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A technique is described for the high-speed measurement of heat capacity, electrical resistivity,
hemispherical total and normal spectral emittances of electrical conductors at high temperatures (above
1900 K) with millisecond resolution. Duration of an individual experiment, in which the specimen is
heated from room temperature to close to its melting point, is less than one second. Temperature
measurements are made with a high-speed photoelectric pyrometer. Quantities are recorded by a
high-speed digital data acquisition system which has a resolution of approximately one part in 8000.
Time resolution of the entire system is 0.4 ms. Results on the above properties of molybdenum in the
temperature range 1900 to 2800 K are reported and are compared with those in the literature. Estimated
inaccuracy of measured properties in the above temperature range is: 2 to 3 percent for heat capacity,
0.5 percent for electrical resistivity, 3 percent for hemispherical total emittance and 2 percent for

normal spectral emittance.
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1. Introduction

Most measurements of heat capacity, electrical
resistivity, and various other thermophysical prop-
erties at high temperatures employ “drop”, steady-
state, and quasi steady-state experiments. In all these
techniques, the specimen is exposed to high tempera-
tures for relatively long periods of time (minutes-to-
hours).

When these techniques are extended to very high
temperatures (above 2000 K), many problems are
created as the result of increased heat transfer, chemi-
cal reactions, evaporation, diffusion, loss of mechanical
strength, etc., and these limit their application. Con-
sequently, it has become necessary to develop a
dynamic method which permits the heating of the
specimen and the measurement of the pertinent
quantities in a very short time. With this method the
contributions of most of the phenomena which limit
the application of conventional techniques at very
high temperatures become negligible.

In recent years, considerable progress has been
made in high-speed thermodynamic measurement
imethods and related instrumentation techniques. A
general review of these is given in[10]'.

*This work was supported in part by the Propulsion Division of the U.S. Air Force Office
of Scientific Research under contract ISSA-69-0001.
"Figures in brackets indicate the literature references at the end of this paper.
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Over the past 50 years several investigators [6, 8,
21, 37, 40, 41, 47, 49-55, 65, 69, 70, 72| have developed
dynamic and quasi-dynamic techniques for the
measurement of heat capacity of electrical conductors.
They differ considerably depending on the pulse
power source and the method of measurement of
specific quantities. In general, either batteries or
capacitors have been used as the pulse power source.
In most cases, power imparted to the specimen was
obtained from pulse current and voltage measure-
ments. The temperature of the heating specimen was
either measured by thermocouples or was determined
from dynamic electrical resistivity measurements.
Use of thermocouples has several limitations and is not
applicable to very high-speed work. The electrical
resistivity method requires a separate steady-state
determination of the electrical resistivity of the
specimen as a function of temperature. A dynamic
experiment of preliminary nature where a photo-
multiplier was used for the measurement of specimen
temperature was described in [12]. In all of the recent
investigations, with one exception [37], oscilloscopic
techniques have been employed for the high-speed
recording of quantities. Most of the experiments
reported in the literature which utilized dynamic
techniques were exploratory and were confined to
temperatures below 1500 K.

In the present study, a technique is described for



the dynamic measurement of heat capacity, electrical
resistivity, hemispherical total emittance, and normal
spectral emittance of electrical conductors at high
temperatures (above 1900 K). Duration of an individual
experiment, in which the specimen is heated from
room temperature to close to its melting point, is
less than 1 s. A millisecond resolution photoelectric
pyrometry technique was employed for the tempera-
ture measurements. The dynamic recording of quanti-
ties was made with a high-speed, multichannel,
digital data acquisition system which has a capability
of recording data with 0.4 ms resolution. A distinct
advantage of the present system is that it provides
the capability of measuring several properties simul-
taneously. Experiments were conducted on molyb-
denum to measure the properties enumerated above
over the temperature range 1900 to 2800 K.

2. Description of the Method

2.1. General Description

The dynamic method employed in this study is
based upon rapid resistive heating of the specimen
by a single pulse (subsecond duration) of direct
current and measuring the pertinent quantities with
millisecond resolution. Heat capacity and electrical
resistivity are calculated from data obtained during
the pulse heating period. Because of the short duration
of the experiment, the only significant heat loss is
that due to thermal radiation. Data taken during the
initial free cooling period following the heating period
enables one to compute hemispherical total emittance
and thus apply a correction to heat capacity for the
radiation heat loss. From separate dynamic experi-
ments, in which radiation from ihe surface of the
specimen is measured in addition to its temperature,
normal spectral emittance is obtained. In the following
paragraphs the formulation of the relationships
between various variables is presented.

2.2. Formulation of Equations
a. Heating Period

The power balance for the specimen during the
heating period can be expressed as

Power Imparted =Power Stored + Power Losses.

In high temperature dynamic experiments of milli-
second resolution the major source of power loss is
that due to thermal radiation. Using the proper quanti-
ties, the above relation becomes

ei=cyn(dT/dt) n+ eocA;(T*—T4) (1
where

e=potential difference across the effective speci-
men in V

i = current through the specimen in A

cp=heat capacity in ] mol-! K-!
n = effective amount of specimen in mol
€ =hemispherical total emittance

o = Stephan-Boltzmann constant (5.6697 X 10-8W

ma2=K&t)

A= effective surface area in m?2

T'= specimen temperature in K

T, =room temperature in K

(dT/dt), = heating rate in K s~ 1.

Solving eq (1) for ¢, one obtains

c Zei—eaAs(T“—Té) 9
2 n(dTld)n @)

b. Cooling Period

The power balance for the specimen during the
initial cooling period can be written as

Power Loss=Power Radiated
which can be expressed as
—cpn(dT/dt) .= eaA(T*—T4) ®3)
where
(dT[dt) c= cooling rate in K s1.
Solving eq (3) for ¢, one obtains

o = €0A(T'—T?)
P Rl &

c. Relations for Properties

Combination of eqs (2) and (4) yields

ei=e0Ay(T* —T%) —ecAs(T*—T?) [Efl—;ﬁftt))_h] .5

Defining,

__ (dTlde),
M=="aTId). ©)

and substituting eq (6) in eq (5) and solving for € one
obtains

el

T oA(T —T) (1+ M) @

€

Equation (7) is used to compute values for hemispheri-
cal total emittance, e, at selected temperatures which
are used to obtain a function for € in terms of tempera-
ture. Then € values from this function are substituted
in eq (2) to obtain heat capacity over the entire tem-
perature range.
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Electrical resistivity is calculated with the aid of
the equation

()

where

p =electrical resistivity in {} m
R =resistance of effective specimen in ()
A .= effective cross-sectional area in m?2

[= effective length in m.

a core memory, and other related equipment and
circuitry necessary for the dynamic measurement
and recording of the pertinent quantities. A functional
diagram of the complete system is presented in figure 1.
A photograph of the experiment chamber and the
high-speed pyrometer is given in figure 2.

3.1. Specimen and Experiment Chamber

The specimen upon which the pulse experiments
were made is a tube of the following nominal dimen-
sions: length=4 in (101.6 mm), outside diameter =0.25
in (6.35 mm), wall thickness=0.02 in (0.5] mm). A

Normal spectral emittance is calculated by the tsmall rectangular hole (1.09 mm long, 0.56 mm wide)

relation

L,
ENNT= T
Lb

9)

where

Ly,=blackbody radiance from sighting hole in
specimen as observed by the pyrometer,
s=radiance from surface of specimen as
observed by the pyrometer.

In all the above equations geometrical quantities
are corrected for the fact that a sighting hole is
present; quantities related to radiation from the
sighting hole are corrected for scattered licht and
departure from blackbody conditions.

3. Description of the System

The system used in this study consists of an electric
power pulsing circuit and associated high-speed
measuring circuits. The pulsing circuit includes the
specimen in series with a battery bank, a variable
resistance, a shunt (standard resistance), and a
fast-acting switch. The high-speed measuring circuits
include detectors, an analog-to-digital converter,

was fabricated in the wall at the middle of the specimen
to approximate blackbody conditions. Potential probes
were molybdenum knife edges each at a distance
of 12.7 mm from the end clamps. The knife edges
defined an “effective” portion of the specimen which -
should be free of axial temperature gradients for the
duration of the experiment. A schematic diagram
showing the arrangement of the specimen, clamps,
and potential probes is presented in figure 3. Thermo-
couples are connected (electrically insulated) to the
two end clamps to measure the specimen temperature
before each pulse experiment. The chamber is de-
signed for conducting experiments with the specimen
either in vacuum or in a controlled atmosphere.

3.2. Pulsing Circuit

The power supply for the pulse heating of the
specimen is a 28 V heavy-duty battery bank. A series-
connected, water-cooled, variable resistance enables
one to adjust the main current and thus to control
the heating rate. The fast-acting switch is operated
by a series of pulse control units which control the
pulse length in addition to providing timing pulses
to other electronic measuring and recording instru-
ments. A standard resistor (0.001 () placed in the
main circuit is used to measure the heavy pulse
current flowing through the specimen.

PULSE

INITIATE (@ )——>———

CONTROL |
“7 SWITCH  f—
PROGRAMING DFFRENTAL | 3 sunT | TGGER
CONTROL "'G':);TgPEEU AMPLIFIER GENERATOR
ACQUISITION —»—]_
SYSTEM VAR.
}ECIMEN RES.
CHRONOGRAPH DIFFERENTIAL —4—]— ‘,/:[ MILLISECOND
AMPLIFIER IS PYROMETER
BATTERY
BANK
:|——-4r
FIGURE 1. Functional diagram of the complete high-speed

measurement system.
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FIGURE 2. Experiment chamber and high-speed pyrometer.

3.3 Measuring and Control Circuits

Timing of various events, such as opening and
closing of the switch, triggering of various electronic
equipment, etc., during a dynamic experiment is
achieved by a series of time-delay units. A 400 Hz
synchronous motor used in the high-speed pyrometer
provides the time base for the data acquisition system.
Voltage signals from both the standard resistor and
the specimen are sent to the recording system via
differential amplifiers. Triaxial cables are used for
the signals to be recorded and coaxial cables for
all the controls. A potentiometric system is used
to calibrate pulse voltage and pulse current measuring
circuits including the differential amplifiers and the
digital recording system. A Kelvin bridge is used to
measure the resistance of the specimen before and
after a pulse experiment.

3.4. High-Speed Pyrometer

The temperature of the rapidly heating specimen is
measured by means of a high-speed photoelectric
pyrometer, which permits 1200 evaluations of the
specimen temperature per second. The pyrometer
passes a precisely timed sample of radiation from the
specimen through an interference filter (wavelength
650 nm, bandwidth 10 nm) to a photomultiplier. The
anode current of the photomultiplier during the
exposure time (208 ws) is integrated and the resulting
integrator voltage is recorded. Then the integrator
is reset to permit it to integrate the anode current
due to a similar sample of radiation, which is provided
by a calibrated, gas-filled tungsten filament lamp
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and suitably attenuated by an optical attenuator.
Thus, the pyrometer collects the results of an inter-
laced sequence of exposures to specimen and reference
source. Successive exposures to the reference lamp
are taken through a sequence of three different
optical attenuators mounted on a rotating disc, result-
ing in a staircase of reference exposures with approxi-
mately 50 percent attenuation for each step. This
scheme is used for temperature measurements up
to 2500 K, the limit of reliable operation of gas-filled
lamps. For the measurement of higher temperatures,
calibrated optical attenuators are placed in the path
of the radiation from the specimen. A manuscript
regarding constructional and operational details of
the high-speed pyrometer is in preparation [20].

