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DENSITY AND THERMAL EXPANSION OF 
MOLTEN MANGANESE, IRON, NICKEL, COPPER, 

ALUMINUM AND TIN BY MEANS OF THE 
GAMMA-RAY ATTENUATION TECHNIQUE 

P. M. NASCHt and S .  G. STEINEMANN 

Institut de Physique Expdrimentale, Universitt de Lausanne, CH 1015 
Lausanne-Dorigny, Switzerland 

(Received 18 August 1994) 

New experimental data for the density and the coefficient of thermal expansion of pure liquid Mn, Fe, Ni, 
Cu, A1 and Sn at temperatures between melting and 1973K using the y-ray attenuation technique are 
reported. An extensive study of sources of random and systematic errors has shown a maximum error of 
0.75% in absolute density measurements. In the temperature range studied, the density behaves linearly 
with temperature. The density at the melting point and the coefficient of thermal expansion are in 
accordance with those of other studies. Comparison of the specific heat ratios y calculated with the results 
of this study with those obtained using structural data from diffraction experiments shows large and even 
non-physical discrepancies, e.g., in the case of Mn. Solid-like viscoelastic behavior in the low-Q region is 
suggested as a possible cause of such anomaly while shear components would contribute noticeably to 
reduce the liquid compressibility. It is shown that expansivities of the present study are giving heat 
capacities at constant volume in the range 3R-4R which is in good accordance with theory predicting 3R 
as the ionic contribution and about 1R as the electronic contribution. Previously reported data for 
thermal expansion are giving a wider range of degrees of freedom. 

KEY WORDS: y-ray attenuation technique, specific heat ratio, bulk modulus. 

1 INTRODUCTION 

The knowledge of the density and the coefficient of thermal expansion of liquid is 
important for the discussion of thermodynamic properties. For example, the density 
and the thermal expansion give access to the compressibility, the specific heat ratio, 
the thermal pressure coefficient and other microscopic parameters, such as the 
packing fraction in the framework of the hard-sphere model. Basically, the thermo- 
dynamics of liquid involve the particle number density po, instead of the mass 
density p. Thus the Gamma-Attenuation Technique (hereafter referred to as GAT) is 
especially suitable. Indeed, the basic law of attenuation gives the number of trans- 
mitted (non-diffused) photons N by 

'Present address: Mineral Physics Group, School of Ocean and Earth Science and Technology, 
University of Hawaii, HIG room 115, 2525 Correa Road, Honolulu, HI 96822 USA. 
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44 P. M. NASCH AND S. G. STEINEMANN 

where N o  is the number of incident photons, x the path length and CT the total 
scattering cross-section. Eq. (1) expresses the fact that photon diffusion is only con- 
trolled by the number density of atoms po and that the mass is not involved. 

Beside the methodological aspect, the use of the GAT appears to be advantageous 
at high temperatures, as already suggested by Drotning'. The gamma beam offers a 
probe which is neither in thermal nor in physical contact with the liquid, i.e. GAT is 
a non-contacting method. Since the free liquid surface is not involved in the measure- 
ment, several problems, such as sample volatilization, surface tension corrections, or 
surface oxide films, do not exist. This method, based on absorption of a penetrating 
beam, is considered by many, especially by Russian scientists2- 7, as the most re- 
liable technique of density measurements of liquid metals and alloys. It has been 
quite extensively used on molten iron'-' but less for other high melting point 
materials. It also has exigencies, namely the need for non-reactive crucible materials 
and sophisticated radiation detection equipment. Furthermore, radiation protection 
rules must be followed. One usually writes the attenuation law of a beam of mono- 
energetic well-collimated radiation as 

where I ,  and I(x) are the y-flux intensities of the incident beam, and at  the depth x 
inside the material respectively, p is the mass attenuation (or absorption) coefficient, 
and p is the mass density. The mass attenuation coefficient p is related to the total 
scattering cross-section CT by the relation p = N,o /A ,  and similarly, the mass density 
p is related to the number density po by the expression p = Ap, /N, ,  where N ,  is 
Avogadro's number, and A the atomic mass. 

