensity per unit area of the sample, which in turn varies linearly with the 
sample temperature for a small temperature change.  Therefore, in accordance 
with the analysis of reference 18, the photomultiplier output during the time 
the chopper is closed would be expected to exhibit a square-root-of-time depend- 
ence if the temperature drop is sufficiently small.  It was found that this was 
the case, when three or four points on each cooling curve were plotted against 
the square root of time, with time measured from the half-time point of chopper 
interruption.  By extrapolating the straight line obtained from plotting emitted 
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Signal against the square root of time for each sample to the half-time of 
chopper interruption, a new value for the emitted signal corresponding to the 
beginning of chopper interruption was determined, and thus a corrected emit- 
tance and temperature.  To incorporate the corrections into the earlier equa- 
tions, equations (3) and (7) may be rewritten 

e^ 
(EÄ,S 

+ RÄ,s) - EÄ,S 

and 

(10) 

Ik 

1 - kATL log 

Ts = — (1X) 

:-K,s\,l 

where the primed quantities denote extrapolated values. Errors due to rapid 
cooling were found to be significant in some cases and corrections were made 
for them. 

From the reproducibility of the data and the earlier considerations on sys- 
tematic errors, it is believed that the emittance values reported herein are 
generally accurate to 1 or 2 percent; however, for the highest char temperature 
and the two longest wavelengths, the emittance values may be as much as 3 per- 
cent low due to slight undercorrection for rapid-cooling errors.  The under- 
correction results because the assumption that the sample spectral radiant 
intensity per unit area varies linearly with temperature is only a fair approx- 
imation for the temperature range over which cooling occurs at the highest 
temperatures. 

Method of Determining Surface Properties 

One of the most formidable problem areas in the field of thermal radiation 
of solids is the development of theory relating the radiative and reflective 
properties of materials to their surface-roughness properties.  Progress toward 
understanding this problem has been limited to special cases, with suitable 
assumptions about the statistical character of surfaces, because of the extreme 
complexity of the generalized problem and the lack of knowledge of the statis- 
tics of actual rough surfaces. A good summary of some of the early studies of 
the problem, including a list of references, is presented in reference 19 
(pp. 293-295)- Recent work by Bennett and Porteus (refs. 20 and 21), based on 
a statistical treatment of the reflection of electromagnetic radiation from a 
rough surface derived by Davies (ref. 22), has revealed certain quantitative 
relationships between surface character and reflectance properties.  In refer- 
ence 20 a theory is presented which relates the root-mean-square roughness of a 
plane surface with its specular reflectance at normal incidence, for the case 
when the roughness is small compared with the wavelength of the radiation.  In 
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reference 21 the theory is extended with certain restrictions to shorter wave- 
lengths. The root-mean-square roughness (ref. 23) is the root-mean-square devi- 
ation of the surface from the mean surface level. References 21 and 22 seem to 
be oriented toward the development of a theory to explain surface properties 
from the reflectance of radiation incident normally and reflected specularly. 
It is indicated in these references that, for angles of incidence and reflec- 
tion other than normal and for surfaces with irregularities large compared with 
the wavelength, the root-mean-square slope is an important factor in determining 
the reflected radiation. 

The primary concern with surface properties in this study was to character- 
ize the surfaces of the materials studied with surface-property data pertinent 
to the time of reflectance measurement and meaningful with respect to the emis- 
sive and reflective properties of the materials. Since arc irradiation of the 
sample in every case was terminated immediately after the reflectance measure- 
ment and the sample quickly cooled to room temperature, the subsequent surface- 
property measurements were assumed to be reasonably representative of the sur- 
face conditions at the time of reflectance measurement. A rather arbitrary 
method was applied to obtain data which could be expected to be statistically 
valid. For carbon and zirconia the profile data were obtained for a circular 
area at the center of the sample surface with a diameter of about 1.3 milli- 
meters, and profiles were examined across four diameters of the circular area 
displaced from one another by V?°. Constant increments Ax parallel to the 
nominal-surface plane and corresponding variable increments Ay perpendicular 
to that plane were measured to determine the slope Ay/Ax of each corresponding 
successive section of profile. Values of Ax were small enough (12 (jm) to fol- 
low the profile quite closely.  For graphite, Ax increments of 6 (im were 
chosen and a circular area of about 0.7-millimeter diameter was studied.  In 
every case the slopes of 400 increments were evaluated for each sample, and the 
root-mean-square (rms) slope was calculated by the following equation: 

rms slope 

400 
1 

400 
n=l 

-11/2 

(12) 