3.5. High-Speed Digital Data Acquisition System

The signals at the output of detectors corresponding
to the voltage, current, and temperature are in analog
form. Normally, in dynamic experiments such signals
are measured by oscilloscopic techniques. However,
the expected recording accuracy of such methods
cannot be better than 1 percent. In order to improve
the overall accuracy, a high-speed digital data acquisi-
tion system has been designed and constructed to
meet the special requirements of the experiments.
The system consists of a multiplexer, analog-to-
digital converter and core memory together with
control and interfacing equipment. Oscilloscopes
are used to monitor the general pattern of the experi-
mental results, and to detect any anomalies.

All signals are brought to the multiplexer through
differential amplifiers in order to avoid the inaccuracies
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FIGURE 3. Schematic diagram showing the arrangement of the
specimen, clamps and potential probes.

Potential probes are spring loaded knife edges which are free to move in vertical direction
to allow for thermal expansion of the specimen.
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arising from common ground points. The multi-
plexed signals go to the analog-to-digital converter,
which has a full-scale reading of =10 V and a full-scale
resolution of one part in 8192 (8192=2'3). Digital
output from the converter consists of 13 binary
bits plus a sign bit. This output is stored in a core
memory having a capacity of 2048 words of sixteen
bits each.

All the above takes place during a dynamic experi-
ment of sub-second duration. After the experiment
is over, information stored in the core memory, which
is in parallel binary coded form, is converted to
serial binary coded decimal form and retrieved in the
form of numeric printing and punched paper tape
using a teletypewriter. Since the laboratory has
access to a remote-control, time-sharing computer,
it is possible to unload the memory directly to the
computer. This allows one to process the data imme-
diately after an experiment, bypassing the intermediate
stage of punching paper tape. A functional diagram
of the high-speed data acquisition system is presented
in figcure 4. A manuscript regarding constructional
and operational details of the high-speed digital data
acquisition system is in preparation [46].

4. Measurements on Molybdenum

4.1. Procedure in Experimentation

The temperature interval 1900 to 2800 K was covered
in four ranges with several experiments in each range.
This entire set of experiments is referred to as a series.
Temperature ranges were as follows:

1900 — 2100 K
Medium: 2000 —2280 K
High: 2200 — 2520 K
Very High: 2400 —2800 K

Low:
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FIGURE 4. Functional diagram of the high-speed data acquisition
system.
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The selection of the above temperature ranges was
based upon the criterion of optimizing the operation
of the pyrometer. In all the experiments the specimen
was heated rapidly from room temperature to its re-
spective maximum temperature with a single pulse.
The instruments are set at the beginning of an experi-
ment to give information covering the desired tem-
perature range. Two complete series of experiments
were conducted on one of the specimens (Mo-1); that
is, after the initial series covering the interval 1900
to 2800 K in four ranges, new experiments were
started from 1900 K and were carried up to 2800 K
in four ranges. To study possible effects arising from
different heating rates, two different heating rates,
designated as ‘““fast” and “slow”, were used in the
experiments during the second series. The durations
of heating current pulses for “fast” experiments were
in the range 270 to 380 ms, depending on temperature
level. Heating current pulse durations for “slow”
experiments ranged from 540 to 750 ms.

During the first series, six “fast” experiments were
conducted for each temperature range. During the
second series, two “fast” and four “slow” experiments
were made for each range. Two additional experiments
were performed in each range for the determination
of normal spectral emittance. All of the above experi-
ments (a total of 56) were conducted with the specimen
in a low vacuum environment. An experiment, in the
medium temperature range, was performed with the
specimen in argon environment under atmospheric
pressure.

Experiments on the second specimen (Mo-2) were
made in the medium temperature range (3 “‘slow”
experiments).

Fourteen separate experiments were performed to
determine the magnitude of the scattered light effect
in temperature measurements.

Nine pulse experiments around room temperature
were made on a calibrated resistance to compare its
value measured under dynamic conditions with that
measured under steady-state conditions.

The specimen resistance at room temperature was
measured with a Kelvin bridge before and after each
dynamic experiment. The specimen was weighed
before and after the series of experiments in each
range.

The pyrometer was calibrated before and after the
series of experiments in each temperature range. The
standard lamp, used for the pyrometer calibrations,
was calibrated against the NBS temperature standard
(IPTS 1948) before and after the entire set of experi-
ments. The calibration of amplifiers (for pulse voltage
and current measurements), including the entire sys-
tem of electronic components in the high-speed data
acquisition system, was performed three times: before,
midway, and after the entire set of experiments.

Other calibrations and checks related to conven-
tional measurement equipment, such as potentiometer,
bridge, standard resistance, standard cell, thermo-
couples, etc., were made before and after the entire
set of experiments.

In a dynamic experiment, quantities such as
temperature, voltage, current, which are needed for

the computation of properties, are obtained at equal
time intervals. Then these data are used to obtain
quadratic functions for each quantity in terms of time.
Properties are computed using the pertinent equations
given in section 2.2 with these quadratic functions for
the quantities.

4.2. Directly Measured Quantities
a. Temperature

The specimen temperature was determined with
the high-speed photoelectric pyrometer, which was
used as a comparison device between the radiation
from. a standard lamp and the radiation from the
specimen.

Calibration. A calibration was first made under
steady-state conditions to determine parameters
inherent to the pyrometer, by comparing the radiation
of the standard lamp to that of an equivalent reference
lamp. These parameters were then used in the determi-
nation to compare the reference lamp radiation with
the specimen radiation under conditions of rapidly
changing temperature. The Wien radiation equation,
modified for use with this pyrometer, served as the
transfer mechanism:

i=i+Ak—Ax+—}\ln <

R+C4)
—— 0
Ty Tk C2 (1)

X+C,

where

Tx is the temperature of the standard lamp (or
specimen) in K.

Ty is the temperature of the reference lamp in K.

Ap is the optical attenuation of the channel
through which the reference lamp radiation
is received by the pyrometer, in K-

Ax is the optical attenuation of the channel for
the standard lamp (or specimen) radiation,
ek

A is the mean wavelength of the interference
filter in m.

c» is the second radiation constant, in mK.

R is the arbitrary scale number furnished by the
data acquisition system for the radiance
received in the reference lamp channel.

X is the corresponding number for the radiance
in the standard lamp (or specimen) channel.

C, is a constant inherent in the electronic circuit

of the pyrometer, in the same arbitrary scale
as R and X.

The quantities A, Ay, and C, are properties of the
pyrometer. They are determined in calibration experi-
ments, in which a standard lamp is substituted for
the specimen with the window of the chamber inter-
posed between the lamp and the pyrometer.

The attenuator disk of the pyrometer produces
three levels of radiance in the reference channel for
each half-revolution of the attenuator, and each un-
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known or standard radiance is sandwiched between
two reference radiances. There are, therefore, twelve
radiances per revolution, six reference and six un-
known. By making three exposures per calibration, one
with the standard lamp adjusted to produce a response
in the unknown channel nearly equal to that obtained in
the reference channel with the largest attenuator open-
ing (smallest attenuation), one with the standard lamp
adjusted to a response near that of the smallest attenua-
tor opening, and one near that of the medium attenuator
opening, it was possible to calculate all six Ay values
and all six Ay values, and the C4 value for each expo-
sure. The redundancy of three separate exposures (36
equations for 15 parameters to be determined) makes it
possible to choose those ratios of R and X which give
the most accurate values of 4 and C,. Because of the

random variation of the radiances in any one exposure,

the data from a large number of revolutions (usually 30)
were averaged before calculating the A values. The

standard deviation of an individual radiance from its

mean was normally about 0.2 percent, and the standard
deviation of the mean was normally about 0.04 percent.

Specimen Temperature. The A and Ay values ob-
tained from the calibration make it possible to calcu-
late the temperature of an unknown specimen placed

~in the same position that the standard lamp occupied
in the calibration, the reference lamp remaining in

the reference channel. Equation (10) is now used to
obtain Ty directly. The quantity C4 is calculated
separately for each half-revolution by comparing the
high-reference radiance (largest attenuation opening)

~ with the low-reference radiance and inserting the cor-

responding Ar values; the temperature terms drop
out because “Tx””=Ty. Because of possible pyrometer
drift, calculations of a given T'x were confined within
a half-revolution (2.5 ms); it was also found that within
this time period temperature determinations were
most accurate if unknown radiances were calculated
against reference radiances nearest in level rather
than closest in time. Each unknown temperature was
calculated separately from each of the bracketing
reference radiances, and the two T’y values thus ob-
tained were weighted linearly for their nearness to the
respective references and averaged, thus:

_Tx,(X—Ry) +Tx,(Ri—X)
Ri—R:

Ty (11)

where
Ty, is the temperature calculated by eq (10) from
reference radiance R;.
Ty, is similarly obtained from R..

X is the unknown radiance.
R, R, and X are corrected for Cj.

In calculating all unknown (specimen) temperatures,
corrections were made for (1) scattered light and (2)
departure from blackbody conditions (geometrical).
The expressions for the correction of both the scat-
tered light effect and departure from ideal blackbody
conditions, which are discussed in detail in sections
4.3a and 4.3b below, have essentially the same form;

7l

thus, one may combine them from eqgs (13) and (16),
and obtain the relation '

Lol
T,~ 7‘0 Co 3 [“

where Ty and T, are observed and corrected (both for
scattered light and blackbody departure) temperatures,
respectively, and the quantity F=SQ, the product of
the scattered light correction factor and the blackbody
quality. Equation (12) was used to correct all observed
temperatures.

During a pulse experiment some of the material
which evaporated from the specimen deposited on the
window of the specimen chamber, causing additional

(12)

,radiance attenuation in the specimen channel of the

pyrometer. Thus a calibration made through the
window at the end of a series of experiments resulted
in higher Ax values than before the series. Therefore,
two calibrations were made, one before and one after
a series of dynamic experiments for a given tempera-
ture range, and all 4 values used for specimen tem-
perature calculation were estimated by linear inter-
polation between the two sets. Inasmuch as most of
the deposited material is evaporated during the rela-
tively long cooling period, the first determination was
based directly on the first calibration; the last was
interpolated one step short of the final calibration. The
window was cleaned after the second calibration.

Temperature determinations beyond the upper
limit of the standard lamps were made by inserting
an attenuator in the optical path of the specimen
radiation, and performing two calibrations, one
without and one with the external attenuator. From
the A values of the first calibration without the external
attenuator and the apparent temperature of the
standard lamp through the external attenuator in the
second calibration, the attenuation of the external
attenuator was determined and added to all the A4y
values, so that specimen temperatures higher than
the standard lamp range could be calculated.

b. Voltage and Current

Voltages across and currents through the specimen
were determined by multiplying the arbitrary scale
numbers furnished by the data acquisition system by
calibration factors in volts and amperes per recording
scale unit. The calibration factors were determined
by supplying known voltages to the system in a steady-
state condition and averaging 40 such readings for
each of 10 different levels between 0 and 10 V. The
slope of the linear plot of voltage or current versus
unit reading is the calibration factor. The standard
deviation of a typical individual voltage reading from
the mean at a given level was 0.02 percent, the standard
deviation of the mean 0.005 percent, and the standard
deviation of the function representing applied voltage
vs. reading was 0.01 percent. For current, the corre-
sponding standard deviations were 0.02 percent,
0.005 percent, and 0.03 percent. Three such voltage
and current calibrations made during the course of



the determinations (two months) indicated a small
linear drift of each of these calibration factors with
time. The calibration factors used for each day were
interpolated from the three sets of calibrations. The
drift corresponding to each day was 0.0001 percent
for voltage and 0.0004 percent for current.

c. Mass

The mass of the specimen was determined before
and after a series of experiments in a given tempera-
ture range. The mass to be used for each experiment
was calculated by linear interpolation, with the
assumption (as in the temperature calibrations) that
no mass was evaporated during the heating period
of the first experiment in the series. The rate of loss
of mass varied from 0.05 mg (0.001 percent) per
experiment to 0.36 mg (0.008 percent), depending
on the temperature range of the experiment.

