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ABSTRACT 

Compressional sound wave velocity (c) and attenuation a (or 

conversely, the compressional quality factor QP oc a-1
) were measured in 

liquid Fe, Fe-Ni and Fe-Ni-S alloys of composition relevant to the outer core 

of the Earth. An ultrasonic interferometer has been developed, and the theory 

of high-temperature ultrasonic interferometry has been generalized, for low

loss, high-impedance, and high-melting point metals and alloys. The 

apparatus uses magnetic induction heating with controlled atmosphere 

capability. The temperature, compositional, and frequency dependences of c 

and a have been determined in the frequency range 5-20 MHz and in the 

temperature range from melting to 2000 K. Combined with density and 

thermal expansion measurements, the elastic bulk moduli were derived. 

These elastic properties were in turn used to derive thermoelastic quantities 

such as Griineisen parameters and thermal pressure coefficient, and to access 

liquid structure parameters such as packing fraction. Up to about 35wt% Ni in 

liquid Fe, the pressure derivatives (e.g., volume n., bulk modulus K) of 

thermodynamic quantities are not sensibly affected by the presence of Ni. On 

the other hand, when the temperature intervenes in the derivatives (e.g., 

thermal expansion, aK/ aT), a marked drop in the property appears upon 

dilution with Ni. A typical core composition sample (Fe-5wt%Ni-10wt%S) 

has an anomalous temperature dependence of the sound velocity which 

increases non-linearly with temperature. Also, the presence of sulfur in 

liquid Fe-5%Ni reduces the velocity at the melting point by 25%. No 

frequency dependence of the velocity is observed in the frequency range of 
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this study indicating the absence of dispersion in these melts at ultrasonic 

frequencies. The attenuation is extremely low ( Qp>4000) in Fe-Ni liquids. A 

lower bound for QP in pure iron is 4000, and is consistent with 

seismologically determined values for the Earth's outer core. A variation in 

I-I for QP in Fe is compatible with relaxed behavior of liquid metals. The 

adjunction of 10wt% sulfur into Fe-5%Ni reduces drastically QP to 661 at the 

melting point (1380°C). QP in Fe-5%Ni-10%S is independent of frequency, 

yielding a dependence in 1-1 for the longitudinal viscosity. 
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Chapter 1 

INTRODUCTION 

1.1 IRON AND THE GEOPHYSICAL PROBLEM 

Based on physical, seismological, and astronomical data, Williamson and 

Adams [1923] provided the first direct evidence of the presence in the interior 

of the Earth of a heavier material such as iron. That the core is made of iron is 

consistent with: (1) the large increase in density at the core mantle boundary 

(CMB) [Birch, 1952, 1964], (2) data from shock wave experiments [e.g., Birch, 

1963; Higgins and Kennedy, 1971], (3) cosmochemical abundances and 

geochemical considerations [e.g., Ringwood, 1977; Jones and Drake, 1986; 

Anders and Grevesse, 1989], (4) the idea that iron meteorites constitute the 

cores of small differentiated planetary bodies [Scott, 1972, 1979; Wasson, 1985; 

Taylor, 1992; Herpfer et al., 1994], and (5) geodynamo theories of the Earth's 

magnetic field which require a material of relatively high electrical 

conductivity under core conditions [e.g., Jacobs, 1963; Merrill and McFadden, 

1995; McFadden and Merrill, 1995]. The combined inferences from 

seismology, high-pressure experiment and theory, geomagnetism, fluid 

dynamics, and terrestrial planetary evolution views leading to models of 

Earth's core are summarized, for example, in Stevenson [1981] and Anderson 

[1985]. Constrained by the astronomically determined moment of inertia of 

the Earth, the present nature of the Earth's core is best determined from 
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seismological data (body waves and the Earth's free oscillations) [Haddon and 

Bullen, 1969; Masters, 1979; Dziewonski and Anderson, 1981; Masters and 

Shearer, 1990]. Such information reveals that the core extends from a depth of 

about 2890 km to the center of the Earth at 6370 km. Seismic data also show 

that the inner core (IC), which was discovered in 1936 by the Danish 

seismologist Inge Lehmann, is solid, with a radius of about 1220 km, and that 

the outer core (OC) is liquid (since no shear waves penetrate the mantle-core 

interface). The pressure from the CMB to the center of the Earth ranges from 

1.3 to 3.5 million atmospheres (130-350 GPa) and the temperature estimates 

are spread in the range 4850-6870 K. 

Since the first conclusive evidence of a liquid oc was found from 

seismological studies [Jeffreys, 1926], the properties of liquid iron (Fe) have 

become of fundamental geophysical importance. In particular, the density, 

coefficient of thermal expansion, sound velocity, attenuation, and related 

thermodynamic properties of pure liquid Fe and liquid Fe alloys (containing 

plausible outer core light elements such as S, Si, and 0) are all basic inputs for 

modeling the dynamics and physical properties of the Earth's deep interior. 

These properties include outer core fluid velocity fields and the attendant 

geodynamo activity [Voorhies, 1986; Jones et al., 1995; Olson and Glatzmaier, 

1995; Glatzmaier and Roberts, 1995]. They also include outer core thermal and 

compositional convection [Verhoogen, 1973; Cardin and Olson, 1992, 1994; 

Lister and Buffett, 1995] and the subsequent transfer of heat to the mantle, 

both residual heat and heat of crystallization produced by pressure freezing of 

Fe at the inner core boundary (ICB) [Fearn and Loper, 1985; Buffet et al., 1992]. 

In conjunction with directly measured seismic velocity and attenuation in 
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the Earth's core, laboratory experiments on pure solid Fe and Fe alloys have 

furnished useful constraints on the elasticity and chemical composition of the 

core. Among the laboratory experiments, shock wave data [e.g., Brown and 

McQueen, 1982; Ahrens, 1982; Williams et al., l987a; Ahrens et al., 1990) and 

static diamond anvil cell results [e.g., Williams et al., l987b; Mao et al., 1990; 

Boehler et al., 1990] have yielded valuable information about the core. 

However, much of the attention has been focused on Fe and its alloys in the 

solid form, but data for the liquid form are extremely sparse. 

A considerable amount of effort has been devoted to studying the melting 

curve and phase diagram of iron at high pressure. Such knowledge is 

fundamental in constraining both the crystallographic structure of the IC, and 

the temperature profile of the Earth (since the ICB is commonly assumed to 

represent a thermodynamic equilibrium between a liquid alloy and a 

predominantly iron solid [e.g., Stevenson, 1981]). Precise knowledge of the 

melting curve and related triple points are, in turn, crucial to thermal models 

of the Earth [Anderson, 1990) and its energetics (e.g., the convection problem). 

At ambient pressure, iron melts at 1809 K from the high-temperature 

body-centered-cubic (bee) 8-phase. At low and moderate pressures, the 

melting curve has been determined up to 20 GPa [Liu and Bassett, 1975) and 43 

GPa [Boehler, 1986] by resistive heating of an iron wire in a diamond-anvil 

cell, and up to 100-120 GPa by laser heating of an iron sample in a diamond

anvil cell [Williams et al., 1987b; Boehler et al., 1990; Saxena et al., 1993). 

Shock-wave experiments [Brown and McQueen, 1980, 1982, 1986; Williams et 

al., l987a] have shed light on the melting point at very high pressure (3.3 

Mbar). However, recent developments in the physics of iron at high P- T 
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conditions, namely the discoveries of two new phases, f3 [Saxena et al., 1993], 

and e, [Boehler, 1986], have increased the number of controversial topics 

pertaining to the phase diagram of iron [e.g., Anderson, 1994; Yagi et al ., 1996; 

Saxena et al., 1996]. A theoretical study on the high P-T phase stability of Fe 

[Ross et al., 1990] suggested that e is a bee phase. If this is the case, then a new 

emphasis would be placed on knowing the liquid structure and the physical 

properties of liquid Fe having melted from a bee structure, as it does at 1 atrn 

in order to understand outer core properties. However, this proposal of a bee 

phase for the core is experiencing strong rebuttals from first principles 

calculations [e.g., Sherman, 1994; Cohen et al., 1994; Stixrude and Cohen, 1995; 

Stixrude, 1996] and thermodynamics [Bassett and Weathers, 1990; Bassett and 

Weathers, 1994]. In fact a consensus seems to emerge against a bee phase for 

the core, and today's main question is whether the iron in the inner core has 

a face-centered-cubic (fee) or a hexagonal-close-packed (hep) structure. 

By analogy with iron meteorites and from cosmic abundances 

considerations, it is commonly believed that there is some nickel in the core. 

If the Earth is of cosmic composition, there should be about 4-6 wt% nickel in 

the Earth's core [Brett,1976; Ringwood, 1977] . It is therefore the Fe-rich part of 

the P- T- x phase diagram that becomes of interest (Figure 1.1). 

In relation to meteorites, in which a large range of Ni content occurs, the 

whole compositional equilibrium phase diagram of the Fe-Ni system at low 

pressure is of great interest (Figure 1.1). Indeed, for many years metallurgists 
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FIGURE 1.1. Phase diagram of Fe at moderate P- T conditions combined with Fe-Ni compositional phase 

diagram at 1-bar. [Modified after Poirier, 1991, and Kubaschewski, 1986]. 



and meteoriticists have worked together for a better understanding of the 

complex Fe-Ni phase diagram [e.g., Buchwald, 1977; Goldstein, 1983; Narayan 

and Goldstein, 1984a, b; Vander Voort, 1992]. Thermodynamic properties 

(density, thermal expansion, and specific heat) and transport properties 

(viscosity, thermal conductivity, and thermal diffusivity) at 1 bar in liquid Fe

Ni find direct application in asteroidal core crystallization modeling (less than 

a few kilobars core pressure) [e.g., Haack and Scott, 1992]. 

Despite the recent advances in high pressure techniques [cf. reviews by 

Jayaraman, 1983; Gathers, 1986; Ahrens, 1987], which permit both static and 

dynamic pressure experimentation in a P- T regime comparable to that 

expected at the center of the Earth, there is a serious void in our knowledge of 

elasticity data at 1 atm for liquid Fe and geophysically relevant alloys of Fe. 

The elastic data at 1 atm provide an important foundation on which the 

interpretations of ultrahigh pressure data must be consistently based. This is 

because any valid equation-of-state (EOS) for the Earth's deep interior must be 

anchored on the 1-bar values of the density and incompressibility. Also, as 

discussed recently [Anderson et al., 1995; Anderson, 1996], the 1-bar thermal 

dependence of elastic properties is valuable in inferring the pressure 

dependence of other physical properties of geophysical relevance. This 

emphasizes the need for experimental data on the thermodynamic and 

cohesive properties of solid and liquid Fe-Ni systems at 1-bar. 

In the reduction of sound __ velocity and bulk modulus from shock wave 

data, one needs to know whether the state of the sample is relaxed (i.e., the 

response of the liquid is in phase with the elastic perturbation) or unrelaxed 

(i.e., the sample behaves as a perfect elastic homogeneous solid). Ultrasonic 
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measurements on solid a-Fe at high temperatures [Isaak and Masuda, 1995] 

and on silicate melts [Kress et al., 1988) provide an answer to this question. In 

analogy with relaxation phenomena in silicate melts [Manghnani et al., 1981; 

Sato and Manghnani, 1985; Rivers and Carmichael, 1987; Secco et al., 1991a, b] 

this can result in vastly different physical property measurements [Dingwell 

and Webb, 1989]. For example, Rigden et al. [1984] extrapolated their Us - Up 

data on Di64An36 to Up= 0 (where Us and Up are the shock wave velocity 

and the particle velocity, respectively) and compared this value with the 1-bar 

value determined by ultrasonic measurements [Rivers and Carmichael, 1981] 

as a means of confirming the relaxed state of their sample. Such an agreement 

should also be investigated for Fe melts. Since ultrasonic measurements are 

well-suited for characterizing relaxation mechanisms in liquids, they 

complement the high pressure shock wave measurements. 

From whole Earth seismological studies (e.g., PREM) [Dziewonski and 

Anderson, 1981; Masters and Shearer, 1990], the adiabatic bulk modulus, Ks, 

of the liquid outer core ranges from 644 GPa at the core-mantle boundary 

(CMB) to 1305 GPa at the inner core boundary (ICB). These values are about 

12% lower than the values of Ks along the solid Hugoniot of pure Fe at 

similar P- T conditions (see review by Jeanloz [1990)). This requires the 

presence of an alloying element lighter than Fe as originally recognized by 

Birch [1952] on the basis of density-velocity systematics. Of the many proposed 

outer core light alloying elements [Ringwood, 1984; Brett, 1976; Ahrens, 1982; 

Jeanloz, 1990), sulfur (S) is considered a plausible candidate based on 

cosmochemical abundances and its apparent depletion in the mantle [Murthy 

and Hall, 1970; Lewis, 1971]. Birch [1952] suggested that if 15% of the outer core 
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were composed of a light alloying element, this would lower the density of 

pure Fe at outer core conditions to the observed outer core density. The effects 

of pressure on the eutectic composition (xE, in weight percent) of 31% Sand 

eutectic temperature (TE) of 988°C at 1 atm [Hansen and Anderko, 1958] have 

been investigated up to 100 kbar by Brett and Bell [1969], Ryzchenko and 

Kennedy (1973] and Usselman [1975a; 1975b]. These studies indicate that 

pressure increases TE, as expected, but decreases XE . Usselman's [1975b] linear 

extrapolation of XE to pressures of the outer core suggest 14%-17% S at xE. 

Alder and Trigueros (1977] estimate a sulfur concentration of about 7-9% 

throughout the outer core with a rapid increase to 20-25% near the ICB. This 

compares with the estimates of overall S content in the outer core based on 

shock wave experiments of 9-12% [Ahrens, 1979], 10±4% [Brown et al., 1984], 

and 11±2% [Ahrens and Jeanloz, 1987]. 

For a critical assessment of the arguments brought forward for and against 

sulfur and the other light elements (Si, 0, H, C), the reqder is referred to the 

critical review of Poirier [1994]. The question concerning the nature of the 

light element(s) in the core is far from resolved and the debate continues [Fei 

and Mao, 1994; Bassett, 1994; Knittle and Williams, 1995] . 

In spite of the many factors motivating fluid motion and mixing in the 

outer core, the nonmonotonically varying dK5 / dP curve in the outer core 

(Figure 1.2) seems to indicate not only P and T-induced variations in K5 but 

also compositional effects [Stevenson, 1980]. As pure Fe is pressure frozen at 

the ICB [Fearn and Loper, 1985], the increase in local solute concentration, 

evident in the flattening of the sound velocity - depth profile in this region 

[ Qamar, 1973], alone provides Nernst and buoyancy forces to cause fluid 
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packets to rise. Velocity estimates [Voorhies , 1986] of rising fluid arriving at 

the CMB are dependent on, among other factors, the viscosity. 

In contrast to the characterization of the radial distribution of the cohesive 

properties such as K5 and density p in the outer core by the seismological 

method, viscosity estimates of the outer core vary with the method used to 

obtain them and span 14 orders of magnitude [Secco, 1995]. Based on a scaling 

relationship of viscosity with absolute melting point temperature Tm' Poirier 

[1988] estimates the outer core viscosity at the CMB and ICB to be 

approximately 3 cP and 6 cP, respectively, that is similar to that of water (1 cP) 

at ambient conditions. The effect of pressure and impurities on the viscosity 

in this treatment appear only through their effects on Tm. So, for example, 

the 1-atm viscosity of liquid Fe at Tm decreases from 6.27 cP to 3.15 cP by the 

addition of 1 atomic percent of S [Poirier, 1988] because of the negative slope 

of the liquidus of this dilute solution [Hansen and Anderko, 1958] . 

Furthermore, it is valuable to determine if there is any eutectic effect on the 

liquid structure. This might significantly alter the temperature dependence of 

velocity as, for example, seen in Fe-B liquid alloys [Morita et al., 1982] . Such a 

result could have important implications for the viscosity of an Fe-FeS 

eutectic alloy in the outer core (oc) [Tolland, 1974] and would therefore be 

useful in constraining outer core fluid velocity field models [Benton, 1989]. 

Since these models represent nonunique solutions to the nonlinear inverse 

dynamo problem [Bloxham, 1989; Huang and Harrison, 1989], information on 

the outer core liquid structure and viscosity could offer much needed 

constraints. 
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FIGURE 1.2. Adiabatic bulk modulus Ks and pressure derivative dK5 /dP in 

the outer core of the Earth. Data from PREM [Dziewonski and Anderson, 

1981]. 
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1.2 ORGANIZATION OF CHAPTERS 

In Chapter 2, the theory for high-temperature ultrasonic interferometry is 

presented, and generalized to the case of low-loss, high-impedance liquids. 

Follows a detailed description of the experimental apparatus, with example 

results and error assessment. The experimental part of Chapter 2 has been 

summarized in an article published in the journal of Review of Scientific 

Instruments in March 1994 (Nasch et al., 1994a). 

In Chapter 3, the results for the sound velocity as a function of 

temperature, frequency and composition are presented. Preliminary data in 

pure liquid Fe were published in the Journal of Geophysical Research in 

March 1994 (Nasch et al., 1994b). 

In Chapter 4, thermoelastic and structural properties are derived, and their 

compositional variation of the elastic parameters are discussed. This part has 

been presented at the U.S.-Japan Seminar on High Pressure-Temperature 

Research: Properties of Earth and Planetary Materials, held in Maui, Hawaii, 

USA, January 22-26, 1996. 

In Chapter 5, the results for the measured ultrasonic attenuation are 

exposed and discussed. The results for pure iron are about to be presented at 

the Fall 1996 meeting of the American Geophysical Union (AGU) in San 

Francisco [Nasch et al., 1996]. 
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Chapter 2 

A HIGH-TEMPERATURE ULTRASONIC INTERFEROMETER 

FOR SOUND VELOCITY AND ATTENUATION 

MEASUREMENTS IN LIQUID METALS AND ALLOYS 

2.1 INTRODUCTION 

The study of the sound wave propagation in liquids is important for 

determining cohesive and thermodynamic properties such as compressibility 

and specific heat ratio. Ultrasonic absorption provides important information 

on the relaxation and structural properties of liquids as well. The apparatus 

described here was developed to measure the ultrasonic velocity of liquid 

iron and iron-nickel alloys, and possibly estimate the attenuation in these 

melts. The 1-bar compressibility of these melts in particular is of great 

geophysical relevance in constraining models of the state and dynamics of the 

Earth's liquid outer core. The attenuation of molten iron is important for an 

understanding of the attenuation of seismic waves which propagate through 

the Earth's core. 

A variety of techniques for the measurement of compressional 

(longitudinal) wave velocity, c, in molten materials at high temperature 

have been employed in the past [e.g., reviews by: Gitis and Mikhailov, 1966b; 

Webber and Stephens, 1968; Beyer and Ring, 1972a; Papadakis, 1976]. Most of 

these techniques are based on one of the two following basic principles: (1) 

12 



measurement of the time-of-flight of an acoustic pulse through a known 

sample thickness [Kurz and Lux, 1969; Casas et al., 1984], or (2) measurement 

of the wavelength of a standing wave formed within a sample by interference 

of multiple internal reflections of the wave train (of known frequency) . The 

interferometric technique described here is based on the second principle and 

is an adaptation for very high temperatures of the interferometer described by 

Katahara et al. [1981] . Among the advantages of the interferometric method is 

its applicability to small samples (still larger than a few mm3) and the 

simultaneous ability to measure velocity and attenuation (or conversely, 

quality factor, Q) [Mc Skim in, 1959; Katahara et al., 1981]. Other acoustic 

techniques use Doppler-shifted laser light by inelastic phonon interaction 

(Brillouin scattering) and electromagnetic detection of acoustic waves [e.g., 

Turner et al., 1972]. 

Our interferometer is based on the design of Katahara et al. [1981] and uses 

a radio frequency (RF) induction heating technique to. attain and maintain 

temperatures to 2000 K, or higher. Vacuum or controlled atmosphere are 

used to protect the furnace and the sample-buffer rod assembly. 

Environmental conditions are cool and clean; no contact is required between 

the load (sample) and the heat source. Both, ferrous and nonferrous samples 

can be heated. 
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2.2 BACKGROUND IN ULTRASONIC INTERFEROMETRY 

The term "ultrasonic interferometry" is commonly used whenever 

ultrasonic wave trains are mixed, either electrically or mechanically. The 

electrical superposition (i.e., mixing) of two signals selected from an echo 

train is usually done on the CRT of an oscilloscope screen by adjusting delays 

and x-axis triggers [e.g., Simmons and Macedo, 1968; Imai and Rudnick, 1969]. 

Electrical mixing is, for example, typical of pulse-echo-overlap techniques 

[e.g., Papadakis, 1976]. On the other hand, the mechanical mixing consists in 

creating within the specimen (or at the receiving piezoelectric element) a 

mutual cancellation (or addition) of a pair of traveling wave trains. This is 

commonly achieved by adjusting the pulse repetition rate and the ultrasonic 

frequency. The mechanical mixing approach is basic to pulse superposition 

[e.g., McSkimin, 1961] and phase-comparison [e.g., Williams and Lamb, 1958] 

techniques. However, all the above techniques are similar in that they 

measure the time interval between a phase in one echo with that in another 

echo. 

The interferometer described here differs fundamentally from the above 

methods in the sense that it resolves a wavelength instead of a travel time. A 

conventional design for fluid samples consists in attaching a piezoelectric 

element at one end of a sample chamber, and a reflector (or a second 

transducer) at the other. The transducer-reflector distance is allowed to be 

mechanically varied. If the pulse duration r is such that r > 21/c, where c is 

the sound velocity and l is the path of the ultrasound in the fluid specimen, 
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then during the effective time of the pulse, multiple internal reflections are 

generated within the sample. When the path is varied, standing waves are 

formed when the path length is an integral number of half wavelengths. The 

amplitude of the detected signal depends on the acoustic impedance of the 

specimen, which changes markedly when passing through the resonance 

positions (constructive interference). Monitoring the acoustic amplitude 

while changing the ultrasound path traces out an alternating pattern of 

resonant and antiresonant positions, the difference between two successive 

ones defining the wavelength of the standing wave in the specimen. 

Combining the wavelength with the carrier wave frequency yields the sound 

velocity. 

High frequency acoustic interferometry was first developed by Pierce [1925] . 

Hubbard and Loomis [1928] and Freyer et al. [1929] applied this principle to 

measure ultrasonic properties of inorganic and organic liquids around room 

temperature. However, the theory of acoustic interferometry was derived in 

detail later by Hubbard, [1931] and successfully applied to ultrasonic velocity 

and absorption measurements in gases [Hubbard, 1932]. The theory predicts 

the excess pressure at any point in the fluid column, being of particular 

interest at the boundary of the source/ detector (piezoelectric plate). Later, Fox 

[1937] extended the theory to liquid media. 

In all high-temperature acoustical measurements, it is essential to use 

cooled buffer rods (also called delay lines or wave-guides) in order to prevent 

heating of the piezoelectric transducers above the Curie temperature and to 
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protect them against corrosion. One end of the line is immersed in the melt 

whereas the other end, to which the piezoelectric element is attached, is 

placed in a cooled housing. Beside protecting the transducer from high 

temperatures, the use of wave guides has fundamental advantages such as 

broadband operation and decoupling of the electrical response of the 

transducer from the resonance cavity. Katahara et al. [1981] developed a 

variable path interferometer making use of a transmission buffer rod design 

(i.e., two transducers, one emitter and one receiver) for high-temperature 

measurements. Rivers and Carmichael [1987] describe a similar design for 

reflection mode (i.e., one emitter-receiver transducer and one reflector). 

These apparatuses are suitable for measuring velocity and attenuation to 

1500°C in relatively viscous, high-loss liquids ( Q<lOO) such as silicate melts 

[Rai et al., 1981; Manghnani et al., 1981, 1986; Sato and Manghnani, 1985; Kress 

et al., 1988; Secco et al., 1991a, b ]. 

The technique described here is based on the interferometric approach of 

Katahara et al. [1981] with several modifications for very high-temperature 

measurements and low-loss media. It maintains all the original advantages, 

and adds the following enhancements: 

1) The sample assembly and the buffer rods are located within a controlled 

atmosphere or vacuum chamber, whereas the mechanical device for rod 

motion and positioning, and the transducers are placed outside the 

experimental chamber at ambient conditions. Degassing and alignment 

procedures are greatly simplified. Unlike the case where the entire apparatus 

sits within a bell-jar, decalibration (i.e., process of unintentionally altering the 
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calibration) of the rod positioning devices (LVDT and micrometer dial gauge) 

due to temperature variations in the enclosed surroundings is avoided. 

Corrosion of critical parts from melt vapors is prevented. Also, substantial 

reduction in the number of electrical and cooling feedthroughs is achieved, 

reducing significantly the risk of vacuum leaks. 

2) A radio-frequency induction heating technique is used for the heating 

and melting. Greater versatility has been gained and both vacuum or 

controlled atmosphere can be used to protect the furnace and the sample

buffer rod assembly. A neutral atmosphere is particularly recommended in 

alloy studies where differential rate of evaporation of the alloy components 

could result in a concomitant change in composition. Also, the 

environmental conditions are cooler and cleaner; no contact is required 

between the load and the heat source. Ferrous and nonferrous samples can be 

heated as well. Katahara et al. [1981] used a resistively heated molybdenum 

(Mo) furnace designed to operate solely in vacuum because Mo oxidizes at 

high temperature. Owing to the strong chemical affinity between Mo and iron 

vapor at high temperature, the Mo resistive furnace and the Mo single-crystal 

buffer rods are unsuitable for iron melt studies. 

