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ABSTRACT

The determination of the suitability of electron bombard-
ment for measuring the thermophysical properties of materials is
made. A solution is given which is applicable to the case of a radiat-
ing cylindrical sample. Conclusions are that the technique offers a
valuable tool for measuring these properties within described limits.
Values of a, k, pc_, and ¢ were determined for graphite and Al,QO;

(Polycrystalline). Recommendations on instrumentation are made for

the further development of this technique.
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SYMBOLS

A = Cross sectional area.

cp = Specific heat at constant pressure,

f = Frequency of the temperature wave.

f,, = Maximum frequency of the temperature wave,
k = Thermal conductivity (cgs).

n = Statistical degrees of freedom.

P = Power = 9gQ/ot.

P. = Power conducted across the sample,

P, = Power radiated from the front face.

P(t) = Total power input = P + P,

P, = Maximum power input,

P, = Steady state power input.

P, ¢ = Steady state power radiated from front face.
P, g = Steady state power radiated from back face,
Q = Heat energy/ unit area,

S = Sample thickness,

T(x, t) = Temperature as a function of time and distance,
Tb = Black body temperature,

Ty = Sample temperature,

T,s = Steady state temperature of back face of sample,

Tosp = Steady state black body temperature of back face,
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SYMBOLS (Continued)

Tofp = Steady state black body temperature of front face.
T = Temperature in degrees Kelvin,

T¢ = Maximum temperature variation about the average.
T,f = Steady state temperature of front face.

T,f = Statistical average front face temperature,

T,p = Statistical average back face temperature,
Taf + Tab
2

T_g = Statistical average sample temperature =

t = Time in seconds.

grad T = YT = gradient of T = ax (for one dimensional case in x direction},

V = Wave velocity = 4x/dt = V2 aw.

AW = [0Toe* - o(Tof - Tg)*]

X = Distance in centimeters.

a = Thermal diffusivity (cgs).

A = Parameter difference, ex: (TaSZ -Tasl) = AT, 5.
€ = Total normal emissivity.

A = Wave length of temperature wave.

p = Sample density gm cm”3,

o = Stefan - Boltzman constant,

T = Wave period =1/ f,

() = Temperature wave phase shift front to back.
w = Angular frequency = 27f{,

Wp, = Maximum angular frequency = 27f .
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I. INTRODUCTION

The present trend in materials technology places increasing
demands upon the present reservoir of data concerning the thermophysi-
cal properties of materials. Research on instrumentation and tech-
niques will render such data more readily available. Since data is es-
pecially scarce at high temperatures, there is need for techniques whose
high temperature limitations are determined by the melting or decompo-
sition temperatures of the materials. It is therefore the purpose of this
report to describe one such technique in which the heat energy is trans-
ferred to the material by electron bombardment.

The purpose of the present investigation was to experimentally
establish the feasibility of determining the thermal diffusivity, thermal
conductivity, heat capacity, and emissivity of materials through use of
an electron beam to heat the sample. The technique involves controlling
the temperature variations of one face of a cylindrical sample in a pre-
determined manner. The application depends upon the fact that, if the
sample specimen is suspended in a vacuum in such a manner that there
is essentially no conductive heat energy losses, the boundary conditions
will be determined by the electron beam power input and the radiation

losses. Since the surface conditions of the sample material can be

vanuscript released by authors, July 1961, for publication as a wauD
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controlled and since the surface temperatures can be measured, the
temperature behaviour of the sample boundaries can be specified. With
these boundary conditions, it is possible to obtain a unique solution to the
associated differential equation which specifies the temperature behaviour
of the sample in terms of the thermophysical parameters, thermal dif-
fusivity &, thermal conductivity k, specific heat Cp’ and total normal
emissivity €,

In the first section of this report, the solution of the problem
is given for a sinusoidal temperature variation on one face of a right cir-
cular cylindrical sample. The conditions are then established for deter-
mining the thermal diffusivity of the sample from periodic steady state
conditions. By observing the relative temperatures of the two faces of the
sample for steady heating, a second independent relationship between the
four thermophysical parameters is obtained. If the temperature on one of
the faces is determined, a relationship between the emissivity and the ap-
parent black body temperature is obtained. Finally, if advantage is taken
of the defined relationship between the thermal diffusivity, thermal con-
ductivity, and heat capacity, a fourth simultaneous equation is obtained
from which all four of the thermophysical parameters can be determined.

The next section of the report gives a description of the experi-
mental apparatus. Since only a feasibility study was intended no effort

was made to develop a refined apparatus.



The third section of the report gives a description of the
experiment and the results, The power input was hand-operated
throughout the experimental work. Because the measurements require
precise control and the human response time is rather long, only a very
limited range of temperatures and materials was investigated. Results
are presented for graphite and alumina samples.

The fourth section of the report discusses the technique and
presents conclusions concerning its utility. It is concluded that the tech-
nique can be instrumented so that it will represent a valuable contribu-
tion to high-temperature technology. The chief advantage of the tech-
nique is that all four of the thermophysical constants can be measured
over a large temperature range and for a wide variety of materials.

The final section of the report makes recommendations for the
development of improved instrumentation for application of this particu-
lar technique. Such instrumentation would be more easily operated than
existing equipment which can accomplish similar results, and would be

competitive from an economical point of view.



