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Abstract - The scope and priorities of laser application in materials science and 
technology are attracting widespread interest. After a brief discussion of the 
unique capabilities of laser application in the various fields of materials science, 
main emphasis is given on the three areas of materials processing, surface 
modification and alloying, and property measurements at  high temperatures. 

In materials processing the operational regimes for surface hardening, drilling, 
welding and laser glazing are discussed. 

Surface modifications by laser melting, quenching and surface alloying, the 
formation of solid solutions, metastable phases and amorphous solids on the basis 
of rapid solidification, ion implantation and ion beam mixing are considered. The 
influence of solidificaton rates and interface velocities on the surface properties 
are given. 

The extension of property measurements up to and beyond the melting point of 
refractory materials into their critical region by a transient-t pe dynamic laser 

measurement, density and heat capacity determination in the solid and liquid 
phases. A new approach, the laser autoclave technique, applying laser heating 
and x-ray shadow technique under autoclave conditions to acoustically levitated 
spheres will be presented. 

pulse heating technique is given for the three examples o f y  vapour pressure 

1.  INTRODUCTION 

Since the development of the laser in the 1960's a rapid expansion of research interests and 
applications in science and technology took place. The diversified development of gas, liquid and solid 
state lasers (ref.l), operating over a large wavelen h range from the infrared to the ultraviolet 

generation (ref.2), led to an extremely wide range of applications in physics, material science, 
spectroscopy, chemical technology, biochemistry and molecular biology. 

Due to its high intensity, monochromaticity, and tunability the laser has become one of the most 
powerful tools in physics and chemistry. The difference in the absorption spectra of atoms and 
molecules, permitting their selective excitation, forms the basis for selective detection, selective 
chemical reaction, and selective separation by selective laser photophysics and photochemistry 
(refs.3-5). 

Tunable coherent radiation for ultra-high resolution spectroscopy (refs.6,7) is available from the UV 
to the IR spectrum using semiconductor diode laser, spin-flip laser based on stimulated Raman 
scattering, high ressure gas laser, three and four-wave frequency mixing, solid state colour centres, 
excimer and dye Yaser as the most widely used tunable sources (refs.8,9). 

Because of their unique capabilities tunable lasers are gaining widespread acceptance to air pollution 
surveillance both in remote sensing and in situ monitoring (ref.10). Laser monitoring of pollutants in 
the tro osphere and stratosphere will become increasingly important (ref.9). The detection, 
quantizcation and destruction of supertoxic chemicals by photolysis are of utmost importance and 
worldwide interest. 

Previously unresolved ultra-fast photophysical and hotochemical reactions can be studied by sub- 
picosecond (10-12 sec) laser spectroscopy such as vitrational dynamics of molecules and lattices, 
photobiological mechanisms and picosecond electronic processes in semiconductors. 

spectral region with peak powers up to terawatt (101 !? W) focussed to 101W cm -2 at ultra-short pulse 
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Multiphoton laser-induced chemistry has found widespread application in laser-induced chemical 
reactions and isotopic separation. 

In laser chemistry energy can be delivered directly into the reaction pathway coupled at  the precise 
frequency to the reactinq atoms or molecules thus achieving excellent efficiency in the laser 
stimulated chemical reaction and therefore high yields of the desired product. 

The multiphoton laser isotope separation as a selective multistep photoionization process involves the 
selective isotope excitation of the atomic or molecular vapour beam, and the ionization of the excited 
isotope. The separation, extraction and collection of the ions on the ion extractor collector plate is 
accomplished by an electromagnetic field. The tunable laser frequencies are generated in a dye laser 
system which in turn is driven by a pump laser system (ref.11). 

Properties under high pressure such as the equation of state, new structures and chemical reactions 
can be studied by laser-driven shockwave loading (adiabatic compression) for shock pressures up to 
terapascal(1 TPa = l o 7  bar) previously obtainable only by nuclear explosions (refs.12-15). 

For controlled thermonuclear fusion reactions high-intensity (10 kJ, loops) Nd: glass laser of 100 mm 
diameter disk modules of 100 TW are under construction for laser compression of deuterium-tritium 
pellets to pressures of 1012 bar and temperatures of 108 K. X-ray laser-irradiated target experiments 
on vapour deposited Se with a nominal ulse length of 450 ps and incident intensity of 5.10 13 W/cm2 
exhibited substantial amplifications at 806,3 and 209,6 &refs. 15,16). 

This conference is concerned with high temperature and energy-related materials. Every aspect of 
energy production, its extraction, processing, refining and conversion depends on materials 
performance matched to the needs of the process. The standard of living i n  our society depends on the 
efficient consumption of energy. The necessity for efficient energy utilization leads to large-scale 
conversion of energy resources and increase in operating temperatures. This can only be achieved by 
improved designs and better materials, i.e. progress and innovations in materials science. Main 
emphasis is given on the three areas of laser material processing, described in section 2, laser surface 
modification and alloying, given in section 3, and property measurements a t  high temperatures 
treated in section 4. 