3) The maximum working temperature of the interferometer has been 

substantially increased for liquid transition and refractory metals studies, and 

is only limited by the thermal, mechanical and chemical properties of the 

furnace materials involved (buffer rods and crucible). With alumina Al20 3 

ceramic materials being used throughout this work, the maximum 

temperature of operation is prescribed at 2000-2100 K above which the 

softening point of Al20 3 may be reached. 
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2.3 THEORY 

Notation and fundamental relations 

m, n medium index 

f frequency 

OJ pulsation or angular frequency OJ = 2 n f 
Am particle displacement amplitude in medium m 

L melt thickness 

pm mass density of medium m 

cm compressional (longitudinal) phase velocity in medium m 

am absorption or attenuation coefficient 

Qm specific quality factor 

complex wave number km = /3m + iam 

characteristic acoustic impedance 

Rmn reflection coefficient 

T mn transmission coefficient 

2.3.1 Derivation of theoretical interferogram 

When an elastic body wave of any type (compressional or shear) reaches a 

slip-free interface between two isotropic media at an angle of incidence e<i) I 

in general four waves are generated, two of which are reflected from the 

boundary and two refracted in to the second me di urn (Figure 2.1). The 
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frequency is conserved, and the velocity and the wavelength are affected. It 

can be shown that these waves satisfy the angle conditions 

kj sin e (i ) = kj sin e ( r ) = kJ sin <p(r ) = k~ sin e(t) = k~ sin <p(t ) (2.3.1) 

where the k's are the longitudinal ( l) and shear ( s) wave numbers in 

medium I and 2, the 8 's are the angles of incidence ( i), reflection ( r) and 

transmission ( t) of the longitudinal wave, and the <p 's are the angles of 

reflection ( r) and transmission ( t) of the shear wave. The shear waves are 

vertically polarized in the sense that the particle oscillates in the incident 

plane. Equations (2.3.1) bear a striking similarity with the Snell 's law in 

optical geometry; for this reason they are often referred to as the acoustic 

Snell's laws. In the following, only normal incidence of longitudinal wave is 

considered; no mode conversion occurs and the two shear waves are zero. 

Consider the idealized one-dimensional cavity of the interferometer 

depicted in Figure 2.2. The cavity consists of a liquid sample sandwiched 

between two buffer rods. Consider also a monochromatic plane wave of 

angular frequency (J) propagating in the -z direction down the upper buffer 

rod. We want to solve for the overall transmitted and reflected amplitudes 

into the lower (LBR) and upper buffer rod (UBR), respectively. This is justified 

because the response (output voltage) of the piezoelectric transducer depends 

only on the amplitude of the wave, i.e., on the particle displacement, and not 

on the strain rate or particle velocity displacement. Such a incident plane 

wave can be written as 

A(i ) _ A i(km z-wt ) 
m - O e 
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FIGURE 2.1. Wave at a slip-free interface between two media. 
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FIGURE 2.2. Idealized one-dimensional cavity of the interferometer. A plane 

wave train A0 exp{ i( k 1x - Wt)} is normally incident from the medium 1 

(top). Nonnormal incidence is shown for the purpose of clarity. 
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As mentioned above, when such a wave strikes the interface separating 

the two media m and n, it will be partially transmitted and partially reflected. 

From stress and displacement continuity requirements at the interface, the 

amplitudes of the reflected, A~) , and transmitted, A~t) , wave relative to the 

incident wave, A~), are 

A ( r ). Z -Z 
R _ m _ n m 

mn - A (i) 
m Zn +zm 

(2.3.3) 

and 

An(t) 2Zm 
T mn = A (i) 

m Zn +zm 
(2.3.4) 

verifying the continuity condition Rmn + T mn = 1 at the interface. One sees 

here that the time-varying factor exp{ i OJ t} is of no importance in combining 

waves of the same frequency. 

For simplicity in the following discussion, the amplitudes are understood 

to be relative to the incident amplitude. Consider an incoming wave with 

normal incidence, and the resulting ray paths shown in Figure 2.2, where 

nonnormal incidence is shown for the sole purpose of clarity. The amplitude 

of the first transmitted component a0 has a combined transmission 

coefficient T12 T21 , whereas the amplitude of the first returned component 

up the rod is b0 = R12 . The second transmitted component, which underwent 

two reflections within medium 2 before transmission into the lower buffer 

rod, has the coefficient T 12 R}1 T21 . The second reflected component suffered 

only one reflection within the sample and hence has the coefficient 

T12 R21 T21 . Each trip across the· melt layer L of the wave affects the 
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amplitude by a factor eik2L, which contains both the attenuation and the 

phase shift of the wave due to the propagation through the sample; thus the 

transmitted components a1 and the reflected components b1 at z = L, 

relative to the incident wave at z = 0, are given by 

Transmission 

T R
2 T 3ik2L 

a1= 12 21 21e 

T R 4 T 5ik2L 
a2 = 12 21 21 e 

• 
• 
• 

_ T R2n T (2n+1)ik2L 
an - 12 21 21 e 

Reflection 

b T R T 2ik2L 
1 = 12 21 21 e 

b T R 3 T 4ik2L 
2 = 12 21 21 e 

• 
• 
• 
b _ T R(2n+l) T 2(n+1)ik2L 

n+ 1 - 12 21 21 e 

n = 0, 1, 2, ... oo 

(2.3.5) 

In the elastic regime, where Hooke's law describing a linear response 

between stress and strain is valid, small displacements can be considered and 

the principle of superposition is applied. It follows that the total components 

are simply the sum of the respective individual components; for the 

transmission 

00 

A(t) =Lan (2.3.6) 
n=O 
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(2.3.7) 

and for the reflection, 

(2.3.8) 

oo n 

A (r) _ R +T R T 2ik2L ~(R2 2ik2L) 
- 12 12 21 21e £... 21e (2.3.9) 

n=O 

Because Rf 1 < 1, the sum of the geometric series converges, yielding 

oo n 

L ( RJ1 e2ik2L) 

n=O 

1 
(2.3.10) 

1- R2 2ik2L 
21 e 

which allows us to write a simplified form for A (t) (Eq. 2.3.7) and A (r) (Eq. 

2.3.9) as follows 

T R T 2ik2L 
A (r) = R + 12 21 21 e 

12 1 R2 2ik2L 
- 21 e 

From Equations (2.3.3) and (2.3.4), it is easy to show that 
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(2.3.12) 

(2.3.13) 



Using Equation (2.3.13) and noting that R12 = -R21 allows Equations 

(2.3.11) and (2.3.12) to be rewritten either in terms of the single reflection 

coefficient R12 or in terms of the acoustic impedances Zm (and the fluid 

complex propagation constant k2 and the melt thickness L), i.e., 

(2.3.14) 

(2.3.15) 

The fact that both the modulus and the phase of the amplitude are 

generally different from that of the incident wave is reflected in the complex 

nature of the above amplitudes. Equations (2.3.14) and (2.3.15) are exact 

expressions under the following set of assumptions: 

1) The waves are plane waves. 

2) The liquid is assumed to be an infinite slab in the x and y directions. 

3) The two liquid-rod interfaces are perfectly aligned and parallel. 

4) The overall transmitted and reflected amplitudes (Eqs. (2.3.14) and 

(2.3.15)) are the result of the interference of an infinite number of reflections 

within the sample. 

The practical implications of these assumptions are discussed later 

(paragraph 2.3.2). 

Qualitative insights of Equations (2.3.14) and (2.3.15) can be gained by 

considering first the limiting situation in which there is no absorption in the 

sample and in the buffer rods. In this case, a 1 = a 2 = 0 and the wave 
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number km = /3m = m/cm = 2'1r/ Am and the impedance Zm (m=l, 2) are all 

real. The moduli of Equations (2.3.14) and (2.3.15) become, respectively: 

{ 

( 2 )2 }~ { 2 }_!_ (t) R12 -1 z; - 1 . 2 
2 

IA I= 2 ( ) 4 = I+[ ] sm (/32 L) (2.3.16) 
1- 2R12 cos 2/32L + R12 2Zr 

and 

where Zr= 21 = PiCi = Pi/32 is the rod-to-melt impedance ratio. 
Z2 P2c2 P2f31 

Thus, under the no-loss assumption, IA (t) I and IA (r) I are both periodic 

functions, and they verify the energy conservation constraint 

(2.3.18) 

The behavior of the transmitted amplitude IA (t) 1, for example, is 

illustrated in Figure 2.3 where the main features can be read. IA (t) I is a 

maximum (and IA (r) I is a minimum) when: 

i.e., when 

L=NA2 
2 
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(2.3.20) 
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FIGURE 2.3. Theoretical interferograms. The normalized transmitted 

amplitude IA(t)I' given by Equation (2.3.16), is plotted versus melt thickness 

L for three impedance ratios. 
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and 

IA(t )l=l ' (2.3.21) 

IA ( r ) I = A ( r ) = 0 (2.3.22) 

Therefore when the liquid thickness is an integral number N of half-

wavelengths the cavity of the interferometer (i.e., the liquid sample) is in 

perfect resonance and the fluid sample is fully transparent to the incoming 

acoustic energy with the two buffer rods acting as if they were one. The entire 

incident wave is transmitted through the melt and no energy bounces back 

up the rod. The transmitted signal is in phase with the incident wave when 

N is an even number and n radians out of phase when N is an odd number. 

Similarly, IA (t ) I is a minimum and IA ( r ) I is a maximum when: 

(2.3.23) 

i.e., when 

/3 L - 2N + 1 
2 - 7r 

2 
(2.3.24) 

and 

(2.3.25) 

(2.3.26) 
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Note that in this case (i.e., when cos( 2/32 L) = -1) the amplitude maxima 

(for IA (r) I) and minima (for IA (t) I) are functions of the reflection coefficient 

(or, equivalently, the impedance ratio). Equation (2.3.25) indicates that a small 

impedance difference reduces the contrast between maxima and minima (see 

Figure 2.3): 

(2.3.27) 

Similarly, the minima become deeper and the transmission peaks become 

sharper as the impedance contrast increases and the reflection coefficient 

approaches unity 

( ) I 
(t) I minima 

Z2 >> Z 1 => Zr ~ 0 ¢:::> R12 ~ 1 => A ~ 0 (2.3.28) 

and 

(2.3.29) 

In this case, a small departure of f3 2L from Nn (i.e., its value for the 

maximum) will result in a rapid drop of the intensity. It is noteworthy that 

this situation is completely analogous to the optical fringes phenomena 

developed by multiple reflections in a plane-parallel thin film (see Jenkins 

and White [1957), chapter 14, where their equation (14j) is perfectly analogous 

to our equation (2.3.16)). 

Consider now the case when the attenuations am in the sample and in 

the rods are finite, but sufficiently small such that 
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and (2.3.30) 

Thus, the complex components of the impedances and the reflection 

coefficient are negligible, and the wave vectors (or propagation constants) are 

essentially real 

and (2.3.31) 

noting that only the arguments in the exponential factors in Equations (2.3.14) 

and (2.3.15) keep the contribution of a because they are multiplied by L. The 

modulus (2.3.16) and (2.3.17) can be rewritten as follow: 

(2.3.32) 

and 

(2.3.33) 

Even though the attenuation is small, it does not disappear from the 

above two equations, the effect being to decrease the magnitudes of the 

amplitude maxima as the path length is increased. Equations (2.3.32) and 

(2.3.33) are suitable for low-loss liquids, such as water or mercury. One verifies 

easily that in the limit a 2 ~ 0, Equations (2.3.32) and (2.3.33) reduce to 

Equations (2.3.16) and (2.3.17), respectively. 
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Consider now the case where the attenuation in the fluid sample is much 

larger than the attenuation in the rods, i.e., a 2 >> a 1. The propagation 

constant in the rod k1 is considered as real, whereas k2 is complex in the melt 

and is given by 

(2.3.34) 

where the spatial attenuation coefficient a2 and the phase factors /32 are 

given approximately by 

(2.3.35a) 

/3 - (J) - 27r f 
2=---- (2.3.35b) 

C2 C2 

where 71* has the dimension of viscosity (see paragraph 5.4.l, Eq. 5.4.1). In 

viscoelastic theories, one often writes the attenuation coefficient in terms of 

the quality factor Q defined as half the ratio between the real and imaginary 

parts of the complex wave number (Eq. 2.3.34): 

(2.3.36) 

where K 5 = p2c~ is the melt adiabatic bulk modulus (the subscript "s" 

denotes constant entropy). Note that c2 is the phase velocity in the melt, by 

contrast to the group velocity defined as 

(2.3.37) 
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When the attenuation in the fluid sample is larger than the attenuation in 

the rods, i.e., a 2 >> a 1, the modulus of the transmitted amplitude, i.e., the 

quantity experimentally accessible, is given by 

1 
2 = l[ J + <!> 2 + P 2

] cosh(2aL) + <I> sinh(2aL) IA(t)I 2 
(2.3.38) 

+ ~ [1 - <P 2 
- lf'2 ] cos( 2/3L) + lf' sin( 2/3L) 

where 

z, + ( I J 
z, I+ 4~2 

(2.3.39) 

and 

Similar expressions for the reflected modulus can be obtained; these are 

not shown since only transmission experiments will be considered in this 

work. In Equations (2.3.39) and (2.3.40), the last equality in parentheses makes 

a connection with the notation used by Katahara et al. [1981]. (Note that some 

typographical errors have entered their derivation of their equation (8a)). The 

first two terms on the right-hand member of Equation (2.3.38) (hyperbolic 

functions) determine the shape of the decay envelope. The second two terms 

(trigonometric functions) determine the oscillations in the amplitude. 
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Finally, we have generalized Equation (2.3.38) to the inverse situation 

where the attenuation in the rod is greater than the attenuation in the melt 

(a 1 > a 2). In this case, the acoustic impedances Z and wave numbers k of 

both rod and sample are considered complex. The resulting modulus for the 

transmitted amplitude A (t ) is an expression which can be written in a 

perfectly analogous form to Eqs. 2.3.38-40 with the important differences, 

however, that, in this case, Q in Eqs. 2.3.38-40 must be replaced by an apparent 

quality factor Q* given by 

Q* = 4Q(r)Q(s) + J 

4 ( Q(r) - Q(s) ) 

and, the impedance ratio Zr must be substituted by 

(2.3.41) 

(2.3.42) 

where the subscripts (r) and ( s) refer in this case to rod and sample, 

respectively. 

A few important points can be noticed from Eq. (2.3.41). First, it is readily 

seen that in the limit Q(r) -t 00 , Eq. (2.3.41) yields the solution Q* = Q(s) ' and 

Eq. (2.3.42) reduces to z; =Zr = Z<r>f Z(s). Second, if Q(s) > Q(r)' the apparent 

attenuation is negative. This point is discussed in greater length in Chapter 5. 

A precise knowledge of the attenuation in the rod at the interface 

(characterized by Q(r)) becomes imperative if the attenuation in the sample 

(characterized by Q(s )) is to be determined. Third, since the denominator of 

Eq. (2.3.41) contains a difference between two large and comparable numbers, 
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small variations with temperature and/ or frequency of Q (r ) and Q (s) can lead 

to large errors in the measured apparent Q. In other words, knowledge of the 

frequency and temperature dependence of Q(r) is needed as well. Therefore 

the use of ultrasonic interferometry for attenuation measurements in liquids 

is suitable when Q (s) /Q(r ) << 1, and becomes difficult when Q (s ) /Q(r ) :::::: 1 or 

greater. 

2.3.2 Discussion of the assumptions 

1) The waves are plane waves . When an ultrasonic wave is generated by a 

disk-shaped transducer with a diameter D, a complex radiation pattern 

develops in the coupled medium [e.g., Mapleton, 1953; Bass, 1958]. The 

pattern is composed of two zones, known as (1) the Fresnel Zone or "near 

field", and (2) the Fraunhofer Zone or "far field" [e.g., Mason, 1958, 1964; Bass, 

1958]. In the Fresnel region, the wave is essentially plane; in the Fraunhofer 

Zone (e.g., in an infinite medium) the beam energy spreads out. The extent 

s F of the Fresnel Zone is given by 

2 2! r _!__D R 
~F - -

.A 4c 
(2.3.43) 

where r, D are the transducer plate radius and diameter, respectively, f R is 

the resonance frequency of the transducer, and c, A are the phase velocity 

and the wavelength in the couple medium, respectively. Since the rod 

diameter 0:::::: D, equation (2.3.43) implies in practice that the wavelength in 
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the buffer rod A must be much smaller than the rod diameter. Because 

Equation (2.3.43) describes the effect of geometry on energy spreading, 

frequency and rod size (length and diameter) are important parameters to 

take into consideration when designing the ultrasonic apparatus. In our case, 

the largest extent of the Fresnel zone is about 8 cm in alumina at 21 MHz, 

which is 4/10 of the rod's length; thus the condition of a planar wave is 

certainly not entirely met at the rod-liquid interface. Further, Figure 2.4 

models the displacement field at the end of a 1.27-cm-diameter x 20-cm-long 

alumina buffer rod [G. Chen, private communication, 1993]. The transducer 

has the same diameter as the rod and is excited at 10 MHz. The longitudinal 

wave velocity in polycrystalline alumina is taken to be 10.845 mm/µs [Chung 

and Simmons, 1968]. The amplitude is normalized by the displacement 

amplitude of the transducer, which is assumed to be uniform across the 

transducer. It is seen that both the phase and the amplitude are smooth and 

only slightly curved. At the circumferential boundary of the buffer rod, the 

acoustic wave still remains of high amplitude. Consequently, the acoustic 

wave is reflected from the circumferential wall of the rod, causing 

interference with the straight planar propagating acoustic beam; hence 

various modes are created that are each propagating at a characteristic phase 

velocity. This situation is common to any guided channel wave. The 

resultant wave is a cylindrical wave which is dispersive. The frequency 

spectrum of a longitudinal wave in a cylinder is described by the 

Pochhammer dispersion equation [e.g., Meeker and Meitzler, 1964; Beltzer, 

1988]. 
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communication, 1993]. 



2) The liquid is assumed to be an infinite slab in the x and y directions. 

For practical applications, this means that the melt thickness L must be much 

smaller than the rod diameter 0. When L :::= 0, corrections for beam 

spreading and diffraction should be considered. 

3) The two liquid-rod interfaces are perfectly flat, aligned and parallel. 

These ideal conditions can not be exactly realized in an actual experiment. 

Misalignment, non parallelism and non flatness of the buffer rod faces are the 

major sources of errors in attenuation determination. 

4) The overall transmitted and reflected amplitudes (Eqs. 2.3.11-12) are the 

results of the interference of an infinite number of reflections within the 

sample. In practice, however, each successive reflection contributes less to the 

signal because of the energy partitioning at every reflection between 

transmitted and reflected components. The minimum number of multiple 

reflections that contribute significantly to the output signal is a function of 

the reflection coefficient and hence of the acoustic contrast between the rod 

and the sample. For example, by extrapolating to 1600°C the elastic data on 

Al20 3 reported by Chung and Simmons [1968], a value of Z 1=3.86 x 106 g cm-3 

s-1 is obtained for the acoustic impedance of an Al20 3 buffer rod. Similarly, 

using typical values for the density (p2 =7.00 g cm-3) (see Chapter 4) and the 

sound velocity ( c2=3900 m s-1) of molten iron at 1600°C (see Chapter 3), the 

acoustic impedance is Z2=2.73 x 106 g cm-3 s-1. Thus IR12 j=0.172 and 

T 12 T 21 =0.97l. When the path length in the melt is an odd number of half

wavelengths, the value of the transmitted amplitude is (1-
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0.1722)/(1+0.1722)=0.943, indicating that even in a destructive situation, nearly 

all of the incident signal amplitude is transmitted through the melt down the 

lower buffer rod. Still under those conditions, an = T12 Rff7 T21 =0.971 x 

0.1722n; hence the relative amplitude of the 3'rd transmitted component ( n=2) 

is already less than 0.1 % of the incident amplitude. Therefore, if the input 

signal is an RF pulse, the duration of the pulse must be greater than the time 

required for a minimum of 5 trips across the molten sample. For a path 

length of 5 mm used in these experiments, and a typical sample sound 

velocity of 4 mm/µs, the pulses width must be at least 6.5 µs long for the 

amplitude at the end of the pulse to reach the steady state value. An upper 

limit for the pulse duration is found by requiring that the duration of the 

pulse being less than the round-trip travel time through the buffer rod. 

Otherwise, multiple reflections within the rod might produce unwanted 

interference in the buffer rod. For 200 mm long Al20 3 rod and a velocity of 11 

mm/µs, the upper limit for the RF pulse width is 38 µs. . 

5) Finally, the use of either Equation (2.3.32) or (2.3.38) is legitimate only if 

the absorption in the buffer rods is negligible. In other words, the 

requirement is that Q(r~ << Q(s~, where Q-1's are buffer rod (r) and ~ample 

( s) specific attenuations. The attenuation in liquid metals is known to be very 

small [e.g., Webber and Stephens, 1968; Beyer and Ring, 1972a; Anderson, 

1980], and viscoelastic theories in liquid metals predict Q(.;~ - 10-5 for liquid 

iron in the low MHz range [Nasch et al., 1994a]. Further, a mean Q(~~ of 

- 10-3 for single-crystal sapphire (Al20 3) rods (the hot end being at 1550°C) 

has been obtained in-situ by measuring the amplitude decrement of 
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successive round-trip echo in the rod. The condition Q~~ << Q~~ is therefore 

certainly no longer fully valid, and Equations (2.3.41) and (2.3.42) must be 

incorporated into Equation (2.3.38) to account for the rod contribution. 

2.4 EXPERIMENTAL APPARATUS 

In essence, a gated continuous wave (i.e., long pulse) is transmitted 

through two 20-cm-long buffer rods separated by a layer of melt. Acoustic 

impedance contrast between the rods and the melt generates multiple 

reflections within the melt layer that interfere with each other. A resonant, 

constructive standing wave is formed for melt thicknesses equal to integral 

multiples of half the wavelength ( nA/2), whereas antiresonant, destructive 

conditions occur when the rod-to-rod separation (i.e., melt thickness) 

corresponds to (n + 1/2):A/2, where A is the ultrasonic wavelength in the 

melt. When the UBR is moved up and away from the fixed lower buffer rod 

(LBR), the transmitted ultrasonic signal traces out an alternating constructive 

(maxima) and destructive (minima) interference pattern. Combining maxima 

separation measurements (A/2) with the known carrier-wave frequency, the 

velocity is computed according to the relationship c = A · f. The rate of decay 

of the maxima with melt thickness allows determination of the specific 

attenuation, Q-1 which is calculated by fitting Equation (2.3.38) to the 

amplitude vs. melt thickness data. 
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2.4.1 High-temperature cell 

The high-temperature sample assembly is detailed in Figure 2.5. The metal 

sample is contained in an Al20 3 ceramic crucible. The UBR is a single-crystal 

Al203 (sapphire) (Sapphire Engineering, Inc.) with c-axis [0001] crystal 

orientation parallel to the cylindrical axis of the rod. The lower buffer rod is 

made of polycrystalline dense 99.8% Al20 3 ceramic (Coors Ceramics Co.). Both 

rods are 1.27 cm in diameter and about 20 cm in length. The ends are polished 

flat and parallel. The lower rod extends through a hole centered in the bottom 

of the crucible and supports it by means of a high-temperature alumina-based 

cement. The crucible is enclosed in a graphite sleeve which acts as an 

inductive load. A 15-mm-thick Zr02 thermal screen (Zircar Products, Inc.) 

provides the appropriate insulation against radiation losses. The sample 

temperature is monitored by an alumina-sheathed tungsten-rhenium (W-

26%Re/W-5%Re) thermocouple located in the melt. A second W-Re thermo

couple, also in the melt, is used for temperature control and backup purposes. 

The Zr02 screen is a solid, preshaped cylinder which has been found to be 

cleaner than the previously used Zr02 felt. A post run microprobe analysis of 

a rod-melt cross-section has indeed revealed that Zr has diffused into 

polycrystalline Al20 3 and substituted to Al (the blue luminescence typical of 

Zr was observed). Most likely, some Zr02 fibers fell into the crucible and as 

they were floating on the Fe melt surface, they may have been trapped at the 

rod-melt interface. Furthermore, since Zr02 is not wetted by most liquid 

metals, the presence of such fibers at the rod-melt interface may alter 

considerably the acoustic coupling between the rod and the melt. 
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FIGURE 2.5. High-temperature sample assembly. 
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In every furnace disassemblage at the end of a run, a very strong odor 

emanates which resembles that of sulfur (or rotten eggs!). It is believed that 

the zirconia is reacting with the graphite as follows: 

On exposure to moisture 

+ + 

This would result in an acetylene smell or sometimes called "carbide" 

smell, and is certainly not due to the presence of sulfur impurities. The 

production of CO from the zirconia-graphite reaction has one advantage and 

one disadvantage. Because the experiment is conducted at relatively low 

oxygen fugacity f 02 , FeO in the sample is unstable and tends to be reduced by 

the reaction 

FeOliq + CO gas ~ Fe metal + C02 

that has the advantage of removing oxides from the melt, which are very 

efficient in damping ultrasonic energy. The disadvantage, however, is the risk 

of W-Re thermocouple drift or decalibration due to oxidation [Kinzie, 1973]. 
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FIGURE 2.6. Schematic mechanical arrangement of the interferometer. 
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2.4.2 Mechanical arrangement 

Figure 2.6 schematically shows the mechanical arrangement of the 

interferometer. The high-temperature assembly is enclosed in a clear fused 

quartz tube (11.5 cm in diameter) which is sealed at both ends by water-cooled 

flanges; thus the high-temperature load is isolated from the environment. 