I1. THEORY

The problem of heat transfer for the case of the uniformly
heated plane of finite thickness, extending to infinity in the z and y direc-
tions can be solved approximately. For large values of time when the

body is at a steady temperature of Ts’ the power radiated at the back

4
s .

surface is given by P, =¢5 T If periodic steady state variations are
superimposed on this (i.e., after the transients have died out) the varia-
tions in radiated power at the back surface will then be given by

AP, =co{(Ts+ 0~ T '} (1)
where 0 is the steady state periodic temperature variation. The expan-
sion of equation (1) gives

MPr = €0 [4Tg% 6 + 6T ea+4Tsea+e‘*J, (2)

which, for €<<T,, can be closely approximated by

AP, S4ecTS6. (3)
If the steady state periodic temperature variation on the heated side of
the plane is forced to vary in a sinusoidal manner by proper control of
the power input at that surface then all of the boundary conditions of
interest are known. The differential equation of heat transfer for a slab
of thickness o< x <{ with heat input at x = o, is

1

%6

a/
¢

L3¢ <x<t (4)
a

(o %
A
[¢%

t
The corresponding boundary conditions are

8 =Vcos Wt atx = o, (5)
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(6)

2% - npat x =4,
X

Here h = 4¢e0 Tsa, k is the thermal conductivity, and

B(x,t) = o fort< o. (7)
The Laplace transforms of 4, 5, and 6, are,
-Iry —_
_,.gxe -mq2 8 =o0 o<x< 1 (8)
2 - "'Pt o
where q° =p/a 8 = Je B(x, t)dt, & = k/ pCp is the thermal
diffusivity, p is the density and CP is the specific heat,
8(x, p) = v B, for x = o, (9)
pF tw
and
~x $8 1T for x =¢. (10)
dx
The general solution of equation (8) is
9 (x, p) = Ae¥ + Be X o<x < 1; (11)
so that
-d—e-zq(Aeqx—-Be-qx) o<x<4{, (12)
dx
and by 9 and 10,
~kq(Ae9t—Be™ ) = n(aeit Be Y x - ¢, (13)
and
A+B =V __P . (14)
p tw

Equations 13 and 14 allow us to solve for A and B, the solutions being

-q4l
e 1M kg - h (15)

A=Vo2 ! )
p ot i_qu Cosh q4 + 2h Sinh q4




and

NS T ) kg th J 16
B=VF w7 ® [2kqCoshq ¥ 25 Simh oL (16)

Equation 11 can then be written

~2kqg Cosh q{t - x) + 2h Sinh g{4 - x)

Y - p ’ 17
8(x, p) —sz + w® L2kq Cosh g4 + 2h Sinh q 4 .J (17)
whose solution for 8(x, t) is given by
Y t+j®
1 v t——
O, 1) = 32 e Btx, p) ap (18)
Y -j®

where all singularities lie to the left of the line (Y — j®, v + j®). For a
function which is analytic in the region of interest, except at a finite
number of poles, the contour integral representing equation 18 can be
shown by Cauchy's theorem to be

8(x, t) = ZRes. (19)
The poles of interest for the steady state periodic case are along the

imaginary axis at iju) and hence the inverse transform of 17 is

Blx, t) = 1m { - ju)  2kqCoshg(s-x)+ 2h Sinh q(4-x)| ,
pjw U(p + Jw)(p - jw) Lqu Cosh g4 + 2h Sinh qy j

+pt
+lim [ Ve P w(p + jw) | 2kq Cosh g( 4,- x) + 2h Sinh q{4 - x):l (20)

p~-jw U(p + ju)(p - jw) L2kqg Cosh g 4+2h Sinh g
Defining the quantities B = /";_NE b = B(1 +j), b* = B(I - j), equation

20 can be written
jwt

6(x, t) = Ve [2kb Cosh b(4 - x) + 2h Sinh b(4 - x)_' +
’ 2kb Cosh b4+ 2h Sinh b4

-jwt
Ve [Zkb* Cosh b*(4 - x) + 2h Sinh b*({ - x)‘l
2 2kb* Cosh b*{ + 2h Sinh b¥*y,

(21)



which can be shown to satisfy the differential equation (4) and the boun-
dary conditions of equations 5, 6, 7. It can be shown that at the back
face (x = 4) equation (21) has the form

: -jot
8(L, t) = % @’ +ja" S+ @l - ja") e J 1, (22)
where

a’ = 8k® B° Cosh BL Cos BL + 4kh BSinh BL Cos B4 + 4kh B Cosh B Sin B4,

i

4

a” = 8k® B Sinh B4 Sin B4 + 4kh B Sinh B4 Cos B4 =~ 4kh B Cosh B4 Sin B2,
and C = (2kb Coshb £ + 2h Sinh b{)(2kb* Coshb*4{ + 2h Sinhb*1).
Substituting for the exponentials in equation 22, we have

8(4, t) = = [a’ Cos wt - a” Sin wt] (23)
which has the form
6(%, t) = = [Cos (wt —¢)] (24)

with a’ = Cos ¢, and -a” = Sin ¢. The phase angle ¢ is then specified

by
- Sin ¢ - a”
tan¢ = = .
an Cos ¢ 7 (25)
or
¢ = tan-l 72k BSinh B4 Sin BL = h(Sinh 82 Cos B4 - Cosh B4 Sin BLL] (26)

[2kBCos hBt Cos B4+ h(sinh BLCos B4 + Cosh BL Sin B 1)

Equation 26 can be rewritten,

¢ = tan~! i-‘tanhﬁa tan B2 — (K/Bt) [tanh BL - tanBL]")

1 + (K/B4)[ tanh B4 + tanBL] | (27)

where K =4h/2k. For 2(k/4)>>h, i.e., for K<<1, radiation losses,

APr, at the back face can be neglected and equation 27 reduces to



¢ = tan"? [tanh B2 tan BL]. (28)
Figure 1 shows a graph of ¢ vs B4 for equations 27 and 28 with K = 0, 147,
this choice being more stringent than the most severe experimental case
considered. The curve shows that for B4 = 1.6 rad, the tanh B4 factor
introduces only 8% deviation in tan ¢ from that of the solution for the
semi=-infinite medium (for small values of h) and rapidly converges to
¢ = BL. If the radiation loss effects are accounted for in equation 27, it
is seen that for the case of Al;O; mentioned the terms containing h
result in smaller values of ¢ from those given by equation (28).