Laser material processing (refs.17,18) is finding an increasingly wide field of application in surface 
hardening, drilling, cutting, micromachining and welding. The objective of drilling, cutting and 
micro-machining is to remove material by evaporation. Power densities of 106 W cm-2 at low order 
transverse mode are required to allow precise machining. Laser welding ranges from pulsed welding 
of small electronic components at  high repetition and production rates to continuous multikilowatt 
cw CO2 laser deep-penetration welding. 
Metastable structure synthesis by rapid quenching (ref.l9), condensation (vapour, sputter, 
electrochemical) and irradiation (particle bombardment, ion implantation, ion beam mixing) has 
opened the most promising and exciting era yet encountered in physical metallurgy. Rapid quenching 
provides the means for tailoring properties, previously unobtainable, to meet specific material 
requirements. Here containerless laser rocessing with high quenching speeds drastically widens the 
area of application. The improvement o!surface sensitive properties such as mechanical pro erties as 
microhardness, wear resistance, corrosion protection or optical roperties can be achievef by laser 
surface alloying processing at  high quenching rates and resoli&fication interface velocities. Laser 
processing allows the production of surface layers with a wide range of structures and compositions on 
a variety of substances of radically different nature than by methods using conventional metallurgy. 
In addition i t  allows surface equivalents of established bulk alloys and, therefore, a conservation of 
strategic and nobel metals. With high cooling rates amorphous metals and alloys and other non- 
equilibrium materials can be synthesized from melts. Containerless processing avoids surface 
catalysed crystallisation in the preparation of amorphous materials from liquids. The materials 
concerned are advanced materials such as intermetallic compounds, borids, carbides, nitrides, 
silicides, oxides and unique ceramics, glasses, metals, alloys, electronic and optical materials. Diverse 
commercial opportunities result from the unprecedented purity and uniformity of new chemical 
compositions and physical states of matter that can thus be achieved. 
Future pro ess in high temperature technologies depends largely on the materials performance and 

data (ref.20). This is of extreme importance at  very high temperatures where data can differ 
dramatically from predictions based on extrapolations of low temperature data. At temperatures 
beyond the melting point of refractory materials property measurements lead to a number of severe 
additional constraints imposing short heating times by transient-type dynamic pulse heatin 
techniques (refs.21,22). For this transient-type heat generation to very high temperatures pulse 
laser irradiations proved to be well suited. The well defined temporal and spatial power density 
distribution of a laser, operating in its ground mode (Gaussian profile), is excellently suited for 
property measurements at  high temperatures. The extension of property measurements up to 5000 K 
will be demonstrated for vapour pressure measurements using laser pulse heating, multi-wavelength 
yrometry, mass spectrometry, Langmuir probe and high tension diode studies under vacuum P refs.23,24), and density and heat capacity (ref.25) determinations by multibeam laser pulse heating, 

x-ray shadow technique, and six-wavelength p rometry under high pressure autoclave conditions to 

on the avai P ability of reliable thermophysical, thermochemical and thermodynamic high temperature 

d 

containerless acoustically levitated spheres (re P .26). 
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2. LASER MATERIAL PROCESSING 

1.06 1 kW 
1.06 103 100 J 
1.06 10-8 1 J  
1.06 10-3 300 J 
1.06 10-8 50 J 

The unique advantage of laser material processing such as localized heat zone and the ability to weld 
dissimilar materials and geometries has led to a comprehensive worldwide research and industrial 
ap lication (refs.17,18,27,28). The main areas are laser drilling, cutting, micromachinig, and laser 
weyding given in section 2, and laser surface modifications, treated in section 3, such as laser 
annealing, laser hardening, laser surface melting (laser glazin ), and laser surface alloying. A 

summarized in Table 2. 
classification of laser processing is given in Table 1. The basic 'i asers for material processing are 

6 Ruby 

ArgonIon cw 

Table 1: Classification of Laser Processing 

0.6943 104 120 J 
0.6943 10-8 15 J 
0.488 15 W 
0.5145 

Sub-Melting 

Excimer 
XeCl Q 
KrF Q 
ArF Q 

Surface hardening 
Surface annealing 

0.308 10.9 1 1 J  
0.248 109 1 J  
0.193 109 1 1 J 

Melting 

Coating, cladding 
Surface alloying 
Welding 
Soldering 

Vaporization 

Drilling 
Scribing 
Micromachining 
Cutting 
Marking (Engraving) 
Shock hardening 

Table 2: Laser for Material Processing 

Pulse Power (W) 
operational 

(upper limit) 

COP(TEA) D 10.6 10-6 400 J 

2.1. Basic aspects 

For process optimization, to fully exploit the economic potential of laser material processing, the 
areas of laser beam characteristics, material properties, and gas jet assistance need careful 
investigation. 

