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A technique is described for the dynamic measurement of selected thermophysi- 
cal properties of electrically conducting solids in the range 1500 K to the melting 
temperature of the specimen. The technique is based on rapid resistive self- 
heating of the specimen from room temperature to any desired high temperature 
in less than 1 s by the passage of an electrical current pulse through it and on 
measuring the pertinent quantities, such as current, voltage, and temperature, 
with millisecond resolution. The technique was applied to the measurement of 
heat capacity, electrical resistivity, hemispherical total emissivity, normal spec- 
tral emissivity, thermal expansion, temperature and energy of solid-solid phase 
transformations, melting temperature, and heat of fusion. Two possible options 
for the extension of the technique to measurements above the melting tempera- 
ture of the specimen are briefly discussed. These options are: (1) submillisecond 
heating of the specimen and performance of the measurements with microsec- 
ond resolution, and (2) performance of the experiments in a near-zero-gravity 
environment with millisecond resolution. 

KEY WORDS: electrical resistivity; heat capacity; heat of fusion; hemispheri- 
cal total emissivity; high-speed techniques; high temperatures; melting tempera- 
ture; normal spectral emissivity; phase transformation; thermal expansion. 

1. I N T R O D U C T I O N  

C o n v e n t i o n a l  s t eady-s t a t e  a n d  quas i - s t eady - s t a t e  t e c h n i q u e s  for  a c c u r a t e  

m e a s u r e m e n t  of  t h e r m o p h y s i c a l  p rope r t i e s  a re  gene ra l ly  l imi t ed  to t e m p e r a -  
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tures below 2000 K. This limitation is the result of severe problems 
(chemical reactions, heat transfer, evaporation, specimen containment, loss 
of mechanical strength and electrical insulation, etc.) created by the expo- 
sure of the specimen and its immediate environment to high temperatures 
for extended periods of time (minutes to hours). An approach to minimize 
the effect of these problems and thus to permit the extension of the 
measurements to higher temperatures is to perform the entire experiment in 
a very short period of time (less than 1 s). It is in this context that most of 
the dynamic techniques for the measurement of thermophysical properties 
at high temperatures were developed. 

The development of various dynamic techniques for the measurement 
of selected thermophysical properties of electrically conducting substances 
have been reviewed in the literature [1-4]. The objective of this paper is to 
describe briefly the technique developed at the National Bureau of Stan- 
dards, summarize the investigations performed with the technique during 
the past decade, and present some of the recent advances. The technique 
was applied to the measurement of heat capacity, electrical resistivity, 
hemispherical total emissivity, normal spectral emissivity, thermal expan- 
sion, temperature and energy of solid-solid phase transformations, melting 
temperature, and heat of fusion. 
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Fig. 1. Functional diagram of the dynamic thermophysical measurement system [6]. 
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2. METHOD AND MEASUREMENT SYSTEM 

The method is based on resistive self-heating of the specimen from 
room temperature to any high temperature (in the range from 1500 K to its 
melting temperature) in less than 1 s by the passage of an electrical current 
pulse through it; and on measuring, with millisecond resolution, such 
experimental quantities as current through the specimen, voltage across the 
specimen, and specimen temperature. Formulation of the relations for 
properties in terms of the experimental quantities are given in an earlier 
publication [5]. 

The measurement system consists of an electric power pulsing circuit 
and associated measuring and control circuits. A functional diagram of the 
complete system is presented in Fig. 1. The details of the measurement 
system and its operational characteristics are given in earlier publications 
[5, 6]. In this section, some of the important features are summarized. 

2.1. Pulse Circuit 

The pulse circuit includes the specimen in series with a battery bank, a 
standard resistance, an adjustable resistance, and a switching system. The 
battery bank consists of 14 series-connected 2-V batteries each having 
approximately 1100 A- h capacity. A standard resistance (1 m~) is used to 
measure the pulse current through the specimen. An adjustable resistance 
(total resistance 30 m~) enables control of the heating rate of the specimen 
and the shape of the current pulse. The switching system consists of two 
series-connected, fast-acting switches. The second switch is used as a 
backup in the event the first one fails to open at the end of the heating 
period. 