For the assumption made in equation (3), i.e., Ts>>8, if
the amplitude is € = 0.05 Ts, values of 8 can be as large as +70°K at
1400°K which is ample for detection. Equation (2) then becomes, at
the maximum,

AP_ = €0 Tg [0.20 + 0.015 + 0,000125 + 0.000006] .

By discarding second order terms in 8 a total error in APr of 7.75%
is then introduced. However, optimum conditions can be chosen to

reduce this error such as smaller values of emax and larger values
of BL.

The radiation losses at the front face are compensated for in
the power input by the inclusion of the sine wave temperature form in the
front face boundary conditions. The assumption of linear heat transfer
through the sample can be justified in the choice of the experimental

arrangement, i,e., 4<<r, where r is the radius of the disk, and by



¢ (rad)

7.0

------ ¢ = tan’ [tanh Bltanﬁl]

—""4’=BL

5.0+

a0}

6.0+ $ = tar® tanh Bltan BL- (K /BL) [tanhBL—tanBL]
[ 1+(K/BU)[tanh 8L+ tan L)

Lo+
.5+
2+
Ot +—— — — - - .
0138 |10 ﬂe 20 2I 30 40 50 60 70
‘tanh B|=92  tanhB]=992
BL(rad)
FIG. 1 ¢ vs Sl
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radiation shielding at the sides of the sample. However, the assumption
of equation (6) can equally well be applied at all surfaces of the sample
in the solution of the general form of the differential equation %% =a V38,
This could be done as a further check on the experimental imposition of
linear heat transfer in the sample.

A determination of emissivity as a function of temperature can
be made by use of a thermocouple which measures absolute temperature,
a radiometer which measures black body temperature, and the relation

PS/PB = e, (29)
where Pp is the apparent black body power radiated from the sample.

The conductivity can be obtained from the steady nonperiodic temperature

gradient. The boundary condition is, for steady heating,

k 4

z |:Tf - Tb] = eo Tyt , (30)
where Tf and Tb are the front and back face temperatures respectively,
and k is the only unknown. The sample density, p, can be determined
easily by a measure of mass and volume, and specific heat can be deter-
mined from

C_=k/pa. 1

p = Kl (31)

Throughout the discussion it has been assumed that the temperature

dependence of a is small because 8§ is small. For steady, nonperiodic

measurements this is not a problem.
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II1. EXPERIMENTAL APPARATUS

The equipment required to perform these experiments can be
separated into three groups--the test chamber, the power and control
apparatus, and the measuring equipment. The test chamber was de-
signed and built providing electrical inlets for the electron gun, access
ports for changing samples, and viewing ports for making measure-
ments of the thermophysical properties of the sample while effecting
high vacuum conditions. A high voltage supply was designed and built
to satisfy the power input requirement necessary to heat the sample. In
addition other standard power supplies were used to provide control and
focus of the electron beam. Upon completion of construction of the
special equipment several methods of measuring the thermophysical
properties of materials were investigated using a photocell and a

radiometer.

A. TEST CHAMBER

The test chamber, shown schematically in Figures 2 and 3,
was constructed from a 6-inch standard welding pipe cross with 6-inch
welding flanges. All parts of the chamber and fittings were sandblasted
and welded, followed by polishing and tinning the welds. All the sealing
surfaces were cleaned and polished and provided with "O'" rings wher-
ever possible. Water cooling coils were soldered to the chamber to pre-

vent heating of the chamber. Later, inactual operation, the coils were

11
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found to be unnecessary because the chamber walls remained at room
temperature.

In order to obtain the vacuum and the pumping speed required
to exceed outgassing of the samples at elevated temperatures, a me-
chanical pump and an oil diffusion pump were used. The mechanical
pump was a Kinney type KC-15 having a capacity of 15 CFM. A 6-inch
Consolidated Engineering Corp. MCF-700 oil diffusion pump was used in
conjunction with the Kinney pump. A water cooled bafﬂe (shown in Figure
2) was provided for the oil diffusion pump. A Phillips Ionization Gauge
and a thermocouple gauge were mounted into the system. Figure 4 is a
photograph showing the test chamber in place with the associated vacuum
pumps (on the right is a view of the 10, 000 volt power supply). The best
vacuum achieved with this system was approximately 10 ®mm of Hg
whereas measurements were taken at a pressure of approximately
10" mm of Hg.

The electron gun (Figure 5) consisted of a filament, a focusing
electrode, and an accelerating electrode. Figure 5 shows a view of the
interior of the test chamber with the electron gun in place. The filament
windings were made of tungsten and arranged in the configuration shown
in Figure 6 which is a close-up of the electron gun mounted on heat-
treated lava supports. Two coaxial rings were placed in front of the

filament to provide focusing and acceleration for the electron beam. The

14
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Figure 5. End View of Test Chamber.
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Figure 6, Closeup of Electron Source.

17



power for the electron gun was transferred through the support plate as
shown diagrammatically in Figure 7,

The viewing ports from which the measurements were made
can be seen in Figure 5 as cylindrical tubes projecting obliquely into the
chamber. The viewing ports were terminated with % inch quartz windows.
As indicated in Figures 2 and 3, the sample is seen from a horizontal
position through the two viewing ports set at 45° to the longitudinal axis
of the cross. Each of the ports was constructed to retain an '"O'" ring
seal for the quartz window and provided a mounting bracket for a radia-
tion measuring device.