This assembly allows a vacuum system to evacuate the quartz tube prior to 

the introduction of a pressurized controlled atmosphere of argon. A 7-turn 

helical Cu coil couples the induction power to the load from outside the 

quartz tube. The lower buffer rod (LBR) supporting the sample crucible and its 

water-cooled transducer housing are fixed and mounted onto the main base 

plate. The upper buffer rod (UBR) is held by a water-cooled holder mounted 

on a 32-cm-diameter aluminum movable plate. The entire plate assembly is 

allowed to move up and down for varying the melt thickness, and is guided 

by three stainless steel shafting, each being fed through two long linear 

bearings sandwiching the plate for tight guidance. This design provides an 

extended travel path of the UBR assembly allowing furnace loading and 

mounting without affecting the alignment. A stainless steel bellows makes 

the connection between the moving plate and the quartz top flange, allowing 

for the rod to move friction-free. A Viton® 0-ring seals the bellows collar to 

the rod holder, and allows for quick dismantling. The plate is driven by a 

vertical high-precision 5-pitches threaded rod and coupled to a 15 voe 

electrical motor. A counterweight attached to the plate via a pulley system 

(not shown in Figure 2.6) eliminates any torque on the plate and stress on the 

motor. A radial arm, attached to one of the fixed shaft, hosts a micrometer 
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dial gauge and the linear variable differential transformer (LVDT) body. The 

micrometer dial gauge and LVDT body are fixed with respect to the moving 

UBR. The LVDT is an electromechanical device that produces an electrical 

output proportional to the displacement relatively to the body of the separate 

movable core. This latter is aligned with the buffer rod vertical axis (i.e., 

centered on the plate) and is rigidly attached to the moving UBR holder; thus 

the output voltage of the LVDT is proportional to the vertical position of the 

buffer rod, i.e., to the melt thickness. Another absolute micrometric dial 

gauge is mounted onto one end of the threaded shaft and converts angular 

rotation of the shaft in linear displacement (lµm resolution). This allows 

precise repositioning of the plate during loading and alignment procedures. 

2.4.3 The ultrasonic system 

2.4.3. l Pulse generation and detection 

The block diagram of the ultrasonic system is shown in Figure 2.7. A 

continuous sine wave (CW) is generated by a high resolution frequency 

synthesizer (Hewlett-Packard model 3325A) with an oscillator counter (a). The 

cw is fed into a broadband gated amplifier (Matec, model 310) consisting of 

pulse generator and gated amplifier circuits. The pulse generator circuit . 

generates square pulses of adjustable width and repetition rate (b ); the pulses 

are then used to gate the amplifier such that the amplifier is ON only during 

the duration of each square pulse. The resulting output to the transducer is a 

toneburst pulse which can be made coherent with the input CW signal in 

45 



A ' CW source I 
I 
I 

HP 3325A a) 
I 

I 
I t 

a) ii 
v 

------- ----- ....... 

Pulse 
I 

Generator A 

b) 

Gated b) 

Amplifier 
t 

A 

c) 
t 

------ ----- ...... 
I 
I A I 

RF Amplifier I I I \ I 
I 

d) 
d) 

t 
Filter 

Detector A 

------

e) 
e) 

t 
Digital Scope 

A(V) Trigger Nicolet 4094C A 

GPIB f) f) 
t 

PC 
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order to avoid jittering in the pulse width and to narrow the frequency 

spectrum (c). The main reason of using pulse rather than cw is to avoid 

interference from multiple reflections within the buffer rod. The transmitted 

toneburst pulse (transducer output signal) is fed into a broadband receiver 

(Matec, model 625), which consists of a low noise broadband amplifier, a 

variable low-pass filter, and a full wave amplitude detector of excellent 

linearity. Phase detection is also possible by adding a coherent CW reference to 

the RF signal. The detected output of the receiver is the rectified envelope (e) 

of the transducer toneburst output signal (d). The typical dynamic range of the 

instrument (signal-to-noise ratio) is in excess of 60 dB. 

The envelope of the toneburst pulse builds up and decays following two 

exponential curves since the effect of transducer ringing occurs twice: once at 

the emitter transducer in generating the pulse, and again at the receiver 

transducer in detecting it. When the pulse width is increased, the amplitude 

(voltage) spectral response Y m at the resonant frequency f R of a given 

transducer becomes larger and the bandwidth '1.f at 3 dB (i.e., at Y = Y m /-12) 
gets narrower. In other words, the mechanical quality factor Qm = f R / '1.f of 

the transducer becomes larger (to a certain extent) with increasing number of 

toneburst cycles. In the double transducer situation, the number of cycles N 

required to build up to full peak amplitude is approximately given by 

N:::::: Qm. Similarly, there will be roughly Qm cycles in the ring-down that 

occurs after the excitation has ceased. It follows that the pulse width tw must 

be greater than tw 2:: N / f R :::::: Qm / f R. The frequency response spectrum of a 1 

MHz 36°-rotated Y-cut overtone polished LiNb03 crystal has been 

experimentally determined in the neighborhood of 9 MHz, from which an 
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approximate Qm value of 75 is estimated. This value is affected by ringing 

effects in the backing electrodes (located in the water-cooled transducer 

housing) and in the transducer-buffer rod bond. Therefore the minimum 

pulse width to build up to full peak amplitude is 8.3 µs. For any larger width 

(compatible with the requirements on maximum pulse duration based upon 

time of flight in the melt and in the rod, as discussed in paragraph 2.3.2), the 

signal-to-noise ratio (S/N) is optimized, and is in excess of 60 dB. 

The pulse repetition rate is limited by the inherent recovery time of the 

receiving system and by ringing of coupling components. It is set at 40 Hz, 

which is slow enough for the echoes in the buffer rod to die out before a new 

pulse. 

The detected output (e) is sent to a digital oscilloscope (Nicolet 4094C), 

with a 12-bit, 500 nanoseconds sampling interval (2 MC/ s sampling rate) 

digitizer with 16K buffer memory, and a mainframe with 16K display 

memory and RS-232 and GPIB I/ O buses interfaces. The mainframe cross-hair 

is adjusted so as to be in the flat portion (plateau) of the detected output pulse 

(f). The horizontal cursor returns the amplitude of the pulse in volts (A(V)) 

via a GPIB bus interface to a personal computer. 

Prior to any data acquisition, the linearity of the electronic response of the 

interferometer is assessed. This is done by measuring the output voltage 

A(V) for several input amplitudes of the cw. This test is fully automated in 

the data acquisition software which displays on the screen a plot of output vs. 

input amplitudes. The input amplitude is eventually adjusted so as to fall in 

the linear region of the plot. Nonlinearity is induced by forced excitations out 

of resonance of the transducer, and by overdriven the amplifier. 
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2.4.3.2 Transducer, bond and backing electrode 

A device that converts mechanical motions or signals into electrical 

signals, and vice-versa is called a transducer. In a piezoelectric transducer, a 

voltage is applied to the two parallel surfaces of the piezoelectric crystal 

causing a strain in the direction perpendicular to these surfaces. Such a 

compression plate produces a displacement of one surface with respect to the 

other, i.e., a change in thickness, which is directly proportional to the voltage 

difference between the two faces, and is independent of the crystal thickness. 

The piezoelectric crystal plate can be thought of as an oscillating capacitor 

with a resonant frequency f R determined by its thickness and orientation. 

An overtone polished crystal refers to a crystal that gives a maximum power 

output (or amplitude displacement) at frequencies corresponding to odd 

harmonics of the fundamental, f R· In our experiments, we have used 

coaxial, gold plated, overtone polished, 36° rotated Y-cut, 1.27-cm-diameter, 

lithium niobate (LiNb03) compressional piezoelectric transducer (Valpey

Fisher Corp.) with nominal f R=l MHz. Because the broadband gated 

amplifier (Matec, 310) has some harmonic distortion, some energy can still be 

delivered to the transducer at multiples of the driving frequency; thus large 

errors in velocity determination might result. For this reason, it is important 

to excite the transducer at one of its resonant frequencies (harmonics) . Since 

the resonant frequency spectrum depends on the crystal thickness, every 

crystal has its own harmonic distribution. A way to ensure proper harmonic 

tuning of the crystal has been devised and is briefly presented. 

The resonant angular frequencies OJ R = 2 n f R of an overtone polished 

piezoelectric element is given by 
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(2.4.1) 

where n is the harmonic number, c is the longitudinal wave velocity in the 

crystal, and d is the crystal thickness. The fundamental resonance frequency 

(n=l) is w0 = 2n(N/d), where N = c/2 is a material constant called the 

resonant frequency constant. For single-crystal (Y-cut, 36°) LiNb03, N =3660 

Hz m. It is rather interesting to define 1\ = 2n( c/2d), so that Eq. (2.4.1) may be 

rewritten as 

(2.4.2) 

which yields a straight line in a OJ vs. n plot, with 2 K as the slope and 1\ as 

the intercept. The tuning (i.e., harmonic search) is done for several (believed 

to be) harmonics and compared to the theoretical line given by Eq. (2.4.2), 

using known or measured values for the velocity, c, and thickness, d, of the 

crystal, and making a reasonable guess for the harmonic number (the 

nominal fundamental resonance w0 being known from the manufacturer or 

from w0 = 2n(N/d)). Any valid tuning gives a harmonic frequency that falls 

on the predicted straight line of Eq. (2.4.2). Conversely, we have used this 

procedure (i.e., Eq. 2.4.2), and the tuning criteria just defined, to determine the 

velocity in a single-crystal LiNb03 plate, and found c=7333±19 m/s, in 

excellent accord with a commercial specification value of 7332.8 ml s (Crystal 

Technology, Inc.) and with c = 2N=7320 m/s (N=3660 Hz m). Detailed 

discussions of the properties and applications of piezoelectric transducers are 

available, for example, in Mason [1958], May [1964] and Sachse and Hsu [1979]. 
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The transducer is rigidly cemented to one end of each buffer rod by means 

of a rigid bond (crystal-bond ™, Aremco Products, Inc.) and is hosted in a 

water-cooled jacket assembly. Various other materials can be used for 

bonding, such as epoxy resins, cements and organic compounds (glycerin). 

However, a rigid bond is advantageous as it eliminates risk of creep of the 

transducer and misalignment upon loading the rod in its holder. 

The backing element consists of coaxial, spring-loaded electrodes made out 

of brass and separated by a Teflon insulator. The use of a coaxial design for the 

backing electrodes provides a resistive (ohmic) grounding of the bonded face 

of the transducer. Such a design has been found superior to a prior design, in 

which use was made of the fact that, at high frequency, the electrical 

impedance of the ungrounded face of the transducer to the apparatus ground 

is capacitive. The coaxial design, however more sophisticated, allows for the 

maximum piezoelectric polarization to be achieved, which in turn leads to a 

maximum in acoustic energy transfer to the coupled medium. About 10 dB 

gain in the S/N ratio is achieved. Another important advantage of the coaxial 

design is the electrical decoupling between the apparatus ground and the 

electronic ground. This prevents pick-ups of the 100 kHz RF field by the 

electronic of detection, which have, otherwise, a strong degrading effect on 

the amplitude resolution and on the overall S/N ratio of the interferometer. 

51 



2.4.4 The RF heater 

A 50-200 kHz, 15 kW radio-frequency (RF) induction power unit 

(Ameritherm, Inc.) is used for the heating and melting. Many advantages are 

gained with this method such as: 

• No contact is required between the load (sample) and the heat source 

(coil) 

• Very high temperature may be produced 

• Rapid heating of the workpiece is easily achieved 

• Higher efficiency than that offered by other heating methods can be 

realized 

• Heat may be restricted to very localized areas 

• Working conditions are cooler and cleaner 

• Vacuum or controlled atmospheres may be used to protect the sample 

and furnace components. 

2.4.4. l Principle of operation 

Induction heating takes place when an electrically conducting object is 

placed in a varying magnetic field H. The latter induces voltages in the 

conductive material which in turn cause circulating currents (eddy currents). 

Such an electric flow generates Joulean heating in the workpiece by R/ 2 

losses. The interaction between the electromagnetic (EM) field and the fluid 

metal in an induction furnace generates a magnetic pressure in the sample. 

Consequences are that the rotational component of the EM force stirs the melt 

and can generate turbulent stirring, whereas the potential component leads to 
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the formation of a convex surface meniscus [Mikelsons et al., 1989; Takeuchi 

et al., 1989]. Because these effects strongly influence mass and heat transfer 

processes, they are likely to affect sound velocity propagation and attenuation. 

Also, turbulence can create a fluctuating rod-sample acoustic coupling which 

can cause a severe degradation of the transmitted signal. For the above 

reasons, it appears important to eliminate any magnetic perturbations of the 

sample. On the other hand, stirring appears advantageous in alloy studies 

where it ensures good homogeneity of the sample. 

Magnetohydrodynamic theories predict expressions for dispersion and 

absorption of a sound wave in the presence of an induction field B normal to 

the sound propagation [Anderson, 1953; Alpher and Rubin, 1954; Shapira, 

1966]. Therefore it is important to have a coil axis parallel to the sound 

velocity vector, f. In that geometry, a prediction of Anderson's theory is that 

the Lorentz force on sonically moving electrons is zero (since f is parallel to 

B), and no absorption occurs. 

The extent to which the induction field B - generated by the RF current in 

the coil - will penetrate into a medium of magnetic permeability µ is 

described by the solution of the electromagnetic diffusion equations, also 

commonly called the skin effect equations. The depth of penetration 8 (skin 

depth, or reference depth) can be approximated by: 

(2.4.3) 

where OJ = 2 Jr f is the angular frequency of the B -field, and a the electrical 

conductivity of the medium. It is noted that the quantity (µar 1 
is the 
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magnetic analog of the coefficient of diffusion and is called the magnetic 

viscosity. By definition, 8 is the depth inside the material at which the 

magnitude of the B-field had fallen to e-1 times its surface value (and the 

phase changed by 1 radian). In other words, 8 reflects that portion of the 

surface of the workpiece that is being heated where 80% of the flux field is 

converted into usable heat. To prevent magnetic field penetration into the 

molten metallic sample, a graphite capsule (susceptor) envelops the crucible 

containing the sample in order to absorb the magnetic flux. The Joulean heat 

generated in the graphite susceptor walls is then transferred to the sample by 

conduction and radiation processes. High melting point (4000 K), and 

medium range resistivity make graphite a very suitable material to use as 

susceptor in an induction furnace. In our situation, however, two holes in 

the susceptor allow access for the buffer rods to the sample, and subsequently 

some stray flux may still reach the metal. 

A theoretical analyses of the frequency and power rating requirements is 

necessary in order to optimize the heating efficiency, i.e., minimize the 

overall cost. Dimensioning a radio-frequency induction heater is a two-fold 

process: (1) determining the frequency of operation, and (2) estimating the 

power requirement to reach and maintain high working temperatures. 

2.4.4.2 Operating induction RF frequency 

The vapor pressure of liquid Fe at the melting temperature is 4-6 x 10-5 bar 

[CRC-Handbook of Chemistry and Physics, 1995]. In order to prevent 

sublimation of the solid sample while heating to high temperature and 

excessive evaporation of the liquid sample with a concomitant change in 
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composition (in alloy studies) due to differential rate of evaporation, an inert 

ambient atmosphere of argon (Ar) is used. However, Ar is only admitted to 

the sample chamber after completion of evacuation (10-9 bar) of the sample 

environment. Otherwise, oxygen could react with graphite at high 

temperatures producing unwanted CO and C02 gases, which in turn can 

cause drifting of the tungsten-rhenium thermocouple [Kinzie, 1973]. 

Furthermore, metal oxides in the sample or on the buffer rod ends are very 

efficient in damping out ultrasonic energy. Melting under vacuum ensures 

sufficient degassing; however, a plasma generation can occur while 

introducing Ar into vacuum to the final working pressure. Indeed, ionized 

particles in a gas embodied in an EM field can trigger powerful discharges 

(Paschen-type) at a pressure range typically from 10-4-10-3 bar. This requires an 

expensive pressure gauge control system, or interruption of the heating 

process or both while passing through the forbidden pressure reg10n. 

Thermal shock might result from such a procedure and thus a trade off is 

required between the rate of gas introduction and the drop in temperature 

caused by turning off the heater. On the other hand, the ignition potential for 

most ionized gases is directly related to the induced voltage, which in turn is 

directly proportional to the RF frequency. Therefore lowering the operating RF 

frequency reduces the chance for ignition. 

In the process of selecting a proper RF frequency range for induction 

heating, it is relevant to note that the yttria-stabilized zirconia insulation 

around the graphite susceptor becomes electrically conducting in the 

frequency range 2-10 MHz (Zircar Products, Inc., product information). 
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FIGURE 2.8. Reference depth 8 (solid line) and load diameter D (dashed line) 

as a function of RF frequency!. with an electrical size D/0=4. Any (f, D) 

combination above the dashed line is electrically advantageous. 
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The minimum working RF frequency has strong constraints on load and 

furnace geometry. Using a value of 1750 µQ cm [Spiridonov and Goncharova, 

1969] for the resistivity of graphite at 2273 K, the reference depth 8 at this 

temperature has been computed and is plotted as a function of RF frequency 

in Figure 2.8. In induction, heating efficiency is controlled by the electrical 

size, that is the dimensionless ratio D/ 8 of load diameter, D, divided by the 

reference depth. Only D/ 8 ratios greater than approximately 4 are electrically 

advantageous [Leatherman and Stutz, 1969; Tudbury, 1977]. Using Eq. (2.4.3), 

D has been computed as a function of frequency f under the constraint 

D/ 8 = 4 and is plotted in Figure 2.8. Any f, D combination above the curve 

is electrically advantageous. 

Based on the analysis outlined above, we have chosen an RF power unit 

working in the frequency range of 50-200 kHz. The load diameter and 

consequently the quartz chamber diameter are then well constrained, as 

illustrated in Figure 2.8. 

2.4.4.3 Power requirement 

The energy budget calculation is a crucial step in dimensioning a proper RF 

induction power unit. Only a brief outline of the method used to estimate the 

power requirements is given here. A detailed numerical application of the 

following developments is available in an internal report of the Mineral 

Physics Group (School of Ocean and Earth Science and Technology, 

University of Hawaii, 1992). 

The useful output power, Pu, is the actual power "leaving" the coil, i.e., 

the power available at the surface of the graphite susceptor. Pu is made of two 
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terms, (1) the calorimetric power required to heat the load from room 

temperature to a final T, Peal' and (2) the total losses by radiation, conduction 

and convection, Ploss = Prad + Pcond + Pconv· The total power required, Plot' is 

the useful power augmented by the Joulean dissipation in the coil, Pcoil, i.e., 

plot =Pu + pcoi/· 

For each material to be heated from room temperature (298 K) to T, the 

calorimetric power P cal, is 

(2.4.4) 

where Ecal is the calorimetric energy and 9\ = i1T/ ,1t is the heating rate. The 

calorimetric energy is expressed as 

T 

E;al =mi Jc~dT+ "'Zi1Hlr =mi(HT-H298 )+ "'ZL1Htr (2.4.5) 
298 tr tr 

where mi is the mass of material i, c~ is the specific heat (at constant 

pressure) of the material i, HT is the heat capacity (or enthalpy) for the stable 

phases of the material at 1 bar and at the temperature T, and i1Hrr is the 

enthalpy of phase transformation (latent heat) and summed over all the 

phase changes. Eq. (2.4.4) has been evaluated up to a final T =2l00°C for about 

0.2 kg of each furnace material, namely Fe, C, and Ab03 (see Figure 2.5). 

Specific and latent heat data were taken from Haas and Chase [1989] for Fe, 

Ubbelohde and Lewis [1960] for C, and various commercial catalogs for Al203 

ceramics. Under these conditions, the total calorimetric energy is about 2150 

kJ. Since the heating rate 9\ can be set as low as desired, the calorimetric 
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power can become negligible. Using a typical rate 9\=5 °C/min yields a total 

calorimetric power Peal ::::: Eca/9\./T= 85 Watt. 

Conduction losses have been evaluated in applying Fourier's law of heat 

transfer through a "composite cylindrical wall" made of Zr02, Argon gas and 

quartz (refer to Figure 2.5). Only radial heat flux is considered (i.e., one

dimensional system) and steady state conditions are assumed. Free

convection is allowed in the surroundings outside the quartz tube. The 

problem is solved using the very convenient network representation 

approach based on an analogy with Ohm's law in electrical transport theory 

(see, for example, the introductory monographs on heat transfer of Incropera 

and DeWitt, [1981] and Simonson, [1967]). A reasonable temperature 

distribution and boundary conditions in the "composite wall" are chosen 

based on preliminary tests. Estimates of the thermal conductivity of the 

different materials involved are taken from Incropera and DeWitt [1981]. 

Pcond amounts to 750 W which is augmented by about 10 W if losses through 

the buffer rods are added. Losses by conduction are reduced by using small 

thermal conductivity materials and large thickness of insulator. 

Losses by convection are hard to evaluate precisely because of the different 

possible modes of convection and uncertainty in the convection coefficients. 

Nevertheless, an evaluation indicates that less than half a kilowatt (400 W) is 

lost by convection in our geometry. 

Radiation losses have been estimated by considering the radiation 

exchange between two diffuse, gray, large parallel surfaces of graphite and 

quartz with a radiation shield of Zr02 inserted in between. Each surface is 

assumed to be isothermal, and has uniform radiosity and irradiation. The net 
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radiative heat flux is evaluated in the black body approximation using 

emissivity data and their temperature dependences for graphite form 

Spiridonov et al. [1969] and Incropera and DeWitt [1981], and from Sala [1986] 

and Incropera and DeWitt [1981] for Zr02, and Si02. Prad is about 5900 W at 

2100°C, which makes it by far the dominant factor in heat losses. Limitation of 

radiation losses is achieved by using low emissivity materials and surface as 

small as practical. 

The total power loss is Ploss = Prad + Pcond + Pconv = 7050 W which is two 

orders of magnitude greater than the total calorimetric power ( Pca1=85 W). 

The useful power Pu is 7135 W. The Joulean dissipation in the coil has been 

evaluated by means of the method devised by Baker [1957] to calculate 

induction heating coils. Following his procedure, we estimated (a 

conservatively high) Pcoil=l.l kW at 2000°C, 450 kHz; hence the required 

power Preq =Pu+ Pcoil ::::::8.2 kW. The efficiency 7J is the ratio Pu/ Preq, and 

is predicted here to be better than 7J =87%. The above analysis leads to a 

required power of about 8.2 kW to heat a sample assembly, similar to the one 

shown in Figure 2.5, from room temperature to 2100°C, and to maintain that 

temperature against thermal losses. However, in order to allow for a wider 

variety of future uses of the power unit, the power rating was increased to 15 

kW. 

In conclusion, our detailed analysis, partially outlined above, for the 

design and calculation of a radio-frequency power unit for our ultrasonic 

investigation has led to the acquisition of a 15 kW power unit working in the 

frequency range of 50-200 kHz (Ameritherm Inc., Model SP15). The unit is 

interfaced to both, a temperature controller for automatic output power 
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management and a PC (RS-232) for logging and monitoring the control 

parameters. The programmable temperature controller (Eurotherm Corp.) 

reads the control thermocouple, compares it with the prescribed value in a 

ramp I dwell combination program or setpoint value. The controller feeds 

back a 4-20 mA output signal to the radio-frequency induction power unit. 

The achieved temperature stability and control is ±0.5 K at 1975 K. The 

controller is implemented with a full scale relay alarm, that turns the heater 

OFF when the measured value exceeds the alarm setting. The controller also 

provides sensor break and power failure safety. Tests have been made to 

ascertain the absence of induction heating of the tungsten-rhenium (W-

26%Re/W-5%Re) thermocouple itself. No sudden change in the readout 

temperature has been observed upon turning the heater OFF. This is indeed 

expected from the very small diameter (0.25 mm) of the thermocouple wire 

used since the electrical size becomes much less than 4 yielding an inefficient 

heating. 
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FIGURE 2.9. Schematic vacuum diagram. The graphic symbols are standard in 

vacuum technology. Labels are added for convenience. 
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2.4.5 Vacuum system 

A schematic diagram of the vacuum system used in the present apparatus 

is shown in Figure 2.9. In essence, a 1150 l/s turbomolecular pump (Sargent

Welch Scientific Co.), backed up by a mechanical rotary fore pump, evacuates 

the high-T chamber during heating and melting to ensure good degassing of 

the furnace components. Under good conditions, a Bayard-Alpert type 

ionization gauge tube (Granville-Phillips Co.) and a pressure readout (Veeco 

Instruments, Inc.) indicate a pressure in the low-vacuum range of less than 5 

x 10-9 bar. The melting point of the metal sample is reached under vacuum 

(vacuum melting). Then, a neutral atmosphere of argon (Ar) is introduced in 

the furnace to prevent sublimation and sample volatilization. This is 

accomplished by insulating the quartz enclosure from the pumping system by 

means of a electropneumatic valve. Then, a leak-valve is open to bleed 

purified Ar in the high-T quartz chamber to a final pressure of about 1 atm. 

An overpressure of about 7 to 20 x 10-2 bar (1-3 PSI) is created in the chamber 

to counteract any contaminant flow (mainly oxygen) from the surroundings. 

2.4.6 Data acquisition system 

The entire measurement process and data acquisition is controlled by a 386 

Intel™ CPU that sequentially (1) moves the rod by switching the positioning 

motor ON and OFF, (2) waits for stresses in the melt to relax and to let 

transients in the electronics die out, (3) reads the L VDT output voltage, 
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(4) reads the amplitude of the detected signal, and (5) plots and records the 

data.A general block diagram of the interferometer is depicted in Figure 2.10 

and shows the interaction of the computer with the diverse components of 

the apparatus. A Microsoft-QuickBasic™ program has been written that uses 

a high performance NI-488 MS-DOS handler language interface to pilot the 

GPIB board. 

A Hewlett-Packard 3455A digital voltmeter (DVM) reads the input and 

output voltages of the LVDT. A HP-3495A scanner allows switching of the DVM 

inputs as well as the power to the positioning motor. The scanner is a 

versatile GPIB system instrument that is loaded with a combination of analog 

multiplexers for different signals to be monitored in a break-before-make 

sequence (e.g., LVDT input and output), normally-open actuator relays (e.g., 

motor actuation) and optional thermocouple reference junction allowing for 

multiplexed temperature measurements (not currently in use). 