2.2. Specimen and Experiment Chamber 

The specimen is a tube of the following nominal dimensions: length, 
75-100 mm; outside diameter 6 mm; and wall thickness, 0.5 mm. A small 
rectangular hole (1 x 0.5 ram) is fabricated in the wall at the middle of the 
specimen to approximate blackbody conditions for pyrometric temperature 
measurements. For the above geometry, blackbody quality of the sighting 
hole is estimated to be approximately 0.99. Depending on the investigation, 
specimens of other geometrical forms (rods, strips) may be used. The 
specimen is mounted vertically 6 mm off-center with respect to the axis of 
the experiment chamber to reduce the effect of internal reflections. The 
chamber wall and the specimen clamps are water-cooled. Thermocouples 
are connected (electrically insulated) to the two end clamps to measure the 
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specimen temperature before each pulse experiment. An expansion joint 
allows the expansion of the specimen in the downward direction. The 
voltage probes are knife edges made of the specimen material and are 
placed at a distance approximately 13 mm from the end clamps. The knife 
edges define a portion of the specimen, which should be free of axial 
temperature gradients for the duration of the experiment. The chamber is 
designed for conducting experiments with the specimen either in vacuum or 
in a controlled atmosphere. A schematic diagram of the experiment cham- 
ber is shown in Fig. 2. 

WATER COOLED 
C L A M P  

BLACKBODY 
RADIATION HOLE 

WATER COOLED 
~ J A C K E T  

SPECIMEN 

WATER COOLED__ 
CLAMP 

EXPANSION 

VACUUM PORT- 

WATER COOLED 
B A S E  

ELECTRICAL 
FEED THROUGH 

TABLE TOP~,...~,~ 

CURRENT  --CURR !T LEAD 
BO mm 

I ] 

Fig. 2. Schematic diagram of the experiment chamber [6]. 
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2.3. High-Speed Pyrometer 

Temperature of the specimen is measured with a high-speed photoelec- 
tric pyrometer, which permits 1200 evaluations of the specimen tempera- 
ture per second. The pyrometer alternatively passes precisely timed samples 
of radiance from the specimen and a reference source (gas-filled tungsten 
filament lamp) through an interference filter (wavelength 653 nm, band- 
width 10 nm) to a photomultiplier. During each exposure, the photomulti- 
plier output is integrated and is recorded. For measurements at tempera- 
tures above 2500 K, calibrated optical attenuators are placed in the path of 
the radiation from the specimen. The pyrometer target is a circular area 0.2 
mm in diameter. The details regarding the construction and operation of 
the pyrometer are given in the literature [7]. 

2.4. Data Recording System 

Data corresponding to temperature, current, and voltage are recorded 
with a high-speed digital data acquisition system, which consists of a 
multiplexer, analog-to-digital converter, and a core memory together with 
control and interfacing equipment. All signals are brought to the multi- 
plexer through differential amplifiers in order to avoid inaccuracies arising 
from common ground points. The multiplexed 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 = 213). Digital output from the con- 
verter consists of 13 binary bits plus a sign bit. This output is stored in a 
core memory having a capacity of 2048 words of 16 bits each. The data 
acquisition system is capable of recording a set of signals corresponding to 
temperature, voltage, and current approximately every 0.4 ms. At the end 
of the pulse experiment, data stored in the memory are transferred to a 
minicomputer for processing. An oscilloscope is used only to monitor the 
general pattern of the experimental results, and to  detect any anomalies. 

2.5. Typical Operational Characteristics 

The operational characteristics of the system depend primarily on the 
electrical circuit parameters, properties of the specimen, and specimen 
maximum temperature. The system characteristics for typical experiments 
are as follows: current, 1-3 kA; power, 5-15 kW; heating rate, 3-9 
K .  ms-l ;  heating duration 0.3-0.9 s; heating rate/cooling rate, 10-100. 
The above figures are the results of typical experiments and do not 
represent the full capabilities of the measurement system. 

3. MEASUREMENT OF PROPERTIES 

In the following paragraphs, the capabilities of the system from the 
viewpoint of measured properties are briefly discussed. Whenever pertinent, 
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key references to more detailed presentations are given. A summary of the 
measurements of properties of substances that have been performed with 

�9 the system is given in Table I. 

3.1. Heat Capacity 

Heat capacity is determined from the measurements of voltage, cur- 
rent, and temperature during the heating period. A correction for heat loss 
from the specimen due to thermal radiation is made based on hemispheri- 
cal total emissivity determined during the same experiment. The measure- 
ment and computational details regarding heat capacity are given in the 
literature [5]. 