The sample was suspended from the top flange by means of a
nickel rod and a tungsten wire attached to a molybdenum ring which was
rigidly clamped around the edge of the sample. The high voltage was
brought through the top flange to the sample by means of a high voltage
insulated lead and a special adapter. The special adapter provided rota-
tional and translational (in the vertical direction) freedom of the sample
so that it could be centered in the electron beam and oriented into view
as seen through the viewing ports.

It may be noted that the contribution to the heat conduction,
front to back, provided by the molybdenum ring is negligible compared to
the heat conduction through the sample, the reason being that the cross-

sectional area presented to the beam by the ring is 10™° times as large as
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the cross-sectional area of the sample. Therefore, heat is transferred

to the ring by conduction through the sample.

B. POWER AND CONTROL EQUIPMENT

1. Plate Supply

Because of the high temperatures and uniform heating required
in this experiment a high voltage power supply was designed which main-
tained high stability with iow ripple. The high voltage power supply
shown schematically in Figure 8 consists principally of three cascaded
full wave rectifiers. Each full wave rectifier has a low pass double-L
choke-input filter capable of delivering 200 milliamperes of current at
3500 volts dc. The cascaded voltage is then fed to a low pass single-L
choke-input filter. When the system was tested across a water load the
output was found to be 170 milliamperes at 10, 000 volts dc.

To insure low ripple, the ripple voltage superimposed on the
dc voltage was measured in the laboratory as shown in the block diagram
in Figure 9. The water load represented a pure resistance load to the
power supply and simulated actual operating conditions. The use of a
blocking capacitor in the oscilloscope input lead permitted the oscillo-
scope to exhibit high sensitivity for the ripple measurements. The per-
centage ripple voltages measured at 5000, 7500, and 10,000 volts dc were

0.0032, 0.0053, and 0,0080 percent, respectively.
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The metering circuit is shown schematically in Figure 10. The
measurement and control of the power input to the sample was obtained
through the observation of the readings on the meters as shown in

Figure 10,

2. Focus and Accelerating Electrode Supplies

The power supplies used to establish a positive voltage on the
focus and accelerating electrodes were standard Sorenson supplies,
model 600-B. Both proved to be quite useful in establishing control of
the beam size and in obtaining a uniform distribution of bombarding elec-

trons over the surface of the sample.

3. Filament Supply

In the initial investigation of this program, modulating fre-
quencies of approximately 5 cps were considered which necessitated the
use of extremely stable filament voltage supplies. This degree of sta-
bility was supplied by four 12-volt Deka batteries. Control was main-
tained by building a bank of load resistors, made of Nichrome wire,
which were switched into the circuits as desired. Fine control was ob-
tained by using a rheostat which was always in the circuit. A schematic
diagram of the filament power supply is shown in Figure 11.

Since in subsequent investigations modulation frequencies
were 1 cycle per second or less, the filament power supply was re-

placed by a 16 volt 17 amp transformer. A considerable advantage in
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operating time was gained because continuous operation of the batteries

was only approximately 10 hours.

C. MEASURING EQUIPMENT

In the initial phases of this program phototubes were used as
radiation detectors. The phototubes used were two RCA 6750 which,
after calibration, were rigidly mounted on the viewing ports of the test
chamber. The calibration method used was to sight a black body cavity
whose temperature was measured with a thermocouple and to measure the
potential drop across a one megohm resistor in series with the phototube.
The black body used was an electrically heated laboratory furnace with
the door replaced by insulating bricks having a viewing port cut through
them. The phototubes were housed in metal cylinders with short lengths
(about 1 inch long) of tubing attached at right angles to the cylinder to pro-
vide a viewing port and mounting bracket. Because of the lack of an op-
tical system, the phototubes were sensitive to ambient light and difficult
to position.

Further investigation into radiation detectors showed that by
using a radiometer the infrared response was enhanced. Two radi-
ometers were used to view the sample simultaneously. These instru-
ments were calibrated before they were used.

Figure 12 shows the apparatus for calibrating the Barnes

Engineering Co. model R-4D1 Radiometers. The instruments were
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Figure 12, Experimental Setup for Calibrating Radiometers with
Black Body.
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sighted into a simple black body consisting of a small port in an elec-
trically heated furnace. To obtain the temperature-rms voltage relation-
ship required to plot the calibration curves, a series of observations
were made at different temperatures. The black body was heated to a
desired calibration temperature and held there until equilibrium was
reached. Then the temperature of the black body was measured, using a
thermocouple and potentiometer, and the rms voltage of the radiometers
noted for sighting at the black body directly and also through a quartz
window. In addition, the dc voltages at the output binding posts were re-
corded. Curves of temperature versus rms volts for sighting directly

on the black body and also through a quartz window are shown in Figures
13 and 14. Curves were drawn showing the relationship between rms
volts and dc output volts (Figures 15 and 16) in order that a power record-
er could be used to obtain a written record.

The output recordings of the radiometers were obtained by
using a Sanborn Recorder model 60-1300. In addition to measuring the
temperature variation on the back face of the sample, the Tektronix
dual-beam oscilloscope (type 502) provided the means of monitoring the
power input to the sample by displaying the sinusoidal temperature vari-
ation being impressed on the front face of the sample. Polaroid pictures
were taken of the dual beam which illustrate the temperature phase shift
between the front and back faces of the sample. Figures 17 and 18 show

the arrangement of the measuring instruments. Figure 19 is a block
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Figure 14. Calibration Curve of Radiometer No. 113.
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diagram of the over-all experimental arrangement, and Figure 20 shows

the arrangement in the laborabory.

D. MEASUREMENT OF THERMOPHYSICAL PROPERTIES

1. Sample Dimensions

The choice of sample shape was based on the need for a sample
with simple boundary conditions. The determination of sample thickness
was based on the need of obtaining sufficient shift in the temperature
wave peaks front to back. Hence, graphite having a conductivity greater
than Al, O3, the sample thickness was chosen as approximately twice the

latter.