The effective mass of the specimen was calculated
from the total mass by ratio of the surface area between
voltage probes to total surface area. Loss of mass
during an experiment took place only on the exposed
portion of the specimen (between the clamps). A
correction to account for this was included in the
determination of the effective mass.

d. Dimensions and Density

The total length, length between clamps, length
between probes, outer diameter, and slit and hole
lengths were measured at 298 K with a micrometer
microscope to the nearest 0.03 mm. The thickness
of cylinder wall was calculated from the mass, surface
areas, and density.

Density of molybdenum at 298 K was obtained by
the water displacement method in a pycnometer.
The results of four determinations gave a value of
10.21 X 10® kg m % with a standard deviation of the
mean of 0.02 percent. This compares favorably with
the reported values of 10.2X10% kg m~3 [33], and
10.22 X 103 kg m =3 [67].

4.3. Corrections

Several corrections were made on both observed
and derived quantities at different stages of the
computations. The small corrections are described
in the appropriate places in the text. The most sig-
nificant corrections are those due to the scattered
light effect and departure from blackbody conditions
in the computations of temperature, and thermal
radiation loss in the computations of heat capacity.
The mathematical correction due to thermal radiation
loss is presented in section 2.2. In the following
paragraphs corrections due to scattered light and
departure from blackbody conditions are described.

a. Scattered Light Effect

The optics of the pyrometer scatter light from regions
immediately surrounding the target area into the
pyrometer. Since the radiance distribution around
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the target on the tubular specimen differs from that
around the target area on the calibrating lamp, a cor-
rection is required.

Temperature correction due to the scattered light
effect may be expressed by

where Ty and T, are observed and corrected tempera-
tures, respectively, and S is the scattered light correc-
tion factor, which is given by

iy

™ o T In

Tr Ty c

1

S (13)

S:1+€N,)\K
1+ K

(14)

where ey, \ is normal spectral emittance, and K is the

scattering ratio.

The scattering ratio, K, is the fraction of radiation
that the pyrometer senses which comes from an area
outside the defined target. The parameter K may be
expressed by

K=K, —K,

where

(15)

K= total scattered radiation from outside of target
K, = scattered radiation from background.

The quantity K; can be obtained experimentally by
employing a specimen similar to the one used in dy-
namic experiments with the exception that the portion
of the tube behind the sighting hole is removed. Then,
K, is the ratio of radiation from hole to that from sur-
face. The required values were obtained by conducting
two experiments, one with the pyrometer aimed at
the hole, and another with the pyrometer aimed at
the surface.

In the above case, radiation from the hole includes |
scattered radiation from adjacent surfaces, as well as |

scattered radiation from the background (chamber
wall) as seen through the hole. In order to determine
the magnitude of the background radiation, separate
experiments were conducted on a specimen composed
of two strips (3.2 mm wide) placed parallel to each
other with a separation of approximately 4 mm. Since
in this arrangement the opening between the strips
was large, the contribution of surface scattering was
negligible and thus one was able to obtain the scat-
tered radiation from the background. This quantity
was then used to correct K; according to eq (15). All
of the above described experiments were performed
under dynamic heating conditions, and the pyrometer
outputs for each pair of experiments were related to
each other on the basis of times corresponding to equal
resistance values of the specimen.

The results for scattering ratios for two different
sighting hole geometries are given in figure 5. It may
be seen that they are not dependent on radiation level.
Therefore, a constant value for K (0.0738) was assumed
for all temperatures for a given specimen. The scatter-
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ing light correction factor, S, was obtained as a func-

.tion of temperature using the measured values of
normal spectral emittance as a function of temperature
together with the value of K, eq (14).

b. Blackbody Quality

Temperature correction due to departure of the
specimen from blackbody conditions may be expressed
by

e a6

T,- To Cao Q

where T and T, are observed and corrected tempera-
tures, respectively, and Q is the blackbody quality.

Departure from ideal blackbody conditions (geo-
metrical factor) for the specimen was estimated using
DeVos’ [15] method. Computations were made assum-
ing perfectly diffuse, perfectly specular, and two
intermediate conditions for the internal surface of the
tubular specimen. The sighting hole (0.56X1.09 mm)
was 0.79 mm off-center to improve blackbody condi-
tions. Because of the uncertainty in temperature
gradients in the specimen close to the clamps, two
sets of calculations were made using two different
effective specimen lengths (50 and 76 mm). Since the
variation of the dependence of blackbody quality on
internal surface conditions and length of the effective
specimen was small (0.994 to 0.997), a value of 0.995
was used for Q in all the computations related to the
temperature of the specimen with the sighting hole
geometry given above.

4.4. The Molybdenum Specimen

Molybdenum specimens used were in tubular form
with dimensions given in section 3.1. The outer surface
of each specimen was polished to reduce heat loss due
to thermal radiation.

Specimen characterization was made by the follow-
ing methods: (1) photomicrographic, (2) chemical
analysis, (3) residual resistivity ratio.

Photomicrographs of the specimen before and after
the entire set of experiments were prepared. The
results on Mo-1 are shown in figure 6. It may be seen
that considerable grain growth had taken place as
the result of pulse heating of the specimen to high
temperatures.

Chemical analyses were made of the specimen
before and after the entire set of experiments. Com-
parison of results does not indicate any detectable
change in impurity concentrations. A list of the nature
and concentration of impurities in the molybdenum
specimen is given in table 1.

The residual resistivity ratio of the specimen (ratio
of electrical resistance at 273 K to that at 4 K) was
measured before and after the entire set of experi-
ments. The resistivity ratio before and after are 3.4
and 5.4, respectively, with an uncertainty of +0.05.

0.l mm

FIGURE 6. Photomicrographs of the molybdenum specimen corre-
sponding to the conditions before (upper photograph) and after
(lower photograph) the entire set of experiments.
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TABLE 1. Impurities in molybdenum specimen
Impurity Composition ppm
(by weight)
Ag <10
Al <10
(5 20
Ca <10
Co <10
Cr 10
Cu 100
Fe <10
Mg <10
Mn <10
Ni 100
N 10
(0} 40
Si <10
Sn <10
Ti <10
w 80
Zx: <100

360 < Total <560

In addition, the electrical resistance of the specimen
was measured at 293 K under steady-state conditions
before and after the entire set of experiments. After
correcting for weight losses, the results indicate that
the electrical resistivity of the specimen at 293 K had
changed from 5.681 X 10-8 O m to 5.674 X108 O m, a
decrease of 0.12 percent.

Measurements of the length of the specimen which
were made after each set of experiments over the
entire temperature range 1900 to 2800 K do not
indicate any permanent elongation (within the measure-
ment resolution of approximately 0.04 percent).

4.5. Experimental Results on Molybdenum

a. Normal Spectral Emittance

Normal spectral emittance measurements were
performed on the Mo-1 specimen during the second
heating series. The measurements were confined
to the effective wavelength (650 nm) and the effective
bandwidth (10 nm) of the pyrometer interference
filter. Since radiation from the surface is approxi-
mately one third that from the sighting hole, meaningful
data in this case are confined to the upper one third
of each temperature range. In order to extend the
range of determinations to temperatures compatible
with those of heat capacity and electrical resistivity,
additional experiments were performed in a tempera-
ture range below the “low” range. The experiments
consisted of alternate heating runs in which the
pyrometer was directed first at the black-body hole in
the usual manner and then at the adjacent surface of
the specimen. The ratio of radiances measured at equal
temperatures is the normal emittance for the effective
wavelength of the measurement, provided the hole
measurement is corrected for departure from black-
body conditions and any scattered radiation originating
from the adjacent surface. Times of equal temperature

in the two experiments were found by locating times of
equal resistance since the temperatures could not be
measured directly in the surface experiment. In order
to eliminate partially some of the systematic errors
caused by the difference in the time sequence of
surface and hole experiments, the following order
was adopted: hole-surface-surface-hole. The average
of the two sets of normal spectral emittances for
each range, which were computed from hole-surface
and surface-hole combinations, were used in the
final results. A linear function for normal spectral
emittance was obtained by least squares approximation
of the individual results, with a standard deviation
of 6.5 X10~* (0.2 percent). The results are presented in
figure 7. The function, which is valid in the temperature
range 1850 to 2800 K, is

eva=0.3540—1.173 X 1057 (second series). (17)
The experimental results (individual points) on normal

spectral emittance of molybdenum are given in the
appendix (table A-3).
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FIGURE 7. Normal spectral emittance of molybdenum at A\=650

nm (second series).

b. Hemispherical Total Emittance

Hemispherical total emittance of the Mo—1 speci-
men was measured during the first and second heating
series. Since emittance was determined from data
taken during the initial free cooling period, only the
upper portion of each temperature range was used.
In order to extend the range of determinations to
temperatures compatible to those in heat capacity
and electrical resistivity, an additional determination
for a range below the “low” range was also made.

Temperatures were taken at equal time intervals
along the initial cooling curve (approximately the initial
20-40 K) and the corresponding instants of time for
each temperature were calculated for both the cooling
and heating curves. The voltage and current were
computed for each instant on the heating curve, and
heating and cooling rates from both curves. Emit-
tance could then be computed for each temperature
taken by using eq (7). The emittances thus obtained
were averaged in each experiment and related to
an average temperature. During the first heating series
two to three experiments for each temperature range
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were made to yield emittance, while during the second
heating series only one experiment for each range
was performed. A linear function for hemispherical
total emittance for each heating series was obtained
by least squares approximation of individual results.
Standard deviation of the points from the function
for the first and second heating series were 2.5X 103
(0.8 percent) and 2.8 X10~* (1 percent), respectively.
The results are presented in figure 8. The functions
which are valid in the temperature range 1900 to 2800
K, are

€=0.1424 +6.749 X 10-°T (first series) (18)

€=0.1210+7.061 X 10—°T (second series) (19)
The experimental results (individual points) on hemi-
spherical total emittance of molybdenum are given
in the appendix (table A—4).
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FIGURE 8. Hemispherical total emittance of molybdenum

c. Heat Capacity

The experiments which contributed to the determi-
nation of heat capacity of Mo-1 were performed as
follows:

First heating series: fast (270-380 ms pulse length),
six experiments in each temperature range.

Second heating series: fast (270—-380 ms pulse
length), two experiments in each temperature range.

Second heating series: slow (540-750 ms pulse
length), four experiments in each temperature range.

A quadratic function for heat capacity for each
temperature range and also for each heating series
was obtained by least squares approximation of results
from individual experiments. Results corresponding to
the very high range in the first series showed a syste-
matic drift with time. Because of this, fits involving
data of the very high range gave high standard devia-
tions. Since this range was the only exception, the
results in the very high range were not considered in
the overall fits for the first series. The following equa-
" tions were obtained:

First series (1900— 2520 K)

cp=45.19 —2.090 X 10-2T+8.037 X 10-T2 (20)
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Second series (1900 — 2800 K)— fast

cp=45.80—2.098 X 1027+ 7.796 X 10-6T> (21)
Second series (1900— 2800 K)—slow
cp=43.81 —1.937 X 1027+ 7.494 X 10-6T2 (22)

where T is in K and ¢, is in J mol-! K-1.

Standard deviations of individual points from these
functions are 0.5 percent for eq (20), and 0.3 percent
for eqs (21) and (22). The differences between the
results of “slow” and ““fast” experiments in the second
series are given in table 2. Since in the second series
the number of “slow” experiments was twice that of
the “fast” experiments and since the average differ-
ence between them was within the standard deviation
of each set, the results of “slow” experiments were
considered as the basis of comparison with the results
of the first series. The differences between the results
of the first and second heating series are tabulated in
table 3. Deviations of individual results from smooth
functions for the first and second (slow) heating are
presented in figures 9 and 10, respectively. The experi-
mental results (individual points) on heat capacity of
molybdenum for the first and second (slow) series are
given in the appendix (tables A—1 and A—2).