The main laser processing parameter are wavelength, mode configuration, power density, focal spot 
diameter (ref.291, pulse duration, divergence and polarisation (ref.30). 

For material processing the wavelength plays a significant role in determining the suitability of a 
laser for a particular application. Since the reflectance of most metals (Fig.1) increases with 
wavelength more power will be required from a laser with longer wavelength (ref.30). 

The transverse mode configuration determines the spatial power density distribution across the beam 
(ref.30). A low order transverse mode is necessary to guarantee precise cutting. Optimum machining 
efficiency can be obtained by a Gaussian beam intensity profile of a laser operating in the single 
transversal TEMoo mode. The power density across the focal spot diameter, defined as l/e2 of the peak 
height, and the pulse duration depend on the particular material processing application. 
For drilling as a material removal process, high power density and a short pulse duration are 
required to vaporize the material and to limit the heat affected zone. In contrast welding requires the 
material to be melted but not vaporized. This is best accomplished at  lower intensity with relative1 
long pulse durations to guarantee sufficient heat transfer for melting. In gas-jet laser cutting wit{ 
continuous high power cw COs laser of 100 W to 10 kW material is removed through either the 
melting, vaporization or sublimation process at  temperatures ranging from the melting to the boiling 
point. The operational regimes for material processing are summarized in Fig.2. 

The main material properties are absorption of laser light, thermal conductivity and diffusivity, 
melting and boiling temperature, vapour pressure, heat of transition (fusion and vaporization), and 
chemical properties, especially if active gases such as oxygen are involved for gas-jet assisted laser 
cutting (ref.30). The absorption of the laser beam depends on wavelength, temperature, power 
density, angle of incident, and plane of polarization (ref.31). At room temperature and small power 
density the absorption of a C02 laser beam normal to the surface lies for most metals below 20%. It 
strongly depends on surface roughness and impurities. At the boiling point the absorption strongly 
increases. At power densities of 108W/cm2 the absorption is close to 1 and almost independent of the 
metal. This is explained by the formation of a thin absorbing plasma layer (ref.32). 
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Wavelength, ipm) 
l o o  

Pulse Duration 1s) 

Fig.1 Normal spectral Reflectance as a Function o f  Wavelength F i g 2  Operational Regimes in Laser Material Processing 
(refs.28,30) [refs.30,34,48,51) 

2.2. Laser drilling 

In one of the first industrial applications flash pumped Nd:YAG laser were used in watch industry to 
drill ruby stones in the ulsed mode of operation achieving hole diameter of about 30pm(ref.33). Since 
then laser drilling wit1 hole diameters ranging from 0.01 to 1.0 mm has become a major tool for 
processing high temperature resistant materials, superalloys, tungsten, molybdenum, steel, ceramic 
materials such as silicium nitride, high-temperature fired alumina, etc. (ref.34). 
Laser drilling is performed in the pulsed mode of operation using mainly solid state Nd:glass, the 
high repetition rate Nd:YAG and C 0 2  gas laser. Pulse lengths are of the order of loops to lms, and in 
the Q-switched mode 5 to  250 ns. The extremely high power densities of Nd:YAG laser are able to 
melt and vaporize practically all materials even at  high reflectance. The pulsed mode of operation 
confines the heat to the hole region and avoids absorption of laser light in the plume of vaporized 
material which puts an upper limit to material removal in a single pulse with increasing power. A 
schematic display of the gas-jet and vacuum assisted laser drilling is given in Fig.3. The mechanisms 
proposed for material removal range from shockwave propagation, liquid ejection to explosive 
removal with subsurface temperatures exceeding the surface temperature leading to subsurface 
vaporization of localized areas. 

High precision drilling has been achieved using repetitive laser pulses at  lower power levels and low 
order transverse mode. Additional improvements in industrial processing are expected from robotic 
manipulation coupled with glas fiber system for beam conduction. 

2.3. Laser cutting and micromachining 

In the majority of industrial applications of laser cutting (refs.30,35) a gas stream, concentric with the 
focussed laser beam, is used to purge the melted, evaporated or sublimated material from the laser 
cut as shown in Fig.4 (ref.36). This gas-'et assisted laser cutting process can either be performed by an 

advantage of the energy supplied by the exothermic chemical reaction of the gas jet with the material 
being removed (e.g. Ti + 02-+TiO2,2 Fe + 0242FeO). Cutting of stainless steel is performed with 
a high pressure oxygen stream coaxial with the focussed laser beam at pressures of 2 to 5 bar (ref.37). 
The main processing parameter apart from material and thickness are position of the focal spot 
relative to the laser cut, power density, cutting rate, and gas jet pressure. 