2.4.7 Data reduction 

Stored data points are used to trace periodic plots of transmitted amplitude 

vs. melt thickness for each run. Such an interferogram plot is then fitted with 

the theoretical curve given by Equations (2.3.38-42). Examples of fitted 

interferograms in three room-temperature liquids (namely, mercury (Hg), 

distilled water (H20), and glycerol (C3Hs03)) are shown in Figure 2.11. Given 

a set of experimentally determined distance L(i) (i.e., melt thickness) and 

amplitude A(i), a Gauss-Jordan matrix inversion algorithm is used to extract 
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the melt velocity c and specific attenuation Q(~~ from Equation (2.3.38-42) 

along with several other adjustable parameters. More specifically, a Fortran 

routine has been developed that uses a Levenberg-Marquardt numerical 

method [Press et al., 1989] for reducing the X 2-value of a least squares fit 

between a set of N data points L(i), A(i) with individual standard deviation 

<J(i), and a nonlinear function (Eq. 2.3.38) dependent on MA coefficients a. 

The program allows for selecting MFIT:::; MA coefficients to be adjusted, while 

the remaining MA - MFIT parameters are held fixed at their input values. At 

every iteration step, the routine returns current best-fit values for the MA fit 

parameters a, x2 along with its associated probability (goodness-of-fit), and 

an RMS. The main program calls this routine repeatedly until the convergence 

criteria is met. The developed algorithm is robust in the sense that 

convergence is reached independently from the initial guess for the MA 

coefficients a. This has been achieved, in part, by inverting Equation (2.3.38) 

for Q-1 instead of Q. This reduces the dimensionality of this parameter, and 

prevents undue weight being given in the inversion to numerically large 

parameters. 

Beside velocity and attenuation in the melt, Equations (2.3.38-42) contain 7 

additional parameters a, and hence MA=9. They are 

1) AL=O the amplitude at rods in contact. In practice, the rods cannot be 

brought perfectly in contact because of viscous and surface tension effects and 

of surface roughness, misalignment and nonparallelism. 

2) L0 the L origin, for the same reason as in 1). 
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3) A offset an offset in amplitude. The offset is due to error in the input 

density and to the electronics (e.g., the inherent finite forward drop of the 

diodes [Horowitz and Hill, 1980] in the rectifying circuits of the amplifier) . 

4) p2 the melt density. 

5) Z 2 = Z ( r ) the rod impedance. 

6) Q(r) the rod quality factor. 

7) 8 a rectangular window width. 8 was used by Katahara et al., [1981] in 

order to take into account the smearing out of the interferogram due to non 

perfect planar wave fronts. Our algorithm uses a Gauss-Legendre quadrature 

formula, which is a scheme based on Legendre polynomials, to evaluate 

integral (12) of Katahara et al ., [1981] . A 5- or 8-point quadrature is found to be 

adequate. 

A parametric analysis of the sensitivity of c and Qc~1 on the other 

parameters has shown that c is not significantly affected by the other 

parameters, and that the window width e' the rod impedance z ( r ) ' and the 

rod Q(r) are the controlling parameters in Q(~1 determination. 

A simple software has been developed that allows independent velocity 

and specific attenuation estimates from a raw interferogram. The velocity is 

directly extracted from the extrema spacing, and the attenuation, from the 

maxima amplitude decrement. The method allows quick determination of c 

and Qc~1 which can be used then as initial guesses in the inversion algorithm. 

Since the distance separating two consecutive maxima (Eq. 2.3.20) is half a 

wavelength, a plot of the maxima position, Lmax, versus the resonance peak 
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order number, N, is a straight line passing through the origin and with a 

slope c/2f. The minima, given by Eq. (2.3.24), can also be incorporated into 

the procedure, which increases the statistics on the linear least squares fit. In 

this case, the slope is c/ 4 f. The position Lmax of each extremum is extracted 

from zeroing the derivative of a second order polynomial least-squares fit 

near the extremum. In the case of attenuation, a plot of the natural logarithm 

of the measured maximum peak amplitude versus the peak position Lmax 

gives approximately [Hubbard, 1931; 1932] a straight line, the slope of which 

being the linear coefficient of attenuation. Evidently, the procedure for 

attenuation determination is only suitable for a positive apparent attenuation 

Q* (Eq. 2.3.41). 

This approach for velocity determination seem justified in low impedance 

contrast cases (low Zr) such as Hg or molten Fe, because the peaks are then 

broad. In water, however, the peaks are very sharp and would be better 

approximated by a Lorentzian-type function. But since only the midposition 

of the peak is of interest for velocity determination, the procedure still gives 

results of good quality. However, when using the method for attenuation 

determination in low acoustic impedance liquids (i.e., high impedance 

contrast with the buffer rod) such as water, some problems arise, one of which 

being the aliasing effect introduced by the finite sampling interval of the data 

points (i.e., motor increment). In other words, a sharp maximum can be by

passed by the finite motor advance in between two consecutive data points. 

Further justifications can be gained from a closer look at the theory 

derived in paragraph (2.3.1). In particular, the condition Lmax = N(A. 2 /2) (Eq. 

2.3.20) is exact in predicting a maximum in transmitted amplitude only in the 
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absence of attenuation (Eq. 2.3.16) . However, when a# 0, one readily sees by 

putting Lmax = N(A- 2 /2) into equation (2.3.38) that the maxima are no longer 

exactly at Lmax = N(A- 2 /2), but are displaced to slightly smaller values of L. 

This displacement is dependent on the magnitude of the attenuation a, and 

introduces small errors in the velocity determination if the approximation 

c = 2Lmaxf / N is used. Colclough [1979] shows that the measured values of c 

need to be increased by a minute correction given by '1.c/c = (a/k) 2 
(where k 

is the wavenumber). Therefore the maxima spacing procedure applies only to 

low-loss liquids, such as water or liquid Fe, where the maxima displacement 

is likely to be negligible. A simple verification of this assertion comes from 

the good agreement between the velocities obtained by the inversion theory 

algorithm and the more phenomenological approach just exposed. The 

discrepancy is nonsystematic and amounts in average to about 0.1 %. 

A third avenue for velocity determination from an interferogram has 

been briefly explored. Since an interferogram is a quasiperiodic function of 

"period" A-/2, a Fourier transform of the periodogram would give in 

principle the "frequency" that period repeats itself over a specified range. The 

procedure is promising but requires a heavy and inconvenient data 

preparation such as having exactly 2n number of data points. Nevertheless, 

the output power spectrum of a FFT on a Fe-8%Ni run gives a dominant peak 

at a velocity corresponding to 3851 m s-1. Fitting equation (2.3.38) gives a 

velocity of 3849 m s-1, whereas the maxima spacing approach gives a value of 

3848 m s-1. A major handicap of the method is its incapability of resolving 

simultaneously for the attenuation. 
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2.5 BUFFER ROD AND ACOUSTIC IMPEDANCE 

The use of buffer rods is essential for preventing the heating of the 

piezoelectric transducer above Curie temperature, Tc, or to protect the 

piezoelement from corrosive environments. A compressional LiNb03 (Tc= 

1423 K) piezoelectric transducer is rigidly attached to one end of each buffer 

rod by means of a rigid bond (crystal-bond ™, Aremco Products, Inc.) and is 

located in a water-cooled jacket assembly. The other end of each rod is 

immersed in the molten metal. 

The main advantage of using buffer rods, beside protecting the transducer 

from hostile environments, is that multiple transducer-bond reflections and 

associated phase shifts do not influence the output pulse [Papadakis, 1990]. 

Therefore there is no concern over absorption in the transducer or in the 

electronics. Only the rod-sample interface is of concern (see below). 

However, the length of the buffer rod has detrimental effects on the 

propagation of an acoustically "clean" signal (e.g., sidewall effects due to beam 

spreading leading to distortion and spurious echoes). Grinding a "broken" 

screw thread groove on the lateral surface of the buffer rod has long been 

advocated to suppress the resulting extraneous reflections from mode 

conversion at the rod circumferential surface [McSkimin, 1959; Gitis and 

M ikha ilov, 1966b; Nagata et al., 1987; Webb, 1991]. Also, any sharp 

temperature gradient in the buffer rod, for example where the rod enters the 

furnace, generates a thermal boundary layer where reflection occurs due to 

change in acoustic impedance. Finally, delay lines introduce problems 

associated with the wetting of the delay line by the liquid metal [Gitis and 
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Mikhailov, 1966b; Flinn et al., 1971]. These effects emphasize the need for 

sophisticated signal rectification and amplification techniques. 

The choice of material for use as high-temperature wave-guide is dictated 

by three important constraints: (1) high working temperature and resistance 

to thermal stress, (2) chemical inertness with the molten metal pool, and (3) 

good mechanical and acoustical properties such as high acoustic impedance 

and low-loss. Different (single- or poly-crystal) materials have been 

successfully used as high-temperature acoustic probes in the past. Most 

commonly these include molybdenum [Simmons and Macedo, 1967; Tauke et 

al., 1968; Katahara et al., 1981; Rivers and Carmichael, 1987; Webb, 1991], 

quartz [Gitis and Mikhailov, 1966a, 1967; Flinn et al., 1971], silica [McSkimin, 

1953; Turner et al., 1972; McAlister et al., 1974; Tsu et al., 1979; Almond and 

Blairs, 1980], and alumina [Suzuki et al., 1977; Keita and Steinemann, 1978; 

Tsu et al., 1982; Maynard, 1996]. Also, in few instances iron and stainless steel 

rod were used as delay lines for low melting point metals [Seeman and Klein, 

1965; Gitis and Mikhailov, 1966a]. 

Clearly, iron and steel rods cannot be used for liquid iron alloys studies. 

Note that only the "floating zone" method of Casas et al. [1984] allows for the 

sound conductor to be made of the same metal to be measured. 

Molybdenum (Mo) rod fails condition (2) above due to the high reactivity 

and solubility of Mo in Fe. As a rule of thumb, transition metals, especially of 

the same column, must be avoided due to their similar chemical behavior. 

However, we tried a way to circumvent this problem by coating poly-crystal 

Mo buffer rods and the inside of a Mo crucible with a 250-µm-thick layer of a 

silica-zirconia c-zs™ ceramic (Ceramic-Refractory Corp.). Room temperature 
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ultrasonic measurements on viscous glycerol showed the data are still of very 

high quality. The main difficulty in using a thinly coated rod ends is that two 

additional acoustic boundaries are introduced whose acoustic properties must 

be accurately characterized and then accounted for in the fitting analysis of the 

data. With c= 3.90 km s-1 for liquid Fe at 1600°C, the highest frequency of 

ultrasonic measurements that could be employed to minimize the boundary 

effects for a 250-µm-thick coating, must be less than 15 MHz. Another 

advantage of a coated layer, in addition to provide protection against Fe-Mo 

reactions, is that the roughness of the circumferential surfaces of the coated 

layer reduces coherent internal reflections and scattering at rod walls. 

Unfortunately, a high-temperature run on a Fe-8%Ni sample resulted in the 

fusion of the furnace components. Most likely, a crack developed in the 

coating that triggered a strong solubility reaction between Fe and Mo. The 

mismatch of thermal expansions at the ceramic coating-metal interface could 

result in strain in the coating and ultimately internal 01 surface fractures or 

both. The fracturing of a ceramic film by stresses set up by differential thermal 

expansion at the metal substrate/ ceramic film interface can be estimated from 

the balance between thermally-induced strains and fracture strains. A 

measure of the thermally-induced strain is T .1a = Tlas - af I where a 's are 

the thermal expansion coefficients of substrate (s) and film (f), and T is the 

temperature. The fracture strain e of the coating is given by e =a/ E (Hook's 

law) where a is the tensile strength, and E is the Young's modulus; 

therefore the balance between thermally-induced strains and fracture strains 

is expressed as the ratio T .1a/ e = Tlas - af I· E /a, which goes to zero if the 

fracturing probability (due to thermal stress) becomes negligible, and should 
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approach and exceed unity for a crack to develop. Since the exact composition 

and specifications of the silica-zirconia C-ZS ™ ceramic coating used is 

unknown (proprietary binder; not disclosed by the manufacturer), guidance is 

taken from measurements of tensile fracture strength of a 60 nm thick Si02 

film [Agrawal and Raj, 1989], and on alumina-zirconia eutectic fibers [Farmer 

et al., 1994]. These work indicate that the tensile fracture strength a is in the 

range 1.1-1.7 GPa for Al203-Zr02 fibers, and 3.4-6.7 GPa for Si02. The Young's 

modulus is typically about 180±20 GPa and 73 GPa for Zr02 and Si02, 

respectively. The thermal expansion coefficient value for Mo at 1500°C is 6.51 

x 10-6 K-1 [Smithells, 1992]. The thermal expansion azro
2 

is taken as 11 x 10-6 

K-1 from a survey of several ceramic companies specification sheets. Using 

the above values, and ignoring the contribution of the Si02 component in the 

thermal expansion of the C -z S TM coating, an estimate of 

TlaMo - ac-zsl · E/a at 1500°C yields values in the range 0.04-1.1. This result 

illustrates the potentiality of a thermally-induced crack in the coating. Owing 

to the pronounced solubility of Mo in Fe, interdiffusion of Fe H Mo is taking 

place which reduces the melting point of both Fe- and Mo-rich end-members. 

Further, a leak at a water seal in the UBR water-cooled housing (and which 

was evidenced when dismantling the furnace) has certainly contributed to 

lowering the melting point of the furnace components by hydration reactions. 

This situation had prompted us to replace the dynamic snugly Viton® 0-ring 

seal between the upper buffer rod and the quartz tube top flange by a metallic 

bellows (Figure 2.6). 

As seen in paragraph (2.3.1), condition (3) above for a good rod material is 

a low-loss medium with high acoustic impedance Z relatively to the liquid 
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under investigation. For molten Fe studies, tungsten carbide (WC) or 

annealed tungsten would ideally give the highest possible Z at room 

temperature, and a maximum impedance ratio Zr of 3.7. Unfortunately 

nonnegligible solubility of we in molten Fe [Samsonov and Kislyi, 1967] 

makes it not suitable for liquid Fe studies. 

From what precedes, refractory metals and alloys as buffer rod material for 

liquid Fe studies can generally be ruled out. Also, it would be very expensive, 

if not technically impossible, to obtain large (1.27-cm dia. x 20-cm long) single

crystals of very high melting point (refractory) material. 

The use of fused quartz and fused silica is limited at high temperature 

mostly because of their relatively low softening point of 1730°C and 1600°C, 

respectively. Also, an exponential rise in acoustic attenuation above 700°C in 

fused quartz [Marx and Sivertsen, 1953] has detrimental effect on attenuation 

measurements in a variable-path design apparatus, since the rod moves into 

a sharp temperature gradient. This point is important, and will reappear at 

several occasions in what follows. 

Our apparatus employs 20-cm-long x 1.27-cm-diameter single-crystal 

(Sapphire Engineering, Inc.) or polycrystal (Coors Ceramic, Inc.) buffer rods 

and crucible made of dense, high quality 99.8% Al203. Alumina has been 

successfully employed in time-of-flight measurements (in both transmission 

and reflection modes) on liquid Fe [Keita et al. , 1981; Tsu et al. , 1982, 1985; 

Suzuki et al., 1977]. The maximum working temperature (softening point) of 

alumina is superior to fused quartz and silica, and reaches 1900°C (for 99.8% 

Al 20 3). This material is inert and is well wetted by molten metals. In 

preparation, both ends of the rods are polished to achieve a 1 µm surface 
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finish and flatness and a mutual perpendicularity to the rod axis of ±0.01° (1.2 

min). Because of the variable-path design of our interferometer, no correction 

is required for the variation of velocity of ultrasound in the rods due to their 

temperature gradients. Only the acoustic impedance of the rod at the rod

sample interface must be known. The acoustic impedance, Z, of a plane wave 

in a medium is given by the product of the density, p, and the compressional 

(longitudinal) wave velocity, c, i.e., Z = p c2
. As the temperature changes, 

both p and c change. According to the data of Chung and Simmons [1968] on 

p and c in polycrystalline alumina, a Taylor's expansion of Z truncated at 

the first order term is justified above 130°C where both p and c vary linearly 

with temperature; one has 

(dZ) ( de dp) Z(T) = Z0 + - '1.T = Z0 + Po - + c0 - '1.T 
dT dT dT 

(2.5.1) 

where Z0 =Po c0 = p(T0 )c(T0 ) and '1.T = T-T0 . A linear least-squares fit 

over the data of Chung and Simmons [1968] for p(T) and c(T) in a-Al203 at 

1 atm and in the range 130-1000°C, yields at T0= 130°C, Z0 = 4.3165 x 106 g cm-2 

s-1, and dZ/dT= -3.0875 x 102 g cm-2 s-1 K-1. In order to justify the applicability 

of these calculations to our Al20 3-99.8% rods, we have measured their elastic 

moduli at room temperature and at 20 MHz using a phase-comparison 

method. Results are displayed in Table 2.1 where comparison shows a fairly 

good agreement with other reported data [Chung and Simmons, 1968; 

Anderson and Liebermann, 1968; Sumino and Anderson, 1984]. The small 

systematic difference is attributed to porosity of the sample. 
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TABLE 2.1 

Elastic moduli of polycrystalline Al203 at ambient temperature and pressure. 

Parameter A-La) C-Sb) S-Ac) This work 

Density (g cm-3) 3.941 3.974 3.99 3.93 

Longitudinal velocity (m s-1) ------- 10.845 10.83 10.76 

Transverse velocity (m s-1) ------- 6.377 6.37 6.25 

'..:] Shear modulus (GPa) 158 162 162 154 
'..:] 

Adiabatic bulk modulus (GPa) 244 252 252 250 

Young's modulus (GPa) 390 (400)d) (400) 382 

Poisson's ratio (0.234) (0.235) (0.235) 0.245 

a) Anderson and Liebermann [1968) 

b) Chung and Simmons [1968) 

c) Sumino and Anderson [1984) 

d) Numbers in parentheses have been computed by the present author 



However, the use of polycrystalline alumina rods at high temperature in 

the MHz frequency range is limited by several factors. Firstly, Al20 3 offers a 

poor acoustic contrast with liquid iron. For example, a value for the acoustic 

impedance of an Al20 3 buffer rod extrapolated to 1600°C is Z A1203 =3.86 x 106 g 

cm-3 s-1. Using typical values for the density (p =6.98 g cm-3) [Nasch and 

Steinemann, 1985] and the sound velocity ( c=3900 m s-1) of molten iron at 

1600°C, the acoustic impedance of the metallic melt becomes ZFe =2.73 x 1Q6 g 

cm-3 s-1. The ratio Zr = ZA1203 /ZFe, defining the acoustic contrast, is in this 

case equal to 1.4. Such a small ratio produces a poor contrast between 

amplitude maxima and minima in a transmitted amplitude versus melt 

thickness interferogram, where peaks are broadened and flattened (see Eq. 

2.3.25 and Figure 2.3). As a consequence, error in maxima localization is 

increased, which in turn lowers the resolution of derived sound velocity and 

attenuation. 

Secondly, at high temperature, the amplitude of transmitted signal in the 

MHz frequencies drops exponentially to the noise level with increasing 

temperature. The effect is perfectly reversible and reproducible. Indeed, a 

similar behavior was observed in polycrystalline Al20 3 above 1423 K during 

an ultrasonic investigation on molten fayalite (Fe2Si04). Another study 

[Turner et al., 1972] also noticed an exponential rise in acoustic attenuation in 

Al20 3 above 1423 K. Grain scattering [Papadakis, 1965] is certainly not the 

cause because an increase in scattering attenuations due to grain growth 

would be irreversible. A study of compressional wave attenuation in 

refractory metals at elevated temperatures [Papadakis et al., 1974] associates a 

rapid rise in attenuation with the polycrystalline nature of the specimen, and 
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ascribes it to absorption in the gram boundaries. Because the UBR is not 

isothermal and moves into a thermal gradient, the strong temperature 

dependence of the grain boundary absorption hinders precise melt 

attenuation measurements, which is especially perturbing in low-loss liquid 

such as iron. 

Finally, the transmitted signal decreases abruptly to the noise level below a 

critical Ar atmosphere pressure of SxlQ-2 atm. This critical pressure value 

must be considered only as a rough estimate because of the inadequate 

resolution of the coarse vacuum gauge used. However, it indicates two orders 

of magnitude below the desired working Ar pressure. This effect is reversible 

and reproducible, and shows a small hysteresis upon increasing and 

decreasing Ar pressure. A clear explanation of this effect has yet to be found 

but we are considering a number of possible causes, one of which is the 

perturbation of the thermal profile of the rods with changing gas pressure. 

When Ar is introduced in the high-temperature furnace, the low thermal 

conductivity alumina rod will be able to dissipate more energy in the gas by 

convection and conduction processes (than it would by radiation alone), 

resulting in a net cooling of the rod. As discussed above, grain boundary 

absorption in polycrystalline alumina at elevated temperature is very 

temperature sensitive. When Ar pressure reaches a critical value at which 

energy transfer processes in Ar gas become efficient, then the rod cools down 

resulting in a reduction in grain boundary absorption and a concomitant 

increase in transmitted acoustic energy. Another plausible explanation could 

be the nucleation and growth of bubbles at the rod face due to outgassing of 

the melt or the rods. If the vapor is reabsorbed on reversing the temperature 
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or pressure, then this could be a repeatable process. Unless the pressure dial 

gauge is severely decalibrated below room pressure, the problem with bubble 

formation is that the critical Ar pressure observed (5x10-2 atm) is inconsistent 

with the vapor pressure of liquid Fe at the melting point (5xlo-s atm). 

These problems have been addressed by undertaking two corrective 

actions: 

1) A heater, in the form of a graphite sleeve, is attached to the UBR at the 

crucible entrance level (Figure 2.5) and reduces thermal profile variations of 

the rod as it moves. When the rod moves up, the C-heater heats as it emerges 

from the high-T assembly, because of a greater exposure to the surrounding 

induction field and, conversely, cools when the rod is lowered since, then, the 

C-heater becomes screened from the field as it penetrates into the high-T cell. 

Note that, originally, researchers have mounted additional heating 

elements on the buffer rods in order to reduce e.rrors in velocity 

determination caused by thermal expansion of the rods when moved in a 

thermal gradient [Macedo and Litovitz, 1965; Simmons and Macedo, 1968; 

Tauke et al., 1968]. 

2) Single-crystal Al20 3 (sapphire), as opposed to polycrystalline Al20 3, is 

used for UBR. A concern with the use of (transparent) single-crystal sapphire 

was the heat transfer by radiation at high temperature which could 

deteriorate the transducer-rod bond. However, various studies [e.g., Gryvnak 

and Burch, 1965] have indicated a quite significant increase in the (optical) 

absorption coefficient with temperature in the infrared-near visible range. No 
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sign of a deterioration of the bond has been evidenced, also attesting the good 

cooling efficiency of the transducer housing. 

But perhaps the best corrective action against the undesirable effects of the 

temperature gradient in the rod would be to use the interferometer in a 

reflection mode [e.g., Rivers and Carmichael, 1987], but with the movable UBR 

as the reflector. Equation (2.1.38) must be rederived for the case of the reflected 

modulus, and the inversion algorithm software changed accordingly. 

As apparent from the above discussion, not many alternatives exist, 

however, to the use of Al20 3 as high-T acoustic wave-guide. Turner et al. 

[1972] find hot-pressed boron nitride inadequate. Dense (low porosity) 

graphite is a possibility [K. Katahara, private communication, 1993]. This 

avenue has not been followed up, but an advantage would be that the 

problems associated with possible outgassing from the rod would be 

minimized since the melt is likely to contain carbon anyway. Also, the rod 

would be directly heated by induction, which could possibly reduce thermal 

profile variations in the rod as the rod moves. 

2.6 ERRORS AND EXAMPLE RESULTS 

The inherent errors in resonant acoustic interferometry come from three 

main sources: (1) transducer __ tuning, (2) rod end faces misalignment, and 

nonparallelism, and (3) beam spreading and diffraction effects in the melt 

(i.e., nonplanar wave). 
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If the selected driving frequency of the toneburst pulse is slightly different 

from a resonance frequency of the transducer (harmonic), then, because of the 

harmonic distortion of the amplifier, some energy will eventually reach the 

transducer at multiples of the driving frequency. This would lead to large 

error in absolute velocity determination. Stewart and Stewart [1952] give a 

frequency tuning procedure based on antiresonant loading and observe the 

distortion of the peak structure in the interferogram. It is now quite common 

practice to tune the crystal by adjusting the driving frequency to symmetrize 

the observed resonances. 

Assuming that only plane waves are excited in the fluid column of the 

interferometer (i.e., the rod-melt interface acts as a perfect piston source), 

Colclough [1977] shows that they generate parasitic standing wave systems of 

higher modes when the flat rod end faces are tilted off axis. In practice, plane 

waves are not realized (e.g., nonideal transducers, wave guide effects) and 

cylindrical waves are more realistic. With a misaligned cavity, they would be 

expected, in principle, to generate such higher modes with amplitude 

comparable to that of the plane wave. Interference between these modes 

yields apparent absorption losses in excess of those due to the medium. In 

particular, when the modes of such nonplane waves match the radially 

resonant conditions of the cavity of the interferometer (given in our case by 

the crucible diameter), they will be propagated as Rayleigh modes, with phase 

velocities and attenuation differing from those of the plane wave assumed. 

The presence of these modes may or may not, depending upon the ratio of 

the wavelength to the cavity dimension, be indicated by distortion of the 

resonance peaks; nonetheless they are sufficient to cause appreciable absolute 
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errors. The suppression of these coherent radial reflections in order to stop 

propagation of Rayleigh modes can be achieved, for example, by removing 

any effective boundary in the radial direction either by employing large 

diameter crucibles and/ or nonreflecting walls to absorb the radial waves 

[Stewart and Stewart, 1952]. Because the diffraction effects are proportional to 

the square of the wavelength at a given frequency, errors in velocity caused by 

this combination of nonplane wave and transverse resonant cavity may be 

unobservable in the case of H20, while appreciable in Fe, everything else 

being held the same. High frequency is therefore recommended, which has 

the additional advantage of reducing the excitation of cylindrical modes 

within the buffer rod by getting closer to the free-space (near-field) plane

wave conditions (see paragraph 2.3.2). Indeed, when the frequency of the 

sound wave is raised the extent of the acoustic Fresnel zone increases (Eq. 