3.2. Electrical Resistivity 

Electrical resistivity is obtained from the measurement of voltage, 
current, and temperature during the heating period. The measurement and 
computational details regarding electrical resistivity are given in the litera- 
ture [5]. 

3.3. Hemispherical Total Emissivity 

Hemispherical total emissivity is obtained from data taken during the 
heating period in conjunction with temperature measured during the initial 
cooling period that follows the heating period. The measurement and 
computational details regarding hemispherical total emissivity are given in 
the literature [5]. 

3.4. Normal Spectral Emissivity 

Normal spectral emissivity is measured at the effective wavelength of 
the pyrometer's interference filter (wavelength 653 nm, bandwidth 10 nm). 
For this determination, two rapid heating experiments are performed in 
which the pyrometer is aimed first at the blackbody radiation hole and then 
at the surface of the tubular specimen. The ratio of radiance (surface to 
hole) corresponding to the same specimen temperature is the normal 
spectral emissivity. The same temperature in the two experiments is found 
by matching the measured specimen resistance. The measurement and 
computational details regarding normal spectral emissivity are given in the 
literature [5]. 

3.5. Thermal Expansion 

Recently, it was demonstrated that the system, with some additions, 
can be used to measure the thermal expansion of metals. The technique is 
based on simultaneously measuring, during rapid heating of the specimen, 
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P B l l  QP1L1 SPECIMEN L2 OP2 

L3 L4 
PP1 
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Fig. 3. Schematic diagram of the interferometer consisting of the following optical elements: 
polarizing beamsplitters PB1 and PB2; quarter-wave plates QP1 and QP2; lenses L1, L2, L3, 
and L4; pentaprisms PPI and PP2; and plane mirrors MI and M2. The double-headed 
arrows, the heavy dots, and the curved arrows refer to the polarization states of the component 
beams. The specimen is shown in cross section [45]. 

the specimen expansion by the shift in the fringe pattern produced by a 
Michelson-type polarized beam interferometer and the specimen tempera- 
ture by means of the high-speed pyrometer. The specimen, fabricated into 
the form of a precision-machined tube with parallel optical flats on oppo- 
site sides along the length, is placed as a double reflector in the path of one 
of the two light beams. The schematic representation of the interferometer 
for rapid thermal expansion measurements is shown in Fig. 3. The measure- 
ments and the computational details regarding thermal expansion are given 
in the literature [45]. 

3.6. Temperature and Energy of Solid-Solid Phase Transformation 

For studies related to the temperature and energy of the solid-solid 
transformations that take place quickly (in less than 1 ms) the present 
dynamic technique can be applied. Most significant first-order solid-solid 
phase transformations in a specimen are manifested by a plateau in the 
temperature versus time function during its heating or cooling. The average 
of the measured temperatures at the plateau yields the transformation 
temperature. From the integral of the power absorbed by the specimen 



186 C e z a i r l i y a n  

E 
& m5 

I . -  

co 160 
Ld  
r r "  

< 

E: 
]55 

i , i  
_ J  
U 

l l 

. . . . . . . . . . . . . . .  ~ �9 . . . .  �9 ~  ~ . . ~  ~  

c~ PHASE 

1900 

l l 

# PHASE 

"~"...,, .... ~176176 ,..,,- 

I L I 
2000  2100 

TEMPERATURE, K 

I 2% 

Q O  I OW ~ Q O  I 

Fig. 4. Variation of the electrical resistivity as a function of temperature of a hafnium 
specimen near and at its solid-solid transformation temperature [29]. 

during the transformation, the transformation energy is obtained. In addi- 
tion, from the measurements of voltage and current, the variation in the 
electrical resistivity of the specimen during the transformation can be 
obtained (Fig. 4). The measurement and computational details regarding 
temperature and energy of solid-solid transformation are given in the 
literature [29]. 

3.7. Melting Temperature 

During rapid heating of the tubular specimen, if the current is not 
interrupted the specimen temperature reaches its melting temperature, and 
then the specimen collapses under gravitational force. Melting is mani- 
fested by a plateau in the temperature versus time function. By averaging 
the temperature points on the plateau, the melting temperature is obtained. 
The results of a typical experiment on the melting of niobium is shown in 
Fig. 5: The measurement and computational details regarding the melting 
temperature are given in the literature [8]. 