2, Experimental Procedure

The sample to be measured was suspended by tungsten wire of
20 mils diameter and aligned so that the area vector of the rear face was
perpendicular to the face of the rear viewing port (Figures 2 and 3). The
chamber was then evacuated to an operational vacuum of 10® mm Hg and
the radiometers were rough focused by sighting on the sample faces.
Slow heating was then commenced by control of the driving and focusing
potentials until an approximation of the desired steady nonperiodic tem-
perature was reached. At this point the radiometers were fine-adjusted
by refocusing for maximum output on their respective amplifiers. After

refocusing, the sample temperature was adjusted to the value desired as
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indicated by the radiometer outputs. The oscilloscope and power re-
corder were adjusted for calibration and null reading., From this point
the equipment and the sample were ready for data taking. The imposi-~
tion of a sine wave temperature was maintained by scribing an exact sine
wave of proper amplitude on the face of the oscilloscope. By manually
varying the power input the front face radiometer signal imposed on the
oscilloscope could be forced to follow the sine wave pattern. The fre-
quency of the temperature wave was then determined by the time per cm
calibration on the scope. The back face temperature as indicated by the
radiometer was allowed to follow its own wave form. The resulting peak
to peak lag in the two waves was then used to determine the sample dif-
fusivity as given in the data analysis. The sample was then heated in a
controlled temperature furnace with a thermocouple to determine true
sample temperature. By measuring‘the black body temperature with the
radiorﬁeter a calculation of emissivity can be made from equation 29.
Sample densities were determined by weight and volume measurements

before heating.

3. Sample Deterioration

In the early heating trials, various methods of beam focusing
were tried without success, The result was a pencil-like beam with a
high concentration of electrons /cm® with a resulting sputtering due to
secondary electron emission and scoring of the sample surface. The

final focusing method used was similar to the electrostatic focusing
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rings used in the electron gun of a cathode ray tube. The principle em-
ployed was that when an electron beam passes through a retarding
potential it slows down and tends to disperse, and when accelerated it
converges., Since it was only necessary to spread the beam, only the
retarding potential field was used. With this innovation the effects of
sputtering were made negligible since the beam could now be spread
evenly over the face of the sample to obtain uniform heating. This also
made it possible to increase the electron densities and decrease the
individual mean velocity so as to impart the same energy with less oc~
currence of sputtering. It was easy to determine when sputtering was
negligible, because its occurrence was sufficient to prove disastrous
to the vacuum conditions of the chamber, and usually resulted in a

blown fuse.
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Iv. DATA ANALYSIS

A, CALCULATION OF a

The expression for the phase angle ¢ as given in the theory is

= tan-! [tanh B4 tan B4 - (K/B4)[tanh B4 - tan B4 ] = Lh/2k.
¢ =tan™| 1+ (K/B8L) tanh BL + tan BL] | where K = t/2

Measurements of ¢ were made for Al,O; at 1290°K and 1400°K, and for
graphite at 1189°K. Recalling that the value of K (equal to 0. 147) re-
lated to the measurement on Al;O, at 1400°K was the largest encoun-
tered, the corresponding curve has the nature of a lower bound., Hence,
curves associated with smaller values of K will lie between that of equa-
tion 27 and that of equation 28 (for which K = 0)., Tables I and II give
values of a for Al;O; and graplite, respectively, for the two extreme
cases K =0 and K = 0,147, Most measurements were made for B{<l1
radian, In this region the value of 0 derived from the former curve is
too high, whereas the opposite is true with respect to the latter curve.
Since the two curves of equations 27 and 28 approach each other as B4
increases, it is clear that experiments designed for larger values of BL
are most easily interpreted. This fact is verified by the values of a
taken from the litera.tureS. For example, these other sources list, for
Al;Oa, 0 = 0,011 at 1290°K. It may be noted in Tables I and II that the
best agreement occurs at the smallest values of T (i.e., at the largest

frequencies).
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TABLE 1

Thermal Diffusivity of P, C. Al, O,

Run K =20 K = 0,147
No. Tas(®PK) 1(cm) T(sec) t(sec) ¢(rad) BL(rad) a(cm®sec”?) Bi(rad) a(cm®sec”?!)
1 1289 0. 255 50 4,5 0.565 0.774 0.0068 0.835 0.0067
2 1289 " 50 5.0 0.628 0.82 0.0064 0, 888 0.0052
3 1292 " 50 4.5 0.565 0.774 0.0068 0.835 0. 0067
4 1408 " 50 5.0 0.628 0.82 0.0064 0.888 0.0052
5 1409 " 50 4,2 0.527 0.744 0.0073 0.802 0.0064
6 1397 " 50 5.0 0.628 0.82 0.0064 0.888 0.0052
7 1397 " 50 5.0 0.628 0.82 0.0064 0, 888 0.0052
8 1397 " 20 3.3 1.03 0,908 0.0124 1.03 0.0096
9 1397 " 20 3.3 1.03 0.908 0.0124 1.03 0.0096
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TABLE 11

Thermal Diffusivity of Graphite

Run K =20 K = 0,147
No. Tas(°K) 1{cm) T(sec) t(sec) ‘¢(rad) BL(rad) alcm®sec™) B4(rad) a(cm®sec”?)
1 1193 0.5 50 2,6 0.326 0.576 0.0473 0.622 0. 0407
2 1185 " 50 2.62 0. 329 0.58 0. 0468 0.625 0. 0403
3 1185 " 20 1.65 0.518 0.737 0.0723 0.795 0.0622
4 1194 " 10 1,15 0,722 0. 89 0.0992 0.962 0.0854
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Figure 21,