2.3.43) and the angle of spreading in the Fraunhofer zone is reduced. Also 

pulsed RF technique allows the latter portions of the traf\smitted pulse, which 

are more affected by the unwanted modes, to be ignored. Broadband pulse 

ultrasonic would average out, to some extent, the errors due to unwanted 

resonance modes. 

A detailed error and limiting factor analysis in attenuation determination 

is exposed in paragraph (5.3). Briefly, non negligible attenuation in the wave 

guide is the major limiting factor for attenuation determination in low-loss 

media. Also, nonparallelism of the rod end faces and beam spreading (or 

diffraction) are among the effects that are blurring the intrinsic attenuation by 

adding frequency-dependent components. The accuracy in measuring 
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attenuation can be reduced by instrumental losses in the acoustic and 

electronic circuits. Room-temperature calibration runs on distilled water 

(high- Q ) have been carried out to determine the limit of resolution in Q-1 of 

our apparatus. The Q-1 values obtained here for distilled water are spread in 

the range 5 x 10-4 - 7 x 10-6 with a mean value of (3.2±2.1) x 10-4. This 

establishes that instrumental losses at room temperature contribute less than 

5 x 10-4 to Q-1 for low impedance medium. Additional errors occur at high 

temperature that hinder precise determination of the attenuation in low-loss 

liquids. An example is the error induced by the thermal gradient in the UBR 

which is a function of the rods separation and of the extent of immersion of 

the UBR in the melt. 

The compressional sound wave velocity c in distilled water has been 

measured at four different temperatures in the range 18°-41°C, and in the 

frequency range from 5-20 MHz. No dispersion of the velocity with frequency 

is observed in this frequency range. The temperature variation of c is 

depicted in Figure 2.12 and compared to the standard reference data of Del 

Grosso and Mader [1972], where excellent agreement is found. A 

consideration of the repeatability of c as determined several time in distilled 

H20 at 23°C indicates that the velocities measured at room temperature by the 

present apparatus are accurate to within 0.3%. This corroborates the earlier 

claim [Katahara et al., 1981] of 0.3% for the accuracy in this type of 

interferometer. At high temperature, c is primarily affected by the change in 

thermal profile along the moving upper rod as well as in the definition of the 

maxima in broad peak interferograms (resulting from low acoustic 
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impedance contrast between the buffer rod and the melt). The effect of 

changing thermal profile along the moving UBR is rod expansion/ 

contraction. Since only the prescribed movement of the rod is measured by 

the L VDT, rod expansion/ contraction is an additional contribution to the 

apparent melt thickness. The length increase/ decrease OL of the rod due to 

an incremental displacement Ox of the rod in a thermal gradient can be 

expressed as 

OL = f a(T)oTdx (2.6.1) 
x 

where a is the thermal expansion coefficient of the rod. The term a(T)oT 

represents the relative length increase/ decrease of an infinitesimal cross

section of the rod of thickness dx located at x and undergoing a change in 

temperature OT as a result of the displacement Ox in the thermal gradient. 

As expected, inspection of Equation (2.6.1) indicates that 8L vanishes in the 

absence of thermal gradient, and similarly becomes negligible in a step-like 

(i.e., sharp) temperature profile since then OT is nonzero only at x, and zero 

everywhere else. Any intermediate thermal gradient might result in 

significant errors in melt thickness resolution. However, this is not to say that 

a sharp gradient is advisable, since, in this case·, the thermal boundary layer so 

formed acts as a reflector owing to the temperature-dependent acoustic 

impedance. Also, thermally-induced stresses can deteriorate the rod acoustic 

quality. 

Fortunately, the sign of a(T)OT depends on the rod motion (up or 

down), so is OL and the sign of such systematic error on the melt thickness 

(and subsequently velocity). In other words, moving the rod up (i.e., in the 
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decreasing temperature direction) results in contraction of the rod and an 

underestimated melt thickness, hence velocity. Conversely, moving the rod 

down (i.e., in the increasing temperature direction) results in expansion of 

the rod and an overestimated melt thickness and velocity. The simplest way 

to correct for rod expansion/ contraction is to measure both velocities while 

moving up, cup' and down, cdown' and take the arithmetic mean. However, 

the measured velocities cup and cdown can differ by as much as 2%, limiting 

thus the accuracy of velocity determination to ±1 %. This source of error is 

usually reduced by attaching heaters to the rods and using proper thermal 

insulation. Table 2.2 compares our experimentally determined C=3961 m s-1 

at the melting point (1809K) and ac/ aT =-0.86 m s-1 K-1 in pure molten Fe in 

the temperature range 1850-1950 K (3-20 MHz) with previously published 

studies. Excluding the two most extreme values in Table 2.2 (i.e., 4052 and 

3820 m s-1), an average of the remaining data gives a mean c at the melting 

point of 3941±33 m s-1 (0.84%). The mean temperature coefficient CJc/ CJT is 

-0.6±0.4 m s-1 K-1 (63%). The scatter among published values is indicative of 

the difficulties inherent to high-temperature experiments. 
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TABLE 2.2 

Sound velocity c at the melting point (1809 K) and temperature derivative de/ dT in liquid Fe at 1 bar. 

Method Max. T c Jc/JT Error on c References 

(K) (m s-1) (m s-1 K-1) (%) 

Pulse-Echo 1973 3930 -0.34 0.5 Kurz and Lux [1969] 

Pulse-Phase 1923 3917 -0.42 0.3 Kats et al. [1978] 

00 
00 

Variable-Path 1973 3912 -0.22 0.4 Keita et al. [1981] 

Floating-Zone 1809 4052 ------ 3.3 Casas et al. [1984] 

Pulse Transmitting 1893 3983 -1.00 0.7 Tsu et al. [1985] 

. 
Ultrasonic Interferometry 1883 3820 -0.72 0.5 Nasch et al. [l 994b] 

Ultrasonic Interferometry 1950 3961 -0.86 0.6 This work 

---- Not applicable 



2.7 SUMMARY 

An ultrasonic interferometer, coupled with RF induction heating 

capability, has been developed for measuring compressional wave velocity 

(c) and attenuation (a) in molten materials over a wide range of 

temperatures (1000-2000 K). The velocity is measured within ±0.3% at low 

temperature, and ±0.6% at high temperature. The ultrasonic attenuation a 

(or conversely the quality factor Q oc a-1
) can be precisely determined in low

Q (high viscosity) liquids ( Q < 1000) such as molten silicates or glycerol. On 

the other hand, a cannot be determined with precision in high-Q (low 

viscosity) melts, such as liquid metals, as it requires precise knowledge of the 

attenuation in the wave-guides. Only higher bounds for the ultrasonic 

absorption can be expected. Instrumental losses at room temperature 

contribute less than SxlQ-4 to Q-1 for low-impedance liquid. 
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Chapter 3 

SOUND VELOCITY IN LIQUID FE AND FE ALLOYS 

3.1 INTRODUCTION 

The physical and chemical properties of liquid iron and iron alloys are 

fundamental inputs to models describing the state and dynamics of Earth's 

outer core. Since the first conclusive evidence of a liquid outer core was 

found from seismological studies [Jeffreys, 1926], laboratory measurements of 

the elastic and anelastic properties of liquid iron and iron alloys have been 

imperative. Knowledge of these properties is not only necessary for 

characterizing the transmission and absorption properties of the outer core 

but also can serve as a means of identification of the light element(s) solute. 

While the elastic properties, compressional wave velocity ( c) and bulk 

modulus ( K) of the outer core are known from seismology [Dziewonski and 

Anderson, 1981], the anelastic properties, attenuation (Q;1
), and viscosity ( TJ) 

are rather poorly constrained [e.g., Sacks, 1971; Buchbinder, 1971; Qamar and 

Eisenberg, 1974; Lumb and Aldridge, 1991; Secco, 1995]. Precise values are 

needed in order to understand outer core dynamics such as convective 

transfer of heat and the generation and maintenance of the geomagnetic field. 

We have made ultrasonic measurements at ambient pressure to derive 

the elastic properties of Fe and some Fe-alloy melts of composition relevant 
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to the Earth's outer core. Because the acoustic wave energy is absorbed in 

liquids, measurement of the attenuation would provide information on the 

bulk viscosity, relaxation phenomena and structural rearrangements in these 

melts. 

Among the variety of techniques for the measurement of compressional 

wave velocity c in molten materials [see Gitis and Mikhailov, 1966b; Webber 

and Stephens, 1968; Papadakis, 1976], the interferometric method is most 

suitable since it has the simultaneous ability to measure attenuation (or 

conversely, quality factor, Q) [McSkimin, 1959; Katahara et al., 1981]. The 

principle of the technique is based on the detection of a standing wave formed 

within a sample by interference of internal reflections of the wavetrain. The 

interferometric technique has been widely used in the past decade for 

ultrasonic investigations on various liquid systems, like for example, 

synthetic and natural silicate melts [Rai et al., 1981; Manghnani et al., 1981, 

1986; Sato and Manghnani, 1985; Rivers and Carmichael, 1987; Kress et al., 

1988; Secco et al., 199la, b ], organic liquids [Alagar et al., 1990], and water [Del 

Grosso and Mader, 1972; Uhlendorf et al., 1985]. 

The longitudinal wave velocity c and the acoustic attenuation a in 

molten Fe, Fe-Ni, and Fe-Ni-S alloys have been measured for different 

compositions as a function of temperature and ultrasonic frequency. 

Viscoelastic theories in Fe predict an extremely low attenuation which is 

extremely difficult to measure due to strong thermal, mechanical and 

chemical constraints imposed on the wave guides and furnace materials. 
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3.2 EXPERIMENT AL PROCEDURE AND SAMPLE PREP ARA TI ON 

The basic principles of acoustic interferometry adapted in the present 

apparatus have been described in detail in Chapter 2 and therefore only 

summarized here. In essence, a gated continuous wave (i.e., long pulse) is 

transmitted through two 20-cm-long buffer rods separated by a layer of melt. 

Acoustic impedance contrast between the rods and the melt generates 

multiple reflections within the melt layer that interfere with each other. A 

resonant, constructive standing wave is formed for melt thicknesses equal to 

integral multiples n of half the wavelength (n A/2), whereas antiresonant, 

destructive, conditions occur when the rod to rod separation (i.e., melt 

thickness) corresponds to (n + 1/2)A/2, where A is the ultrasonic 

wavelength in the melt. When the upper buffer rod is moved up and away 

from the fixed lower buffer rod, i.e., when the melt thickness is changed, the 

transmitted ultrasonic signal traces out an alternating constructive (maxima) 

and destructive (minima) interference pattern. Combining maxima 

separation ( A/2) with the known carrier-wave frequency f, the velocity is 

computed by c =A· f. 

Examples of the interferometric pattern measured in liquid Fe are shown 

in Figure 3.1. Note the striking apparent amplification of the signal as the 

melt thickness increases. This point was briefly alluded to in paragraph (2.3.1) 

and is discussed in detail in paragraph (5.2) where it is shown that this trend 

is perfectly predicted by Equations (2.3.38-42) with Q(r) < Q(s). Suffice to say at 

this moment that it does not affect the velocity determination which is of 

concern here. 
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The metal sample is contained in an Al203 ceramic crucible traversed by, 

and cemented to, a lower buffer rod made out of dense, high quality 99.8% 

polycrystalline Al203. The crucible is enclosed in a graphite sleeve which acts 

as an inductive load. A Zr02 radiation shield provides insulation for the 

graphite sleeve. The sample temperature is monitored by an alumina

sheathed tungsten-rhenium thermocouple located in the melt. Another 

Al20 3-sheathed thermocouple, also located in the melt, is connected to a 

temperature controller which controls the furnace power supply. A clear

fused quartz tube is placed around the high-temperature assembly and is 

sealed at both ends by water-cooled flanges. The furnace is an RF induction 

heater which localizes the heating to a very small zone within the quartz tube 

and allows temperatures in excess of 2000 K without extravagant cooling 

systems for the buffer rods and transducers. The movable rod is a 20-cm-long 

x 1.27-cm-diameter single-crystal sapphire rod. In preparation, both ends of 

the rods were polished to achieve a 1 µm surface finish and flatness and a 

mutual perpendicularity to the rod axis of ±0.01° (1.2 min). A detailed 

discussion on the use of Al20 3 rod for ultrasonic investigation at high 

temperatures is given in paragraph (2.5) and is summarized in Nasch et al. 

[1994a]. 

Prior to any high-temperature run, a calibration run is undertaken using 

distilled water (H20) or glycerol (C3H 80 3). Such runs help to identify 

misalignment of the buffer rods and poor tuning of the transducer 

(asymmetry in the resonance peaks), defective transducer bonding (low 

overall transmitted amplitude), lack of parallelism and/ or flatness of the rod 

faces (ripples in the decay pattern). 
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All the samples used in this study have been kindly prepared by J.-F. 

Jeanneret and W. Schneider of the University of Lausanne (Switzerland). The 

starting powder components were: 

• 99.5%, iron, 45µm (325 mesh) (Pierce Inorganic, #P00170), 

• 99.8%, nickel, 45µm (325 mesh) (Ventron, #224), 

• 99.5%, sulfur, 150µm (100 mesh) (Cerac, #S2016). 

About 100 grams of powder components were thoroughly mixed in the 

proper ratio measured in weight %. The mixture was cold-compacted into 25 

mm diameter pellets. The pellets were then heat treated (sintering) at 800°C 

for 1 to 2 hours The Fe-Ni samples were sintered under vacuum, whereas the 

Fe-Ni-S, because of the elevated vapor pressure of S, were sintered under 

high argon pressure (10-20 bar). 

Approximately 50 to 80 grams of sample pellet is loaded into the alumina 

crucible. The mass of the sample needed is dictated by the thickness of liquid 

or, equivalently, the distance between the buffer rods at maximum 

separation. In order to collect about 10 resonance peaks at the lowest 

frequency of 3 MHz for an interferogram, approximately 5 mm of sample 

liquid is needed. The sample is evacuated to at least 10-8 bar and slowly heated 

at a rate of 5 K min-1. Degassing of the sample and apparatus components 

appear complete at -1500 K as indicated by the vacuum stability with 

increasing temperature. The temperature, monitored by an alumina sheathed 

type-C thermocouple located in the sample, is increased to 1873 K. An 
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electropneumatic valve is then deactivated that isolates the experimental 

chamber, into which Ar gas is slowly introduced to a final pressure of 1 to 1.2 

bar. The upper buffer rod is lowered slowly into the liquid. An equilibration 

time of at least 1 hour is allowed before beginning the measurements. 

Temperature stability throughout a run is better than + 1 K. Data have been 

acquired for frequencies ranging from 5-20 MHz and for temperatures ranging 

from 1820-1950 K. All frequency runs are carried out at a single temperature 

before changing to another temperature. At each new temperature setting, an 

equilibration time of approximately 1 hour precedes the first measurement. 

3.3 TEMPERATURE VARIATION OF THE SOUND SPEED 

3.3.1 Fe 

The experimental data for c in pure Fe as a function of temperature are 

displayed in Figure 3.2, and compared with previous studies. The scatter in 

the experimental data is within the experimental uncertainties (±0.6%). The 

temperature variation complies with a linear equation of the form 

c =a+ b(T-T m) where c is in m s-1, a= 3961±24 m s-1 is the sound speed at 

the melting point Tm=1809 K, b = dc/dT= -0.86±0.17 m s-1 K-1 and Tis the 

temperature in degree Kelvin:· The 18% error on the slope b = de/ dT is a 

statistical estimate that accounts for the scatter of the data points. The formula 

for the relative standard deviation a of the slope b of a linear least-squares 

regression on n points is 
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(3.3.1) 

where r is the regression coefficient (correlation) equal to 0.86 in this case. 

The trend imposed by our data seems to favor the result of Tsu et al. [1985]. A 

theoretical cal~ulation of phonon dispersion curves and sound velocities 

based on a phonon perturbation approach predicts a value for c in liquid Fe 

at the melting point of 3980±40 m s-1 [Yokoyama et al., 1982]. A summary of c 

and b = de/ dT in pure liquid iron previously reported by a number of 

investigators was given in Table 2.2. Note the result of [Nasch et al., l994b] in 

Table 2.2. This was our first measurement cycle in Fe and was done using an 

early version of the interferometer. The results are masked by a systematic 

error of about 2.5 to 3.5%. A recent run with the same sample as in [Nasch et 

al., 1994b] using the latest version of the apparatus has produced the results in 

Figure 3.2. Therefore the reproducibility of our measurements is not better 

than 2-3%, as already suggested [Manghnani et al., 1981]. This difference is too 

large to be explained solely by the change in thermal profile along the Al20 3 

buffer rod as it moves up and down [Katahara et al., 1981]. Furthermore, we 

have followed Macedo and Litovitz [1965] by placing an additional heater on 

the buffer rod in order to reduce the systematic error associated with this 

cause. Perhaps, the most probable cause is the nucleation and growth of 

bubbles at the rod-melt interfaces, as discussed below in paragraph (3.3.2). 

Stirring action can be generated by the RF magnetic field which can in turn 

introduce fluctuating conditions at the rod-melt interfaces. The typical 

duration to acquire a 10-resonance-peak interferogram is about half an hour. 
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Therefore, a complete run (6 to 8 frequencies, and 6 to 8 temperatures, or 

more) can last several days and the conditions might change over such a long 

time. Tests have been made on the feasibility to acquire an interferogram in a 

continuous mode, i.e., with the rod moving continuously without stepping. 

This way a full trace can be stored within a minute. Loss in thermal 

equilibration of the rod appears not to be too adverse. Indeed, three 

temperatures (1850 K, 1900 K, 1950 K; identified by open squares in Figure 3.2) 

have been scanned in continuous mode, and a linear least-squares fit gives 

c(T)=3933-0.58(T-Tm) (m s-1). It has to be emphasized that the scatter 

among published values (see also Table 2.2) for both c and de/ dT is 

indicative of the difficulties in identifying and eliminating systematic errors 

inherent to very high-temperature experiments. 

In Figure 3.3, we have plotted c versus density (p) for liquid iron from 

this 1-bar ultrasonic study, along with the high-pressure (compression) data 

on the iron Hugoniot [Shaner et al., 1988], and the high-temperature 

(expansion) data [Hixson et al., 1990]. The Birch's Law behavior of a linear 

scaling of the elastic wave velocities with densities at fixed atomic weight is 

shown as a solid line in Figure 3.3. However, Shaner et al. [1988] expect most 

Hugoniot velocities to scale between linear and quadratic in density in the 

compression range, and show that this scaling can extend to significant 

expansions as well. A quadratic scaling is also plotted in Figure 3.3 (dotted 

line) which shows that this expectation is appropriate to iron. 
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TABLE 3.1 

Sound velocity cat the melting point Tm and temperature coefficient dc/JT in liquid Fe-Ni 

alloys at 1 bar from ultrasonic interferometry. 

Fex -Ni1_x Experimental Tm c Jc/JT 
x T range (K) (K) (m s-1) (m s-1 K-1) 

1.00 1850-1950 1809 3961 -0.86 

0.92 1800-1925 1783 3850'Il -0.35 

0.85 1800-1975 1763 3924 -0.24 

0.60 1750-1975 1715 3953 -0.25 

'Il This value is surprisingly low. 



3.3.2 Fe-Ni 

The longitudinal wave velocity c has been measured in liquid Fe-Ni at 

three intermediate compositions (60, 85, and 92 wt% Fe) from the respective 

melting temperature to a maximum temperature of 1975 K. Results are 

depicted in Figure 3.4. When several measurements were made at a given 

temperature, results have been averaged in Figure 3.4. The scatter is not larger 

than the ±0.6% error bar. In every alloys, the temperature dependence of c is 

linear in the temperature range investigated, and, as in most metals and 

alloys near the melting point, c decreases with increasing temperature. The 

linear least-squares fit results for the velocity at the melting point and the 

temperature coefficient in Fe-Ni alloys are summarized in Table 3.1. 

A linear decrease in c with increasing temperature is commonly 

attributed to a gradual loosening in structure. A well-known result from 

statistical theory of pair distribution functions [e.g., Egelstaff, 1967] is the 

expression of the isothermal compressibility X T in terms of the radial 

distribution function g(r), a fundamental quantity in describing equilibrium 

properties of liquids 

Xr =- l+NA _!!_ f[g(r)-l]r 2dr .Q{ 4"" } 
RT .Q 

0 

(3.3.2) 

where .Q is the molar volume, T is absolute temperature, R = NA k 8 is the 

gas constant (NA Avogadro constant, k8 Boltzmann constant). Equation 

(3.3.2) shows that a change in structure (through g(r)) must produce a 

concomitant change in the compressibility. When the temperature rises, the 
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peaks in g(r) broaden, decrease in amplitude and also slightly shift (and 

eventually flatten out to unity at the boiling point T 8 ) which is a 

consequence of a decrease in both the coordination number and the 

interatomic distance with increasing temperature [Ocken and Wagner, 1966]. 

These combined effects produce a net increase in the free-volume (positive 

macroscopic thermal expansion); thus the liquid becomes more compressible, 

and the sound velocity decreases. Unless the liquid contains solid-like clusters 

(solid remnants) which could either reorder internally or suddenly break up 

at a critical temperature, a change in the mean coordination number and in 

the mean interatomic distance with temperature is thought to be a 

continuous process, as interpreted by the linear decrease in sound velocity 

with increasing temperature. 

The sound velocity at the melting point of Fe-8%Ni (3850 m s-1) is 

surprisingly low. Among the effects that can drastically reduce the velocity is 

the formation of bubbles in the bulk melt or at the rod-melt interfaces. 

Bubbles can be formed by degassing of the rods, from trapped argon by strong 

stirring effect owing to the action of the external varying magnetic field, or 

from the strong reduction of the metal surface tension by highly surface 

active nonmetals solute elements such as sulfur or oxygen [e.g, Iida and 

Guthrie, 1988]. A large amount of data has been collected during the Fe-

15%Ni run which showed an extremely large scatter. When the computed 

velocity is plotted with respect to the cumulative time the sample has 

remained in molten state, a jigsaw pattern develops with jumps in velocity 

reaching 4% or greater. This is shown in Figure 3.5, where frequency <lisper-
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sion has been assumed negligible as per the results of paragraph (3.4), and the 

temperature effect normalized to 1600°C assuming a reasonable temperature 

coefficient of -0.3 m s-1 K-1. The velocity is expected to decrease as a bubble 

grows, and conversely, should increase when the bubble is removed to reach 

the free surface or reabsorbed. A plateau in velocities seems to develop and is 

boxed in Figure 3.5. The width of the box corresponds to the error (±0.6%) in 

velocity determination. If the bubble scheme is correct, then only the data in 

the box correspond to the true "bubble-free" velocity. When this is assumed, 

i.e., when ignoring the data outside the box, one finds for Fe-15%Ni a 

satisfactory linear correlation in temperature as depicted in Figure 3.4. Post

run sample inspection has unambiguously evidenced the presence of a large 

bubble at the lower buffer rod-melt interface. It was identified by a spherical 

cavity in the solidified sample, and with a matching circular streak on the 

UBR. Further, the cavity contained metallic (magnetic) residue, most likely a 

condensate of the sample metallic vapors trapped in the bubble. 

The problem with bubble formation directly from melt vapors is that Fe 

vapor pressure is several orders of magnitude lower than the surrounding Ar 

pressure. Adding the pressure exerted by the column of metal, it is difficult to 

imagine how a bubble can nucleate solely under the action of the melt vapor 

pressure. Degassing from the melt or the rod must play a significant role. 

Therefore it is difficult to control or prevent bubble formation. Preventive 

actions consist, however, in usihg 1) as pure sample as possible, 2) clean, high 

density rod (i.e., low porosity), and 3) heating and melting under vacuum. 
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3.3.3 Fe-Ni-S 

The sound wave velocity c in Fe-5wt%Ni-10wt%S has been measured at 

two frequencies (9 and 18 MHz) from 1670 K to 1970 K. The data are plotted 

versus temperature in Figure 3.6. Unlike Fe and Fe-Ni, the velocity in this 

system behaves abnormally in the sense that c increases with increasing 

temperature. This could reflect (1) a structural reordering, or (2) an electronic 

transition in the melt that alter the interatomic distances. 

(1) The sound velocity in pure sulfur exhibits a nonlinear temperature 

variation with respect to temperature, which is associated to structural 

rearrangements (i.e., disintegration of polymolecular formations) [Gitis and 

Mikhailov, 1967]. Verhoogen [1973] gives strong thermodynamical arguments 

for the occurrence of a liquid immiscibility gap in the Fe-rich side of the 

eutectic in the Fe-S system. Immiscibility, or two-liquid segregation, in liquid 

Fe-Ni-S can be seen as a special case of structural reordering. It is anticipated 

that a negative excess sound velocity (see definition in paragraph 3.5) and an 

immiscibility with a low consolute temperature [Verhoogen, 1973] near or at 

the melting point can produce an apparent increase in velocity (i.e., increase 

in mean velocity) with increasing temperature as the solution unmixes into 

two fractions of different compositions and velocities. The problem, however, 

with a two-layer liquid is that one should be able to detect a (smooth) change 

in peak spacing (i.e., wavelength) in an interferogram as the upper buffer rod 

passes through the different velocities layers. In other words, the peak spacing 

should show a slight curvature when plotted as a function of resonance peak 

number. This is expected because the measured wavelength would be, in this 
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case, a mean wavelength weighted by the respective layer thicknesses. Such a 

nonlinear trend is not observed, even at the highest temperature (1973 K) 

where the immiscibility should be more pronounced. A linear least-squares 

fit of resonance peak position spanning 5 mm of melt versus resonance peak 

number at 1973 K, the slope of which giving the velocity as discussed already 

in paragraph (2.4.7), has a correlation coefficient r=0.999998. 

(2) A metallization of the bonds by increasing number of free electrons can 

produce an increase in incompressibility and in the velocity of sound [Gitis 

and Mikhailov, l966c ]. A high pressure densification resulting from an 

electronic transition (without structural change) has been reported in FeS at 

about 6 GPa, 600 K [Fei et al., 1995]. Electronic band structure calculations 

[Boness and Brown, 1990] have shown that sulfur exhibits a d-metal character 

at high pressure with an s-p state to d state electronic transition. Also, 

continuous semiconducting to metallic transition in monosulphide solid 

solution in the Fe-Ni-S has been observed under high pressure and 

temperature [Vollstiidt et al., 1980]. 