3.8. Radiance Temperature at the Melting Temperature 

If strip-shaped specimens are used for the melting temperature experi- 
ments instead of the tubular specimens, one obtains the radiance tempera- 
ture as the specimen melts. During the initial melting period, the radiance 
temperature of strip specimens yields a horizontal plateau. The results of 
two typical experiments on tungsten are given in Fig. 6. The drop in 



2750 

:~ 2725 

Cr" 

Od 
LIJ 
a_ 2 7 0 0  
L d  
}-- 

2675 

2650 
0 

2_750.6 K . . . .  

I I I 

e o o o o e  e e ~ 1 7 6  ~ 1 7 6  

L I I 
I0 20 30 

TIME, ARBITRARY UNIT 

I i 
4 0  50 

Fig. 5. Variation of the temperature of a niobium specimen near and at its melting tempera- 
ture [ 12]. 

O.  

E 
I - -  

== 
(1  
~3 

3 2 1 0  

3 2 0 0  

3 2 1 0  

3 2 0 0  ~ 

1 I I I I I 

�9 % . . .  

"" " : : ' ~ ' * "  " " ' ; 2 : "  " " " "  " " ' : "  
�9 . ~ ,  ,,t, . - ~  . - , - %  .- . . .  ~ " . �9 

o g I 6 

3 2 0 6  4 K 

I I I ] I 

I I I I I 

,;,,':.. . . . 

L,o2  
I I I I 

100  200  300  

T i m e ,  1 Uni t  = 0 . 8 3 3  m s  

m 

Fig. 6. Variation of radiance temperature (at 653 nm) as a function of time near and at the 
melting temperature of tungsten for two typical experiments [44]. 



188 Cezairliyan 

temperature just as the plateau starts corresponds to a change (decrease) in 
the normal spectral emissivity of the specimen as it starts to melt. This is 
likely to be the case, in general, since solid surfaces, regardless of the degree 
of polish, depart from the conditions of ideal smoothness. The averages of 
the temperatures at the plateau for different specimens of the same metal 
were found to be reproducible, usually within a few degrees kelvin. The 
measurement and computational details regarding radiance temperature at 
the melting temperature are given in the literature [16]. Because of the 
simplicity and ease of performing experiments with strips, radiance temper- 
ature measurements at the melting temperature of selected metals may find 
applications in performing secondary calibrations on instruments and in 
conducting overall in situ checks on complicated measurement systems at 
high temperatures. The combination of the measurement of the true melt- 
ing temperature and the radiance temperature at the melting temperature 
yields the normal spectral emissivity of the specimen at its melting tempera- 
ture. 

3.9. Heat of Fusion 

The feasibility of measuring heat of fusion was demonstrated in 
experiments where a composite specimen consisting of three strips (each 76 
mm long, 6.3 mm wide, 0.25 mm thick) in parallel was used (Fig. 7). The 

Fig. 7. Schematic diagram showing the arrangement of the composite specimen, clamps, and 
radiance temperature measurement system (dimension not to scale). Strip of material B is 
sandwiched between two strips of material A. The melting temperature of B is lower than that 
of A [40]. 
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Fig. 8. Variation of radiance temperature of a composite specimen as a function of time 
during its heating period. The inner strip is niobium, and the outer strips are tantalum. The 
plateau corresponds to the melting of niobium [40]. 

two outer strips were made of tantalum and the inner strip was made of 
niobium. Other combinations may also be used as long as the melting 
temperature of the inner strip is lower than that of the outer strips. The 
function of the outer strips is to contain the inner metal during the melting 
period. The result of a typical experiment that shows the radiance tempera- 
ture of the outer strip of a composite specimen near and at the melting 
temperature of niobium is presented in Fig. 8. Heat of fusion was obtained 
by integrating the power absorbed by the niobium strip over the duration 
of the plateau. Heat loss due to thermal radiation was taken into consider- 
ation. The measurement and computational details regarding heat of fusion 
are given in the literature [40]. 