Al,04 GRAPHITE MOLYBDENUM

Oscilloscope Photographs of Temperature Wave Phase Shift in Al;0;, Mo and Carbon.
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B. MEASUREMENT OF EMISSIVITY

The total normal emissivity, €, can be calculated from equa-
tion 29 by a measurement of power output of a black body and of the
sample, both at the same temperature. In the process of electron bom-
bardment it is necessary to conduct away the plate charge as it accumu-
lates. Hence, it is necessary to coat the surface of a nonconductor with
a thin graphite film. This coating introduces an error in the measured
temperature gradient (front to back). By making independent measure-
ments of the emissivities of both the clean and coated surfaces it is pos-
sible to correct the error in the temperature gradient. Tables III, IV,
and V give values of total normal emissivity for polycrystalline Al; O,
for the clean and coated surfaces, and for graphite. Figures 25 and 24,
and 25 are curves of emissivity versus degrees Kelvin for the three
samples under consideration. Figure 24 shows a curve of rms output of
the radiometer versus temperature in degrees Kelvin for the measure-
ment of emissivity. This curve is calibrated against a black body, and
hence is read in equivalent black body temperature. Since both readings
of black body and sample are made at the same temperature, the total
normal emissivity is the ratio of the power radiated from the black body
to the power radiated from the sample or

e -Ps
S PB

where PS is the power radiated from the sample and PB is the power

radiated from the black body, when the temperatures are the same.
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TABLE 111

Total Normal Emissivity of P. C. Al,O; (clean)

Power Power

Furnace rms volts rms volts (w/ cm?) (w/ cm®)
oK black body Tp °K Al O, Ts °K black body Sample
1043 5.0 1047 2.7 870 6.84 3.28
1045 5.0 1047 2.8 879 6.84 3.40
1168 7.01 1167 4.6 1020 10.55 6.15
1171 7.30 1182 4.6 1020 11.08 6.15
1482 12. 8 1431 12.3 1404 23.8 22.05
1481 12. 8 1431 12.3 1404 23.8 22.05
1481 12.8 1431 12. 4 1408 23.8 22.35
1482 12.8 1431 12. 4 1408 23.8 22.35
1482 12.8 1431 12.5 1414 23.8 22.65

.480

- 497

.489

o]
i

.583
. 555

.569

gl
It

.926
.926
.939
.939
.952

€ =.936



Al

Furnace rms volts
°K black body
1047 5.05
1049 5.05
1175 7.38
1176 7.38
1482 12.9
1483 12.9
1481 12.9

TABLE 1V

Total Normal Emissivity of P. C. Al,Qj; (Graphite Coated)

Tp °K

1050

1050

1187

1187

1439

1439

1439

rms volts
Al O4

4.1

4.1

6.6

6.6

12.5
12.6

12.5

Power
o (w/ cm®)
Tg 'K black body
984 6.91
984 6.91
1143 11.28
1143 11. 28
1414 24. 35
1419 24. 35
1414 24.35

Power
(w/ cm®)

Sample

5.31

5.31

9.69

9.69

22,65
22.97

22.65

. 768

. 768

. 768

. 860

. 860

o |

. 860

.930

. 944

__.930

(0]

.935



TABLE V

Total Normal Emissivity of Graphite Cylinder

N

Power Power
Furnace rms volts rms volts (w/ cm®) (w/ em?®)
9K black body Tp °K Graphite Ts °K  plack body Sample ¢
1050 5.13 1055 4.8 1034 7.05 6.50 . 922
1052 5.15 1057 4.8 1034 7.09 6.50 . 917
€ =,920
1177 7.41 1188.5 7.0 1166 11,33 10.50 . 925
1179 7.43 1190 7.1 1170 11.39 10. 65 .935
€ =.930
1481 12.9 1439 12,7 1425 24. 35 23.4 .961
1481 12,9 1439 12,7 1425 24. 35 23.4 .961
1482 12.9 1439 12.8 1431 24. 35 23.8 .978
1482 12.9 1439 12.7 1425 24,35 23.4 . 961
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The average values of emissivity, €, are given in the tables
under the column to which they apply for each temperature. For the
three temperatures the standard deviations are: Al,O; (clean),

o = 0.0085, 0.014, and 0.01. The percentage standard deviations are
1.7%, 2.46%, and 1.06%. For the emissivity of the coated sample the
standard deviation is ¢ = 0.007 for the highest temperature with a per-
centage deviation of 0.75%. The standard deviations for graphite are:
o = 0.0038, 0.005, and 0.0074. The respective percentage deviations

are 0.4%, 0.5%, and 0.76%.

C. CALCULATION OF k

With values of @ and € determined for the materials, values of
conductivity, k, have been calculated from equation 30 and are tabulated
in Tables VI and VII for polycrystalline Al,O; and for Graphite.