All the experiments described above were conducted
with the Mo-1 specimen in a low vacuum environment.
An additional experiment (second series — slow, medium
temperature range) was performed with the specimen

TABLE 2. Differences in measured values for heat capacity and
electrical resistivity between “slow” and “‘fast” experiments
Heat Capacity Resistivity
Temperature - RO
A A A A
J mol'K-! % 108 Qm %
2000 0.02 0.05 0.10 0.19
2200 .09 .23 12 .20
2400 13 32 bk .18
2600 55 .34 .09 A1l
2800 .14 .30 .04 .05

A= Slow— Fast

TABLE 3. Differences in measured values of heat capacity and
electrical resistivity between first and second series

Heat Capacity Resistivity
Temperature
A A A A
J mol 'K—! % 108 Qm %
1900 0.43 1.26 0.24 0.48
2000 .49 1.39 .29 £HD)
2100 .56 1.54 .36 .64
2200 .64 1.70 .44 .14
2300 .13 1.87 .53 .86
2400 .83 2.05 .64 .98
2500 .94 2:23 .76 1512

A= First— Second
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in an argon environment. Comparison of the results
(vacuum versus argon environment) yielded an average
difference of 0.11 J mol-! K-! (0.31 percent) in heat
capacity, which is approximately equal to the standard
deviation of the measurements.

A limited number of experiments was conducted (in
vacuum) on another molybdenum specimen, desig-
nated as Mo-2. A quadratic fit of the results of three
experiments in the medium temperature range yielded
a standard deviation of 0.03 J mol-! K- (0.08 percent)
in heat capacity. Comparison of the results on Mo-2
with those on Mo-1 (first series) showed an average
difference of 0.04 J mol-' K-' (0.12 percent). The
smoothed heat capacity results on Mo-1 and Mo-2 are
presented graphically in figure 11. In the computations
of heat capacity the atomic weight of molybdenum was
taken as 95.94 [13].
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FIGURE 11. Heat capacity results on molybdenum (smooth) for first

and second series.

d. Electrical Resistivity

The experiments which contributed to the deter-
mination of electrical resistivity of Mo-1 and Mo-2
were identical with those for heat capacity.

A quadratic function for electrical resistivity for
each temperature range and also for each heating
series was obtained by least squares approximation
of results from individual experiments. As in the heat
capacity case, the results of tests in the very high
range in the first series showed a systematic drift
with time. Because of this, fits involving data of the
very high range gave high standard deviations. Since
this range was the only exception, the results in the
very high range were not considered in the overall
fits for the first series. The following equations were
obtained:

First series (1900-2520 K)

p=—11.39+3.219 X 102T"'—3.172 X 10-87* (23)
Second series (1900—2800 K)—fast

p=—12.04+3.320 X 1027'—4.667 X 10-7T> (24)
Second Series (1900—-2800 K)—slow

p=—13.34+3.445 X 102T—7.417 X 107> (25)

where T is in K, and p is in 10-% Om.

Standard deviations (individual point) of the above
functions are 0.09 percent for eq (23), 0.07 percent for
eq (24), and 0.08 percent for eq (25). The differences
between the results of “slow’ and “‘fast’” experiments
in the second series are given in table 2. For reasons
explained in the previous section, the results of “slow”
experiments were considered as the basis of compari-
son with the results of the first series. Differences
between the results of first and second heating series
are tabulated in table 3. Deviations of individual results
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' from the smooth functions for first and second (slow)
heating are presented in figures 12 and 13, respectively.
The experimental results (individual points) on elec-
trical resistivity of molybdenum for the first and
second (slow) series are given in the appendix (tables
A-1 and A-2).

Comparison of the results (vacuum versus argon
environment) vyielded an average difference of
0.03 X 10-8Qm (0.06 percent) in electrical resistivity,
which is approximately equal to the standard devia-
tion of the measurements.

Quadratic fit of the results for Mo-2 in the medium
temperature range gave a standard deviation of
0.02X10-%Qm (0.03 percent) in electrical resistivity.
Comparison of the results for Mo-2 with those for
Mo-1 (first series) showed an average difference of
0.31 X 10-%Qm (0.54 percent). The smoothed electrical
resistivity results on Mo-1 and Mo-2 are presented
graphically in figure 14. Results on electrical resis-
tivity at 293 K are given in section 4.4.

02— T T T T T T T T

|

N

r

DEVIATION, PERCENT
o
()
I

L

T

-0 RANGE ~ LOW MED. HIGH V.HIGH B
SYMBOL & o o v

SEQUENCE | 2 3 4 5 6
SYMBOL v vV v v 9 Vv

f——LOW — e =] -

j——MEBIUM ———+ e, Rl ey
| I 1 | | | | \v
2200 2400 2600 2800
TEMPERATURE, K

|
2000

FIGURE 12. Deviation of electrical resistivity results on molyb-
denum (first series) from equation (23).

a3

T T T T T T T T T T
f———MEDIUM ——
f——Low— i

Q2=

o©

DEVIATION, PERCENT
(@]

-0.1
= V.
RANGE LOW MED. HIGH HIGH ~ ¢ SEQUENCE | 2 3 4
SYMBOL 4 o o ¥ SYMBOL v v v v
=0.2 | | I I | 1 1 I I
2000 2200 2400 2600 2800

TEMPERATURE, K

FIGURE 13. Deviation of electrical resistivity results on molyb-
denum (second series) from equation (25).

T T T T

80 |- —
e L |
&
5 4
> 70 [~ 3% -
= Mo-I S Mo -1
E ¥ AR S SECOND SERIES
w
a0 |k i
w
x
=
o
2 60 |- c]
=
O
w
= |
w | / _

kMo—Z
50 — pesy
Tm
| | | I I [ | ! ¥
1800 2000 2200 2400 2600 2800

TEMPERATURE, K

FIGURE 14. Electrical resistivity results on molybdenum (smooth)
Sfor first and second series.

5. Interpretation of Results

Measurements on all three properties (heat capacity,
electrical resistivity, hemispherical total emittance)
indicate a difference in the results between the first
and second heating series. This difference is approxi-
mately one order of magnitude greater than the pre-
cision of the measurements. This may be attributed
to a change in the physical and chemical state of the
specimen which might have taken place during its
exposure to high temperatures (above 2500 K, in the
very high range) in the first heating series. Since the
results on all three properties in the second series are
lower than those in the first series, and since no further
changes are observed in the very high range of the



second series, one may consider the results of the
second series to be more representative of equilibrium
conditions. This is substantiated by: (1) decrease in
electrical resistivity (measured under steady-state
conditions at 293 K), (2) increase in residual electrical
resistivity ratio; both between the beginning of first
series and the end of second series. An indication of
the change in the state of the specimen may be seen
by observing the results of weight and resistance meas-
urements that were made before each set of experi-
ments in a given range. These are presented in figure
15. A sudden change in the trend of weight vs. resist-
ance of the specimen is observed which corresponds
to the period between the beginning and the end of
the set of experiments in the very high range of the
first heating series.

All measurements were based on the 1948 Inter-
national Practical Temperature Scale (IPTS 1948)
[64]. This scale was used throughout all the computa-
tions as well as in the results expressed by equations
given in the previous section. This offered computa-
tional convenience and also facilitated the comparison
of present results with those in the literature. The
final results are corrected to IPTS 1968 [29] by applying
proper transformations to both temperature and heat
capacity [16]

The results (second series) for heat capacity and
electrical resistivity are given in tables 4 and 5, re-
spectively, both in IPTS 1948 and 1968 scales. Results
for electrical resistivity are expressed: (1) in terms of
ambient temperature (298 K) dimensions, (2) in terms
of corrected high temperature dimensions. High tem-
perature dimensions were obtained by utilizing the
following equation for the thermal expansion of
molybdenum.

”I_A’&—e.&% X 10-2+2.94X 10-4T +1.57
298
X10-7T2. (26)
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FiGURE 15. Weight of molybdenum specimen as a function of
resistance at 293 K.

TABLE 4. Heat capacity of molybdenum
(second series) corresponding to IPTS 1948
and IPTS 1968

cp
Temperature Jmol ' K~!
1948 1968
1900 34.06 33.97
2000 35.05 34.95
2100 36.18 36.07
2200 37.47 37.35
2300 38.90 38.77
2400 40.49 40.34
2500 42.22 42.06
2600 44.11 43.92
2700 46.14 45.94
2800 48.33 48.10

TABLE 5. Electrical resistivity of molybdenum (second series)
corresponding to IPTS 1948 and IPTS 1968
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p (amb.)? p (corr.)?
Tempera- 10-% Om 108 Om
ture
K

1948 1968 1948 1968
1900 49.44 49.37 49.96 49.89
2000 02459 52.52 53.20 53512
2100 5583 55.66 56.43 56.34
2200 58.86 58.78 59.65 59.56
2300 61.97 61.88 62.87 62.77
2400 65.07 64.97 66.07 65.97
2500 68.15 68.05 69.28 69.17
2600 G1=22 71.11 72.47 72:35
2700 14.27 74.15 75.66 75:53
2800 731 77.19 78.84 78.71

# Based on ambient temperature (298 K) dimensions.
" Corrected for dimensions at the specimen temperature.

This equation represents the average of the results of
four investigators [3, 18, 55, 73] over the approximate
temperature range 1500 to 2800 K with a standard
deviation of 0.04 (3 percent).

The final results on hemispherical total and normal
spectral emittances are presented in table 6. They are
given in IPTS 1948 only, since any correction for the
temperature scale is much smaller than the resolution
of the reported values. Hemispherical total emittance
is given both for ambient temperature dimensions and
for dimensions corrected for thermal expansion.

Heat capacity results at high temperatures are
considerably higher than the Dulong and Petit value
of 3R (24.943 J mol—'K-'). Some of this departure is
due to the fact that the measured property is ¢, while
the theory is for c¢,. There is also an additional term
which arises from the electronic contribution to heat
capacity.



TABLE 6. Hemispherical total and normal spectral (at A\=650 nm)
emittances of molybdenum, (second series)
€
'l'(‘mpo'rulur(' €N\
(amb.y' (corr.)?

1900 0.255 0.250 0.332
2000 .262 .256 331
2100 .269 .263 .329
2200 .276 .269 .328
2300 .283 275 B2
2400 .290 .281 .326
2500 .298 .288 325
2600 .305 .294 .324
2700 2 .300 322
2800 319 .307 321

“ Based on ambient temperature (298 K) dimensions.

» Corrected for dimensions at the specimen temperature.

Based on thermodynamic principles, the difference
between ¢, and ¢, is expressed by

o TV a2
B

where V is volume, «, coefficient of volume thermal
expansion, and 8 is compressibility. Considering the
Gruneisen relation

(27)

E="GCx

_3Va1
Be
where a; is coefficient of linear thermal expansion,

and assuming that G is temperature independent,
eq (27) becomes

G (28)

P—143Gal. (29)
Electronic heat capacity may be expressed by

where v is the coeflicient of electronic heat capacity.

It may be seen that, to a first approximation, rela-
tions representing ¢, —c, and ¢, are linear in tempera-
ture. This implies that above the Debye temperature,
0, the measured heat capacity departs from 3R
approximately linearly with temperature. In the case
of molybdenum, this is found to be true up to approxi-
mately 1000 K. Above this temperature present
results as well as those in literature are found to
increase more rapidly than allowed by a linear function.