RESULTS AND DISCUSSION 

Measurements on Carbon and Graphite 

Wavelength and temperature dependence.- Spectral emittance and reflectance 
data were obtained on high-purity (less than 6 ppm impurity) spectroscopic 
grades of carbon and graphite at three temperature levels.  To assure that all 
samples of each material had like surfaces before testing, the surface of each 
sample disk to be exposed to the furnace radiation was polished successively 
with 0, 3/0, and k/O  grades of Buehler emery polishing paper.  This polishing 
resulted in a glossy finish. Upon exposure in air to the arc-image thermal 
flux, this surface was quickly roughened as a result of oxidation.  Each sample 
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was exposed long enough to attain its maximum, steady-state temperature, but 
not long enough to permit appreciable recession of the surface on which the 
image pyrometer measurements were being made. Varying arc irradiation level 
from conditions of no attenuation to that produced by the 20-mesh filter 
resulted in averaged temperatures of 3230° K, 2530° K, and 2120° K for carbon 
and 2990° K, 2390° K, and 2120° K for graphite. Figures 6 and 7 present the 
determined emittances and reflectances plotted against wavelength for each 
temperature and against temperature for each wavelength.  Duplicate measure- 
ments were made for each set of conditions, with the exception that triplicate 
measurements were made on graphite at its highest temperature. 
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Figure 6.- Emittance and reflectance of oxidized carbon and graphite 
plotted against wavelength. 

The values of emittance and temperature presented have been corrected for 
errors due to rapid cooling of the sample during chopper interruption of the arc 
radiation.  Because of the difference between the spectral distributions of the 
emitted and the reflected radiation, the ratio of the emitted to reflected radi- 
ation decreases with decreasing wavelength.  Consequently, the error in reflec- 
tance measurement due to rapid cooling is less at shorter wavelengths. Emit- 
tance corrections for carbon and graphite were as great as 6 percent at the 
highest temperature and corresponding longest wavelength and as small as 
0.1 percent at the lowest temperature and shortest wavelength. It was deter- 
mined by using the corrected emittance values that the average temperature drop 
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during chopper closure was about 75° K for carbon at the highest temperature 
level and about 60° K at the lowest level.  Graphite experienced about the same 
amount of cooling. 

The emittance determined at the highest temperature levels is nearly con- 
stant for both graphite and carbon from 0.37 l-un to O.56 umj it is about 0.97 
for carbon and about O.96 for graphite.  Beyond O.56 pjn the emittance decreases 
for both materials to about 0.92. At lower temperatures the materials also show 
a decrease in emittance with increasing wavelength and a very slight tendency 
toward decreasing emittance with increasing temperature. These characteristics 
have been observed at lower temperatures by a number of other investigators, 
although considerable discrepancy in the literature exists.  (See refs. 2k 
and 25-) A similar study on the same grades of carbon and graphite by Null 
and Lozier (ref. 18) produced values of emittance in close agreement with those 
obtained in this investigation. Null and Lozier made directional measurements 
cf spectral reflectance at a V?° angle from the normal to the material surface 
for conditions of hemispherical illumination on roughened and polished samples. 
Although no data beyond 0.60 \m are reported in reference 18, it is indicated 
that a trend toward decreasing emittance for longer wavelengths was observed. 
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Surface-character dependence.- Spectral reflectance measurements at O.65 pm 
similar to those just described were made on carbon samples, with the 20-mesh 
filter attenuating the irradiation, but the samples were partially protected 
from oxidation in order to obtain measurements on surfaces having a variety of 
roughnesses. By forcing a constant stream of helium tangentially across the 
irradiated surface of each sample and allowing different exposure times for dif- 
ferent samples, reflectance measurements were obtained on surfaces ranging from 
polished to well oxidized. There was no temperature dependence for any of the 
reflectance data over the range of exposure times, from 5 seconds to 60 seconds, 
since the final reflectance measurement in every case (corresponding to the 
maximum temperature for the given exposure time) was always repeated in a 
5-second reexposure under the protective conditions. 