Since there are inaccuracies in both front and back tempera-
ture measurements due to suspected error in the radiometer calibration,
average values of conductivity have been calculated from Tables VI and
VII for average front (Taf) and back (Tab) face temperatures and average
sample temperature (Tas). Note again that the reason for two values of
emissivity in Table VI, front and back, is the thin conducting graphite
coat on one face. For a conductor such as graphite this was unneces-
sary and only one value of € is given. For Al,O; the standard deviation

at 1290°K is 0 = 0.136 x 107 and at 1400°K o = 0.406 x 10~® with
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TABLE VI

Thermal Conductivity of P, C. Al,O,

T
Run Sa.mslfe Temperat:::)e AT Radiated Power Emissivity Thermal Conductivity
No. Front(°K) Back(°9K) oK (Back(cal/sec.) Front Back (calsec™tem™ °C™1)
1 1337 1299 38 2.020 0.906 0.522 1.356 x 1072
2 1357 1310 47 2.115 0.912 0.530 1.151 x 1072
3 1300 1268 32 1.750 0.894 0.502 1.394 x 107
4 1308 1271 37 1.895 0.892 0.516 1.307
5 1429 1386 43 3.130 0.928 0.622 1.854
6 1429 1389 40 3.170 0.928 0. 626 2.020
7 1289 1263 26 1.710 0.890 0.499 1.615
T,o = 1290°K: k = 0.01418
T = 1400°K: k = 0.01675

as
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TABLE VII

Thermal Conductivity of Graphite

Thermal
T T ..
af ab *AT - Conductivity
Run Sample Temperature 17TAT Radiated Power (cal. sec™
No. Front(°K) Back(®°K) oK Back(cal/sec.) Emissivity cm™! °c-1)
1 1206 1180 21.5 2.631 0.932 0.0614
2 1193 1177 13.0 2.620 0.932 0.1008
3
3 1193 1177 13.0 2.620 0.932 0.1008
4 1208 1180 23.0 2.631 0.932 0.0574
5 1198 1180 14.9 2.631 0.932 0. 0866
6 1198 1180 14.9 2.631 0.932 0.0866
- - (o] — o -
k = 0.0829 T,y = 1199°K Tab = 1179°K Tas = 1189°K
%* (AT - .17AT) is the measured temperature difference minus the calculated temperature loss due to

radiative heat transfer from the sides of the sample. This is necessary because of the thickness
of the sample used.



average standard deviations of o = 0.068 x 10 and g, = 0.237 x

107, respectively. The percentage of standard deviation is 9. 6% and
24.2%, respectively. For graphite 0 = 1.88 x 10 2 with an average standar
standard deviation of Oy = 0.76 x 1072 and a percentage deviation of
22.6%. Values of k for Al,O; obtained from other sources5 are

k = 1.363x 102 at 1291°K and k = 1,33 x 107 at 1400°K and for

graphite at 1189°K, k = 0,1020. The deviations of the average experi-
mental values of k for Al;O; from the values obtained from the litera-

5
ture , referred to an average, are 2.8% and 16.1%. For graphite the

corresponding deviation is 14.5%

D. SUMMARY
Values of ¢ for G measured at the smallest values of 7 are
P
shown in Tables VIII and IX. Density was calculated from a measure of
mass and sample dimensions. Emissivity was taken from Figures =z,
25 and 26 Values obtained from other sources5 are listed as ''"Other
Values''.

Measurements were taken in a range of Bl where the sine
wave phase shift was decreased by a factor of 24% to 40% over that pre-
dicted from ¢ = Bl. The difference in power radiated in this range
(B1<1 rad), APr, was in error by as much as 7.5% by the neglect of 2nd
order and higher terms. Because the order of magnitude of h was

- 2 . . . ge .
1072 cal/cm® sec OK, this error produced no significant error in ¢.
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TABLE VIII

Thermophysical Properties of P.C. AlyOg
o = 4gm/cm® K = 0,147

Tag  k(cal sec”’em ™ 9K™') a(cmsec™?) € Cplcal gm™ OK!)
1290 0.0141 0. 0067 0,684 0.52
1400 0.01675 0. 0096 0.83 0.43

Other Values5
1290 0.0136 0.0117 0.31

1400 0.0133 0.0104 0.32

TABLE IX

Thermophysical Properties of Graphite,
p = 1.51 gm/cma K = 0,147

Tag  X(cal sec™*ecm ™ *°K™) a(cm®sec™) € Cplcalgm™°K™)

1189 0.0829 0. 0854 .93 0.64

5
Other Values

1189 0.102 0. 147 0.43

n
~



For values of Bl = 1.6 rad, and k = O, the tan ¢ deviates by 8% from
tan Bl and ¢ converges rapidly to Bl as Bl increases. By the use of more
sensitive radiometers and by presenting the radiometer outputs together
on an oscilloscope, more accurate determinations of ¢ can be made.

Determination of these values from photographs and tapes was difficult.
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V. DISCUSSION AND CONCLUSIONS

There are several limitations in the electron bombardment
technique but these are outweighed by the numerous advantages. The
major advantage is that all of the thermophysical properties of a par-
ticular material can be measured over a wide temperature interval (up
to the melting point). An independent determination of the emissivity
was made in the experiment just described. The accuracy of such a
measurement is determined primarily by the accuracy with which tem-
perature can be measured. The principal shortcomings of the system
will be discussed first.

The principal disadvantage lies in the fact that the sample
material must not decompose in a vacuum (i.e., must not have a high
vapor pressure) and must not have an excessive electrical resistance.
The latter condition can be overcome by coating the surface of the sam-
ple specimen, but this introduces a change in surface emissivity. The
low vapor pressure requirement is met by most high~-temperature ma-
terials so that a very large class of materials lend themselves to this
technique. This vapor pressure limitation is also inherent in other
techniques used to measure thermophysical constants.

A sine wave is just one of many boundary conditions that can
be employed in the electron bombardment technique. For example,
saw-tooth functions, parabolic functions, etc., could be used. Since

electronics is a very highly advanced form of technology, these power
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inputs, as well as the parameter measurements, can be made more
reproducible than by other techniques.

As a result of the above discussion, it must be concluded
that this technique becomes very practical at high temperatures (where
T >>6) and for Bl>1.6 rad. The accuracy with which the values could
be repeated was good. Consequently, the results of the experiment in-
dicate that, with better instrumentation, more accurate results can be
attained with this technique.