As the temperature changes, the density and length also change; so Eq.(2) 
becomes 

2 EXPERIMENTAL PROCEDURE 

The density of the material is determined from the attenuation which is produced 
by the passage of a collimated beam of mono-energetic y radiation through the 
material, whose length and attenuation coefficient are independently determined. 
The GAT for density measurements has been previously described in detail by 
Dr~tn ing ' , ' ,~ .  Here only some main features of our procedure are given. 

2.1 High-temperature Assembly 

The high-temperature setup is schematically represented in Figure 1. Samples with 
nominal purities of at least 99.98% were first prepared by casting in order to assure 
full density and good homogeneity. The metal sample is contained in an A120, 
ceramic crucible (Metoxit) which has the required chemical inertness against molten 
refractive metals, as confirmed by microprobe analyses of the contact zone after the 
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THERMAL EXPANSION OF LIQUID METALS 45 

ZrOZ thermal insulator -, -Quartz tube 

Collimator-/ 
Figure 1 Schematic diagram of the high-temperature y-ray attenuation experimental apparatus. 

absorption experiment. The crucible is surrounded by a graphite sleeve susceptor 
which is coupled to the one-turn inductor coil of a 12 kW 700 kHz HF-generator 
(Plustherm). A 5-mm-thick ZrO, radiation shield (Zircar) serves for thermal insula- 
tion of the susceptor. The sample temperature is monitored by an alumina-sheathed 
Pt-Ptl3%Rh (type-S) thermocouple positioned in the melt. The crucible is sup- 
ported by a boron-nitride bar. The measuring assembly is contained in a 60mm- 
diameter clear-fused quartz tube held by water-cooled flanges. The high-temperature 
chamber is evacuated with a high-vacuum system for the heating-up and melting. 
Then purified argon is introduced for the measurement cycle. 

The prays are produced by a Pb-shielded I3'Cs quasi-punctual source of 350 mCi 
nominal activity. The entry collimator has a diameter of 3 mm (100 mm length) and 
the exit collimator has a diameter of 12mm (50mm length) slightly bigger than the 
beam divergence. Alignment is obtained with a He-Ne laser beam and the entire 
collimator system is water-cooled to ascertain its stability. 

2.2 Detector System 

A block diagram of the detector system is shown in Figure 2. A temperature-con- 
trolled NaI(T1) scintillator is coupled to a photomultiplier tube (Dumont 6292). 
Temperature control of the detector system is crucial for constant scintillator effi- 
ciency, black noise (thermoelectric effect), photomultiplier gain and spectral sensiti- 
vity. The calculated resolution of 8.2% and an experimentally determined value of 
9% are in agreement with stated specifications (7%-9%). An amplifier with auto- 
matic gain stabilizer (Harshaw, model Na-23) ensures count-rate stability of the 
electronic counting system. Optimization of the electronic counting system resulted 
for a maximum count-rate threshold of 20,OOOcps over the entire scintillator energy 
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Multichannel Linear delay 

Scintillator 

Photomultiplier 

Preamplifier --= 
Digital counter Discriminator 

Figure 2 Block diagram 

Automatic gain - stabilizing 
amplifier 

of the ?-ray detector system 

spectrum. Above this limit, the linearity of the counting system is lost. At higher 
rates, absorbers must be placed into the y-rays path to reduce the integral count-rate 
and ensure counting in the linear response region. A multichannel analyzer enables 
the adjustment of the discriminator in order to pass the entire I3'Cs photoelectric 
peak detected in the NaI(T1) scintillator. The acquisition time always goes to lo6 
counts. All count-rates are corrected for the dead time T of the electronic counting 
system, which has been experimentally determined by both the two-source and the 
two-absorber methods, and is 10 k 1 ps. 