Electrical resistivity measurements and X-ray diffraction experiments (in 

situ or on quenched samples) would prove valuable in gaining insights as to 

what might be the origin for the anomalous behavior of the velocity in this 

system. 

A second-order polynomial least-squares fit through the data in Figure 3.6 

gives for the temperature variation of c in Fe-5%Ni-10%S: 

(3.3.3) 
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where T m=l650 K is the melting temperature estimated from Fe-S phase 

diagram [Kubaschewski, 1986]. Such a polynomial curve has a maximum at a 

temperature of 3800 K. 

A noteworthy consequence of this behavior might well reside in the 

following argument. Usually, the pressure serves to increase the sound 

velocity through the reduction in interatomic distances. On the other hand, 

the temperature usually serves to decrease the velocity. Thus, normally, P 

and T are competing against each other in changing the velocity. However, 

owing to the abnormal behavior of c in Fe-5%Ni-10%S, both P and T are 

acting in the same direction in modifying the velocity. Therefore it is expected 

that a hypothetical Fe-5%Ni-10%S core would have a steeper velocity gradient 

than a "normal" (in the present context) core when going from the CMB (136 

GPa, -4000 K) to the ICB (330 GPa, -5000 K). Interestingly enough, 

temperature-corrected Hugoniot sound speeds of pure iron converge with 

seismologically measured bulk sound speeds at (or near) the ICB Ueanloz, 

1979]. This could lend strong support to both suggestions that the outer core 

contains sulfur and that the inner core consists of rather pure iron. 

The velocity at the melting point (Tm =1650 K) is 3113 m s-1. This value is 

about 850 m s-1 (20-25%) lower than the velocities at the melting point of Fe 

and Fe-Ni alloys (see Table 3.1). Therefore sulfur significantly affects the bulk 

cohesion in iron-nickel. This is somewhat not surprising since S reduces 

markedly the melting point of Fe. Also, S in liquid Fe reduces the surface 

tension coefficient y: 1 % S decreases liquid Fe y by as much as 55% [e.g., Iida 

and Guthrie, 1988]. The 0.85 km/s drop in velocity has to be compared to the 
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0.6-0.7 km/s jump in P-wave velocity at the inner core boundary from 

seismology [Masters and Shearer, 1990]. 

Finally, the abnormal behavior of c is not an artifact due to sulfur losses. 

The melt was held under 1 atm of neutral argon introduced in the furnace at 

1200°C (i.e., below the melting point). The equilibrium total vapor pressures 

of sulfur species and sulfur compounds over (carbon-free) liquid Fe-S at 

1600°C is on the order of 10-s atm [Ohno, 1972], which is of the same order of 

magnitude as pure liquid Fe, and is 5 orders of magnitude lower than the 

surrounding Ar pressure. Furthermore, the rate of desulfurization of Fe-S 

alloy in vacuum melting at 1600°C is known to be small [Ohno, 1972]. Care 

has been taken as to duplicate measurements at a given temperature every 

12h, or less. For example, 7 measurements were made at 1673 K in the course 

of the three days the run lasted. As evident in Figure 3.6, the repeatability at 

1673 K among these 7 measurements rules out sulfur loss as a cause for the 

velocity increase. Also, the different measurements were spread among 

increasing and decreasing temperatures, as illustrated in Figure 3.7, which 

summarizes the temperature history of the Fe-5%Ni-10%S runs. 
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3.4 FREQUENCY DISPERSION OF THE SOUND SPEED 

None of the systems investigated here have shown any velocity 

dispersion. Isothermal sound speeds c for pure Fe and for a Fe-15%Ni alloy 

are plotted versus frequencies ranging from 3-20 MHz in Figure 3.8. The small 

scatter observed in our velocity data is well within the limit of resolution of 

the apparatus (±0.6%). Cylindrical wave propagation modeling in Al20 3 rod 

can reproduce such a scatter, and shows that it is due to the frequency 

dependence of the impedance of the alumina buffer rod [G. Chen, private 

communication, 1993] . Within this scatter, there is no dispersion in the 

frequency range studied. This is in agreement with the results of Tsu et al. 

[1985] who measured c of liquid iron at 10, 30, and 50 MHz using pulse 

transmission method. Also, no frequency dependence of de/ dT has been 

observed. Alloying with nickel and sulfur does not appear to introduce 

unrelaxed components in the velocity. 

113 



4000 

- • 1820 K ...... 
I 
CJ) • 1900 K 

E 3950 
~ 1875 K -~ Fe-1 So/oNi ....... 

·u ... ... 
0 3900 ... • Q) ... > 
Q) 

> 3850 co 
;= Fe 
co • • • • • c • 0 3800 • • • CJ) I • • • • CJ) 
Q) 
~ 

c.. 
3750 • E 

0 ±0.6% 
(.) 

3700 

0 2 4 6 8 10 12 14 16 18 20 22 

Frequency (MHz) 

FIGURE 3.8. c versus f for two samples. Horizontal solid lines are hand

drawn to illustrate the absence of dispersion within the precision of the 

technique (±0.6%). 

114 



3.5 COMPOSITIONAL VARIATION OF THE SOUND SPEED 

The compositional variation of c in liquid Fe-Ni systems is depicted in 

Figure 3.9 along a 1823 K isotherm, and the compositional variation of de/ dT 

is shown in Figure 3.10. The 60 wt% Fe datum from this study is outside the 

composition of geophysical importance, but serves as a connection with the 

data of Nasch et al. [unpublished] who employed a variable-path time-of

flight ultrasonic technique for nickel-rich (>25% Ni) liquid alloys. It is seen 

that, in both Figures 3.9 and 3.10, the results from ultrasonic interferometry 

(full circles) are highly correlated with those obtained by means of the 

variable-path time-of-flight method (open squares), attesting the compatibility 

of the two techniques. 

In order to discuss the compositional dependence of c, it is common to 

analyze the results in terms of excess quantity L\cE which is the difference 

between the actual measured value c(meas) and that representative of an ideal 

mixing behavior c(id) used as a reference frame: 

(3.5.1) 

Therefore an ideal acoustical behavior of binary liquid metal mixtures has 

to be defined. While there is no thermodynamic justification for assuming 

additivity of the sound speed in a liquid binary alloy, we refer to those 

interaction studies on binary molecular organic liquid mixtures for which 

several models for c(id) have been proposed. Among them, the empirical 

relation of Nomoto [1953, 1958] and the formula proposed by Van Dael [1975] 
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have been successfully employed in binary molecular organic liquid mixtures 

to describe their thermodynamic and elastic behavior in terms of 

intermolecular interactions [e.g., Mishra and Pandey, 1978; Shukla et al., 1984; 

Pandey et al., 1991]. Assuming the additivity of the molecular sound velocity 

R = (M/p)cfj and the molecular volume (per mole) Q = M/p, where p is 

the density and M the molecular mass (per mole), Nomoto [1958] obtained an 

empirical formula for ultrasonic sound velocity in an ideal mixture of atoms 

A and B given by 

(3.5.2) 

where QA and Q 8 are the molar volumes of the pure components A and B 

respectively, and x A and x 8 are the molar fractions of the component liquid. 

The starting point of Van Dael's approach is the isothermal 

compressibility Xr 

(3.5.3) 

where C p and Cv are the specific heats at constant pressure and volume, 

respectively, and Xs is the adiabatic compressibility. Assuming that the 

mixture is ideal, as defined by thermodynamics [e.g., Bhatia et al., 1974; 

Rawlinson and Swinton, 1982] where the molar volume Q is additive 

(Q = xAQA + x 8 !28 , Vegard's Law), Van Dael's adiabatic compressibility 

mixing behavior is easily derived, and is given by the relation 
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(3.5.4) 

I (id ) 
where </Ji = xl·2i Q and Yi represent the volume fraction and the specific 

heat ratio of component i = A,B, respectively. Assuming further that 

YA::::: Ys::::: y(id ) and QA::::: Q 8 [Blandamer and Waddington, 1970; 

Richardson, 1962], an additive relationship for the adiabatic compressibility 

Xs(id ) = XAXA + x 8 X 8 is obtained from which the expression for c(id) is 

derived as 

(3.5.5) 

where cA, c8 are the sound velocities of the pure end-members components. 

Equation (3.5.5) holds true and predicts a quasilinear mixing curve for an 

ideal solution in which the size difference between the two types of atoms, or 

molecules is small as in the case of Fe and Ni, where the atomic radii are 1.26 

A and 1.24 A, respectively. Also, in this case the maximum relative difference 

between the prediction of Nomoto (Eq. 3.5.2) and that of Van Dael (Eq. 3.5.5) 

amounts to 0.03% at the equiatomic composition. Therefore, for clarity 

purpose, only Van Dael's ideal mixing prediction (Eq. 3.5.5) is shown in 

Figure 3.9 (dashed line). Pronounced nonlinear curves would be obtained 

with large size difference between atoms (e.g., Fe-Al). 

Experimental data for c in Fe-rich melts show a strong nonlinear 

departure from the ideal mixing behavior with a negative excess .1cE, the 

absolute value being greater than experimental uncertainties. The 

nonmonotonic behavior of c (Figure 3.9) and ac/ aT (Figure 3.10) displays a 
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pronounced dip near 75 wt% Fe. A nonlinear mixing trend in liquid Fe-Ni 

has also been observed for the viscosity (e.g., Iida and Guthrie, [1988] and 

references therein); in solid Fe-Ni at l000°C, the bulk modulus also departs 

from a linear mixing law [Renaud, 1988; Renaud and Steinemann, 1990]. 

Fe carries 8 electrons per atom (e/a), whereas Ni has 10. If the departure 

from ideality of c (Figure 3.9) and Jc/ JT (Figure 3.10) is driven by the 

number of electrons per atom, then the values for c and ac/ ar at the 

equiatomic stochiometry FeNi should be similar to those of cobalt (e/a=9). 

The velocity in liquid cobalt at the melting point (1765 K) is taken as 4021±20 

m s-1, and ac/JT= -0.5 m s-1 K-1 [Keita et al., 1981; Steeb and Bek (1976), as 

quoted in Yokoyama et al., 1982; Tsu and Takano (1981), and Shiraishi and 

Tsu (1982), as quoted in Iida and Guthrie, 1988]. It seems clear, from inspection 

of Figures 3.9 and 3.10, that the nonlinear mixing in Fe-Ni is not driven by 

e/a. 

Note that there is a 63% scatter in Jc/ aT values for pure Fe among 

published values; thus precise quantitative estimates of excess Jc/ JT are 

hampered. On the other hand, the pure liquid nickel values for c and Jc/ JT 

appear better constrained. Nasch et al. [unpublished] find a linear dependence 

for liquid Ni expressed as c = ( 4037±20) - (0.306±0.008)( T - Tm) (m s-1 ). Tsu et 

al. [1985] propose c = (4036±5) - 0.3501(T-Tm) (m s- 1), and Keita and 

Steinemann [1981] obtain c = (4037±16)-0.30(T-Tm) (m s-1), where Tm=1726 

K is the melting point of nickel. Inspection of Figure 3.10 suggests that the 

most likely value for Jc/ JT in pure Fe lies in the range -0.5 to -0.6 m s-1 K-1; 

this compares well with the mean value for Jc/ JT over the data reported in 

Table 2.2 (0.6 m s-1 K-1). 
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3.6 SUMMARY 

Experimental data for the sound velocity c in pure liquid Fe and Fe-Ni, 

and Fe-5%Ni-10%S alloys have been presented as a function of temperature, 

frequency and composition. In Fe and Fe-Ni, the velocity decreases linearly 

with increasing temperature in the temperature range from the melting point 

to 1973 K. On the other hand, 10% sulfur in Fe-5%Ni induces an abnormal 

behavior in that the velocity increases with increasing temperature . 

Structural rearrangements, or an electronic transition (metallization) are 

among the possible causes. Distinction between these processes must await 

additional studies in these ternary sulfide melts such as electrical conductivity 

measurements and X-ray diffraction experiments. No frequency dispersion is 

observed in the frequency range of 3-20 MHz in these melts. The 

compositional variation of the sound velocity c in Fe-Ni and its temperature 

coefficient de/ ()T show appreciable departure from ideal mixing behavior, 

and are not driven by the number of electron per atom. 
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Chapter 4 

DERIVED PROPERTIES FROM SOUND VELOCITY 

4.1 INTRODUCTION 

The compressional wave velocity c is an important parameter in any 

physical description of liquid metal properties. Indeed, the sound velocity is 

an essential input with which to derive elastic and thermodynamic properties 

such as adiabatic and isothermal bulk modulus, Griineisen first- and second

order parameters, thermal pressure, and specific heat ratio. For example, 

when combined with the density p, the adiabatic compressibility Xs is 

obtained by the well-known Laplace relation l/Xs = pc 2
. Furthermore, 

because the sound velocity is intimately linked to the cohesive properties of 

the medium through the curvature of the interatomic potential, 

measurement of the sound wave velocity allows some microscopic structural 

information to be inferred such as the packing fraction and hard-sphere 

diameter. However, values for the density and thermal expansion are 

required to compute these properties from the sound velocity, as well as to 

process the raw interferometer data, since the mechanical response of the 

resonant cavity depends on the acoustic impedances of the rod and the melt. 

While accurate liquid densities are not required for the latter purpose, 

accurate densities are necessary for computing the physical properties of the 
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melt; thus a short excursion into the determination of the density and its 

thermal dependence is deemed necessary. 

4.2 DENSITY AND THERMAL EXP ANSI ON 

4.2.1 Experimental method 

A penetrating radiation technique has been used to measure the density 

and thermal expansion of molten Fe and Fe-Ni alloys. The density p of the 

material (or, conversely, the molar volume .Q = M/ p, where M is the molar 

mass) is determined from the attenuation which is produced by the passage of 

a collimated beam of monoenergetic y radiation through the material, whose 

length x and attenuation coefficient µ are independently determined. The 

attenuation law of a beam of monoenergetic, well-~ollimated radiation 

written in terms of y-ray intensities is 

I(x) = I0 exp{-µpx} (4.2.1) 

where I0 and I(x) are the measured y-flux intensities of the incident beam 

and at the depth x inside the material, respectively. Corrections for 

instrumental losses (dead time) or nonideal geometry of collimation are of 

crucial importance. A detailed discussion of the experimental procedure, 

resulting errors, and results for pure molten metals (Fe, Ni and others) is 

given elsewhere [Nasch and Steinemann, 1995]. 
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Figure 4.1 depicts schematically the sample arrangement. Samples with 

nominal purities of at least 99.98% were first prepared by casting in order to 

assure a good starting homogeneity and to prevent the occurrence of an 

exothermic mixing reaction during an actual high-temperature measurement 

cycle. The metal sample is contained in an Al20 3 ceramic crucible. A graphite 

sleeve surrounds the crucible and converts the electromagnetic energy, 

produced by a radio frequency induction generator, to Joulean heat. A Zr02 

radiation shield serves as thermal insulation of the high-temperature 

assembly. The sample temperature is monitored by an alumina-sheathed Pt

Pt13%Rh thermocouple positioned in the melt. The measuring assembly is 

contained in a clear-fused quartz tube held by water-cooled flanges. The high

temperature chamber is evacuated with a high-vacuum system for the 

heating and melting cycles, then purified argon is introduced for the 

measurement cycle. The y-rays are produced by a Pb-shielded 137Cs source of 

350 mCi nominal activity. The y beam is collimated both before entering and 

after exiting the high-temperature assembly containing the sample. The 

detection system consists of a temperature-controlled Nal(Tl) scintillator 

coupled to a photomultiplier tube, an amplifier with automatic gain 

stabilizer, a multichannel analyzer and a counter. Thermal control of the 

collimators and detector system ensures count-rate stability of the electronic 

counting system. A constant statistical error was achieved by always 

measuring to 1Q6 counts. All count rates are corrected for the dead time r=lO 

± 1 µs of the electronic detection system. A detailed study of random and 

systematic errors [Nasch and Steinemann, 1995] has shown an upper limit of 

0.75% as the highest possible error for the absolute density determination by 
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means of the y-ray attenuation technique. Errors in the thermal expansion 

values, as derived from statistical analysis, are about 10% or less. 

4.2.2 Results 

Density data points have been obtained for four intermediate 

compositions in Fe-Ni alloys (25, 50, 65, and 75 wt% Fe) in the temperature 

range from their respective melting points to a maximum temperature of 

1975 K. The least-squares fits to the data of the density as a function of 

temperature over the range studied have shown that it is suitable to limit the 

polynomial development of the density to the first order; thus, one has 

p( T) = a + b( T - Tm ) (4.2.2) 

where a=pm is the density at the melting point Tm and b=(dp/dT)p· The 

coefficient of volumetric thermal expansion a is defined by 

(4.2.3) 

and is calculated by the ratio -b/a. We present in Table 4.1 our results for Pm' 

b and a, where pure Fe and Ni end-member values are recalled from Nasch 

and Steinemann [1995] for convenience. Our density data are converted into 

molar volume by the relation Q = M/ p where M = xM Fe + (1- x )M Ni is 

the molar mass of the alloy calculated from an additive relationship between 

the molar fraction x and the pure end-member molar masses M Fe and M Ni. 
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The compositional variation of the molar volume of liquid Fe-Ni from our 

study (full circles) is compared in Figure 4.2 (bottom part) along an 1823 K 

isotherm with the results of Pope!' et al. [1969] using the less accurate drop 

volume method (open circles), and with solid, low temperature X-ray lattice 

spacing data (open squares) [Pearson, 1964]. Note the similarity in trend, with 

a smooth maximum occurring in near 65% Fe (Invar region). Such a trend 

was also observed in solid Fe-Ni (fee) alloys at higher temperature [Tanji et al., 

1990]. The 65% Fe datum is slightly outside the trend defined by the other 

data. This run was aborted owing to an early thermocouple break, leaving 

only four data points for the p vs. T fit; thus the statistical resolution is 

reduced. With the exception of the 65% Fe datum, the compositional 

variation of our isothermal molar volume data is well fitted by a second

order polynomial, which is indicative of a regular solution mixing behavior. 

The compositional variation can be written as 

(4.2.4) 

where ,1.QE is the excess molar volume. When ,1.QE = 0, the solution is 

ideal. When both end-member elements are chemically similar the alloy 

conforms to the regular solution model [see Waseda et al., 1984], and ,1.QE 

can be written as 

,1.QE = x(l- x)( am) 
aP T 

(4.2.5) 
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TABLE 4.1 

Density at the melting point p I temperature derivative ap/ JT, and volumetric thermal 

expansion coefficient a in liquid Fe-Ni at 1 bar obtained by y-ray attenuation densimetry. 

Fe x - Ni1_x T range p ap/JT a 
x (K) (g cm-3) (xl0-4 g cm-3 K-1) (xl0-6 K-1) 

0.00§ 1726-1973 7.81 - 7.26 93 ±3 

0.25 1703-1973 7.52 -6.24 83±3 

0.50 1708-1973 7.32 - 5.71 78±8 

0.65 1718-1873 7.05 -5.29 75±8 

0.75 1753-1873 7.12 -4.98 70 ± 7 . 
1.00§ 1809-1973 6.98 -5.72 82±8 

§ From Nasch and Steinemann (1995] 
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where (J) is called the interaction parameter, and is a measure of the enthalpy 

of mixing. If (J) is independent of the concentration x, Eq. (4.2.5) indicates that 

a regular solution shows a parabola variation of the molar volume with 

respect to the molar fraction x, the maximum being at the equiatomic 

composition ( X=50%) . From our second-order polynomial fit ( r=0.983), we 

derive (am/ aP)T = 0.425 ±0.004 (cm3 mole-1) at 1809 K. Furthermore, 

( Jm/ JP)T decreases with increasing temperature at a rate of about 4 x lQ-4 

( cm3 mole-1 K-1 ), giving thus an increasing ideal character to the Fe-Ni 

solution. 

Also shown in Figure 4.2 (top part) is the compositional variation of the 

volumetric thermal coefficient of expansion a. Note the broad minimum in 

the neighborhood of 75% Fe. 

4.3 ELASTIC AND THERMODYNAMIC PROPERTIES 

In deriving the following properties for liquid Fe-Ni, use has been made of 

the sound velocity data of Nasch et al . [unpublished] obtained by time-of

flight method (see Figure 3.9), in order to cover a wider compositional range. 

No further distinction between the two sets will be made in the following. 

Using the two well-known relations 

M 2 K 5 =-c 
!1 

K5 =I+ Ta
2
!1K5 

Kr MCp 
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where Cp is the specific heat at constant pressure, the adiabatic Ks and 

isothermal KT bulk modulus for liquid Fe-Ni have been computed for every 

measured composition and are shown in Figure 4.3. The molar volumes for 

60, 85, and 92 wt% Fe, since not directly measured, have been obtained using 

Eqs. (4.2.4-5) combined with the pure Fe and Ni molar volume values 

reported in Nasch and Steinemann [1995]. Cp values for pure Fe and Ni were 

also taken from Nasch and Steinemann [1995]; for intermediate compositions, 

one must rely on Kopp's rule which suggests that in binary mixtures C p is 

normally a linear function of composition (i.e., the activity coefficient is 

independent of temperature). From our results for p and c in liquid iron at 

the melting point (1809 K), we obtain Ks=110±2 GPa that compares well with 

the reference isentrope value of 109.7±0.7 GPa recommended by Anderson 

and Ahrens [1994]. Figure 4.3 shows that, for a nickel content less than 35%, 

alloying nickel does not affect significantly the magnitude of Ks in liquid Fe. 

In the case of an ideal solution, we should have expected an almost linear 

mixing law. The softening in Ks at about 75 wt% Fe composition could 

indicate that some electronic effects still modify the elastic moduli. Similar 

mixing trends, characterized by a shallow dip with a minimum at about 70% 

Fe, have been observed for Ks in solid fee Fe-Ni at high temperature (1300 K) 

[Tanji et al., 1990; Renaud and Steinemann, 1990]. The mixing behavior of KT 

is only weakly nonlinear, and as in most alloy systems, does not deviate by 

more than 3 or 4% from ideal behavior [Webber and Stephens, 1968]. Also, 

the nonlinearity persists in (av/ aP)5 = - V/ K5 and (av/ aP)T = -V/ Kr. 
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The graphical difference between Ks and KT in Figure 4.3 is a measure of 

anharmonicity in the melt via the specific heat ratio, since Ks/Kr= Cp/Cv, 

and it is anticipated to be minimum near 75% Fe. The temperature 

dependence of the two elastic moduli, ( aKs I ar) p and ( aKT I ar) P' has been 

derived at the melting point by differentiating Equations (4.3.1) and (4.3.2) 

with respect to temperature and using the known effects of temperature on 

molar volume and sound velocity. Further, in the case of ( aKT I ar) P' we 

have assumed a temperature-independent specific heat Cp [e.g., Barin et al., 

1977; Haas and Chase, 1989]. Figure 4.4a displays the compositional variation 

of (aK5 /aT)p and (aKT/aT)r Numerical values for these isobaric 

coefficients are given in Table 4.2 along with other important thermodynamic 

properties at the melting point for liquid Fe-Ni alloys at 1 bar: 

Griineisen parameter: 

Specific heat ratio: 

Thermal pressure coefficient: 

Second-order Griineisen parameters: 

Pressure dependence of a: 
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JP T - K; ar p 
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(4.3.4) 

(4.3.5) 

(4.3.6a) 
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Elastic ratio: (4.3.8) 

Figure 4.4b depicts the compositional variations at the melting point of the 

first- and second-order Griineisen parameters, and Figure 4.4c shows the 

thermal pressure coefficient and pressure derivative of thermal expansion (at 

the melting point). 