The linear term was evaluated with the aid of the
recommended values given in JANAF [31] in the tem-
perature interval 200 to 1000 K. Then from the results
of the present investigation, a fourth-degree tempera-
ture term was added. The relation for heat capacity
resulting from this approach (in IPTS 1948) is

1.70 X 10°

B +3.27X10-3T+2.315 X 10~ 13T

(31)

cp=24.943 —

where the T2 term is the first term in the expansion
of the Debye function needed to correlate approxi-
mately the temperature region around 6. The average
departure of results computed by eq (31) from the
quadratic relation representing the present results,
eq (22), in the temperature range 1900 to 2800 K is
0.068 J mol'K-' (0.17 percent). This departure is
less than the standard deviation of the present meas-
urements. Equation (31) is presented graphically in
figure 16.
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FIGURE 16. Heat capacity of molybdenum according to equation (31).

The T2 term corresponds to a Debye 6 of 370 K for
molybdenum. This value is somewhat lower than those
reported in the literature; #=445 K according to
Horowitz [27], =440 K according to JANAF [31], and
0=459 K according to Gshneidner [23]. Such a devia-
tion may be expected since in the above analysis only
data above 200 K were considered while other deter-
minations were based on more elaborate treatment of
lower temperature data. Argent and Milne [4] reported
that 6 for molybdenum based on low temperature data
is 445 K, while based on high temperature data it
becomes 380 K. The latter value is very close to that
of the present study.

The reported values for the coefficient of the
electronic heat capacity for molybdenum are: y=
2.13 X 1073 J mol 'K~2 according to Horowitz [27], and
vy=1.97X10"3] mol-'K-2 from JANAF [31]. If one
assumes a value of 1.5 for the Gruneisen constant and
one considers the values of 6.1X10-K~! for the
coefficient of linear thermal expansion at 1000 K given
by Kirby [34], the coefficient for the c,—c, term
becomes 0.68 X 102 J mol 'K~ If one considers the
higher of the two y values and adds to it the coefficient
of ¢, — ¢, term, the sum becomes 2.81 X 102 ] mol 'K 2,
which is somewhat lower than the coefficient of the
linear term (3.27 X 10-3) in eq (31). The result of the
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sum of the first three terms on the right-hand side of
eq (31) is represented by the dashed curve in figure 16.
It may be seen that this curve is much lower than that
representing measured heat capacity at high tempera-
tures.

No satisfactory explanation has been found as to
the nature of the increase of heat capacity above the
combined value of 3R and the linear term at high
temperatures. Although the mechanisms of vacancy
generation become important at high temperatures, it
is not possible to attribute the high values entirely to
vacancies.

Vacancy concentration n, in fractional form, may
be expressed by

(32)

where Eis vacancy formation energy. Energy per mole
of a substance required to form vacancies is given by
U=nN.E; (33)
where N4 is Avogadro’s number. Substituting eq (32)
in eq (33), one obtains
_E

U=NA4AEfe LN (34)
Then, the expression for the contribution of vacancies
to heat capacity becomes
‘J

N.AE; -E

kT*

If one assumes that vacancy formation energy is
approximately proportional to the melting point and
considers the value 0.97 eV given by DeSorbo [14] for
gold, one obtains 2.10 eV for the vacancy formation
energy of molybdenum. This is in reasonable agree-
ment with the values 2.4 eV, 2.24 eV, and 1.86 eV
given by Meakin et al. [45], Kraftmacher [38] and
Kirillin et al. [36], respectively. If one considers the
vacancy formation energy of 3.30 eV for tungsten
reported by Schultz [59], the estimated value for the
vacancy formation energy for molybdenum becomes
2.59 eV. There are no accurate measurements on
molybdenum related to vacancy concentration at high
temperatures. Dilatometric measurements made by
Simmons and Balluffi [61, 62] on gold and copper by
combined direct optical and x-ray techniques indicate
vacancy concentrations of approximately 0.07 and 0.09
percent at their respective melting points. The results
of quenching experiments on tungsten reported by
Schultz [59] give a vacancy concentration of 0.011
percent at its melting point. Quenching experiments
on molybdenum described by Meakin et al. [45] indi-
cate a vacancy concentration of 0.005 percent at its
melting point.

The contribution of vacancy formation to the heat
capacity of molybdenum is estimated with the assump-
tion of a somewhat high vacancy concentration of 0.1
percent at the melting point (2889 K) and a vacancy
formation energy of 2.1 eV. The results are presented
in table 7 together with the quartic term in eq (31)

(35)
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TABLE 7. Estimated vacancy contribution to
heat capacity of molybdenum and DT* in
eq (31)

T Chne Dk

K J mol-! K-! J mol-t K-!
2000 0.03 3.70
2200 .07 5.42
2400 5 7.68
2600 .29 10.58
2800 .48 14.23

which represents the magnitude to which the meas-
ured heat capacity departs from the sum of 3R and the

linear term at high temperatures. Vacancy contribu-

tion is evidently small, less than 0.5 J mol-! K-! (upper

limit) at 2800 K, and does not account for high heat

capacity values. The fact that electrical resistivity

does not show any sharp increase at high temperatures

is also an indication that the effect of vacancies is

small. A recent discussion on thermodynamic prop-

erties of solids containing vacancies is given by Holder

and Granato [26]. Energy associated with grain growth

during heating is also negligible compared to the total

energy absorbed by the specimen [44]. A possible con-
tribution of higher order terms in the electronic heat

capacity may partially account for high values of heat

capacity at high temperatures.

If the entire deviation of measured heat capacity
from the sum of 3R and the linear term at high tem-
peratures is represented by an expression similar to
eq (35), one could obtain, after rearrangement

In (T?Acy)=In B—

T (36)
This equation indicates that a plot of the left side
versus 1/T should vyield a straight line with slope
equal to —M. From the data on molybdenum in the
range 1900 to 2800 K, a straight line with a standard
deviation of 0.3 percent was obtained. However, the
parameters obtained through this fit do not seem to
have any physical significance. As a crude analogy
to vacancy concentration, the computations yielded
a value of 1.21 eV for energy and 7.5 percent for
concentration at the melting point. Both of these
values seem to be unrealistic for molybdenum.

Unlike heat capacity and electrical resistivity,
thermal radiation properties are very sensitive to
surface conditions (mechanical, chemical, etc.).
Therefore, it is difficult to correlate measured quanti-
ties in terms of the fundamental properties of the
substance. In this investigation the main motivation
in the measurement of both hemispherical total and
normal spectral emittances was to apply corrections
to heat capacity and temperature, respectively.
However, as seen in the next section, the results
are in good agreement with those in the literature.



6. Comparison With Results in Literature
6.1. Heat Capacity

Above approximately 1000 K, heat capacity reported
in the literature was measured both by drop and
pulse calorimetry. The quantity measured in drop
calorimetry is enthalpy. Therefore, in order to obtain
heat capacity, one has to fit enthalpy data to a smooth
function and differentiate that function with respect
to temperature. In pulse calorimetry, heat capacity
is obtained directly through the measurement of the
quantity d7T/dt, the rate of change of temperature
with time.

The results reported in the literature for the heat
capacity of molybdenum are presented in figure
17. A comparison of selected literature results with
those of the present study is given in table 8. All
values are based on IPTS 1948. Estimates of errors
in papers cited lead to an estimate of inaccuracy in
previously reported heat capacity of approximately
4 to 7 percent in the temperature range considered.
The agreement is within the combined estimated errors
in all cases. However, if equal weight is given to litera-
ture values, the present results from the second series
are systematically low by about 1.5 percent. Although
the results from the first series are in good agreement
with the average of previous measurements, it is
believed that they are less accurate than those from
the second series.