The emittance of each carbon sample rose rather abruptly from about 0.70 
for a polished surface to about 0-90 upon initial oxidation, and then rose more 
slowly to 0.97 as further oxidation occurred. Upon making observations of the 
oxidized carbon samples with the light-section microscope, it was found that 
the large change in emittance from 0-70 to 0.90 occurred for a corresponding 
change in roughness that was not measurable with the light-section microscope, 
that is, a change from a polished surface to a matt surface having a roughness 
of the order of 1 (jjn.  Surface-profile data were obtained, in accordance with 
the procedure described previously, on the more severely oxidized carbon sam- 
ples, which had roughnesses greater than 1 urn.  For these samples it was found 
that the emittance from about 0-92 to 0.97 was a linear function of the root- 
mean-square slopes of the surfaces, as can be seen from figure 8 in which each 
circle represents one test sample. 

In order to determine whether the average deviation of the surface from 
the mean surface level was a parameter meaningful to the hemispherical spectral 
emittance of carbon, the arithmetic average deviation was calculated. There was 
no apparent correlation between this parameter and the emittance. The range of 
values for the arithmetic average deviation was from k  to 17 um. 

After root-mean-square slope had been identified as an important surface- 
roughness parameter for carbon, values of the rms slope were determined for a 
typical sample of carbon and graphite representing each set of test conditions 
for earlier measurements in air, that is, for each temperature level represented 
in figures 6 and J.    These values of the rms slope are given in table 2, along 
with emittance data at a wavelength of O.65 um.  The data in table 2 on carbon 
are not expected to fit the linear plot in figure 8, since they are slightly 
dependent on temperature as well as on surface roughness.  Likewise the tabular 
data on graphite are not divorced from temperature dependence. 

Measurements on Zirconia 

Diamond-wheel-ground samples.- Spectral emittance and reflectance data were 
obtained on samples machined from calcia-stabilized zirconia (9^-57 percent 

Z1O2J 3-73 percent CaO). The sample surfaces were ground with a D22Q-N100-M i 
8 

diamond wheel. It has been reported by Cox (ref. 26) that the thickness of 
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TABLE 2.- ROOT-MEAN-SQUARE SLOPES OF SURFACES FOR 

REFLECTANCE MEASUREMENTS IN AIR 

Material Temperature, 
°K 

Spectral 
emittance at 
A = O.65 um 

Root-mean-square 
slope 

Carbon Jlkk 0.9^2 0.1+7 

Carbon 2^92 .9k6 • 71 

Carbon 2068 .965 • 58 

Graphite 5018 .918 • 78 

Graphite 2575 .928 1.2if 

Graphite 2067 • 955 .92 

Zr02  (ground) 2777 .925 • <* 

Zr02  (150F-GB) 2752 •917 1.07 

Zr02  (120-150 GB) 2692 .905 1.06 

Zr02  (90-120 GB) 2680 • 920 .86 
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Figure 8.- Emittance and reflectance of oxidized 
carbon plotted against rms slope for constant 
temperature (<2000° K). 
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zirconia required for opacity to visible radiation varies from about 0.4l centi- 
meter at room temperature to 0.13 centimeter at the melting point, which indi- 
cates that the thickness of the samples used in this investigation was suffi- 
cient to assure the validity of equation (l) for this material. Attenuation of 
the arc irradiation with the 10-mesh filter produced an arc image that was suf- 
ficient to melt only a small spot about 0.3 centimeter in diameter on the center 
of the sample surface. Under these conditions the temperature measured would be 
expected to be very close to the melting point. The temperature values measured 
at four different wavelengths ranging from 0.46 |jm to 0.72 |im averaged 3009° K, 
with only a 1.5-percent maximum deviation from this value for the eight tests 
shown in the lower curve of figure 9- The value obtained for the melting point 
of zirconia is in reasonably close agreement with reported values for calcia- 
stabilized zirconia of approximately the same chemical composition. These data 
have been corrected for rapid-cooling errors discussed previously. Emittance 
corrections were as high as about 7 percent at the longest wavelength and as 
low as 0.4 percent for the shortest wavelength. Average temperature drop due 
to cooling during chopper closure was determined to be about 60 K. 

Emittances and temperatures were also determined for diamond-wheel-finished 
samples of zirconia at a lower temperature level obtained by attenuating the arc 
irradiation with the 20-mesh filter. The emittance corrections for rapid 
cooling for these tests varied from about 5 percent to 0.3 percent and average 
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<> Blasted with Ho. 90-120 grit (2715° K) 
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Figure 9.- Emittance and reflectance of zir- 
conia plotted against wavelength. 
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cooling during chopper closure was about 55° K.  The results of these tests are 
shown as a function of wavelength in the upper curve of figure 9.  Few spectral 
emittance data are available on zirconia at temperatures above 2500° K.  Cox 
(ref. 26) reports measurements at O.665 urn at 267O0 K obtained at about ^5° with 
respect to the surface normal.  These data are about 10 percent lower than those 
obtained in the present investigation; however, the accuracy of the measurements 
in reference 26 is estimated to be only +20 percent. 

