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Extension of Thermophysical and Thermodynamic
Property Measurements by Laser Pulse Heating
up to 10,000 K. I. Under Pressure'

R. W. Ohse*?

The necessity for increased high-temperature data reliability and extension of
thermophysical property measurements up to 5000 K and above are discussed.
A new transient-type laser-autoclave technique (LAT) has been developed to
extend density and beat capacity measurements of high-temperature multicom-
ponent systems far beyond their melting and boiling points. Pulsed multibeam
laser heating is performed in an autoclave under high inert gas pressure to
eliminate evaporation. The spherical samples are positioned by containment-free
acoustic levitation regardless of their conductive or magnetic properties. Tem-
perature, spectral and total emittances are determined by a new microsecond
six-wavelength pyrometer coupled to a fast digital data acquisition system. The
density is determined by high resolution microfocus X-ray shadow technique.
The heat capacity is obtained from the cooling rate. Further applications are a
combination of the laser-autoclave with splat cooling techniques for metastable
structure synthesis and amorphous metals research and an extension of the LAT
for the study of critical phenomena and the measurement of critical-point
temperatures.
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1. INTRODUCTION

Future progress in high-temperature technologies depends largely on the
materials’ performance and on the availability of reliable thermophysical,
thermochemical, and thermodynamic high-temperature data [1]. This is
of extreme importance at very high temperatures, where data can differ
dramatically from predictions based on the extrapolation of low-
temperature data [2-7].

High-temperature materials research has been concentrated on the
development of materials able to withstand the environments and stresses
imposed by modern technologies on improving mechanical properties
under large temperature gradients such as thermal shock resistance and
tensile strength at adequate chemical stability. The rapidly increasing fuel
costs and need for improved thermal efficiency of engines and power plants
and the growing demand for limiting air pollution led to large-scale conver-
sion of energy resources (fission and fusion reactors [8-10], solar power
plants [11], electrochemical energy storage [12], coal conversion and
MHD power generation [13], etc.) and increase in the operating and peak
temperature of the cycles [14] and consequently to the necessity of
extending our knowledge on materials’ properties to higher temperatures.
Every aspect of energy production, its extraction, processing, refining, and
conversion, depends on materials’ performance matched to the needs of the
process. This can be achieved only by improved designs and better
materials, i.e., progress and innovations in materials science [1].

The necessity for increased high-temperature data reliability has led to
an extension and refinement of theoretical models [4, 5, 7, 15-17]. Large
computational facilities [18, 19] are needed to simulate and investigate the
structure of liquids and ionic and molecular or intermolecular models, thus
allowing a closer reproduction of thermophysical properties and better
accuracy of the predicted data. Although the reliability of fundamental
approaches based on computer simulations, such as the Monte Carlo
technique [20] or the method of molecular dynamics [21], is limited only
by the applicability of the chosen model potential for a given substance, the
selection of a realistic potential may present a problem.

The extension of property measurements to very high temperatures
[1,4,5,10,22] leads to severe problems such as rapid increase in heat
transfer, chemical reactivity, high rates of evaporation, and loss of
materials strength imposing short heating times by transient dynamic
pulse-heating techniques [4, 5, 10,227 and fast digital data acquisition
systems. The problems and requirements of high-temperature property
measurements are discussed in Section 2. The laser-autoclave technique
(LAT) as a new approach of transient-type laser pulse heating under
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pressure (LHP) is demonstrated in Sections 3 to 6 on the extension of
density and heat capacity measurements of multicomponent systems up to
5000 K. and above.

2. PROBLEMS AND REQUIREMENTS AT VERY HIGH
TEMPERATURES

The problems faced at very high temperatures are due largely to the
complex materials’ behavior at these temperatures and its consequences on
measurement.

2.1. Materials Behavior at Very High Temperatures

The extension of thermophysical and thermodynamic property
measurements to very high temperatures leads to a number of severe
materials’ phenomena ranging from compositional changes and extreme
rates of evaporation to charged particle emission and thermal ionisation
[4,22,25].