High power cw C02 laser of 100 to 500 W, in a few applications up to 10 kW, permit cutting rates of 
several meter per minute for material thickness up to 1Omm. Excellent results were obtained in low- 
carbon steel, zircaloy, titanium, tungsten, molybdenum and ceramic materials such as Si3N4, Al2O3. 
Com uter aided desi and manufacturing (CADICAM) of arbitrarily complex objects with laser- 
bases diagnostics anyprocessing techniques such as laser cutting are applied to produce physical 
models of biomedical objects (ref.38). 

The generation of intricate, highy complex patterns in thin-film and semiconductor circuit processing 
by micromachinig has been demonstrated and successfully applied in semiconductor industry. Laser 
are beginning to move into the area of high-precision dimensional analysis of circuit features and 
interferometric alignment of masks by the use of linewidths below lym for 4 Mbit chip development. 
Nd:YAG based processing systems aimed at  high-density memory repair of applications specific ICs. 
Laser scribing presents a well established technique to shape especially brittle materials, and 
separate individual components of discrete electronic devices fabricated 0 x 1  a single wafer o r  
substrate. 

inert gas jet or by a reactive as jet. T h e inert gas-jet assisted laser cutting process is used to avoid 
burning damage of flammab k e materials. The reactive gas-jet assisted laser cutting process takes 
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Fig.4: Gas-jet assisted laser cutting F i g 5  Deep penetration laser welding 
(refs.35,36) (refs.46,47) 

The main goals are improved device yield, automated part identification and accelerated chip 
development by laser repair and laser-based diagnostics. Excimer (ArF 193 nm), diode-pumped 
Nd:YAG (1.06 pm) and argon-ion laser (488, 514.5 nm) are promising candidates for high 
performance processing techniques in the semiconductor industry (Table 2). 

2.4. Laser welding 

The application of laser welding (ref.39) ranges from the micro-scale spot welding of small 
components and integrated circuits at high production rates and thin film technology to an upper 
limit of large-scale deep-penetration welding given by fusion depth and required weld penetration 
(ref.40). Multikilowatt laser welding is undergoing an intense development (refs.41,42). A special 
a plication of multikilowatt C 0 2  laser cutting for nuclear fuel disassembly includes remote 
aEgnment with teleoperated servomanipulators under hot-cell conditions (ref.43). The rapid progress 
of production applications in the automobile and electric industry is now expanding into the steel 
making industry (ref.44). Laser welding offers a high speed, low distortion technique suitable for 
automation, which cannot be satisfied by conventional welding techniques such as TIG, flash-butt, 
plasma arc etc. (ref.45). 

Laser welding is accomplished by a "keyhole" mechanism in which the beam penetrates completely 
through the workpiece (Fig.5). As the workpiece moves relative to the beam the molten metal at  the 
impingement area, su ported by the vapour pressure and surface tension, flows behind the keyhole 
where i t  rapid1 solidiies forming the weld bead. The plasma above the keyhole is suppressed by a jet 
of inert gas (reK46). For most metals a power density of 106W/cm2 is required to produce the keyhole 
(ref.40). 

The weld characteristics are bead profile, depth of penetration, weld width, integrity and 
microstructure, depending on power density, mode structure, focused s ot size, weld speed, and 

!or narrow uniform full-penetration weldments with highest depth to width ratio at  minimum heat 
input. The narrow fusion zone in relation to weld depth considerably reduces material distortion 
compared to arc welding techniques. Undesirably coarse grain structures are avoided both by rapid 
self-cooling and the grain refinement through the reversible allotropic transformation observed for 
iron and most steels during heating and cooling. 

High ower continuous wave CO2 laser, in multi-mode or single mode with power levels ranging up to 
20 k$ are used with either a robotic beam delivery system passing the focussed beam over the 
stationary work iece or CNC controlled xyz table moving the workpiece under the stationary beam. 

demonstrated (ref.47). 

lasma control by the gas jet. The parametric data are optimized on beha P f of the weld bead profiles 

Single-pass we P d penetratioik to 2.5 cm and thin material welding speeds to 15 d m i n  were 

3. SURFACE MODIFICATION 

In surface engineering the tribological behaviour of surfaces, coverin the fields of friction, wear 

corrosive, catalytic and optical behaviour, are of technical, economic and scientific interest (ref.48). 

For the modification of these surface properties innovations based on laser and ion beam techniques 
(ref.491, aside classical techniques such as thin coatings and thermochemical diffusion treatment are 

resistance, fatique and lubrication, i.e. their near-surface mechanica P; behaviour as well as the 
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attracting wide spread interest for future commercial utilization. Laser surface hardening b rapid 
quenching, laser surface alloying (ref.50) in conjunction with ion implantation a d  rapid 
solidification, as methods for metastable structure synthesis, provide the means for tailoring 
properties, previously unobtainable, to meet specific material requirements. 