50 e JAEGER (1934) / 5
— ——RASOR (I960)

~~~~~ LAZAREVA (1961) /

—---—KIRILLIN (1962)

-—LOWENTHAL (1962)

- -——-- TAYLOR (1964)
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——PRESENT WORK
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HEAT CAPACITY, J Mol K™
8

35

30

I !
2000 2500
TEMPERATURE K
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F1GURE 17. Heat capacity of molybdenum reported in the literature.

TABLE 8. Heat capacity difference (previous literature values minus present work, second series, values) in percent

i
Temperature, K
Investigator Ref. Year Method | _

2000 2200 2400 2600 2800
Jaeger and Veenstra..........ocooovviiiiiiiiiiininnnn. 30 1934 drop a—2
Lazareva et al.................... 42 1961 drop SIS =l —4.9
Kirillin et al.......... 35 1962 drop +4.3 +2.4 —0.6 —4.3
Taylor and Finch... 65 1964 pulse =10 +0.4 (3] +1.6 +7.6
L S B e B e R 36 1968 drop 2.1 STIR) +2.6 +3.8 SN

a Extrapolated from 1873 K.
6.2. Electrical Resistivity TABLE 9.  Electrical resistivity difference (previous literature values

The electrical resistivity of molybdenum reported
in the literature was measured by steady-state tech-
niques. Since transport properties are sensitive to the
history of the specimen, one would expect to see
differences in the results of various investigators.
The literature results for the electrical resistivity of
molybdenum are presented in figure 18. A comparison
of selected literature results with those of the present
study is given in table 9. All values are based on IPTS
1948. Estimates of errors in papers cited lead to an
estimate of inaccuracy in previously reported electrical
resistivity of approximately 1 to 2 percent in tempera-
ture range considered. Measurements of the electrical
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367—409 OL—70—6

minus present work, second series, values) in percent

Temperature, K
Investigator | Ref. Year .
2000 | 2200 | 2400 | 2600 | 2800
Worthing....] 73 1926 +1.1(+0.9(4+09 |+1.2 |+1.6
Osborn......., 48 1941 +0.1
Taylor......... 66 1964 (p.c.) | +1.0|/4+0.2|—0.3|—0.5 |—0.5

resistivity of molybdenum corresponding to 293 K,
as well as values reported in the literature, are given

in table 10.
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FiGURE 18. Electrical resistivity of molybdenum reported in the
literature.

TABLE 10. Electrical resistivity of molybdenum at 293 K (literature)

Investigator Ref. | Year | Resistivity

10-% Om
Worthing........coooiiiiiiii i, 73 1926 5.62
White and Woods.....covvveiiiiine. 71 1959 (W 5y 227
TY€urnemreererereresseomoeeeeer s eses s 68 | 1961 5.65
Feith..oooooi 19 1965 5.86
Present work.........cooooiii 5.67

“ Ideal resistivity.

6.3. Hemispherical Total and Normal Spectral
Emittances

Because of the strong dependence of emittance on
surface conditions, large deviations are to be expected
between the results of various investigators.

Results for hemispherical total and normal spectral
emittances of molybdenum reported in the literature
are presented in figures 19 and 20, respectively.
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FiGURE 19. Hemispherical total emittance of molybdenum reported
in the literature.

T T 1§ T T

o040} % 4
€ X
o \\
3
© FoON\ 4
) Ny

N

8 Sy
z S5 — -— ALLEN(I960)
c S X BARNES(1966)
= 0 P
S 0351 ~o ———— ZHOROV(I967)
w Y PRESENT
i
2 . ~o WORK
19 ~
= ~
E 5% S
%] [ L 7
=
=4
=
['d
o
e

030} —_—————_——— a

1 1 |

L
1500 2000 2500 3000
TEMPERATURE K

FIGURE 20. Normal spectral emittance of molybdenum at \ =650

nm reported in the literature.

7. Estimate of Errors

Uncertainty in properties depends upon: (1) errors
in directly measured quantities, and (2) departure
from assumed operational conditions. These are
discussed in the following sections.

In this paper the term “‘imprecision”, unless other-
wise stated, refers to the standard deviation of the
individual measurement; computed from the dif-
ferences of single data points from a polynomial
function fitted by the method of least squares. The
term “‘inaccuracy”’, unless otherwise stated, refers
to the estimated maximum total error (random and
systematic) approximately equivalent to two standard
deviations.

7.1. Errors in Directly Measured Quantities

Estimated total error (which includes random as
well as systematic errors) in directly measured
quantities such as temperature, voltage, current,
dimensions, weight, etc., is obtained from auxiliary
tests, analyses of experimental results or computations
of several minor sources of error. The details are given
below.

a. Errors in Temperature Measurements

Total error in temperature measurements results
from several contributions. Their estimates are
summarized in the following paragraphs.

Standard Lamp. The National Bureau of Standards
report of calibration for the tungsten filament standard
lamp states “The maximum uncertainties of the
values reported correspond to about =1 degree at
1500°C and increase to about *=2.5 degrees at
2200 °C”. In the measurements above 2500 K an
attenuator was used in the unknown channel. The
uncertainty due to the attenuator’s calibration brings
the total uncertainty at 2800 K to 3.5 K.

Stability of Standard Lamp. Calibrations of the
standard lamp before and after the entire set of

experiments show a change of approximately 0.9 K
at 2000 K and 1.4 K at 2500 K. In the computations of
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the properties an average of the initial and final
calibrations was used which reduced the temperature
inaccuracy due to lamp instability to 0.5 K at 2000 K
and 1 K at 2800 K.

Radiation Source Alinement. Since the pyrometer
had to be moved between a calibration and a pulse
experiment and again for a calibration during each
set of experiments in a given temperature range,
an additional uncertainty in the calibration of the
pyrometer develops as a result of the uncertainties
in the visual alinement of the lamps. Based on an
analysis of experimental results on approximately
20 tests with steady-state radiation sources, it is
estimated that the error arising from this uncertainty
is approximately 1 K at 2000 K and 2 K at 2800 K.

Pyrometer Reproducibility. Based on calibration
results, the short time reproducibility of the pyrometer
(between two calibrations in one day) is estimated
to be approximately 1 K at 2000 K and 2 K at 2800 K.
This includes changes in the optical attenuations
in the pyrometer that result from the collection of
dust, etc.

Scattered Light Correction. Although a correction
was made to temperature to allow for the scattering
effect in the optics of the pyrometer, an uncertainty
still exists as to the actual magnitude of this cor-
rection. The uncertainty in the scattering factor S
given by eq (14) is obtained by considering the uncer-
tainties in scattering ratio and normal spectral emit-
tance. The results indicate an uncertainty of 0.5
percent in radiance which corresponds to approxi-
mately 0.4 K at 2000 K and 1 K at 2800 K.

Blackbody Quality (Geometrical). The computed
blackbody quality (0.995), which was based on geo-
metrical considerations only, is estimated to have
a maximum uncertainty of 0.5 percent (in radiance)
which corresponds to approximately 1 K at 2000 K
and 2 K at 2800 K.

Specimen Temperature Nonuniformity. Heat trans-
fer from specimen to clamps causes the establishment
of temperature gradients in the specimen. However,
since the “effective’ portion of the specimen (between
potential probes) is 12.7 mm away from the clamps, the
sharp temperature gradients near them do not affect
the measurements. The magnitude of the axial tem-
perature gradient in the “‘effective” specimen is esti-
mated by solving the transient heat conduction equation
assuming constant properties [11]. Computations
indicate that the average temperature in the “effective”
specimen in the “slow” experiments due to axial heat
conduction is approximately 1 K below midpoint value
at 2000 K and 2 K below at 2800 K, and the difference,
of course, is less in the “fast” experiments.

Radial temperature difference across the thin wall
specimen is calculated for the “‘slow” experiments
to be less than 0.1 K at 2000 K and 0.5 K at 2800 K.
No corrections were made for the small axial and
radial temperature gradients. Effect of the sighting
hole on temperature distribution in the specimen is
considered negligible for good conductors [28].

From potentiometric measurements of the resist-
ance of the specimen along its length at room tem-
perature, random variations in the thickness of the

tube averaged over lengths of approximately 3 mm
were estimated. Temperature nonuniformity corre-
sponding to the variations in the thickness of the
specimen is approximately 2 K at 2000 K and 4 K at
2800 K.

The total temperature inaccuracy resulting from the
above items is estimated to be approximately 3 K at
2000 K and 4 K at 2800 K.

Error in Window Attenuation. The interpolations
which were made before and after each set of experi-
ments in a given range introduce a small additional
error of approximately 0.5 K at 2000 K and 1 K at 2800
K. The magnitude of this effect is estimated from the
drift of the electrical resistivity results in a given set
of experiments.

Magnetic Fields. The effect on the pyrometer of
varying electric and magnetic fields associated with
the pulse currents was tested and was found to be
negligible (less than 0.5 K, the resolution of tempera-
ture measurements).

Use of Wien’s Law. For the computations of tem-
perature, Wien’s instead of Planck’s Law was used.
The difference in temperature obtained by these two
functions for the mean wavelength of 650 nm is ap-
proximately 0.003 K at 2000 K and 0.13 K at 2800 K.
Since the same procedure was used for both calibra-
tion and pulse experiments, the error introduced as
the result of the use of Wien’s Law is completely
negligible.

Resultant Error in Temperature. From a considera-
tion of various errors and their magnitudes listed above,
it may be concluded that the inaccuracy in tempera-
ture measurements is approximately 4 K at 2000 K
and 7 K at 2800 K. A summary of estimated errors in
temperature is given in table 11.

b. Errors in Electrical Measurements

Identifiable sources of errors that affect the meas-
urement of electrical quantities, such as voltage and
current, are given below.

Skin Effect. Since molybdenum is nonmagnetic and
the specimen was of tubular shape and the current
was a single trapezoidal pulse of several hundred milli-

TABLE 11. Estimated inaccuracies in temperature measurements
Inaccuracy, K
Source
at 2000 K at 2800 K
1 Standard Lamp...................... L5 385
2 | Instability of Standard Lamp..... 0.5 1
3 Radiation Source Alinement...... 1 2
4 | Pyrometer Reproducibility........ 1 2
5 Scattered Light Correction........ 0.5 1
6 | Blackbody Quality................... 1 2
7 Specimen Temperature Non- 3 4
Uniformity.
8 | Window Attenuation................ 0.5 1
Total Inaccuracy in Tempera- 4
ture. @

2 Root sum square of items 1 to 8.



seconds duration, the contribution of skin effect is
negligible. Computations indicate that in the present
experimenis the skin effect (which manifests itself
as a change in effective resistance of the conductor)
was much less than 0.01 percent.

Inductive Effects. Consideration of self- and mutual-
inductances [22] of pertinent components indicate
that their contribution to the electrical signals is less
than 1 mV, which is the resolution of the digital data
acquisition system. This is due to the fact that the
current changes slowly during the period of the
measurements.

Thermoelectric Effects. Both experimental checks
and computations indicate that the contribution of the
thermoelectric effects in the present system is less
than 1 mV, which is the resolution of the digital data
acquisition system.

Errors Due to Calibrations. A precision voltage
source (0.001 percent stability) and potentiometric
method were used for the calibration of the electrical
measuring circuits. Moreover, the stability of the
components (amplifiers, analog-to-digital converter,
etc.) was better than 0.01 percent over the actual
period of measurements. This implies that the limit-
ing factor in the electrical calibrations was the resolu-
tion of the digital data acquisition system.

Resultant Error in Electrical Measurements. The
estimated error in electrical measurements arising
from items listed above is only a few parts in 104 In
order to have a more direct check on the accuracy of
electrical measurements, experiments were conducted
to determine the value of a test resistance by measuring
the current flowing through it and the voltage drop
across its terminals under transient conditions and
comparing this measurement with its resistance under
steady-state conditions as determined by the potentio-
metric method. The average of the results of nine
experiments indicates that resistance measurements
by pulse and steady-state techniques are in agreement
within 0.02 percent.

Based on the foregoing, the estimated inaccuracies
in voltage and current measurements are 0.05 and
0.06 percent, respectively, introducing an inaccuracy