From a general inspection of Figures 3.9, 3.10, and 4.2 to 4.4, it is seen that 

the thermoelastic properties derived in this work display a nonlinear mixing 

with a maximum departure from linear mixing in the neighborhood of the 

Fe3Ni stochiometry (i.e., in the range 65-85 wt% Fe). Further, the marked 

change in these thermoelastic properties, especially in the temperature 

derivatives ac/ aT, a I aK/ aT, from pure Fe upon alloying Ni suggests a 

modification of the interatomic characteristics of the components in Fe-rich 

alloys (>75 wt% Fe). Valence change [Kleppa, 1960; Kleppa et al., 1961], charge 

transfer [Waseda et al., 1984), and high spin-low spin transition are among the 

possible effects that are modifying the interatomic association. Moreover, 

disordered local magnetic moments (DLM) [Friedel et al., 1961; Janak and 

Williams, 1976; Petti/or, 1980) persist in some 3d transition metals well above 

the Curie temperature, and even in the liquid state [Grimvall, 1976; 

Steinemann and Keita, 1988). In itinerant-electron theory of band magnetism 

[e.g., Hasegawa and Pettifor, 1983], DLM result from a band splitting due to a 

spin polarization and are accompanied by an increase in kinetic energy due to 

broadening of the band. DLM generate a repulsive magnetic interaction which 

produces a repulsive internal pressure (no ordering is required). The molar 

volume is "inflated" (compared to the nonmagnetic case) and the cohesive 
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TABLE 4.2 
Thermoelastic properties of liquid Fe-Ni alloys at the melting point Tm and 1 bar. (ita/ic=interpolated) 

Parameter Mole Fraction x in Fex - Ni1-x 

0.00 0.25 0.50 0.60 0.65 0.75 0.85 0.92 1.00 

Tm (K) 1726 1703 1708 1715 1718 1753 1763 1783 1809 

p (g cm-3) 7.81 7.52 7.32 7.21 7.05 7.12 7.05 7.02 6.98 

a (xl0-6 K-1) 93 83 78 75 75 70 73 76 82 
c (m s-1) 4037 4040 3973 3953 3950 3922 3924 3850 3961 
de/ dT (m s-1 K-1) -0.31 -0.34 -0.29 -0.25 -0.21 -0.24 -0.24 -0.35 -0.86 

........ 
VJ K5 (GPa) 127 123 116 113 110 110 109 104 110 °' 

( dK5 / JT) P (MPa K-1
) -31 -31 -26 -23 -20 -21 -21 -27 -57 

Kr (GPa) 94 97 95 94 92 93 91 87 88 

( dKr / JT) P (MPa K-1
) -31 -31 -27 -25 -23 -23 -23 -27 -46 

Cp/Cv 1.36 1.27 1.22 1.20 1.20 1.17 1.19 1.20 1.24 

Ye 2.2 1.9 1.7 1.5 1.6 1.4 1.5 1.4 1.6 

aKr (MPa K-1) 8.7 8.0 7.4 7.0 6.9 6.5 6.7 6.6 7.2 

( da/ dP)r (xl0-6 GPa-1 K-1) -3.6 -3.3 -3.0 -2.8 -2.7 -2.7 -2.8 -3.6 -5.9 

8s 2.6 2.9 2.8 2.6 2.4 2.7 2.6 3.3 6.2 

8r 3.6 3.8 3.7 3.5 3.3 3.5 3.5 4.1 6.4 

<P (km2 s-2) 16.3 16.3 15.8 15.6 15.6 15.4 15.4 14.8 15.7 



energy is reduced (bulk modulus is reduced). Iron is expected to carry strong 

OLM whereas nickel should have weak (or total lack of) OLM [Janak and 

Williams, 1976; Steinemann and Keita, 1988]. The softening in the elastic 

modulus (Figure 4.3) and the small but positive excess molar volume (Figure 

4.2), could be signs of the presence of OLM extending from pure Fe in the Fe-Ni 

stability field. The common change in mixing trend of the thermoelastic 

properties around 75% Fe could well result from the onset of o L M 

disappearance with further adjunction of Ni. Such a magnetic contribution to 

the cohesion should have important consequences on the applicability of 

room pressure data as anchoring point of EOS. For example, our values for 

density p0 =6.98 ± 0.05 (g cm-3) and bulk modulus K50 =110±2 (GPa) at 1 bar 

and 1809 K can be corrected from the OLM contribution following the 

procedure devised by Steinemann and Keita [1988]. It follows that the 

nonmagnetic values for the density and the bulk modulus are p0 =7.89 (g cm-

3) and K50 =144 (GPa). The OLM reduce the density by 13% and the bulk 

modulus by 32%; therefore OLM have strong mechanical effects on the 

structure through magnetic contribution to the volume and elastic modulus. 

It is however not yet clear to what extent these corrections have on the 

interpretation of shock wave data. Nevertheless, the comparison, which is 

implicitly made in EOS fitting procedure, between high P- T and normal 

conditions gains in justification if these latter are corrected for magnetic 

contributions no longer existing at high P- T conditions [Besson and Nicol, 

1990]. It is noteworthy that extrapolation to zero pressure of PREM data 

[Dziewonski and Anderson, 1981] gives K50 =161.4 GPa. 
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Finally, there is a temptation to put our results in the perspective view of 

the hypothetical metallurgical instability of a spinodal decomposition 

(miscibility gap) at high temperature around the Fe3Ni phase proposed by 

Nakagawa et al. [1979] and Tanji et al. [1990]. The break in the mixing trend at 

about 75% Fe for molar volume, the thermal expansion, and the bulk 

modulus could then result from an additional "pseudo" segregation effect as 

if remnants of the metastable y' phase [Nakagawa et al., 1979; Tanji et al., 1990] 

were persisting in the liquid state. In this case, the pronounced dip at about 

75% Fe in the temperature coefficient of the sound velocity de/ dT (Figure 

3.10) can be interpreted as being due to the stiffness against thermal disorder 

of the pseudo Fe-rich and Ni-rich clusters (relics of the metastable y' phase) 

which helps conserve the short-range order and reduce the temperature 

dependence of the sound velocity. 

Such an interpretation of the existence of relics clusters at 65-75% Fe is, 

however, challenged by derived structural information.as it will be shown 

below. 

4.4 STRUCTURE 

X-ray and neutron diffraction experiments on molten materials indicate 

that the liquid state is structurally intermediate between solid (sharp 

symmetric peaks) and gas (continuous diffusion without maxima). In other 

words, atoms in the liquid state exhibit a short-range order (solid-like) and a 

long-range disorder (gas-like). The concept of atomic arrangement or 
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structure, a term long entrenched in the literature [e.g. Eisenstein and 

Gingrich, 1942; Bernal, 1964; Iida and Guthrie, 1988], is best described by a pair 

distribution function g(r). For a given g(r), structural parameters such as, 

for example, the nearest-neighbor interatomic distance and the coordination 

number Z can be inferred. Statistical mechanics evaluates g(r) on the basis 

of a given pair interaction potential <P( r), in turn evaluated by quantum 

mechanics [e.g. Hausleitner et al., 1991] and number density p0 • There exists 

many equations relating <P(r) to g(r), but certainly "Born-Green", "Percus

Yevick" and "Hypernatted Chain" are the most commonly used [e.g., Waseda, 

1980, and references therein]. However, the Percus-Yevick (PY) equation is of 

particular interest because an exact solution can be obtained when solved 

with the so-called hard-sphere (HS) potential describing noninteracting rigid 

spheres: 

<P(r) = {; 
if r<a 

if r>a 

where a is the hard-sphere diameter. 

(4.4.1) 

Experimentally, the measured intensities in X-ray and neutron diffraction 

experiments are related to the structure factors S(Q) ( oc amplitude of 

diffracted wave) which, in turn, are the Fourier transforms of the real space 

atomic distribution g(r). The HS solution of the PY equation predicts correctly 

the structure factors S(Q) of liquid alkali metals [Waseda, 1980]. Diffraction 

studies on molten 3d-transition metals [Waseda and Ohtani, 1974; Waseda 

and Tamaki, 1975; Waseda, 1977; Eder et al., 1979; Eder et al., 1980] and in 

particular those on liquid Fe [ibid; Waseda and Jacob, 1981] have shown that 

these melts are structurally very similar to simple ionic liquids (alkali). In 
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other words, the ionic arrangement in liquid 3d-transition metals is 

dominated mainly by the ion-ion repulsion, and these liquid metals are 

therefore also well described in a first-order approximation by the HS Model 

[Ashcroft and Lekner, 1966; Waseda, 1977]. 

For a pure metal (i.e., a single component liquid), the HS solution of the PY 

equation depends only on the packing density T] (defined as the ratio of the 

volume occupied by the atoms to the total volume). In the long-wavelength 

limit (small momentum transfer, Q --7 0 <==>A --7 00 ), this solution is 

[Ashcroft and Lekner, 1966] 

S(O) = lim S(Q) = (1-1])
4 

Q~O (1+2ry) 2 (4.4.2) 

where S( 0) is the static structure factor in the long-wavelength limit and 

represents the local number density fluctuation [Egami and Srolovitz, 1982]. 

In the framework of the HS model, the packing density 1J is given by 

(4.4.3) 

The coordination number, Z, can be calculated using Furukawa's 

approximation [Furukawa, 1960] which can be written as 

( 4.4.4) 

where r 1=1.145 a is the mean interatomic distance taken as the first 

coordination shell radius and obtained from g(r). It is also well known from 

statistical thermodynamics [Landau and Lifschitz, 1958] that, in the long

wavelength limit, the following equation holds for pure liquids: 
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(4.4.5) 

where k8 is Boltzmann constant, T is the temperature in K and XT = Ki1 is 

the isothermal compressibility. This equation is of fundamental importance 

in the sense that it makes a connection between macroscopic thermodynamic 

properties and microscopic structural properties. For this reason, Equation 

(4.4.5) has been widely used in the literature either to access compressibilities 

from X-ray data [Hermann et al., 1980; Waseda, 1983; Waseda and Ueno, 1987], 

or to constrain diffraction data analyses from thermodynamic data [North et 

al., 1968; Waseda and Suzuki, 1972]. Using our derived results for KT on pure 

molten Fe, a comparison of our derived liquid structure parameters ( S( 0), T], 

a, and Z) with other studies using different methods is given in Table 4.3. 

Note that Equation (4.4.5) can be rewritten in terms of sound velocity and 

specific heat ratio as 

C P = (!:._)2 S( 0) 
Cv co 

(4.4.6) 

where c0 = "1 RT/ A is the thermal velocity. S( 0) for liquid Fe at the melting 

point is about 0.02, whereas for a perfect gas, S( 0)=1. This simple comparison 

illustrates the importance of the structure in liquids. 

Extension of these relations to binary alloys (i.e., two-component system) 

requires the introduction of three partial structure factors [e.g., Waseda, 1980]. 

Most appropriate for discussion of thermodynamic mixing properties and 

microscopic fluctuations in liquid alloys are those proposed by Bhatia and 

Thornton [1970]: 
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(4.4.7) 

( 

2 )-/ ( J-/ - 2 d G dlna. 
Scc(O,x,T)=N((i1x) )=RT - 2 =(1-xj) 1 

. dx PT N dxj 
' ' ~T 

(4.4.8) 

SNc(O,x,T)= (11Ni1x) = -?J Scc(O,x,T) (4.4.9) 

where 

?J - __!___( ()Q) 
Q dx P,T,N 

(4.4.10) 

S NN ( 0, x, T) and S cc ( 0, x, T) correspond to the mean square fl uctua ti on in 

the number density and concentration, respectively, whereas SNc(O,x,T) 

denotes the cross correlation term between these two fluctuations. x is the 

composition of the alloy expressed as atom fraction, and T is the absolute 

temperature. Scc(O,x,T) is obtained from thermodynamic activity data (a1), 

X-ray diffraction experiments [Waseda and Jacob, 1981], or from models 

[Bhatia et al., 1973, 1974; Waseda et al., 1984 (review)]. We have computed 

Scc(O,x,T) using the activity data a1 in liquid Fe-Ni given by Hultgren et al. 

[1963]. Scc(O,x,T) is shown in Figure 4.5 and compared with the 

experimental X-ray diffraction values (9% error) of Waseda and Jacob [1981]; 

also shown is the ideal behavior for which Scc(O,x,T)=x(l-x) (which is 

an immediate consequence of Raoult's Law). Our computed values for 

SNN(O,x,T) and SNc(O,x,T) at T=1830 K using own data for K:;J, p0 , and 

?J are plotted in Figure 4.6. Table 4.4 summarizes these results along with the 
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TABLE 4.3 

Structural parameters for pure liquid iron at 1809 K. 

S(O) 11 r 1 (A) a (A) z Method 

o.02o(a) 0.44(b) 2.S8(b) 2.2s<b) 10.6(b) X-ray diffraction 
0.0208(c) 2.S8(d) 10.6(d) 

2.S8(e) 10.8(e) 

0.49(f) 2.31 (f) Ultrasonic time-of-flight 
0.46(g) 2.26(g) 

0.0216(h) 0.438(i) 10.sm Theory 
0.430(k) 

"'"""' 0.43S(k) H:::-
VJ 

0.36(1) 

0.411 (m) 

0.389(m) 

0.0213 0.468 2.61 2.28 11.4 This work 
(ultrasonic interferometry) 

. 
(a) Waseda and Ueno [1987] (f) Keita et al. [ 1981] (k) Bretonnet and Derouiche [1991] 

(b) Waseda [1977] (g) Steinernann and Keita [1988] (1) Aryasetiawan et al. [1986] 

(c) Waseda [1982] as quoted in (h) (h) Yokoyama et al. [1982] (m) Haus/eitner and Hafner [1988] 

(d) Waseda and Tarnaki [1975] (i) Meyer et al. [1976] 

(e) Waseda and Ohtani [1974] 0) Hines et al. [1985] 



0.30 --i-----------------------., 
1830 K 

0.25 

0.20 

I I -I-
x I 0 0.15 -0 

II 0 
en 

0.10 l 
Cl X-ray diffraction 

0.05 • Thermodynamics 

Ideal 

0.00 

0.00 0.25 0.50 0.75 1.00 

Ni Mole fraction Fe Fe 

FIGURE 4.5. Concentration-concentration correlation function Scc(O,x,T) for 

liquid Fe-Ni at 1830 K. D, Waseda and Jacob [1981]; •,Hultgren et al. [1963]. 

The solid line indicates the ideal solution; below it there is a tendency for 

compound formation, and above it for phase segregation. 

144 



en 
L-

o ...... 
(.) 

~ 
Q) 
'
:::J ...... 
(.) 
:::J 
'...... 
en .__ 

I 

CD 

ro 
t 

0.03 --r------------------, 

0.01 

ro a_ -0.01 

0.00 

Ni 
0.25 0.50 0.75 

Mole fraction Fe 

1.00 
Fe 

FIGURE 4.6. SNN ( O,x, T) and SNc( O,x, T) for liquid Fe-Ni alloys at 1830 K. 

145 



TABLE 4.4 

Fluctuation functions in liquid Fe-Ni at 1830 K. 

x Fe 11Fe 1JNi iJ = (Jln.!2/Jx) 
----·-·--t 
Sec( O,x, T) SNN(O,x,T) SNc(O,x,T) 

(±1.5%) (±9%) (±5%) (±11%) 

0.00 0.000 0.468 0.120 0.00 0.020 0.000 

0.25 0.117 0.351 0.090 0.12 0.020 -0.010 

1--' 0.50 0.234 0.234 0.061 0.18 0.020 -0.011 
~ 
0\ 

0.60 0.281 0.187 0.050 0.20 0.020 -0.010 

0.65 0.305 0.164 0.044 0.20 0.020 -0.009 

0.75 0.352 0.117 0.034 0.18 0.020 -0.006 

0.85 0.399 0.070 0.023 0.12 0.020 -0.003 

0.92 0.441 0.028 0.015 0.07 0.021 -0.001 

1.00 0.469 0.000 0.007 0.00 0.021 0.000 

t Average between thermodynamics (i.e., activity data of Hultgren et al. [1963]) and X-ray diffraction [Waseda and Jacob, 1981] . 



partial packing densities defined by Ashcroft and Langreth [1967]. The number 

density Po is evaluated from our density data using Po = pN A/ A, where NA 

is Avogadro number and A the atomic mass. The compositional derivative 

1J of the molar volume is obtained by differentiating Equation (4.2.4) with 

respect to x . 

The most prominent feature of the concentration-concentration 

fluctuation function Sec( 0, x, T) in Fe-Ni at 1830 K is the negative excess 

deviation from the ideal curve. The excess is maximum at 40% Fe and gives 

the asymmetric (with respect to the equiatomic composition) SNc(O,x,T) 

curve shown in Figure 4.6. This strongly suggests formation in the melt of 

association of atoms to form pseudomolecules or chemical complexes, 

thereby decreasing the mean square fluctuations in concentration. This is 

supported by a negative enthalpy of mixing L1H (i.e., exothermic mixing) in 

liquid Fe-Ni alloys. The deviation is maximum at about 35% Fe, and so is L1H 

at 30-40% iron content. This is in contrast with the suggestion made in 

paragraph (4.3) that strong clustering effects are expected near 65-75% Fe if 

remnants of the immiscibility gap in solid Fe-Ni at high temperature were 

indeed persisting above the liquidus. On the other hand, the OLM picture 

presented in paragraph (4.3) is compatible with structural data, since the 

repulsive magnetic interaction, which reduces the ion-ion interaction, should 

provide an additional "perfect-gas-like" component to the melt structure. 

Only when the OLM contribution reduces will the structural associations in 

the melt be able to form. Departure from ideality in Figure 4.5 arises precisely 

in the range 65-75% Fe which has been associated with the disappearance of 

OLM with further Ni dilution (paragraph 4.3). 
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According to Ashcroft and Langreth [1967], the partial structure factors of 

liquid Fe-Ni mixture can be constructed using the Percus-Yevick Hard-Sphere 

model from the knowledge of the total packing density 1J = T7Fe + T7Ni' where 

TJi are the partial packing densities of the components (see definition in 

Ashcroft and Langreth [1967]), the ratio of hard-sphere diameters 

~ = (]Ni/ a Fe =0.979 and the concentration of larger spheres ( x Fe). We have 

used the Fortran program developed by Waseda [1980] to compute the 

predicted Ashcroft-Langreth structure factor in pure Fe from our 

thermodynamic data. The result is depicted in Figure 4.7 and is compared 

with experimental X-ray diffraction data [Waseda, 1980]. Figure 4.8 shows the 

total structure factor in liquid Fe-Ni at the melting point computed from our 

cohesive data on molar volume and compressibility. A few important 

conclusions can be drawn from these results. First, the very good overall 

agreement obtained in Figure 4.6, at least for momentum transfer up to the 

first diffraction peak, illustrates the wide applicability .of the Percus-Yevick 

equation. The success of this elementary model should be emphasized, 

without concluding, however, that the PY equation is superior to other <P(r) 

-g(r) relations such as Born-Green and Hypernatted Chain. Second, the 

knowledge of compressibility and density in binary liquids allows 

unambiguous determination of both 1J and ~, which lead to a precise 

prediction for both X-ray and neutron scattering experiments up to 

momentum transfer including the principal diffraction peak. 
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4.5 SUMMARY 

Experimental data for the molar volume Q and volumetric thermal 

expansion coefficient a in molten Fe-Ni have been combined with measured 

compressional wave velocity c (Chapter 3) in order to derive various elastic 

properties (e.g., adiabatic and isothermal bulk moduli, Griineisen first- and 

second-order parameters), thermodynamic properties (e.g., thermal pressure, 

specific heat ratio), and structural properties (e.g., packing fraction, 

coordination number, and structure factors). The value for the adiabatic bulk 

modulus Ks of Fe at the melting point is 110±2 GPa. Alloying Ni to pure Fe 

does not affect significantly Ks until the nickel content reaches the region of 

Fe 3 Ni stochiometry (65-75 wt% Fe). Near or at this composition, the 

compositional variations of c, Ks, and KT show a marked change in mixing 

trend, and a and ac/ aT are minimum in this region. A high-temperature 

Invar (64at% Fe-36at% Ni) "intrusion" seems unlikely since all Invar-related 

effects should have completely disappeared above 1000°C [Renaud and 

Steinemann, 1990]; thus any ferromagnetic origin for these high-temperature 

"anomalies" ought to be excluded. Also, the possible interpretation of the 

anomalous mixing trend in terms of remnants of a high-temperature 

immiscibility [Nakagawa et al., 1979; Tanji et al., 1990] seems inconsistent with 

structural information. It is suggested that the mixing behavior of Fe-Ni alloy 

properties is best related to disordered local magnetic moments (OLM) [Friedel 

et al., 1961; Janak and Williams, 1976; Pettifor, 1980; Hasegawa and Pettifor, 

1983; Grimvall, 1976; Steinemann and Keita, 1988] which have strong 
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mechanical effects on the structure through magnetic contribution to the 

volume and elastic modulus. 

Cohesive properties derived from sound velocity and density experiments 

are invaluable in deriving microscopic structural information. The success of 

the simple Hard-Sphere Percus-Yevick model in predicting short-range order 

from cohesion is impressive, especially since the long-range oscillatory 

potential is realistic in liquid transition metals, and therefore differs strongly 

from a hard-sphere potential. 
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Chapter 5 

ANELASTICITY 

5.1 INTRODUCTION 

A mechanical wave traveling in a medium looses energy to its surroun

dings because of: 

(a) deviation of energy from the parallel beam by diffraction (geometry of 

the system) and scattering (grain size); and, 

(b) absorption, for which mechanical energy is converted into heat by 

internal friction. Absorption losses, or attenuation, are characteristic of the 

material through which the wave travels, and their evaluation yields 

valuable information about the physical properties of the medium, such as 

relaxation phenomena and viscosity. 

The most commonly used measures of attenuation found in the literature 

are the attenuation coefficient, denoted by a (in nepers cm-1) which is the 

exponential decay constant of the amplitude of a plane wave traveling in a 

homogeneous medium; the dimensionless quality factor Q expressing the 

ratio of stored energy to dissipated energy per cycle of a harmonic wave 

excitation; its inverse Q-1
, sometimes called the internal friction or 

dissipation factor; and the logarithmic decrement 8. For low-loss liquids, 

these quantities are related as follows: 
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(5.1.1) 

where c is the sound speed and f is the frequency. It is important to note 

that both velocity and attenuation are associated with a particular mode of 

wave propagation. Since for the liquid state the shear modulus is ordinarily 

zero (the liquid does not resist shape deformation, i.e., does not sustain shear 

wave propagation, except for highly viscous media), only compressional 

wave velocity ( P-wave) and its associated dissipation factor Q;1 will be of 

interest in this section. Also, for incompressible liquids the Poisson's ratio 

V=0.5 and the bulk dissipation factor Q··;/ = Q·i/. Having clarified this, the 

subscript" P" will be omitted in the following. A concise summary of the 

various definitions of attenuation appearing in the literature is available in 

Vassiliou et al. [1989] and in the compilation by Toksoz and Johnston [1981]. 

5.2 METHOD OF MEASUREMENT 

Stored data points are used to trace periodic plots of transmitted amplitude 

vs. melt thickness for each experiment. These interferograms are then fitted 

with a theoretical curve (already established in Chapter 2) of the form: 

(5.2.1) 
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where A (t) is the relative (normalized) amplitude of the transmitted signal, 

L is the melt thickness, and c and f having their usual meanings. <P and 

P have been defined in Chapter 2 (Eqs. 2.3.39 and 2.3.40, respectively), and are 

functions of the acoustic impedance contrast Zr between the melt and the 

Al203 rods, which in turn is a function of their density contrast. Equation 

(5.2.1) is the same as Equation (2.3.38) derived in Chapter 2. It is reproduced 

here for convenience. 

Since the technique is based on varying the acoustic path length through 

constructive and destructive interference conditions in the sample, 

information on the specific acoustic attenuation, Q-1
, in the liquid can be, in 

principle, simultaneously determined from the amplitude decay of the 

resonant peaks. The rate of decay is calculated by fitting Eq. (5.2.1) to the 

amplitude vs. melt thickness data. However, in virtually all cases studied 

here, the raw data interferogram showed an increase in maxima amplitude 

with melt thickness, examples of which being shown in .Figure 3.1. Under 

these awkward circumstances, inversion of Eq. (5.2.1) yields for the melt a 

"negative" dissipation factor Q-1
, which for obvious reasons is not 

acceptable!. 

When the rod moves in the steep thermal gradient of the ultrasonic 

furnace, its temperature profile also changes. But, as already mentioned 

(paragraph 2.5), the attenuation (due to grain boundary absorption) in the 

buffer rod is highly temperature sensitive. It is readily seen that this effect is 

qualitatively compatible with the observed upward shift in the interferogram. 

When the UBR is away from the LBR, the UBR is cooler in average, and the 
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absorption within the rod is reduced, allowing for more energy to reach the 

hot end and being eventually detected. Let A(x, T(x),.1L) be the amplitude 

in the UBR at a distance x from the transducer ( x=O, T =25°C); x is at a 

temperature T(x). A(x,T(x),.1L) depends on the change in the extent of 

immersion in the melt (given by .1L), because when the rod is displaced by 

.1L, the point located at x moves to x + .1L where the temperature is 

T(x + .1L). Ignoring thermal expansion of the rod, the amplitude at the hot 

end A ( D, T, .1L) can be expressed as 

A(D, T,LIL) =A( 0,0, LIL) exp{-! a(T(x + LIL))dx} (5.2.2) 

where D is the total length of the rod, and a is the acoustic absorption 

coefficient which depends on the temperature T(x). 

Conclusions derived from quantitative estimates of Eq. (5.2.2) can be easily 

challenged since the precise functional forms of both the thermal profile 

along a buffer rod T(x) and the temperature dependence of the attenuation 

in the rod a(T) are unknown. However, based on existing data in our 

laboratory on the temperature distribution along a molybdenum buffer rod, 

several functional forms for T(x) have been tried out. The retained 

candidate is 

T(x)=T(O)+[T(D)-T(O)] l n 

.. l+(x5{) 

(5.2.3) 
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where Xe is the position at which the temperature is at midrange value 

between the hot end and the cool transducer's end, and n is an adjustable 

parameter. Figure 5.1 compares Eq. (5.2.3) for three values of n with the 

experimental data along a 20-cm-long molybdenum buffer rod, the hot end 

being at 1500°C. a(T) has been assumed to vary linearly with temperature, 

which is a severe oversimplification that would lead to an underestimation 

of the effect. Nevertheless, the change in attenuation in the rod as it moves in 

the furnace thermal gradient is likely to introduce significant errors in 

derived melt attenuation, since Eq. (5.2.2), combined with (5.2.3), predicts an 

increase in the ratio A(D,T,t1L)/A(O,O,t1L) of the order of 10-3 mm-1 for a 

typical iJ.L of a few mm. This is of the same order of magnitude as the 

attenuation in liquid iron. In other words, this effect reduces the observed 

attenuation, rendering resolution even more difficult. 

However, the above interpretation fails in many resp~cts. First, it does not 

account for the observed increase in acoustic contrast between melt and rod 

with increasing melt thickness. Indeed, inspection of Figure 3. l(b ), for 

example, indicates that the difference between maxima and minima 

amplitudes (a measure of the impedance ratio) increases with the melt 

thickness. Second, the effect still persists with single-crystal sapphire rod, 

severely hampering the temperature dependence of grain boundary 

absorption as the main cause for the increase in maxima. Third, and perhaps 

more importantly, such an upward drift in the interferogram trend is also 

observed in mercury at room temperature (see Figure 2.11). The fact that it 

does not appear in distilled water led us to investigate the role of not only the 
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relative magnitude of the attenuation in both rod and melt, but also of the 

impedance ratio. 

A first order cause for the observed upward shift and the increase in 

contrast in the interferogram has been established in generalizing the theory 

of high-temperature ultrasonic interferometry to the case where the 

attenuation coefficient in the rod is greater than the attenuation coefficient in 

the liquid sample ( a(r) > a(s)). As already mentioned briefly in Chapter 2, in 

this case Q in Eqs. (5.2.1) becomes an apparent quality factor Q* given by 

(5.2.4) 

and the acoustic contrast, characterized by the impedance ratio, becomes 

(5.2.5) 

where the subscripts (r) and (s) refer to rod and sample, respectively. 