3.10. Estimate of Errors 

A summary of the imprecision and estimated uncertainty of measured 
quantities and properties with the dynamic thermophysical measurement 
system is given in Table II. The values represent typical results for measure- 
ments in the range 2000-2500 K. Imprecision and uncertainty of most 
quantities in dynamic measurements are somewhat insensitive to tempera- 
ture and do not increase significantly with temperature. The details regard- 
ing the estimates of errors and their combination for most of the properties 
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Table II. Typical Values of Imprecision and Estimated Uncertainty of Measured 
Quantities and Properties with the Dynamic Thermophysical Measurement System ~ 

Quantity Imprecision Uncertainty 

Temperature 0.5 K 5 K 
Voltage 0.03% 0.1% 
Current 0.03% 0.1% 
Heat capacity 0.5% 2-3% 
Electrical resistivity 0.1% 0.5-1% 
Hemispherical total emissivity 1% 3-5% 
Normal spectral emissivity (at 0.65 ~m) 1% 3-5% 
Thermal expansion 0.5% 1-2% 
Transformation (solid-solid) temperature 1 K 5-10 K 
Transformation (solid-solid) energy 2 % 5-10% 
Melting temperature 1 K 5-10 K 
Heat of fusion 2% 5-10% 

~Imprecision refers to the standard deviation of an individual point as computed from the 
difference between the measured value and that from the smooth function obtained by the 
least-squares method. Uncertainty refers to the estimated total error (random and systematic). 
Values correspond to measurements in the range 2000-2500 K. 

listed in the table were given in an earlier publication [5]. For properties 
that have been added more recently, the reader may consult the pertinent 
individual papers referenced above. 

4. E X T E N S I O N  OF M E A S U R E M E N T S  TO PROPERTIES 
OF LIQUIDS 

The dynamic technique described in this paper is for the measurement 
of properties of solid electrical conductors above about 1500 K. The upper 
temperature of the measurements has been limited by the melting tempera- 
ture of the specimen, at which point the specimen becomes unstable and 
collapses. Two possible options for the extension of the measurements to 
temperatures above the melting temperature are: (1) submillisecond heating 
of the specimen, which requires performance of the pertinent measurements 
with microsecond resolution, and (2) performance of the experiments in a 
near-zero-gravity environment with millisecond resolution. 

1. The principle of the microsecond-resolution dynamic measurement 
technique is the same as that described earlier for the millisecond-resolution 
technique. The major difference is in the power supply; a capacitor bank is 
utilized for the microsecond-resolution system to enable heating of the 
specimen in times shorter than 1 ms. Also, because of the increased speed, 
measurement of the experimental quantities becomes much more difficult 
and as a result less accurate than in the millisecond-resolution case. Up to 
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now, research in this area has been mostly of an exploratory nature; 
however, the results have indicated the feasibility of measuring the en- 
thalpy, electrical resistivity, and thermal expansion of liquid metals up to 
about 10,000 K. A summary of such investigations reported in the literature 
is given in Ref. 4. An accurate microsecond-resolution system under 
development at the National Bureau of Standards is described in the 
literature [51 ]. 

2. If the experiments are performed in a near-zero-gravity environ- 
ment, it may be possible for the specimen to sustain its geometry (cylindri- 
cal liquid column) above the melting temperature for the duration of the 
dynamic experiment. This technique is likely to extend the measurements to 
several hundred and possibly several thousand degrees above the melting 
temperature. Research is presently under way at the National Bureau of 
Standards to assess the feasibility of this method. The problems that are 
being studied include: (1) the effect of forces other than the gravitational 
force, such as surface tension, and electromagnetic forces, on the stability 
of the specimen in the form of a liquid column, (2) the optimum geometry 
for the specimen from stability viewpoint, and (3) the effect of perturba- 
tions due to vibration, expansion, etc. 

5. DISCUSSION 

The dynamic technique described in this paper has been used success- 
fully for the measurement of several thermophysical and related properties 
in the range from 1500 K to the melting temperature of the specimen. The 
technique has been perfected to a level of competitiveness with the most 
accurate conventional steady-state techniques in the overlapping tempera- 
ture range (1500-2000 K) for the two types of techniques. 

At temperatures above 2000 K, it becomes very difficult if not impossi- 
ble to perform accurate steady-state experiments; thus the dynamic tech- 
nique becomes a unique and indispensable tool for thermophysical mea- 
surements at high temperatures. The dynamic technique has the added 
advantage of covering a wide temperature range in a single experiment and 
of yielding high resolution in temperature measurements in comparison 
with most of the conventional techniques. This is an important feature, 
especially in measurements near and at phase transformations. 

The potential of the dynamic technique has not been explored com- 
pletely. In addition to the properties investigated so far, the dynamic 
technique may be used to measure other thermal, electrical, and related 
Properties in both the solid and liquid phases, as well as to measure 
properties of more complex substances, such as certain carbides, borides, 
nitrides, and oxides. An added advantage of the dynamic technique is that 
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it may provide 
substances. 

the means of studying 
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time-dependent phenomena in 
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