For temperatures up to 2500 K chemical reactivity, rate of evapora-
tion, compositional changes, increase in heat transfer, temperature unifor-
mity, and loss of material strength are of primary importance. The increase
in chemical reactivity needs careful control of the compatibility of sample
and container materials, the solid-liquid and liquid—gas reactions, and the
kinetics of such high-temperature processes. Impurities, porosity, grain size
and segregation effects, nucleation, and growth may, in addition, have
a profound effect on the property and its measurement. High rates of
evaporation of multicomponent systems lead to surface depletion of the
more volatile component and eventually to changes in the bulk composi-
tion. Compositional changes and phase transformations must thus be
checked by chemical and structural analysis. The range of crucible
materials is limited to refractory metals and ceramics such as tungsten, tan-
talum, molybdenum and borides, carbides, nitrides, oxides, and silicides or
to graphite. Most property measurements can, however, still be performed
under stationary, steady-state, or quasi-steady-state conditions in or close
to thermodynamic equilibrium.

A further increase in temperature to 5000 and 10,000 K leads to
extreme rates of evaporation, charged particle emission, and a drastic
increase in chemical reactivity, imposing short heating times by dynamic
pulse-heating techniques and self-contained or containment-free sample
heating by levitation techniques. Additional constraints are due to non-
uniformity in heating or energy absorption leading to large radial and axial
temperature gradients and expansion forces in the condensate [107]. The
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various problems have to be eliminated or their effects accurately enough
accounted for by introducing sufficiently high spatial and temporal resolu-
tion into the experimental high-speed diagnostics.

2.2. Temperature and Emissivity Measurements by Microsecond
Six-Wavelength Pyrometry

Multi-wavelength pyrometer are used to overcome the problem of
unknown emissivity and transmissivity. In single-color pyrometry the
spectral emittance (depending on the state of the actual surface and the
material constant, the emissivity) at the wavelength of measurement has to
be known. In two-color pyrometry the ratio of the emittances at the two
wavelengths must be constant. In three-color pyrometry the variation of
the spectral emittance with wavelength can be linear. The requirements of
transient pulse-heating techniques and rapid advances in fast digital
data acquisition and fiber optics have led to the construction of a new
generation of ultrafast six-wavelength pyrometer capable of measuring
the quantity of light emitted by a surface of unknown emittance at
different wavelengths with high spatial and temporal resolution [26-28].
Measurements at six wavelengths are necessary to determine reliably the
emittance dependence on wavelength at constant temperature necessary to
calculate the required total emittance [1, 23, 297 in Section 6. For transient
dynamic pulse-heating experiments a simultaneous measurement at all six
wavelengths was found necessary because of the fast temperature changes
and the nonreproducibility in temperature at subsequent shots, due to
slight variations in the sample surface and pulse energy.

2.2.1. Theoretical Background

Temperature and emissivity measurements above the gold point are
based on the Wien equation,
Te(4, T)=C, A7 exp(— C,/AT) (1)

where Jy(4, T), C,, and C, are the light flux of a blackbody and the radia-
tion constants. The light flux of a real body Jy depends on the emissivity
¢(4, T) according to

Jr(4, T) =24, T) Jg(4, T) = Jp(4, Tg) (2)
where Ty and T are the spectral radiance temperature and the true

temperature. Equations (1) and (2) lead to the basic working equation of
optical pyrometry

Alne(d, T)Cy=1/T—1/Tx 3)
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which relates the emissivity, the spectral radiance temperature, and the true
temperature. In practice the detector sensitivity, geometry, absorption
through windows, and first radiation constant C, are taken into account
in the calibration factor 4,, which depends on wavelength but not on
temperature. The relation between the output signal V{4, T) of the detector
and the light flux Jx(4, T) of a real body is given by

V(4, T)=4;Jx(4, T) ' (4)

The variation of the spectral emissivity with wavelength over a small
enough range can be expressed as

Ine(d, T)=a+bA (5)

where a and b are functions of temperature. Combining Eqgs. (4), (5), and
(2) leads to

V(%, TY=A; exp(a+ bl) 27 % exp(— C,/AT) (6)
Taking the logarithm and rearranging gives
In[V(4, T)]2%/4;)= —C,/AT +a+ b (7)