3.1. Laser surface hardening and annealing 

The most important application of laser heat treatment below the melting point of the workpiece are 
laser surface hardening and laser annealing (refs.51,52). In case of cast iron and steel the surface 
layer is heated to above its austenite transformation temperature, still below the solidus 
temperature, and is then allowed to cool ra idly to form the very hard martensite phase (ref.53). The 
penetration depth of this solid state transrormation hardening depends on the temperature profile 
during laser heating, starting at the temperature at  which austenitization beginns to fully hardened 
material a t  the temperature of complete austenitization. In contrast to laser cutting where a low 
order mode, ideally a Gaussian power profile is required to achieve precise cutting, in laser hardening 
a uniform irradiation of rectangular spot dimension, using cylindrical lenses, is necessary to obtain 
constant thickness of the hardened layer across the entire width of the band. 

The major advantage of laser hardening is selective hardening even of complex geometries by 
controlled heat input and irradiation at minimal mechanical deformation (ref.30). The same applies 
to laser annealing (ref.54) where selective heating permits recrystallisation of amorphous layers, 
damage removal of restricted regions, or redistribution of dopants in ion-implanted (ref.55) 
semiconductors. 

3.2. Laser surface alloying 

Laser surface alloying (LSA) is an exciting new process where the surfaces of relatively inexpensive 
substrates are modified by adding small amounts of alloying elements to a pool of molten metal 
produced by local melting. The high power density of a focussed laser beam is used to melt a thin 
overcoat and portion of the underlying substrate to the required depth to mix and alloy the 
constituents in the coating and substrate to a surface alloy of the desired composition and thickness. 
Surface all0 s are typically 50 to several hundred micrometers in depth. The thermophysical 
properties o f  importance for LSA (refs.50,56,57) are thermal diffusivity, melting point, vapour 
pressure and normal spectral reflectance. 

Quench rates, depending on the layer thickness of 104 to 1011 Ws with resolidification velocities of up 
to 20 d s  (refs.50, 56-58) can be achieved by laser pulses of nano to microsecond pulse duration. 
Quench rates as high as 1013 to 1014 W S  were reported on rapid solidification laser processing when 
the molten overlays are formed in situ on metal surfaces by short high energy laser pulses in the nano 
to picosecond range (ref.59). The high coolin rates by rapid self-quenching and resolidification offer 
the ossibility of generating a wide variety ofchemical and microstructural states including extended 
s o d  solutions, metastable crystalline phases, and amorphous metals (metallic glasses) (ref. 60). 
Rapid self-quenching by short laser pulses of the Q-switched (ns) and mode-locked (ps) laser (ref.56) 
led to sufficiently high cooling rates and interface velocities to suppress both epitaxial re owth and 

Spaepen and Turnbull (refs.61-64) used the ps output of a mode-locked Nd:YAG laser to produce 
amorphous thin-film multilayers in the Ni-Nb, Mo-Ni, Mo-Co and Nb-Co binar systems with a 
composition range larger than that  produced by conventional splat-coocng techniques 
(refs.51,56,65,66). 

Coatings have been accomplished by various techniques (ref.67) such as addition of alloying material, 
condensation and irradiation. A controlled addition of pre-alloyed material can be achieved by 
predeposition prior to laser melting or by a continuous codeposition of material by particle or wire 
injection to the melt zone at  the time of laser treatment (Fig.6) (refs. 50,56,57,68). 

Condensation techniques include vapour, electrochemical and sputter deposition. Among the 
principle irradiation methods of structure synthesis are structural damage by irradiation, ion 
implantation and ion beam mixing techniques. 

The structural and compositional changes in the near-surface region can be induced by direct high- 
dose (-1017 iondcmz) ion implantation, the use of ion beams to intermix a deposited thin film on the 
substrate and by simultaneous de osition of material and ion bombardment. Higher concentrations 
can be obtained by the second metEod of depositing a thin film on the substrate and then mixing the 
film and substrate by ion implantation to enhance adhesion at  the interface (ref.69). 