of 0.08 percent in power and resistance.

c. Errors in Other Measurements

Length. The inaccuracy in an individual length
measurement is 0.03 mm. When related to the speci-
men dimensions, it yields an inaccuracy of approxi-
mately 0.04 percent. Based on this, the inaccuracy
in establishing the length of the “effective” specimen
becomes approximately 0.08 percent.

Weight. The inaccuracy in an individual weight
measurement is 0.5 mg, producing an inaccuracy
of less than 0.01 percent for the specimen. However,
the uncertainty in determining the weight of the
“effective” specimen is greater than this. Based on
the combined uncertainties of weight and length
measurements, the inaccuracy in the weight of the
“effective” specimen is estimated to be not more
than 0.1 percent.

Density. The inaccuracy in density measurements is
approximately 0.1 percent. This uncertainty enters
into the computation of the thickness of the specimen.

Time. The time base of the experiments was a syn-
chronous motor which derived its power from a 400
Hz regulated power supply. Measurements have indi-
cated that the inaccuracy in time due to frequency
instability was less than 0.005 percent.

7.2. Errors Due to Departure from Assumed Conditions
a. Errors in Heat Loss Correction

Since the dynamic experiments were made with the
specimen in vacuum, heat loss from the specimen took
place by thermal radiation and by axial conduction to
the end clamps. In the previous section it was reported
that axial temperature gradients in the “‘effective”
specimen were very small; thus heat loss by conduc-
tion in the axial direction is negligible. Heat conduc-
tion to the voltage probes is also negligible since the
cross-sectional area of the knife-edges is small and the
conduction path is long. Thus, thermal radiation is the
only major source of heat loss. To correct for this, a
term representing thermal radiation is included in the
relation for heat capacity, eq (2). However, any un-
certainty in this term affects heat capacity. Radiation
heat loss, which was obtained from data during the
cooling period, has an uncertainty of approximately 1
percent. Then, uncertainty in heat capacity is obtained
by multiplying the uncertainty in heat loss by thermal
radiation by the ratio of radiated power to input power.
Results of “slow” experiments indicate that the con-
tribution of this uncertainty to heat capacity is approxi-
mately 0.03 percent at 2000 K and 0.14 percent at
2800 K. This uncertainty, of course, is less in “fast”
experiments.

b. Evaporation

Evaporation at high temperatures introduces effects
due to: (1) the heat of vaporization of the material lost,
and (2) reduction in the mass of the specimen. Using
evaporation data given by Jones et al. [32] and vapor
pressures tabulated by JANAF [31], the total weight
loss corresponding to present experimental conditions
was computed. The resulting total weight loss is
3X 107> mg and 0.35 mg per experiment in dynamic
experiments where temperature maxima were at
approximately 2000 K and 2800 K, respectively. The
measured weight loss was 0.1 mg and 0.36 mg for
approximately the same temperatures. This shows that
evaporation accounts for most of the weight loss at
high temperatures. The relatively large measured
weight loss at lower temperatures which cannot be
attributed to evaporation may be due to oxidation and
subsequent evaporation of the oxide. At the highest
temperature weight loss is less than 0.01 percent of
the weight of the effective specimen, thus the effect
of evaporation on the results is negligible. The heat
loss effect computed was much smaller than radiation
loss. It is included in the radiation heat loss correction
to the heat capacity and hence does not contribute any
additional error to heat capacity, but may introduce a
small error in the hemispherical total emittance.
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¢. Thermionic Emission

Considering the values 55X 10*A m~2 K2 for the
thermionic emission constant and 4.15 eV for the
thermionic work function of molybdenum [17, 63],
thermionic emission current is computed to be approxi-
mately 7X 107> A mm~2 at 2000 K and 0.15 A mm 2
at 2800 K. It may be noted that computed values are
for the case where electrons are continuously removed
from the surface which requires a collector plate at
positive potential. In the present system, the chamber
wall is electrically neutral and the only electrical po-
tential gradient that exists is that across the specimen,
which is less than 10 V. Thus, in the present experi-
ments thermionic emission is most probably space
charge limited, as a result of which its contribution is
much less than the values computed above and there-
fore negligible. Since the positive ion work function
for molybdenum is 8.6 eV [74], the contribution of
positive ion emission can also be neglected.

7.3. Statistical Error Analysis of Experimental Results

Possible sources and estimates of combined syste-
matic and random errors were discussed in the
previous sections. In this section, an analysis of
heat capacity and electrical resistivity results is
presented from the viewpoint of the random errors
in the experimental data.

The imprecision in the determination of properties
may be calculated both in terms of the imprecision of
a set of data in a single experiment and in terms of
the imprecision of the results of many experiments.

a. Imprecision of Heat Capacity in a Single Experiment

The variables which contribute random uncertainty
to the heat capacity in a single experiment are:
voltage, current, temperature, and heating rate.
Each of these variables enters the heat capacity
calculation as a function of time. The uncertainty of
an individual voltage, current, or temperature has been
obtained as a percent standard deviation in the course
of the computer calculation of a variable-time equation
according to the following equation:

| S

where n is the number of measurements in an experi-
ment. From experimental results the average standard
deviation is found to be 0.02 percent for temperature,
0.02 percent for voltage and 0.03 percent for current.
The uncertainty of a heating rate has been calculated
from the standard deviation of the coefficients of the
temperature-time equation differentiated to obtain
the heating rate. Although temperature and heating
rate are interdependent functions, the variances
in heat capacity derived from these two variables
are so different in magnitude that they are treated
here as independent functions.
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The total variance in heat capacity, s, resulting
from uncertainties in the four variables is given by

(38)
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where s2. is the heat capacity variance contributed by
voltage, s2; by current, s, by temperature, s2, by heat-
ing rate; and s2, s?, s#, s? are the variances of the
variables voltage, current, temperature, and heating
rate, respectively. The result of computations of ahove
quantities yields an average random uncertainty of
0.55 percent for heat capacity.

5%

2

, [0c\?
+ s7 ((TT) SiEss

b. imprecision of Heat Capacity from a Series of Experiments

A large number of experiments was conducted in
several temperature ranges. Each experiment con-
sisted of approximately 50 sets of measurements of
temperature, voltage, and current, which have standard
deviations discussed above. When heat capacity was
computed from these quantities and the results of the
many experiments were combined to obtain a poly-
nomial function, the resultant standard deviation was
0.32 percent. However, since individual experimental
results had been smoothed in the initial data reduction,
the 0.32 percent standard deviation does not include
all of the random variations that would have been
observed without this prior processing. If the sum of
the variances for the two processes are taken into
consideration, one obtains an estimate of the variance
of an individual determination which gives approxi-
mately 0.6 percent for this standard deviation of an
individual point. This is an indication of the imprecision
of the measurement. However, the imprecision of a
single determination has relatively little effect on the
inaccuracy of the results because (1) imprecision is
already much smaller than estimated total error, (2)
properties are obtained from several thousand meas-
urements of temperature and electrical quantities.

c. Imprecision of Electrical Resistivity in a Single Experiment

The variables affecting the imprecision of resistivity
based on room-temperature dimensions are voltage
and current. The uncertainty in the dimensions of
the electrical path represent a systematic error only.
Total variance in electrical resistivity, s3, resulting
from uncertainties in the two variables may be ex-
pressed by the following equation.

)2

D (a_p)z+s <i*e
& : ai

de
The result of above computations gives an average
imprecision of 0.032 percent for electrical resistivity.
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d. Imprecision of Electrical Resistivity from a Series of Experiments

The function combining all the resistivity experi-
ments shows a standard deviation of 0.076 percent
for the second series. As in the case of heat capacity,
this represents the variability of different groups of
smoothed values and its variance must therefore be
combined with that of the individual experiments
(0.032 percent). The results indicate that the total
imprecision in resistivity is approximately 0.08
percent.

7.4. Summary of Error Estimates

Based on detailed analysis of identifiable random
and systematic errors of each variable given in the
previous sections, errors in properties are estimated.
A summary of the imprecision and inaccuracy of
measured and computed quantities is presented in
table 12.

TABLE 12. Imprecision and inaccuracy of measured and computed
quantrties
Quantity Imprecision Inaccuracy
% %
0.2 (4 K) at 2000 K
Temperature.................. 0.02 (0.5K) {0.25 (7 K) at 2800 K
Voltage........ocovvevvnennnnnn. 0.02 0.05
Current... .03 .06
Power............... .04 .08
Resistance .04 .08
Length.............. .04 .08
Weight.............. .01 1
Density.......ocvovvvireeninnnns .02 5 .2{)00 £
. at
Heat Capacity................. .6 [3 at 9800 K
G0 Aoeconacosstasoonnio .08 0.5
Hem. Total Emittance...... 1 3
Norm. Spectral Emittance. ()5 2

Uncertainty in the heating rate is the major contribu-
tion to the total error in heat capacity. The uncertainty
in heating rate is related primarily to the temperature
errors. The electrical resistivity is dependent primarily
on uncertainties in temperature and dimensions and,
to a lesser extent, on uncertainties in voltage and cur-
rent measurements. The major source of error in total
hemispherical emittance is due to the uncertainty in
the ratio of heating rate to cooling rate, while in the
case of normal spectral emittance, uncertainty in tem-
perature (through uncertainties in blackbody quality
and scattered light correction) plays the most important
role.

8. General Discussion and Conclusions

Since the interpretation of results for measured
properties is given in detail in section 5, and since
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comparison of results of the present work with those
in the literature is presented in section 6, this section
will be confined to discussion of other subjects directly
or indirectly related to the high-speed measurement
of properties at high temperatures.

Whether a specimen is under thermodynamic equi-
librium while measurements are taken during dynamic
heating and cooling periods may be determined by
considering the relaxation times of various rate proc-
esses. In pure electrical conductors the main relaxation
process is due to electron-phonon interactions. For
metals at room temperature the relaxation time of this
process is estimated to be less than 10-'2s, Since relax-
ation time is directly proportional to electrical conduc-
tivity and since the latter decreases with increasing
temperature, it takes a longer time to establish thermal
equilibrium at high temperatures. The variation of
electrical conductivity in metallic elements between
room temperature and the melting point is within a
factor of 100; therefore, relaxation time in metals at
high temperatures is of the order of 10-'%s. Thus, in
experiments of millisecond and even microsecond
resolution the electronic and vibrational states of the
specimen can be considered to be in thermodynamic
equilibrium during the time of measurements.

The equilibrium concentration of vacancies in the
lattice has been discussed in section 5, and its esti-
mated contribution to heat capacity is given in table 7.
These estimates may be considered to be an indica-
tion of the upper limit of the change in the heat ca-
pacity if the concentration departs from equilibrium
values during a rapid heating or cooling process. From
this, one may conclude that departures of heat ca-
pacity from equilibrium values are less than the im-
precision of the measurements throughout most of the