Applying Eq. (7) at two wavelengths 4, and 4, and subtracting leads to

1 V(i, T) if V(4,, T) i;
Ai— 2y {ln [—I‘T:l —In [T:l} =(Cy/T)(1/AA,)+b  (8)

A plot of the left part of Eq. (8) against 1/4,/, gives a straight line. With
six wavelengths, the pairwise combination leads to 15 equations of type (8),
from which T can be determined by a least-squares analysis. Rearranging
Eq. (6) and taking the logarithm gives

Ine(A, T)=In[V(4, T)A%/4,]— C,JAT 9)

The six values of ¢(4, T) at six wavelengths give the coefficients a and b in
Eq. (5). With T and &(4, T) known as a function of 4 the total emissivity
g, can be calculated from

6.(T) =f0°° 6(4, T) 25 exp(— C,/AT) dz/jow LS exp(—C,/AT) di (10)

The integration can be done within a finite wavelength range where the
limits 4, and 4, should be selected such that the main flux emitted by a
blackbody at temperature T is included.
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2.2.2. Pyrometer Requirements

The main requirements of optical pyrometry for thermophysical
property measurements by transient pulse heating techniques are

high-temperature resolution of better than 1% at 5000 K,

microsecond time resolution,

high spatial resolution to keep within 1% of temperature variation
over the measured area, and

simultaneous measurement at different wavelengths to determine the
variation of spectral emissivity with wavelength and temperature
and to permit the calculation of the total emissivity.

The conditions for the applicability of the calculation procedure for the
six-wavelength pyrometer are that

the stability and linearity of the detector response must be better than
1% and

the straight line obtained from the 15 equations of type (8) must have
a confidence limit of at least 0.999.

2.2.3. Optical Concept
The optical concept is given in Fig. 1. An image of the heated surface

is given on the microaperture (first field stop) of the pyrometer. The

175 150 100 100 50

13

305020

| e
< g
b l%l > 8910

Fig. 1. Optical display of microsecond six-wavelength
pyrometer. (1) Entrance objective (f=90-120 mm).
(2) First field stop (diameter, 1.5mm). (3) Inter-
mediate lens (/=80 mm). (4) Effective aperture stop.
(5) Main field stop (diameter, 1.0 mm). (6) Field lens
producing image of effective aperture stop on fiber-
glass bundle. (7) Fiber-glass bundle for light splitting.
(8) Lenses for focusing light on detector and pro-
ducing parallel light beams through interference filters
(f=30mm). (9) Interference filters (six). (10) Detec-
tor (six EG&G Si photo diodes HUV-4000 B).
(11, 12) Mirrors and telescope for image observation
on microaperture 2 and entrance of glass-fiber bundle.
(13) HeNe laser for optical alignment.
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microaperture diameter of the first field stop and the magnification of the
imaging system determine the spatial resolution of the pyrometer. The
image of the effective aperture stop is produced by a field lens, placed
behind the main field stop, at the entrance of the fiber-glass bundle.
The light is then split and conducted through the fiber-glass system
and six interference filters onto six silicon photodiodes (EG & G, Type
HUYV 4000 B) with a spectral response range from 450 to 1100 nm. A HeNe
laser is used for optical alignment.

2.3. Transient Dynamic Pulse-Heating Technique

The main techniques developed for the extension of property
measurements up to 5000 and 10,000 K can be subdivided into chemical
flames, exploding wire, shockwave, imaging and solar heating, electrical
discharge, fission/fusion, and high-energy electron and laser heating. An
adaptation of classical heating techniques such as resistance, induction, and
electron bombardment heating to very high temperatures is rather limited.
The four main approaches suited for ultrashort pulse heating, isobaric
resistive heating (exploding wire technique), and electron, neutron, and
laser pulse heating have been summarized before [4, 5, 10]. For the exten-
sion of property measurements to very high pressures, using techniques
such as laser-driven shock-wave loading (adiabatic compression), reference
is given to the excellent reviews by Gather [307] and Ross [31].