Grit-blasted samples.- Special roughness treatments were given to samples 
of the diamond-wheel-finished zirconia in an attempt to provide samples with 
three additional grades of roughness.  Samples were grit-blasted with number 
90-120 Zr02 grit, number 120-150 grit, and number 150F grit. However, because 
of the porous nature of the zirconia, even the diamond-wheel-ground surface was 
comparatively rough, and the visual differences in appearance among the three 
grit-blasted surfaces were not very pronounced. Reflectance was measured, with 
the 20-mesh filter attenuating the arc irradiation in order to maintain surface 
temperatures below the melting point at wavelengths of 0.46 and O.65 urn. 
Reflectance measurements on the three grit-blasted surfaces were essentially 
the same at each wavelength and did not differ significantly from the values 
measured on the ground surfaces, as can be seen in figure 9- 

Surface profile data were obtained on zirconia samples with the four nomi- 
nally different roughnesses.  Root-mean-square slopes were calculated and are 
given in table 2.  Since the rms slopes of the grit-blasted surfaces differ by 
no more than ik  percent from the slope of the ground surface, the roughness 
studies on zirconia are inconclusive, respecting the possible existence of any 
relationship between emittance and rms slope.  However, an additional factor 
not present in the case of carbon is the transmission of zirdonia for small 
thicknesses of the material. Microscope studies indicated that the sizes of 
irregularities in the zirconia surfaces were small compared with the thickness 
reportedly required for opacity.  If light transmission is high for such small 
irregularities, it would appear that the roughness would have little influence 
on the emittance. 

Porosity.- As a part of the physical description and identity of the zir- 
conia studied, a pore-size spectrum was determined by the procedure described 
earlier and it is shown in figure 10. This figure shows the pore volume per 
unit volume of zirconia for given ranges of pore diameter which vary from k  [jjn. 
to 100 urn. 

Measurements on Phenolic-Wylon Ablation Char 

Wavelength and temperature dependence.- The ablation material studied in 
this program of tests was a phenolic-nylon. The phenolic-nylon was molded from 
a mixture of 50 percent by weight of nylon powder of 30 mesh average particle 
size and 50 percent by weight of powdered phenolic resin.  The density in molded 
form was 1.21 x 10* kg/m5.  The phenolic-nylon was heated by two different 
methods to form char residues.  In one method the material was heated in an oven 
constantly purged with nitrogen at a pressure slightly greater than atmospheric. 
The oven temperature was controlled to produce an average rate of temperature 
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rise of about ^0° K/hr until the material reached 1100° K. The material was 
maintained at this temperature for 3 hours and then was cooled to room temper- 
ature at a rate equal to the temperature-rise rate. The phenolic-nylon was 
charred in cylindrical form and the charred cylinders were subsequently cut 
into disks for emittance samples.  These disks were given no special surface 
treatments, since their porosity determined their surface character. The den- 
sity of the char was 0.6l X lCp kg/nP. 

In the other method of forming char, 7-6-centimeter-diameter disks of the 
phenolic-nylon were exposed to an electric-arc-heated subsonic stream of nitro- 
gen for 165 seconds, the time required to produce a char layer about 0.5 cen- 
timeter thick. The arc jet, described in reference 2, produced an aerodynamic 
thermal flux of about 1.13 MW/m2 on the phenolic-nylon disks.  The maximum 
surface temperature attained by the char layers during their formation was 
about 2000° K. The density of the chars was 0 .jk x 1C)3 kg/m.3.  Disks of 
1.3-centimeter diameter were cut from the char layers for emittance samples. 
The disks were given no special surface preparation, and reflectance measure- 
ments were made on the surface that had been exposed to the arc-heated nitro- 
gen stream. 