Ion implantation doping of semiconductors (Si, Ge, 111-V compounds) in the electronic industry 
(ref.56) is by far the most important application. Fatique-lifetime improvements of steel and carbide 
tools by high-dose nitrogen-ion implantation is of direct commercial and economic interest (ref.70). 
Chromium ion implantation has shown to reduce itting corrosion of steels in marine environment 
(ref.71). Ion implantation of non-toxic biocompatigle substances to prostheses is of interest in the 
medical field (ref.72). 

crystallite nucleation from the melt during the resolidification process to form metallic g ff asses. Lin, 
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Fig.6 Laser surface alloying and cladding by a) predeposition of  pre-alloyed material (ref.411, and 
bl powder injection to  the melt lrefs.S3,67J 

In ion beam mixing (refs.51,73) the compositions are controlled accurately by depositing films of 
different thickness. Mixing of thin film structures by reaction and interdiffusion to enhance adhesion 
is achieved by the microscopic collision cascades generated by heavy high energetic ion beams of 
chemically inert (Xe + ) or reactive ion species such as N +  , 0 + , CO + ions (ref.70). 

Metallic and ionically bonded substances with long range and non-directional interatomic forces can 
retain their structural integrity even after many displacements of host atoms b ion im lantation. 
This is different in covalently bonded substances with their short range, gighly 8rectional 
interatomic bond, where ion implantation will distort the lattice and cause amorphization already a t  
a few atom percent of incorporation (ref.70). 

The advantage of LSA and ion implantation techniques over conventional bulk alloying and coating 
techniques are retainment of the bulk characteristics, conservation of scarce alloy materials 
(refs.74,75) and high degree of adhesion between substrate and coating. The concern over strategic- 
element utilization and cost considerations (ref.56) in precious-metal usage has favoured avtivities in 
surface alloying rather than bulk alloying thus offering materials conservation and cost savings. 

4. EXTENSION OF THERMODYNAMIC AND THERMOPHYSICAL 
PROPERTY MEASUREMENTS 

4.1. Problems and requirements 

The rapidly increasing fuel costs and need for improved thermal efficiency of power plants led to an 
increase in the peak temperatures of the cycles and consequently to the necessity of extending our 
knowledge on material properties to higher temperatures (ref.76). In reactor technology reliable hi h 

to redict fuel behaviour under anticipated normal operating conditions up to about 2500 K, and for 
sakey risk assessment up to at  least 5000 K. 

At temperatures up to 2500 K chemical reactivity, rate of evaporation, compositional changes, 
increase in heat transfer, temperature uniformity and loss of material strength are of rimary 
importance. The increase of chemical reactivity needs careful control of the compatibility or sample 
and container materials, of the solid-liquid and liquid-gas reactions and the kinetics of such high 
temperature processes. Impurities, porocity, grain size and segregation effects, nucleation and growth 
may in addition have a profound effect on the roperty and its measurement. High rates of 

eventually to changes in the bulk composition. Compositional changes and phase transformations 
must thus be checked by chemical and structural analysis. The ran e of crucible materials is limited 

nitrides, oxides and silicides or to graphite. Most roperty measurements can, however, still be 

The extension of property measurements up to 5000 K and above, i.e. far beyond the melting point of 
refractory materials and into their critical temperature region (refs.76,77) leads to a number of severe 
additional constraints imposing short heating times by transient-type dynamic pulse heating 
techniques (ref.22). The type of constraint depends on the chosen technique for high temperature 
generation. The appropriate technique is selected on behalf of the property to be determined. The 

temperature thermodynamic and thermophysical data are required for fuel fabrication up to 2000 a , 

evaporation of multi-component systems lead to sur P ace depletion of the more volatile component and 

to refractory metals and ceramics such as tungsten, tantalum, mo 7 ybdenum and borides, carbides, 

performed under stationary conditions in or close to t R ermodynamic equilibrium. 
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investigation of the vaporization behaviour, i.e. the determination of the gaseous species and their 
partial pressures as a function of surface composition and temperature necessitates eva oration into 
vacuum. Here heating can be restricted only to the surface region which is even advisab P e in order to 
avoid entering into a "burst mode" regime (ref.22). The same applies to all surface properties such as 
emissivity, surface tension etc. Measurements of volume properties such as density, thermal 
expansion, heat capacity (ref.25) rely on the achievement of temperature uniformity or the accurate 
knowledge of the temperature profile throughout the sample. Apart from a rather limited possibility 
of adaptation of classical heating techniques such as resistance, induction and electron bombardment 
heating towards higher temperatures, the main techniques developed for these extreme temperatures 
can be subdivided into chemical flames, exploding wires, shockwaves, imaging and solar heating, 
electrical discharge, laser and fissiodfusion heating, 

The four main approaches suited for pulse heating are isobaric resistive heating, laser pulse heating, 
electron and neutron pulse heating (refs.22,24,26). Each of these transient heating techniques was 
found to introduce its own experimental and interpretational problems, giving rise to specific 
requirements in order to guarantee adequate reliability and accuracy in the property measurement. 
The problems are mainly due to either non uniformity in heating or energy absorption, leading to 
large radial and axial temperature gradients and expansion forces in the condensate or to not 
attaining steady state. The problems posed by the measurement of either energy deposition or 
temperature needs to be solved in all techni ues. The various problems have either to be eliminated 
or their effects accurately enough accounted ?or by introducing sufficiently high spatial and temporal 
resolution into the experimental high speed diagnostics. 