Fach of these transient pulse heating techniques was found to intro-
duce its own experimental and interpretational problems [4, 5, 10], giving
rise to specific requirements in order to guarantec adequate reliability and
accuracy in property measurements. The appropriate technique is selected
on behalf of the property to be determined. The investigation of the
vaporization behaviour of multicomponent systems as described in the
following paper [32], i.e., the mass spectrometric determination of the gas-
eous species and their partial pressures, requires evaporation into vacuum.
Here heating can be restricted to the surface region, which, at extreme tem-
peratures is even advisable to avoid entering into a “burst mode” regime
[5]. The same applies to all surface properties such as spectral and total
emittances, surface tension, etc. Measurements of volume properties such as
density, thermal expansion, enthalpy, and heat capacity rely on the
achievement of temperature uniformity or the accurate knowledge of the
temperature profile throughout the sample. In order to eliminate vaporiza-
tion laser pulse heating is performed in an autoclave (Fig. 2) under high
inert gas pressure as described in Sections 3 to 6.
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Fig. 2. Laser-autoclave technique (LAT) as a
combination of pulsed multibeam laser heating
under pressurized inert gas atmosphere, six-
wavelength pyrometry, X-ray shadow technique,
and containment-free acoustic levitation.

3. LASER-AUTOCLAVE TECHNIQUE (LAT): EXPERIMENTAL
APPROACH

The new laser-autoclave technique (Fig.2) [1, 10, 23, 24], as a
combination of pulsed multibeam laser heating under pressurized inert gas
atmosphere, six-wavelength pyrometry, high-resolution microfocus X-ray
shadow technique, and containment-free acoustic levitation, has first been
developed to extend thermophysical property measurements (heat capacity,
density, thermal expansion, spectral and total emissivity, etc.) far beyond
the melting and boiling point of ceramic fuel materials regardless of their
conductive or magnetic properties [1, 10, 23, 24].

The heat capacity is obtained from the cooling rate. A spherical
sample (e.g., UQ,) is heated by four 100-ms laser beams of two Nd doped
solid-state YAG lasers up to temperatures of the order of 5000 K applying
beam splitting in a tetrahedral configuration as shown in Fig. 3. After
switching off the laser pulse heating the temperature is measured as a func-
tion of time. In principle the heat loss during cooling is given by the loss
through vaporization, radiation, and convection. In order to eliminate heat
losses by vaporization, i.e., restrict to radiation and convection as the only
heat loss mechanisms, laser pulse heating is performed in an autoclave
(Fig. 4) with sapphire windows under an adequate high inert gas pressure.
The spatial focal laser power profile is measured by profile detectors con-
sisting of a TV camera, frame storage, and single line display on a storage
oscilloscope. The laser beam adjustment is controlled by an infrared sen-
sitive TV camera applying the same frame storage device as used for profile
detection (Fig. 3). The cooling rate and spectral and total emittances are
measured by a submillisecond six-wavelength pyrometer described in
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Fig. 3. Perspective drawing of tetrahedral laser pulse heating of spherical samples within a
high-pressure autoclave, showing acoustic levitation, pyrometry, and X-ray shadow technique.

Section 2.2. The diameter, thermal expansion, and density display of the
liquid sphere during the heating and cooling cycles are measured by a
high-resolution microfocus X-ray shadow technique. It consists of a
microfocus X-ray converter with image intensifier, TV camera, monitor
display, and frame data storage. The spherical liquid metallic or ceramic
samples are suspended by acoustic levitation [1,23,24]. A flat levitator
(vibrator) and curved reflector, adjusted within the vertical central channel
of the autoclave (Fig. 4), are piezoelectrically driven by an ultrasonic piston
transducer operating at a resonance frequency between 50 and 80 kHz with
a 12-mm-diameter radiating front face. The sphere is levitated by the axial
and stabilized by the radial gradients of sound pressure within the tuned
standing resonance wave pattern. Density changes of the inert gas around
the levitated sphere during the transient laser pulse heating may effect the
stability of this standing resonance wave pattern. An adequate radial
stability by increased radial retaining forces is necessary to compensate
these instabilities.
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4. ACCURACY REQUIREMENTS