The emittance and reflec- 
tance of the chars at differ- 
ent temperatures (averaged) 
are shown as a function 
of wavelength in figure 11 
and at different wavelengths 
as a function of surface tem- 
perature in figure 12.  In 
general, the emittance of the 
oven-formed char is very 
slightly higher than that of 
the arc-jet-formed char. The 
slight difference between the 
emittance characteristics of 
the two forms of char may be 
attributable to certain 
physical differences 
observed.  The oven-formed 
char appeared to be homogene- 
ous, whereas the arc-jet- 
formed char had a cellular or 
columnar structure which 
resulted from the unidirec- 
tional flow of gases from the 
zone of reaction through the 
char layer during its forma- 
tion.  The densities of the 
char also were considerably 
different.  The emittance 
characteristics of both forms 
of char bear a resemblance to 
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Figure 12.- Emittance and reflectance of 
phenolic-nylon char plotted against 
temperature. 
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those of carbon and graphite in that the emittance drops in the red region of 
the spectrum and also tends to drop with increasing temperature. These resem- 
blances are not surprising, inasmuch as the chars themselves are carbonaceous. 

The emittance and temperature data on the chars have been corrected for 
errors due to rapid cooling during chopper interruption of the arc radiation. 
The errors ranged from as high as 12 percent at the highest temperature and 
longest wavelength to no more than 0.2 percent for the lowest temperature and 
shortest wavelength.  Cooling during chopper closure ranged from an average of 
150° K at the highest temperature level to 90° K at the lowest level. 
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Figure 13.- Pore-size spectrum for oven-formed 
phenolic-nylon char. 
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Porosity.- Because of the very porous and precipitous nature of the char 
surfaces it was not possible to obtain continuous profile measurements with the 
light-section microscope, and it seems likely that it would be difficult to 
obtain conventional surface parameters by other roughness-measurement tech- 
niques.  Porosity measurements seemed to be more basic to the physical nature 
of these materials.  Pore spectra on typical char emittance samples obtained 
after their exposure in the arc-imaging furnace are shown in figures 13 and lk. 

Porosimetry studies of the chars indicated the presence of some small pores 
in the char samples prior to exposure in the arc-imaging furnace which were 
absent after exposure. It seems likely that internal oxidation of the chars 
during exposure in the arc-imaging furnace was responsible for changing the pore 
spectra, since there was a concomitant reduction in density of about 15 percent. 

CONCLUDING REMARKS 

Spectral hemispherical reflectance and emittance of carbon, graphite, 
zirconia, and a phenolic-nylon ablation char were determined with an apparatus 
consisting of an image pyrometer integrated with an arc-imaging furnace. Meas- 
urements on carbon and graphite included the wavelength range for which uni- 
directional measurements had been made recently by other investigators, but the 
present investigation was extended to shorter and longer wavelengths.  Within 
the common wavelength range close agreement exists between the two sets of data. 
The spectral emittance determined at the 3000° K level is nearly constant for 
both carbon and graphite from wavelengths of 0.37 um to O.56 um - about 0-97 for 
carbon and O.96 for graphite.  Beyond 0.56 [xm the emittance decreases for both 
materials to about O.92. At lower temperatures down to 2100° K, the materials 
also show a decrease in emittance with increasing wavelength and a very slight 
tendency toward decreasing emittance with increasing temperature. 

Phenolic-nylon char was shown to have emittance characteristics in the 
visible spectrum very similar to those of carbon and graphite.  The emittance 
characteristics of the char were shown to be relatively insensitive to the 
method of formation of the char, whether it be by an aerodynamic heating method 
or by a static (oven) heating method. 

The emittance of zirconia was found to decrease slowly from the ultraviolet 
region to the red region of the spectrum and to be a sensitive function of tem- 
perature in the temperature region approaching and including the melting point. 
The temperature of melting measured for zirconia was about 3000 K, which is 
consistent with reported values for zirconia of similar chemical composition. 

Special consideration was given to characterization of the surfaces of the 
materials studied.  Pore-size spectra were determined for the appropriate mate- 
rials .  It was shown that the hemispherical spectral emittance of oxidized car- 
bon at a wavelength of O.65 um is a linear function of the root-mean-square 
slope of the surface when the roughness is large compared with wavelength.  This 
result appears to be significant, and it warrants further exploitation of this 
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surface parameter for other materials.  It was also shown that changes in sur- 
face roughness of carbon which lie in the roughness region of less than approx- 
imately 1 jam change the emittance much more significantly than changes in the 
roughness lying in the region above 1 jam.  The latter result indicates that sur- 
face irregularities of magnitude comparable with or smaller than the wavelength 
influence emittance most strongly, and that polished and nearly polished sur- 
faces should be given special attention in further investigations of the rela- 
tionship between surface roughness and emittance. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., November 13, 1964. 
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