temperature range.

Information concerning relaxation times for vacancy
equilibrium is not readily obtainable; but since the
mechanism is related to that of diffusion, the relaxation
time is an exponential function of temperature. The
magnitude of vacancy relaxation time as observed in
quenching experiments at lower temperatures and
extrapolated up to the melting point may be of the order
of a millisecond for molybdenum in the temperature
range 2500 to 2800 K. The vacancy kinetics of molyb-
denum has not been investigated sufficiently to permit
reliable estimates.

The difference between the measured weight loss
of the specimen and the computed weight loss due to
evaporation, which in all cases was less than 0.01 per-
cent per experiment, is attributed to oxidation followed
by evaporation of the oxide. It can be noted that at
very high temperatures actual weight loss was very
close to that computed for evaporation, while at low
and medium temperatures the weight loss was probably
primarily due to oxidation.

Molybdenum forms primarily two oxides, Mo0. and
Mo0;. Studies reported in the literature [39, 60] in-
dicate that the oxidation rate of molybdenum may be
represented by a parabolic function in time at mod-
erately high temperatures and by a linear function at
temperatures above 1000 K because of the volatility



of Mo0Os. Thus, above about 1000 K oxidation is ac- 9. Appendix
companied by a loss in specimen weight.
The results for electrical resistivity (high and ambient
temperature) and residual electrical resistivity ratio TABLE A—1. Experimental results on heat capacity and
indicate a reduction in impurity content or in other electrical resistivity of molybdenum (first series)

imperfections at the end of the experiments. Chemical Range and T . p
analysis did not show any detectable change in the L K Jmols K- | 10-*Qm
impurity content between the initial and final states
of the specimen. This fact may be partly attributed to Low
the low sensitivity of the analysis. 246 1900 34.98 olEs
It has been reported [25, 56] that at high tempera- 246 1940 34.83 50.92
tures certain impurities in a solid can diffuse to the gig éggg gggg gg};?
surface and evaporate thus causing partial purification 246 2060 36.47 5473
of the specimen and the generation of clean surfaces. 246 2100 37.01 56.02
Several investigators [9, 24, 58, 75] have observed ) o
that small amounts of oxygen present in the system jg %328 ngg gggg
may react with the carbon impurities in the specimen 247 1980 35 34 5219
(refractory metals) and produce CO and CO.. 247 2020 35.79 53.45
In conclusion, changes in impurity content, grain 51; 5(1)88 ;g%g ?;1(72
- . 4 36.6: 55.99
growth, or departures of vacancy concentrations from
equilibrium, discussed above or earlier in the text, all 248 1900 34.15 49.67
together may conceivably account for the observed 248 1940 34.69 50.91
changes of 1.3 to 2.2 percent in heat capacity between gig %ggg ggé‘; :’é}lg’
the first and second series of measurements. No other 248 2060 36.30 5170
satisfactory explanation has been found. The results 248 2100 36.83 55.98
of the second series are recommended to represent
the properties of molybdenum. g;’i }ggg gi%% gggg
Experimental results reported in this study have 251 1980 35.33 52.19
shown the feasibility of accurate measurement of heat 251 2020 35.88 53.45
capacity and electrical resistivity of electrical con- %g{ 3?88 gggg ggg;
ductors at high temperatures (above 2000 K) by a pulse : ’
method of millisecond resolution. The results also in- 252 1900 34.45 49.69
dicate that under proper surface and environmental ggg 1330 34.89 50.94
conditions the technique allows the measurement of 959 ;028 ‘%2%3 géié
total hemispherical and normal spectral emittances. 259 2060 36.14 54.73
At 2000 K the accuracy of measured properties by this 252 2100 36.53 56.00
mfzth(,)d is estlma.tgd to be gb()ut the same as that ob- o N 2180 19,65
tained by conventional methods. At temperatures above 253 1940 3515 5091
2500 K it surpasses any other method now known. In 253 1980 3548 5218
fact, high-speed measurements play a unique role in 253 2020 35.80 53.45
research at very high temperatures where conven- 2?3 2060 36.11 54.72
tional techniques cannot be used because of excessive e 0D =04 26.01
heat losses, evaporation, chemical reactions, mechan- Medium
ical instability, etc. Thus, dynamic measurement tech-
niques become an important and very attractive tool 223 2000 35.52 52.86
in the study of refractory metals and their alloys, as ggg ﬁggg ggg; gg;z
well as other high melting electrically conducting 993 2120 3715 56'62
substances. Another distinct advantage of this tech- 993 2160 37.68 57.96
nique is that it permits the measurement of several 223 2200 38.21 59.26
properties simultaneously. 223 2240 38.73 60.57
224 2000 35.71 52.86
224 2040 36.19 54.13
224 2080 36.65 55.41
224 2120 SN 56.69
224 2160 37.56 57.96
224 2200 37.99 59.24
225 2000 35.89 52.87
The authors extend their appreciation to G. M. Foley 225 2040 36.33 54.15
of Leeds and Northrup Co. (also guest worker at NBS) 225 2080 36.76 55.43
for his research on the millisecond pyrometer and for %52 3}28 i;ég g?g;
his advice and assistance in connection with the opera- 295 5900 37.07 50 97
tion of the pyrometer. 225 2240 38.36 60.55
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TABLE A—1. Experimental results on heat capacity and TABLE A—1. Experimental results on heat capacity and

electrical resistivity of molybdenum (first sertes) — Con. electrical resistivity of molybdenum (first series) — Con.
Range and T cp P Range and T Cp p
Exp. No. K J mol " K-! 10-%Qm Exp. No. K J mol- ' K-! 108 Qm
Medium High
229 2000 35.67 52.90 241 2400 41.40 65.75
229 2040 36.16 54.17 241 2440 42.10 67.02
229 2080 36.65 55.45 241 2480 42.81 68.28
229 2120 37.12 56,73 241 2520 43.54 69.54
229 2160 37.59 58.01
229 2200 38.04 59.30 242 2200 37.91 59.37
229 2240 38.49 60.58 242 2240 38.59 60.65
242 2280 39.29 61.93
230 2000 35.79 52.89 242 2320 39.99 63.21
230 2040 36.26 54.16 242 2360 40.71 64.48
230 2080 36.73 55.44 242 2400 41.45 65.76
230 2120 37.18 56.73 242 2440 42.19 67.02
230 2160 37.63 58.01 242 2480 42.96 68.28
230 2200 38.07 59.29 242 2520 43.75 69.53
230 2240 38.50 60.58
Very High
232 2000 35.81 52.94
232 2040 36.27 54.21 268 2400 41.06 65.54
232 2080 36.71 55.49 268 2440 41.82 66.80
232 2120 37.14 56.77 268 2480 42.60 68.06
232 2160 37.56 58.05 268 2520 43.39 69.32
232 2200 37.97 59.32 268 2560 44.21 70.57
232 2240 38.37 60.60 268 2600 45.06 71.81
268 2640 45.93 73.04
High 268 2680 46.84 74.26
268 2720 47.78 75.47
235 2200 37.69 59.28 268 2760 48.77 76.66
235 2240 38.39 60.55 268 2800 49.80 77.83
235 2280 39.10 61.83
235 2320 39.82 63.10 = 2Ly Ll e
235 2360 40.56 64.37 = - L po
235 2400 41.31 65.64 269 2480 42.65 68.05
235 2440 42.09 66.91 269 2520 43.43 69.31
235 2480 42.87 68.17 269 2560 44.23 70.56
235 2520 43.69 69.42 269 2600 45.05 71.80
269 2640 45.90 73.03
236 2200 37.74 59.33 269 2680 46.79 74.25
236 2940 38.44 60.60 269 2720 47.70 75.46
236 2280 39.14 61.88 269 2760 48.65 76.65
236 2320 39.86 63.15 269 2800 49.65 77.81
236 2360 40.59 64.42
236 2400 41.33 65.70 270 2400 41.04 05.47
236 2440 42.09 66.96 270 2440 41.80 00.73
236 2480 42.86 68.22 270 2480 42.58 67.99
236 2520 43.66 69.48 270 2520 43.38 69.25
270 2560 44.20 70.50
237 2200 37.92 59.33 210 2600 45.05 Il
237 2240 38.59 60.60 270 2640 45.93 72.98
237 2280 39.28 61.88 210 2680 46.85 14.20
237 2320 39.97 63.16 210 2120 41.81 Ui
237 2360 40.67 64.43 270 2760 44.5] 76.59
237 2400 41.38 65.71 g e g it
2| a0 | ass | enod 273 200 | 4090 | 6532
237 2520 43.60 69.49 £ . Ll gl
273 2480 42.37 67.83
240 2200 38.16 59.34 273 2520 43.13 69.08
240 2240 38.80 60.63 273 2560 43.91 70.33
240 2280 39.43 61.91 273 2600 44.71 71.56
240 2320 40.08 63.20 273 2640 45.54 72.79
240 2360 40.72 64.48 273 2680 46.40 74.01
240 2400 41.38 65.75 273 2720 47.29 75.21
240 2440 42.04 67.01 273 2760 48.22 76.39
240 2480 42.71 68.27
240 2520 43.39 69.51 274 2400 40.72 65.28
274 2440 41.44 66.53
241 2200 38.04 59.34 274 2480 42.17 67.79
241 2240 38.70 60.63 274 2520 42.92 69.04
241 2280 39.36 61.91 274 2560 43.69 70.28
241 2320 40.03 63.19 274 2600 44.48 71.51
241 2360 40.71 64.47 274 2640 45.29 72.74
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TABLE A-1. Experimental results on heat capacity and TABLE A-2. Ex])erimental results on heat capacity
electrical resistivity of molybdenum (first series) — Con. and electrical resistivity of molybdenum (second
series) — Continued

Range and T @ p
Exp. No. K Jmol- ' K-! 10-8Qm Range and T @ p
Exp. No. K Jmol " K! 10 8Qm
igh
s Medium
274 2680 46.12 73.95
274 2720 46.98 75.14
274 2760 47.88 76.31 304 2000 35.01 52.59
274 2800 48.81 77.46 304 2040 35.53 53.84
304 2080 36.04 55.09
275 2400 40.51 65.27 304 2120 36.53 56.35
275 2440 41.23 66.51 304 2160 37.01 57.61
275 2480 41.97 67.75 304 2200 37.48 58.88
205 2520 42.73 68.98 304 2240 37.93 60.15
275 2560 43.51 70.22 304 2280 38.36 61.42
275 2600 44.31 71.44
275 2640 45.13 72.66 305 2000 35.05 52859
275 2680 45.98 73.87 305 2040 35.57 53.84
275 2720 46.86 75.06 305 2080 36.07 55.10
275 2760 47.78 76.25 305 2120 36.55 56.36
215 2800 48.74 77.41 305 2160 37.03 57.62
305 2200 37.48 58.88
305 2240 37.93 60.15
305 2280 38.35 61.41
306 2000 34.99 52.60
306 2040 35853 53.84
TABLE A-2. Experimental results on heat capacity ggg g(l)gg gggg gg;g
;1()nr(ilmf)’lectrica/ resistivity of molybdenum (second 306 2160 37:07 57:62
306 2200 37.56 58.89
Range and T c p 306 2240 38.04 60.17
Exp, No. K (TR S 306 2280 38.50 61.45
High
Fow 315 2200 37.22 58.73
29 BiIS) 2240 37.87 59.99
23 | 1080 sS4k | 306 315 | 2280 3852 6126
293 1980 34.96 51,91 315 2320 39.16 62.52
203 2020 35.47 5317 315 2360 39.81 63.79
293 2060 35.96 5143 315 2400 40.44 65.04
293 2100 36.44 55.70 315 2440 41.08 66.30
315 2480 41.71 67.55
294 1900 33.97 49.45 315 2520 42.34 68.79
294
24 | 1980 306 | 1o 26| 2200 37.35 58.76
294 2020 35.40 53.17 316 2240 37.99 60.02
294, 2060 35.86 54.43 316 2280 38.62 61.29
294 2100 36.31 55.69 316 2320 39.25 62.55
316 2360 39.87 63.81
295 316 2400 40.49 65.07
295 i ij‘;j‘;? ;’3;23 316 2440 41.10 66.32
295 1980 34.96 51.93 316 2480 41.71 67.57
295 2020 35.39 53.17 316 2520 42.31 68.81
29.
25 | 2100 %20 | e N7 | 2200 37.34 58.77
: 317 2240 37.98 60.03
9 31 2280 38.62 61.30
%92 %323 §ij23 33;‘7‘3 317 2320 39.25 62.56
296 1980 34.92 51.94 317 2360 39.87 63.83
296 2020 35.34 53.19 317 2400 40.49 65.09
296 2060 35.74 54.44 317 2440 41.11 66.34
296 2100 36.13 55,70 317 2480 41.72 67.59
’ 317 2520 42.32 68.84
Medium 318 2200 37.24 58.79
303 0 318 2240 37.90 60.06
303 3028 ggﬁgg §§;§'§ 318 2280 38.56 61.32
303 2080 35.94 55.08 318 2320 39.22 62.59
303 2120 36.47 56.34 318 2360 39.88 63.85
303 2160 36.98 57.60 318 2400 40.54 65.11
303 2200 37.49 58.86 318 2440 41.19 66.36
303 2940 37.08 60.13 318 2480 41.85 67.61
303 2280 38.45 61.39 318 2520 42.50 68.86
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TABLE A—2. Experimental results on heat capacity TABLE A-3. Experimental results on

and electrical resistivity of molybdenum (second normal spectral emittance of mol_yb-
series) — Continued denum at \=650 nm (second series)
Range and T Cp P r
Ex];. No. K j mol’I‘ K-! 10-3 Qm Exp. No. K €N, A
: 288 1833 0.3341
Very High 288 1847 .3324
288 1862 .3314
324 2400 40.44 64.97 288 1876 13309
324 2440 41.17 66.22 288 1896 3305
324 2480 41.90 67.47 288 1910 3310
324 2520 42.63 68.72 288 1924 3318
324 2560 43.37 69.96
324 2600 44.11 71.19 297 2011 .3300
324 2640 44.86 72.41 297 2030 .3301
324 2680 45.62 73.61 297 2041 .3300
324 2720 46.39 74.81 207 2057 .3300
297 2090 .3302
325 2400 40.46 64.99 297 2104 .3303
325 2440 41.19 66.25 297 2123 .3302
325 2480 41.92 67.51
325 2520 42.66 68.76 307 2165 .3296
325 2560 43.40 69.99 307 2184 .3292
325 2600 44.15 71.22 307 2903 .3288
325 2640 44.90 72.44 307 2299 3283
325 2680 45.67 73.65 307 2940 3978
325 2720 46.44 74.84 307 2950 3973
325 2760 47.22 76.01 307 2977 3968
325 2800 48.02 77.16
23252
326 2400 40.40 65.00 §}3 Si?é 3950
326 2440 41.15 66.26 319 2434 ‘3248
326 2480 41.91 67.52 519 5451 3246
326 2520 42.68 68.76 319 5467 3945
326 2560 43.46 70.00 319 5483 "3944
326 2600 44.24 71.24 319 2500 3243
326 2640 45.04 72.46
326 2680 45.85 73.67 3235
326 2720 46.68 74.86 §§§ o i
326 2760 47.52 76.04 398 2650 3230
326 2800 48.39 77.19 398 2672 _3222
.322
327 2400 40.42 65.02 b i e
327 2440 41.18 66.28 398 2736 3229
327 2480 41.95 67.54 398 2757 3219
327 2520 42.73 68.79 398 2777 3216
327 2560 43.51 70.03
32 2600 44.31 71.26
327 2640 45.12 72.49
327 2680 45.94 73.70
327 2720 46.78 74.90
327 2760 47.64 76.09
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TABLE A—4. Experimental results on hemi-
spherical total emittance of molybdenum
(first and second series)

Series and T
Exp. No. K €
First Series
264 1887 0.2718
258 1910 .2726
259 1911 .2702
248 2082 .2807
252 2099 .2851
224 2247 .2976
223 2261 .2931
229 2263 .2913
237 2493 .3075
236 2494 .3130
241 2501 .3132
269 2747 .3263
270 2763 .3310
Second Series
284 1881 .2534
294 2094 .2720
304 2255 2773
sl 2510 .2967
325 2731 .3154
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