Ohse

Heat capacity and density data of the liquid nuclear fast-breeder oxide
fuels are required for safety risk assessment up to at least 5000 K. The heat
capacity of the fuel affects both the Doppler and the disassembly feedbacks.
It relates the energy to the temperature attained during an excursion and
permits the calculation of the amount of energy required before melting
occurs. According to numerous sensitivity studies of excursion yields
[4, 5, 10, 33-40] the heat capacity of the fuel material [41, 427 should be
known within +10%. The density is required to calculate the negative
reactivity feedback as the volume increases with temperature, in particular
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upon melting and beyond. Because of the high sensitivity of the heat
capacity on volume, liquid density data in this special application are
required within +2% (d4p/p= +0.02), implying an allowable error of
0.67% in the determination of the diameter of the sphere (23). Hence the
maximum allowable uncertainties in diameter for spheres 500 to 1000 um
in diameter are 3.4 to 6.7 um.

5. DENSITY MEASUREMENT

A high resolution X-ray shadow technique has been chosen as the best
available diagnostic technique for the determination of the time-resolved
expansion of the microspheres [1, 23]. The X-ray shadow technique con-
sists of a microfocus X-ray source, X-ray converter with image intensifier,
TV camera, monitor display, and frame data storage. The resolution
depends mainly on the spot diameter of the X-ray source, magnification
factor, and resolution of the converter foil. The overall magnification is
given by the ratio of the focal distances of the image plane to that of the
object plane. The focal distance of the image plane is limited by the
available X-ray intensity. The X-ray tube head of the X-ray unit has there-
fore been placed as close as possible to the sphere (Fig. 4; approx 60 mm).
The required resolution of the order of 1-5 um is obtained by an X-ray
microfocus 1-5 um in diameter and a magnification up to 40 times the

2s .
X=-ray" point " source
M:Magnification factor
-R_L
\ M=%
X \
\ F1-Rz=M-1(2s)
e le- " ~
LA D) rn 58312
\
\
sphere
\
. \
penetration \
of x-ra
Y \
\
al\ble
¢ 7 LR, _TfT
Image intensifier
screen — R —
le—Rq

Fig. 5. Schematic diagram of the X-ray
shadow technique.
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sphere diameter on the X-ray converter. A reduction of the focal distance
of the image plane can be achieved by an improvement of the resolution of
the converter foil.

The three main problems are the finite size of the “point” X-ray
source, the absorption of X-rays in the high-pressure inert gas (Ar), and
the diffuse image of the sphere caused by the penetration of high-energy
X-rays through the sphere periphery. The finite size of the X-ray source
produces a “half-shadow” of the image sphere periphery as shown in Fig. 5.
The width of this half-shadow can, however, be evaluated from the inflec-
tion point of the intensity signal and does therefore not introduce a signifi-
cant error into the diameter determination. For the energy selection of the
X-rays there are two opposite requirements. Higher X-ray energy will mini-
mize the X-ray absorption in the high-pressure background gas of the
autoclave. Lower X-ray energy will reduce the error in diameter determina-
tion by avoiding the X-rays passing through the sphere periphery, thus
producing a diffuse, poorly defined image sphere as demonstrated by the
intensity profile of transmitted X-rays in Fig. 6 [23] for a 500-um UO,
sphere. The X-ray absorption problem by high-pressure inert gas has been
reduced by shortening the channels in the autoclave, i.e., by mounting the
beryllium windows close to the heated sphere (Fig. 4). A further reduction
is possible by changing from Ar to He.

0.209

l« Max. allowable error
(17um)

0154 Applied x-ray energy

*30keV
X40 keV
AB0 keV

010+
I :Transmitted

x~ray Intensity l: Incident

Intensity ratio I/1g

005

1
1
1
1
|
i
t
I
]
i
1
¢
L
i
[
1
I
1
1
1
1
1
1
1
'
1
1
1
i
\

T T
250 245 240 235
R, um

Fig. 6. Intensity profile of transmitted
X-ray through a 500-um UO, sphere.
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6. HEAT CAPACITY MEASUREMENT

The rate at which a hot microsphere cools is given by the energy
balance equation

—rnpc, —= —4nr’(eaT* + oT) (11)

where 7, p, c,, and ¢ are the radius, density, heat capacity, and total emit-
tance of the sphere. The terms on the right-hand side are the loss rate due
to radiation and convection. Convection losses at 5000 K are 0.2% of the
radiation loss and can thus be neglected.® The energy balance equation
reduces to