Therefore, under the constrains Q(s) > 0 and Q(r) > 0, the theory predicts a 

negative apparent Q* when Q(s) > Q(r)· The qualitative success of the 

generalized theory is illustrated in its capability of fitting low-loss high

impedance liquids such as mercury (Figure 2.11) and molten Fe and Fe alloys 

(Figure 5.2). Using Eqs. (5.2.4) and (5.2.5) in Eq. (5.2.1) allows the inversion 

algorithm to extract simultaneously the two specific attenuations QD-~ and 

Q-1 
(s )· 
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The results for QD-~ and Q(~~ will be presented below, but before this is 

done, an important issue needs to be addressed. What is the physical 

explanation for an increase in transmitted energy as the sample becomes 

thicker? A precise answer to this question has yet to be found, but insights are 

gained using analogies; in particular, one with optical geometry is presented 

here. 

The complex acoustic impedance Zi shall be related to the inverse of the 

complex index of refraction ni, both of which containing wave velocities (real 

part) and absorption coefficients (imaginary part). In other words, 

9\e(Zi) H 9\e(nj1
) and 3m(Zi) H 3m(nj1

) Further, a general relation for 

the focal distance F of a lens is 

(5.2.6) 

where n1 and n2 are the index of refraction of the surrounding medium and 

the lens, respectively, and Ri are the lens curvature radii. The first 

parentheses describe the physical characteristics of the media traversed by the 

light beam, whereas the second parentheses deal with the geometry of the 

system. For the sake of simplicity, one chooses a biconvex lens (Ri > 0, Vi). 

The focal distance F, or its inverse, the optical power 1/ F, can be positive or 

negative depending only upon the difference n2 - n 1, since ni 's are always 

positive. Associate now the melt (s) to the lens (2), and the rods (r) to the 

surroundings (1). Assume the distances are measured from the lower buffer 

rod (LBR) held at one focal point of the "lens". Under these circumstances, the 
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optical center of the lens, denoted here by Lc is at a distance Lc = L - F from 

the upper buffer rod (UBR), where L is the melt thickness. 

Consider first the case where n2 >> n1, for which F >> 0 from Eq. (5.2.6). 

In the current analogy, this is equivalent to the condition Q(s) << Q(r) and, 

with the scaling relative to the LBR, Lc << 0, at least for the melt thicknesses 

of interest (few mm). Therefore the lens is convergent for any L > 0 and the 

image is real (and its size decreases as L increases). Correspondingly, for any 

L, the interferogram is real, and the amplitude decreases with increasing 

melt thickness. 

In contrast, when n 2 << n 1, i.e., Q(s) >> Q(r)' F << O; thus Lc >> 0. The 

lens is divergent, the optical image is virtual, and increases as L increases, 

(i.e., as the object (the UBR) gets closer to the focal point). Correspondingly, the 

interferogram can be seen as virtual amplitudes growing with the melt 

thickness. In optics, when the object reaches the focal point, the image size 

becomes infinite. If the analogy holds, this means that there is a melt 

thickness L = F for which the maxima envelope of Equation (5.2.1) predicts a 

pseudo-singularity in maxima amplitude which is in fact just a very large 

maximum. The functional form of the maxima envelope of Eq. (5.2.1) (i.e., 

with /3L = Nrr) looks like 

I 
(t) I max = _1 

A 1/2 g 

with the function g given by 

g = a cosh( x') - b sinh( x') + c 

(5.2.7) 

(5.2.8) 
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where 

The function (5.2.7) is plotted as a function of L in Figure 5.3, and reveals 

a unique large maximum at a critical L, say, Lc. However, an asymptotic 

singularity is physically unacceptable. The zeroes of the first derivative of Eq. 

(5.2.7) are given by the zeroes of g' = ag/ ax'= a sinh(x')- b cosh(x'). Since 

this latter is a transcendental function, roots can only be found numerically. 

Such a numerical study has shown that the function (5.2.7) has a finite 

amplitude at Lc. Also, the solution Lc is unique, and depends on Q(r) and 

Q(s)· If Q(r) > Q(s)' no zero for Jg/ Jx' is found for positive L, and Lc < 0. 

Taking Q(r) =1000 and Q(s)=4000, and a typical impedance ratio of 1.5, one 

gets a "focal" point ( Lc) in our interferometer located at about 27 cm from the 

LBR. Therefore testing experimentally the existence of such "focal" point in 

molten iron would require an extremely large furnace and container, such as 

those employed in iron foundry. On the other hand, it could be easily 

envisioned in low-loss high-impedance room-temperature liquids such as 

mercury. In such a geometrical configuration, beam spreading might be 

difficult to circumvent. 

The shape of the plot in Figure 5.3 suggests a possible resonance between 

the electronics and the interferometer (composed of the transducers, buffer 

rods, and sample). But, it must be finally emphasized that energetic 

considerations have not entered the analogy and further developments are 

required to ascertain a better understanding of the phenomenon. 
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5.3 RESULTS AND ERRORS 

Figure 5.4 plots on a log scale the values for Q(s) (circles) obtained in liquid 

Fe from the inversion of Eqs. (2.3.38-42) with respect to frequency. Also shown 

are the data for the alumina buffer rod Q(r) (squares). The scatter in the Q(s) 

data is indicative of the difficulty in measuring precisely the attenuation in 

low-loss liquids. The scatter is inherent to high-temperature ultrasonic 

interferometry, and is predicted by Eq. (5.2.1). The cosine hyperbolic term 

( cosh) in Eq. (5.2.1) is the dominant term in determining the amplitude 

maxima (i.e., Q) and becomes almost independent of Q at high Q ( Q> 1000). 

Therefore very small variations in the cosh term can induce large variation 

in Q at very high Q. Figure 5.5 attempts to demonstrate this fact. For two 

different melt thicknesses (1 and 5 mm), the amplitude of the resonance peak 

maxima at these respective distances is plotted as a function of Q(s)· In other 

words, the functional form for the maxima envelope (Eqs. 5.2.7-8) in a typical 

interferogram is shown as a function of Q(s) for two melt thicknesses. For a 

given fixed standard deviation on the measured amplitude, say 1 %, Figure 5.5 

shows that the range of values for Q(s) that would give, at the specified melt 

thickness, an amplitude value within the prescribed 1 % standard deviation 

gets larger as Q(s) increases. 

Other sources of error on attenuation increase the uncertainty m Q(s) 

determination. For example, nonparallelism of the rod end faces adds a 

component to the attenuation proportional to f 2 [Truell and Oates, 1963; as 

quoted in Papadakis, 1990]. Also, beam spreading (or diffraction) affects the 
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intrinsic attenuation by adding a component that varies roughly as 1/ f [Bass, 

1958]. 

A common way of presenting attenuation data is in terms of a/ f 2 given 

by 

(5.3.1) 

The results for a/ f 2 m distilled water at room temperature are 

summarized in Table 5.1, where comparison is made with previously 

published studies. About one order of magnitude difference is found between 

our experimental result for a/ f 2 (67±27 x 10-17 s2 cm-1) and the theoretical 

prediction of Fox [1937] (8 x 10-17 s2 cm-1). 

The attenuation has been measured for liquid Fe, Fe-8%Ni, Fe-15%Ni, and 

Fe-5%Ni-10%S as a function of temperature and frequency. The data were 

acquired in the temperature range from melting to a maximum of 1975 Kand 

in the frequency range 5-20 MHz using ultrasonic interferometry. 
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TABLE 5.1 

Ultrasonic attenuation in distilled water at room temperature. 

a/J2 
(xl0-17 s2 cm-1) 

8 

17.9-19.7 

200 

26.8-31.5 

610 

25-33 

21.5 

21.5 

25 

67±27 

f 
(MHz) 

-------

2.79 

1.46 

0.008 

0.95 

0.1-10 
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50-500 

0.01 
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5.4 DISCUSSION 

5.4.l Fe 

The attenuation in liquid metals is known to be very small. At relatively 

low frequency, sound absorption in a liquid metal is given by [e.g., Webber 

and Stephens, 1968; Anderson, 1980; Vaid and Sharma, 1984; Sahu, 1984; 

Awasthi and Murthy, 1985] 

(5.4.1) 

where a is the total attenuation coefficient, f is the frequency, p the mass 

density, c the longitudinal wave velocity, 1Jv the volume viscosity, 1Js the 

shear viscosity, /3 the thermal expansion, 8 the thermal conductivity, C p the 

specific heat at constant pressure, and T the absolute ·temperature. The 

parentheses in the first equality of (5.4.1) has the dimension of viscosity, and 

was alluded to as ry * in Eq. (2.3.35a) (paragraph 2.3). 

The total (measured) attenuation coefficient a is composed of a classical 

(or Stokes-Kirchhoff) component acl accounting for shear ( a 5
) and thermal 

conductivity ( aT) losses, and an excess component aE often referred to as 

bulk or volume dissipation. They are written as 

(5.4.2) 

(5.4.3) 
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For liquid iron at 1809 K and at 1 atm we take c= 3961 m s-1 from this 

work, p= 6.98 g cm-3 and /3= 8.2 x 10-5 K-1 [Nasch and Steinemann, 1995], 

1Js ::= 3.5-7.5 mPa·s [Beyer and Ring, 1972b; Poirier, 1988; Battezzati and Greer, 

1989; Secco, 1995), 1Jv = 3/ 5175 ::= 2.1-4.5 mPa·s [e.g., Anderson, 1980), 8:::: 32.16 

W m-1 K-1 [Handbook of Chemistry and Physics, 1995], and Cp = 748.5 J K:. 1 

kg-1 [Kubaschewski and Alcock, 1979). Using these parameters, the different 

contributions to the total attenuation are: 

Shear stress 
as 
-

2 
::::0.21-0.45 x 10-17 s2 cm-1 

f 

Thermal conductivity 

Excess (volume viscosity) 
aE 
-

2 
::::0.09-0.20 x 10-17 s2 cm-1 

f 

ac1 
Classical (Stokes-Kirchhoff) - 2 ::::0.71-0.95 x 10-17 s2 cm-1 

f 

Total 
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Equivalently, the compressional (or bulk) quality factor, Q, is given by 

(5.4.4) 

where A is introduced for commodity; it has the dimension of s-1 (or Hz) and 

is in the range 7-10 for Fe in the frequency range of this study (5-20 MHz). It 

follows that Q is in the range of 4.2xl04-l.7xl05. Equation (5.4.4) is plotted in 

Figure 5.4 for A =1 and A =10 which is a typical range for longitudinal waves 

in liquid metals [Anderson, 1980]. Q(r) is consistently lower than Q(s) as 

expected form the upward shift in raw data interferogram. A break in Q vs. f 

trend seems apparent at about 12 MHz in both Q(r) and Q(s) data. The 

decrease in Q below about 12 MHz (dashed line in Figures 5.4) is interpreted 

as being due to diffraction effects which are enhanced at low frequencies [Bass, 

1958]. A simple histogram of Q data (Figure 5.6) reveals a hump in the 

distribution centered around 4000. It seems legitimate to consider this value 

as a lower bound for Q in liquid Fe. This lower bound value of 4000 is one 

order of magnitude smaller than the estimates from liquid metals theory 

made above, but is very consistent with seismological determinations of 

attenuation of Earth's outer core which indicate a Q of greater than 4000 

[Buchbinder, 1971; Sacks, 1971; Qamar and Eisenberg, 1974; Cormier and 

Richards, 1976; Anderson and Hart, 1978; Masters and Shearer, 1990]. 

Further, when ignoring low- f data because of diffraction effects, Q(s) 

apparently decreases with increasing frequency. No precise fit of Q vs. f can 

be obtained, but the seemingly decrease in Q is nevertheless compatible with 

single-element liquid metals [e.g., Beyer and Ring, 1972a], where Q is 
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proportional to 1/ f which is typical of frequencies below the relaxation 

frequency. This observation suggests that the frequency range of our study is 

on the low frequency side of a relaxation peak or band, if any. 

The attenuation a/ f 2 for liquid iron as a function of temperature and 

frequency is plotted in Figures 5.7 and 5.8, respectively. The star symbols in 

Figure 5.7 represent the arithmetic average of a/ f 2 at each temperature, 

with their positive statistical standard deviation. Owing to the scatter, Figure 

5.7 shows no unambiguous temperature variation of a/ f 2
. With this in 

mind, however, the mean values seem to indicate a consistent decrease in 

attenuation as the temperature rises. This would be expected only for 

frequencies close to, but below the frequency of relaxation of an activated 

process. An exponential fit through the mean values gives for a/ f 2 at the 

melting temperature (1809 K) a value of 20 x 10-17 s2 cm-1. This is 25 times 

(one order of magnitude) higher than the prediction from viscoelastic 

theories for the classical absorption in liquid iron at the melting point (:::: 0.8 

xl0-17 s2 cm-1). Such a large excess is incompatible with the prediction made 

above for the volume viscosity contribution, and background and 

instrumental losses are likely to account for most of the discrepancy. 

The sound speed results presented in Chapter 3 can be interpreted in terms 

of a relaxed response of the liquid to the elastic perturbation. In other words, 

since no dispersion is observed (see paragraph 3.4), the first question 

addressed here is whether the measured velocities are in the relaxed state ( c0 ) 

or in the unrelaxed, high-frequency mode ( C00 ). The average longitudinal 

relaxation time, r 1, can be calculated from r1 = T][ /Mr, where T][ is the 
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longitudinal viscosity and Mr is the relaxational contribution to the total 

longitudinal modulus (i.e., Mr = M 00 - M0 with M
00 

the high-frequency, 

unrelaxed longitudinal modulus and M 0 the static, relaxed longitudinal 

modulus). The longitudinal viscosity is related to the volume viscosity Tlv 

and the shear viscosity Tis by [Litovitz and Davis, 1965] 

4 
171=1Jv +-1Js 

3 
(5.4.5) 

Since Tlv is nearly equal to Tis for most liquid metals [e.g., Litovitz and Davis, 

1965; Flinn et al., 1971; Anderson, 1980; Dingwell and Webb, 1989], 711 ::::: 2775. 

Values for Tis for molten iron at 1 atm vary in the range 3.5-7.5 mPa-s 

[Barfield and Kitchener, 1955; Cavalier, 1963; Lucas, 1964; Nakanishi et al., 

1967; Beyer and Ring, 1972b; Poirier, 1988; Battezzati and Greer, 1989; Secco, 

1995 (review)] and therefore 171 is in the range 7-15 mPa-s. Mr is unknown 

for liquid iron but we take guidance from basaltic melt studies [Manghnani et 

al., 1986], where Mr has been experimentally shown to range from 0.75M' to 

4.89 M', where M' is the real part of the complex longitudinal modulus 

M = M' + iM". c measured at angular frequencies, (I) ((I)= 2n f ), such that 

mr1 << 1 (i.e., in the relaxed state of the liquid) allows the relaxed (adiabatic) 

bulk modulus K0 to be calculated from K0 = pc2
. Assuming that our c 

value (3961 m s-1) at 1809 K is the relaxed velocity and taking a value of 7.0 

x1Q3 kg m-3 for p [Karmalin et al., 1973; Yavoyskiy et al., 1974; Basin et al., 

1979; Drotning, 1981; Nasch and Steinemann, 1995], K0=110 GPa. (For basaltic 

melts, values in the range of 2 to 6 for the K00 / K0 ratio have been reported 

[Manghnani et al., 1986], where K
00 

is the unrelaxed (high-frequency) bulk 
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modulus. In the relaxed state, M' = K0 (see below) and therefore Mr ranges 

from 83 GPa to 550 GPa. This gives a range of longitudinal relaxation times 

from 1.3 x lQ-14 - 1.8 x 10-13 s. Since the operating frequency range of this study 

is 5-20x106 Hz, mr1 falls in the range 6.SxlQ-8 - 3.6x1Q-6 which clearly indicates 

that the liquid iron is in a relaxed state. Thus our assumption of relaxed c in 

liquid Fe is very reasonable. Such an assumption would still hold even if 

K00 / K0 for liquid Fe were found to be a few orders of magnitude different 

from K 00 / K 0 for basaltic melts. 

In a viscoelastic fluid, the compressional quality factor Q can be defined as 

Q = M' / M", where M" is the imaginary part of the complex longitudinal 

modulus. For a single relaxation mechanism, M" = M, mr1/( 1 + m2 rf) and 

M' = K0 +Mr m2 rf /( 1 + m2 rf ). From the preceding discussion, since 

mr1 <<1, M'=K0 and Q becomes Q(m)::::K0 /Mrmr1 =K0 /m771; 

therefore Q( m )= 7.9x1Q4 - 3.7x1QS in the frequency range of this study. 

5.4.2 Fe-Ni 

Like in Figure 5.7, a/ f 2 data for Fe-8%Ni and Fe-15%Ni are averaged at 

each temperature in Figure 5.9. The temperature variation of a/ f 2 varies 

nonsystematically with Ni content. a/ f 2 increases with temperature in Fe-

8%Ni, whereas it decreases in pure Fe and Fe-15%Ni. This could well be an 

artifact from the large scatter in the data, since one does not expect the 

additional attenuation component due to concentration fluctuation in alloys 

to vary anomalously with Ni concentration, at least at these low Ni content. It 
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remains, however, that a small systematic increase in the magnitude of 

a/ f 2 with increasing Ni content seems apparent at the melting point. 

5.4.3 Fe-Ni-S 

Results for Q in Fe-5%Ni-10%S as a function of temperature for two 

frequencies (9, 18 MHz) are displayed in Figure 5.10. Q does not vary between 

these frequencies. As in the case of velocity, S drastically reduces the 

magnitude of Q from Fe or Fe-Ni values. A linear least-squares fit gives for 

the temperature variation of Q: 

Q(T) = 661- 0.0783 (T-T m) (5.4.6) 

with a statistical standard deviation on the slope of 50% (calculated by means 

of Eq. 3.3.1). Tm is the melting temperature (1650 K), as estimated from Fe-S 

phase diagram [Kubaschewski, 1986]. It is readily seen that, within the error 

on the slope, Q is decreasing with increasing temperature. A mean value for 

Q is 650±25 (4%). Also evident in Figure 5.10 is the rather small scatter (less 

than ±10%) about the linear fit. As demonstrated in paragraph (5.3), this is 

qualitatively expected for Q<lOOO (see Figure 5.5). 

Figure 5.11 depicts the temperature variation of a/ f 2 for the two 

frequencies used. a/ f 2 increases slightly with T in the temperature range of 

this study, which extends 300 K above the melting point. Note that in water, 

where the velocity also increases with T (see Figure 2.12), the opposite 

happens: a/ f 2 decreases with T [e.g., Briggs, 1992]. The temperature 
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coefficient of attenuation, or fractional increase in attenuation per degree 

Kelvin, din a/ dT, is roughly constant and is 3.7 x 10-s K-1 at 9 MHz, and 3.4 x 

10-s K-1 at 18 MHz. These values are ca. 20 times smaller than the theoretical 

coefficient derived from the temperature variation of the classical absorption 

in pure iron (Figure 5.7), which is 7.1 x 10-4. Since din a/ dT is small, it is 

readily seen from Equation (5.4.4) that the decrease in Q with T is essentially 

driven by the increase in c with T. The values for a/ 12 at the melting point 

obtained from the fit are 149 x 10-17 (±3%) and 81 x 10-17 (±4%) s2 cm-1 for 9 

and 18 MHz, respectively; these are indicative of a dependence in f-1
. The 

adjunction of 10% S to Fe-Ni increases the attenuation by about two orders of 

magnitude. To summarize, Q is independent of l and a/ l 2 varies as l-J 

(i.e., a oc f ). This is in contrast to Fe and Fe-Ni where Q was found to 

decrease with l (most likely as l-\ On the other hand, a/ 1 2 has a weak 

positive temperature dependence compatible with theory of classical 

absorption in liquid metals. 

The velocity c and quality factor Q in a viscoelastic medium are related to 

the dynamic longitudinal viscosity, Tit, through the relation 

pc2 
Tit=-

m Q 
(5.4.7) 

where (J) is the pulsation (or angular frequency). Since Q is found to be 

independent of l, Tit should-. vary as l-1
. Using our measured values at 

Tm =1650 K for C=3113 m s-1 (Equation 3.3.3) and Q=661 (Equation 5.4.6), and a 

reasonable estimate for the 1-bar density p=6.5±0.5 g cm-3 [Usselman, l975a, b; 

Ahrens, 1979; Brown et al., 1984; Fei et al., 1995] one obtains 
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(1.5 ± 0.3)x108 

111 ::::: (Poises) 
f 

(5.4.8) 

Seismic frequencies are typically within an order of magnitude of 1 Hz 

(i.e., body-wave periods are ranging between 0.1 to 10 seconds). Hence the 

longitudinal viscosity 171 given by Equation (5.4.8) is within an order of 

magnitude of · l.5x1Q8 poises. This value is consistent with seismological 

studies of p-wave attenuation, which give upper bound viscosity values in 

the range 1os-109 poises [see review by Secco, 1995, and references therein]. At 

ultrasonic frequencies, say 9 MHz, 1}1 obtained from Equation (5.4.8) is 17±3 

poises. The shear viscosity 1Js at 1 bar has been experimentally determined 

for liquid Fe-8.51 %Sat 1600°C and its value is about 4xl0-2 poises [Vostryakov 

et al., 1964 as quoted in Secco, 1995]. Since this value should not be very much 

different from 1Js in Fe-5%Ni-10%S, one can conclude from Equation (5.4.5) 

that 711 ::::: 1Jv 1 where 1Jv is the volume (or bulk) viscosity. This result is in 

marked contrast to that of pure iron and most other liquid metals where 1Jv 

is nearly equal to 7Js [e.g., Litovitz and Davis, 1965; Flinn et al., 1971; 

Anderson, 1980; Dingwell and Webb, 1989]. 
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5.4.4 A note on the attenuation in Al20 3 

As a final remark, Figures 5.12 and 5.13 show the attenuation in 

aluminum oxide, as obtained from our inversion algorithm, as a function of 

temperature and frequency, respectively. Differentiation is made in Figure 

5.12 between polycrystalline alumina and single-crystal sapphire. No marked 

difference is noted, contrary to what one would expect if the attenuation in 

polycrystalline alumina is dominated by grain boundary absorption. 

However, the expected difference between the attenuation in poly- and single

crystal could also be reduced by twinning effects in the single-crystal. A pulse

echo method (PEM) has been used to measure the logarithmic amplitude 

decrement of a series of consecutive round-trip echoes from an Ab03 buffer 

rod at 55 °C. A value of 7x1Q-17 (s2 cm-1) for a/ f 2 has been obtained, and is 

shown in Figure 5.12 as a solid horizontal line. This low temperature value 

underlines the high-temperature data, attesting somewhat the validity of the 

approach. Also, for the sake of comparison, a range of values for the 

attenuation in pure polycrystalline aluminum (Al), and extrapolated from 

Perring et al. [1985], is shown in Figure 5.12 as the hatched area. The 

attenuation data, when plotted versus frequency (Figure 5.12) show much less 

scatter than in the case of liquid iron (Figure 5.7), consistent with a higher 

absorption in the rods. As in Figure 5.8, a break at about 12 MHz is observed, 

which is interpreted as the frequency below which diffraction effects (beam 

spreading) are becoming noticeable. 
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5.5 SUMMARY 

The specific attenuation a (or, conversely, the quality factor Qp) of 

compressional sound wave propagating in liquid iron and iron alloys at 1 bar 

has been experimentally measured for the first time. The data were acquired 

in the temperature range from melting to a maximum of 2000 K and in the 

frequency range 5-20 MHz using ultrasonic interferometry. 

In Fe and Fe-Ni alloys, the large scatter in QP data limits the precision of 

the derived frequency and temperature variations. Nevertheless, it seems 

that in these systems QP decreases with increasing frequency. In most single

element low melting point liquid metals QP is proportional to f-1, for 

frequencies far below the relaxation frequency. Temperature variation of 

a/ f 2 are not systematic with respect to Ni content. The decrease in a/ f 2 

with temperature in Fe and Fe-15%Ni is certainly an artifact produced by the 

scatter, or is due to changes in background and instrumental losses with 

temperature. Only Fe-8%Ni shows an increase in a/ f 2 with temperature, 

consistent with attenuation behavior far from a relaxation peak or band. The 

measured value for a/ f 2 in pure liquid iron at the melting point is 20x1Q-17 

(s2 cm-1) and is 25 times higher than that predicted from theories for the 

classical absorption(::::: O.Sxl0-17 s2 cm-1). For the frequency range studied here, 

our experimentally determined QP for pure Fe ranges from 4xl03 to 4xl05; 

theories for the attenuation in liquid metals predict QP for Fe to be in the 

range of 4xl04-2xl05 and viscoelastic theories lead to 8xl04-4xl05. A lower 

bound for QP of 4000 is a legitimate estimate from our data and is on the 

same order of magnitude of that determined for the outer core from body 
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wave data by Anderson and Hart [1978]. Several other seismological studies [e. 

g., Sacks, 1971; Buchbinder, 1971; Qamar and Eisenberg, 1974; Cormier and 

Richards, 1976] also indicate low damping in the outer core. Such a high 

value of QP is extremely difficult to measure experimentally, mainly because 

of the finite absorption in the wave-guides and the limited buffer rod travel. 

In Fe-5%Ni-10%S, the attenuation behaves differently. Q is independent 

of f and a/ f 2 varies as f-1 (i.e., a oc f ). This is in contrast to Fe and Fe-Ni. 

On the other hand, a/ f 2 has a weak positive temperature dependence 

compatible with theory of classical absorption in metals. A value for Q of 

661±26 at the melting point (1650 K) is obtained and is about 6 times less than 

the estimated lower bound in Fe (4000). The derived dynamic longitudinal 

viscosity at 1 Hz is 7Jz=l.5xl08 poises, which is in excellent agreement with 

seismological studies of p-wave attenuation in the outer core [Secco, 1995 

(review)]. 
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