Laser pulse heating (LPH) including mass spectrometric analysis, Langmuir probe and high tension 
diode studies (refs.23,24), and a new approach the "Laser-Autoclave-Technique" (LAT) (ref.26) as a 
combination of pulsed multi-beam laser heating under pressurized inert gas atmosphere, six- 
wavelength pyrometry, microfocus x-ray shadow technique and containment-free acoustic levitation 
are presented in this paper. 

4.2. Vapour pressure equation of state measurements using laser pulse heating 

The need for experimental e uation of state input data for safety risk assessment as required for 
nuclear fast-breeder oxide fu3s has led to the development of laser pulse heating techniques that are 
not limited to conductive materials. The sample is heated under vacuum by a pulsed high energy 
laser beam in the nanosecond (ref.78), microsecond (ref.79), and millisecond (ref.80) time scale with 
multimode or a well-defined Gaussian (refs.22,79) spatial power density profile. The vapour pressure 
is obtained from the de th profile and mass spectrometric analysis (refs.22-241, the recoil pressure 
(ref.80) and by Mach dis! studies (refs.81,82) and the time-resolved temperature variation. 

A schematic display of the laser pulse heating technique is summarized in Fig.7. 

The sam le is heated in ultra high vacuum up to temperatures from 3000 to 8000 K using a 
rectangurar Nd:YAG laser pulse of 50 ps to 200 ps duration with a Gaussian spatial power profile and 
power densities of the order of lo7 W/cm2. The diameter of the heated target area in the focal spot is 1 
to 3 mm. The central target temperature is measured by a multi wavelength pyrometer with a 
tem oral resolution of 10 ns, a spatial resolution of approximately 100 pm, and a temperature 
resoyution of better than 1% at 5000 K. (ref.22). 

Spectroscopic temperature measurements of the evaporating jet are required as input data to 
investigate the as dynamic expansion mechanism at extreme evaporation rates and to estimate 
backscattering effects due to the transition from the molecular to the hydrodynamic flow. 

Charged particle emission was investigated by a combination of mass spectrometric, Langmuir robe 
and high tension diode studies (ref.23). The aim of the mass spectrometric analysis was to identify the 
various neutral and ionized gaseous species in the vapour jet, determine their concentration, and 
compare the results with thermodynamic equilibrium calculations. The aim of the Langmuir probe 
measurements was to determine the local electron tem erature and electron and ion densities at 
various distances from the surface in order to calibrate t\e partial ion densities in conjunction with 
the mass spectrometric ion intensity signals. The aim of the high tension diode studies was to 
determine the electron and ion work functions, to check the intrinsic ion emission from the heated 
surface, and to eliminate non-thermal, laser specific mul.ti-photon absorption effects. 

The laser pulse heating techni ue has been applied to both oxide (ref.23) and carbide fuels (refs.22,83) 
to determine the input data !or sensitivity studies of excursion yields as an important factor in 
hypothetical whole core accident analysis in fast breeder reactors. Laser pulse heating under vacuum 
gives direct access to mass spectrometric partial pressure analysis and permits a detailed 
thermodynamic assessment of the system, The properties directly measured or derived are vapour 
pressure, emissivity, heat capacity, enthalpy and entro y of phase changes. Modifications of this 

major experimental problems due to radial flow phenomena caused by the radial and axial 
temperature gradients within the heated target area, possible compositional changes a t  the 
evaporating surface, ion and electron emission from the surface and the reliability limits have been 
extensively discussed elsewhere (refs.21-23,83,85). 

technique allow the measurement of surface tension (re P 341, viscosity and thermal expansion. The 
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Fig.7: Schematic set-up of laser pulse heating, mu1 ti-wavelength pyrometry, mass spectrometry, 
depth profile analysis, spectroscopy and high speed photography for EOS studies. 

4.3. Heat capacity and density measurements by the laser autoclave technique 

The urgent need for heat ca acity and density data of the liquid reactor fuel for safety risk assessment 
up to at  least 5000 K, an8 the unsatisfactory state of present knowledge concerning these basic 
thermophysical properties has led to the development of the laser-autoclave-technique (ref.26). 

The heat capacity of the fuel affects both the Doppler and disassembly feedbacks (refs. 25,261. It 
relates the energy to the temperature attained durlng an excursion and permlts the calculation of the 
amount of energy re uired before melting occurs. For safety risk assessment the heat capacity of the 
fuel material shouldte known within -t 10%. 

The density is required to calculate the negative reactivity feedback as the volume increases with 
temperature, in particular 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 f 2% implying 
an allowable error of 0.67% in the determination of the diameter of a sphere (ref.26). 