4
g’l"= B 3ecT (12)
dt pre,
The solution by integration is
T\° 9¢cT?
(-‘) iy (13)
T pre,

where T is the initial temperature of the sphere. A plot of 1/7* as a
function of r allows to calculate ¢, directly from the slope of the
straight line, provided the total emittance, radius, and density are known.
For typical values of UQO, microspheres (r=05mm, p~10g-cm 3,
¢, ~160J-mol~"-K ') [41,42], the cooling time from an initial tem-
perature of 5000 to 4000 K is of the order of 50 ms [1, 23].

Two effects due to finite conductivity and phase changes such as
resolidification during the cooling cycle need special attention [237]. In
Eq. (11) it is assumed that the sphere is at uniform temperature throughout
the cooling phase, corresponding to infinite conductivity. The effect of finite
thermal conductivity has been analyzed by a one-dimensional heat diffu-
sion program to solve the heat diffusion equation [23]. It follows that for
an accurate determination of the heat capacity of -a UO, sphere up to
5000 K, due to its low thermal conductivity a sphere diameter of about
500 um should not be exceeded.

A one-dimensional energy conservation equation was used to
investigate the effect of density and phase changes on the heat capacity
evaluation [23]. As soon as the sphere surface starts to resolidify the heat

* Figure 1.15, p. 43, TUAR-87 [43]; for corrections in case of forced convection in the
ultrasonic field see pp. 39-48 [43].
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capacity diverges to infinity and returns to the correct value when the
solidification front reaches the center of the sphere. For an accurate evalua-
tion of the heat capacity in the liquid phase measurements must be stop-
ped, as expected, just before solidification starts. For measurements up to
the melting point the sphere must be heated to a temperature just below
the melting point and then allow to cool. This effect can, however, be useful
to detect phase transitions such as the Bredig transition predicted for UO,
[421].

7. CONCLUSION

The laser-autoclave technique (LAT) as a combination of pulsed
multibeam laser heating under pressure, microsecond six-wavelength
pyrometry, high-resolution X-ray shadow technique, and containment-free
acoustic levitation proved to be well suited for the extension of spectral and
total emissivity, density, and heat capacity measurements far beyond the
melting and boiling point temperatures of refractory materials. Laser heat-
ing under pressure (LHP) has shown to eliminate the various phenomena
of extreme rates of evaporation, charged particle emission, and liquid dis-
placement under hydrodynamic flow conditions, observed in laser heating
under vacuum (LHV) necessary for the study of the vaporization behavior
of multicomponent systems [32].

Instabilities in the standing resonance wave pattern of acoustic levita-
tion, caused by density changes of the inert gas during laser heating, can
be compensated by increased radial retaining forces. The additional heat
loss by forced convection in the ultrasonic field may be reduced by low
conductive gases such as argon. The image resolution of the X-ray shadow
technique necessary to fulfill the accuracy requirements of the measurement
of the thermal expansion coefficient depends on the magnification factor
and resolution of the converter foil. An improvement of the foil resolution
(lines/mm) permits a reduction of the focal distance of the image plane and
keeps the loss of X-ray intensity reasonably small.

The advantage of the laser-autoclave technique is its almost-unlimited
applicability in high-temperature materials research due to containment-
free heating by acoustic levitation regardless of the conductive or magnetic
properties of the material.

Rapid melt quenching by a combination of this laser-autoclave techni-
que with splat cooling techniques will widen our knowledge on metastable
structure synthesis and amorphous metals research [1]. Even higher
quench rates can be obtained by pulsed laser quenching when thin molten
overlays are formed in situ on the spherical surfaces by short high-energy
laser pulses in the nanosecond to picosecond range [1]. Rapid quenching
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provides the means for tailoring properties, previously unobtainable, to
meet specific material requirements [44].

Modifications of this technique and extension to critical point tem-
peratures will, in addition, permit the study of critical phenomena and the
measurement of critical-point temperatures [7, 107 hitherto not accessible
by other techniques.
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