It is concluded that the most important advantages of the elec-
tron bombardment technique lie in the fact that any desired rate of heat
energy input to the sample can be attained and that there is no theoreti-
cal limitation on the temperature. This energy deposition rate can take
any desired functional form and can be applied to a wide variety of
shapes, such as spheres, cylinders, disks, etc. Consequently, the
technique represents a versatile method for measuring the thermophysi-

cal properties of materials.
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vi RECOMMENDATIONS

The desired characteristics are as follows:

A. The apparatus should be capable of delivering sufficient
power to heat any required sample size of any material to its melting
points.

B. Provisions should be made for varying the power accord-
ing to any desired functional form.

C. Provisions should be made either for determining the
temperature of the sample or for determining its emissivity by an in-
dependent means.

D. A vacuum system having sufficient capacity to lower the
pressure rapidly within the chamber should be provided in order to
eliminate the delays caused by outgassing of the sample while it is being
heated.

E. A method for focusing and bending the electron beam is
needed so that the reflection of light from the filament is eliminated.

F. Provision for mounting the radiation sensors internally
to eliminate transmission problems through the viewing ports is re-

quired,

A. POWER REQUIREMENTS
The use of a variety of samples requires that the power input

must be capable of supplying sufficient heat in the most extreme case
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which is anticipated. If an upper limit on the temperature is 4000°K,
since the upper limit on the emissivity is unity, the upper limit on the
power radiated per unit area is 1450 watts/cm®. A reasonable sample
shape could be a cylinder having the two faces to side area ratio, (1/r)
equal to or less than 0.1, where |l is the length and r is the radius of the
cylinder. Since relatively high thermal conductivities may be encoun-
tered in samples of interest, a value of 1 = 0. 3cm would probably be
required to give sufficiently large phase shifts for accurate determina-
tions of @. Thus, the total sample plus whatever guard ring type of
device that might be used around the sample may be required to be as
large as 60 cm®. This coupled with the 1450 watts/cm® upper limit on
the radiation gives a power requirement of about 90 kw. In order to as-
sure that the resulting apparatus will be capable of handling any known
high temperature material, it is recornmended that the power supply be

capable of delivering 100 kw of power.

B. BEAM CONTROL

Precise control of the power input must be instituted if accu-
rate forms of heat waves are to be generated at the sample surface.
Since it may be desirable to vary the rate of heat energy input with re-
spect to time over a wide range of functional forms, it is recommended
that the beam power be controlled by use of a function generator. That

is, the radiometer output while viewing the sample should be compared

with the function generator signal and the difference amplified and used

62



to control the power input to the sample. In this way the heated sample
face can be made to follow any desired functional form with respect to

time (within the theoretical limitations discussed above).

C. TEMPERATURE OR EMISSIVITY DETERMINATION

The emissivity of a material can be related to the other
thermophysical properties only through radiometer measuring tech-
niques as discussed above. That is, the emissivity is not related to Q,
pcp » or k by any known physical laws even though they may be physically
related. The parameters Q, pcp, and k are relatable to the internal
temperature behavior of a material through known physical laws. Thus
they can be related to the emissivity only through a comparison of the
apparent (radiation) and actual temperatures of the surface of a material.
This can be done in two ways: by measuring the emissivity independently,
which relates the apparent temperature of the sample to its actual tem-
perature, or by measuring the apparent temperature of the sample and
its actual temperature simultaneously while the other parameters are
being measured.

The second method for determining the temperature of the
sample can be accomplished by drilling a small hole in it in a direction
perpendicular to the cylindrical axis midway between the two faces. Ob-
servation of this hole by means of a radiometer gives the actual tempera-
ture of the mid-point of the sample. Then from the steady state condi-

tions the output of the two radiometers viewing the faces of the sample
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can be converted to actual temperatures by reading of the mid-point
temperature as follows. Let the actual temperature of the mid-point, as
observed on the radiometer viewing the hole at the mid-point, be Tas'

under equilibrium conditions. Thus,

1
Then (%) 6-4(TBf + TBb) = TaS

€ = [(TBf + TBb)/ZTaS]"‘ is given directly by the three radiometer
readings.

Although either one of these methods will give the correct
results, they both have advantages and disadvantages. The first method
discussed has the advantage that it gives the emissivity directly in terms
of the definition of emissivity, but has the disadvantage that a separate
measurement is required. The second method has the advantage that
only one single experiment is required to obtain all four of the thermo-
physical parameters; it has the disadvantage that three temperature
measurement errors are involved in ¢, whereas only two temperature
errors are involved in € when the former method is employed. It is
recommended that either of these methods, or both, be employed to
determine the very high (greater that 2300°K) temperature emissivities.
For low temperatures (up to 23009K) it is recommended that the tem-
perature on the faces of the sample be measured directly by the use of

thermocouples for determining the emissivity.

D. VACUUM SYSTEM
One of the time consuming aspects of performing the mea-

surements involves waiting for the vacuum system to overcome the
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outgassing of the sample during heating. Consequently, it is recom-

mended that the conventional vacuum system be supplemented by an ion

pump.

E. FOCUSING OF ELECTRON BEAM

One of the problems encountered in making the measurements
resulted from the filament light being reflected from the sample and the
walls of the vacuum chamber into the sensing devices. This will not
generally be a problem at very high temperatures, but at low tempera-
tures where the sample emission is relatively weak it will be quite
troublesome. This difficulty can be overcome by placing the filaments in
such a position that they are not in the view of the sample. Consequently,
it is recommended that the electron beam be magnetically focused
through a 90 degree turn before it is allowed to strike the sample.

If the above recommendations are carried out the resulting
apparatus will be capable of measuring the thermophysical parameters of
all nonvolatile materials at high temperatures. It will also be capable of
measuring these parameters for poor thermal conductors at low tempera-

tures in accordance with the limits established by the instrumentation.
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