New approach: laser autoclave technique 

The Laser Autoclave Technique (Fig.8) as a combination of pulsed multi-beam laser heating under 
pressurized inert gas atmosphere, six-wavelength pyrometry, microfocus x-ray shadow technique and 
containment-free acoustic levitation,has been developed to meet these requirements i.e. to extend 
thermophysical property measurements (heat capacity, density, thermal expansion, emissivity, etc.) 
far beyond the melting point of ceramic fuel materials (ref.26). 

The heat capacity is obtained from the cooling rate. A spherical U02 sample is heated by four 100 ms 
laser beams up to 5000 K applying beam splitting in tetrahedral configuration (Fig.9). 

After switching off the laser pulse heating; the temperature is measured as a function of time. In order 
to eliminate heat losses by vaporization, 1.e. restrict to radiation and conduction as the only heat loss 
mechanisms, laser pulse heatlng is performed in an autoclave (Fig.10) with sapphlre windows under 
high inert gas pressure. 
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Microfocu s x - ray  

x-ray source C o n v e r t e r  
- (J 

The rate at  which a hot microsphere cools is then given by the energy balance equation 
4 dT 
-r3np c - = = 4 n r 2 ( ~ u T 4 + a T )  
3 P dt  

where r, p, cpr c, are the radius, density, heat capacity and emissivity of the sphere. The energy loss of 
the sphere is given by the loss throu h radiaton and convection. At temperatures above 3000 K the 

balance equation reduces to 
loss rate due to convection is negligib f e. The energy 

dT 3 & u T 4  
dt p r  cp 
-- - -- 

The solution by integration is 

t 

where Ti is the initial temperature of the sphere . 
A plot of l /T3  as a function of t allows to calculate 
cp directly from the slope of the straight line, 
provided the total emissivity, radius and density 
are known. 

Fig. 8: New Approach : Laser Autoclave Technique lLATl  
Combination o f  - Six Wavelength pyrometer For typical values of U02 micropheres (r = 0.5 mm, 

p- log cm-3, cp - 160 J mol -1 K-1) the cooling time 
from an initial temperature of 5000 K to 4000 K is 
of the order of 50 ms. 

- x-ray shadow technique 
- Containment-free acoustic levi tat ion 

aser Profi le Detector 

Laser-Autoclave Techniayp 

Device Six-Wavelength Pyrometer 
Microfocus X-Ray Shadow Technique 
Acoustic Levitation 

Fig q Perspective drawing of tetrahedral laser heating of spherical sample within the high pressure autoclave 
showing acoustic levitation, pyrometry and x-ray shadow technique 
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Laser Beam Channel 

Fig. 10 Cross-section o f  high pressure laser autoclave 

The cooling rate, spectral and total emissivity are measured by a sub-millisecond six-wavelength 
pyrometer developed in this laboratory (refs.26,86-89). The main requirements of the six-wavelength 
pyrometer are high temperature, time and spatial resolution, and stability and linearity of the 
detector response better than 1%. Due to the severe lack of high temperature emissivity data, 
measurements at six wavelengths are necessary to establish the true temperature and emissivity 
dependence on wavelength and temperature to evaluate the required total emissivity. The 
simultaneous measurement at all six wavelengths was necessary because of the fast temperature 
changes in the transient-type dynamic pulse heatin$ experiments. The image of the heated surface is 
given on a glass fiber system where the light is split and conducted through six interference filters 
onto the six Si-photodiode detectors. 



320 R. W. OHSE 

The diameter and density display of the liquid sphere during the heating and cooling cycle are 
measured by a microfocus x-ray shadow technique. It consists of a microfocus x-ray source, x-ray 
converter with image intensifier, TV camera, monitor display and frame data storage. The required 
resolution of lpm is obtained by an x-ray microfocus of lpm and magnification up to 40 times the 
sphere diameter on the x-ray converter. 

The spherical liquid U02 samples are suspended by acoustic levitation (ref.26). A flat levitator 
(vibrator) and curved reflector, adjusted within the vertical central channel of the autoclave (Fig.101, 
are piezoelectrically driven by an ultrasonic piston transducer operating at  a resonance frequency 
between 50 to 70 kHz with a 12 mm diameter radiating front face (refs.26,90). The sphere is levitated 
by the axial and stabilized by the radial gradients of sound pressure within the tuned standing 
resonance wave pattern. Due to the short heating pulse duration of 100 ms wavelength changes with 
temperature could be neglected. 

The advantage of this laser autoclave technique is its almost unlimited application to thermophysical 
property measurements in high temperature materials research due to containment-free heating up 
to their critical point temperatures regardless of the conductive or magnetic properties of the 
material. 
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