3 PRELIMINARY CALIBRATIONS 

The temperature dependence of x ( T )  in Eq. ( 3 )  is simply given by the linear thermal 
expansion aI of the crucible material 

where a, = 8.1 x K - '  as given by the manufacturer. K is a dimensionless correc- 
tion factor as discussed below, and D is the nominal diameter of the crucible at the 
reference temperature To. D is measured using a micrometer set always at the same 
height inside the crucible, and is averaged on 5 measurements. 

The nominal path D, i.e. the crucible diameter is different from the average y-ray 
path ( x )  owing to the cylindrical shape of the crucible and the finite extension of 
the y-beam. Let f ( R , y )  be a geometrical function describing the curvature of the 
crucible (Fig. 3), where R = D/2 is the crucible radius, and g ( r ,  y )  a geometrical 
function describing the section of the y-beam, where r is the y-beam radius. Assum- 
ing a cylindrical symmetry for both the crucible and the beam, and neglecting flux 
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THERMAL EXPANSION OF LIQUID METALS 47 

\4 f(R,y) 
Figure 3 Geometrical configuration for the mean y-ray path analysis 

conservation constraints, the geometrical average path can be written as a nor- 
malized weighted integral of the form 

The quality of the alignment (center of the beam to diameter of the crucible) can 
be accounted for by introducing an off-axis parameter 6 in Eq. ( 5 )  as follow 

The correction factor K is defined as the ratio (x)/D. A numerical integration of 
Eq. (6) using typical values for R = 0 / 2  of 13.1 mm and r = 2.3 0.3 mm (measured 
on a 12 h. exposure X-ray film) allows ti to be plotted with respect to incremental 6 
(Fig. 4). Misalignment is expected when loading the crucible into the high-tempera- 
ture furnace. The effect of 6 is treated as an error on a representative ti, chosen in 
assuming neither a perfect alignment (6 = 0), nor an off-axis displacement greater 
than 1 mm. Under these conditions, K = 0.994 f 0.002 (0.2%), which means that K 

reduces D by 0.6% in our geometry. Fe, Ni and A1 data were corrected using this 
value for K (cylindrical crucible). In the case of Mn, Cu and Sn, K is set equal to 1 
because the crucibles used have two flat parallel portions (in this case f ( R ,  y )  is 
constant and equal to R). It can be shown that the effect of temperature on ti 

through the crucible expansion (i.e. R = R(T))  and collimators expansion (i.e. 
r = r(7’)) is negligibie. 
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0.990 -I I i 

0.0 0.5 1 .o 

Off-Axis Parameter 6 (mm) 
Figure 4 Dimensionless geometrical factor li for correction of the y-ray path versus off-axis misalign- 
ment parameter 6. Arrows show the range of uncertainty on K associated with a misalignment parameter 
arbitrary set at 6 = 0.5 mm. 

The temperature dependence of I,(T) in Eq. (3) is caused by the expansion of the 
different parts of the furnace; to first order it is 

where A corrects for the overall change in density with temperature of the quartz 
tube, the ZrO, insulation, the graphite susceptor, the A1,0, crucible as well as 
the argon atmosphere. 1, is experimentally determined, and amounts to A = 
(6.5 rt 1.0) x lop6 K -  '. This is the average value over 6 different runs (i.e. with 
different crucibles) and is supported by a theoretical estimation'. 

The mass attenuation coefficient p ( E ,  Z )  is independent of the physical state of the 
sample, and is in particular temperature independent. However, since p is geometry- 
dependent (because of non-ideal collimation), it is necessary to measure p in situ for 
each separate material. For the purpose, a high precision step-shaped sample for Fe, 
Ni, Cu, A1 and Sn has been prepared (Fig. 5), and has been machined out of the 
same cast as for high temperature run. By monitoring the transmitted amplitude Z(x) 
on a chart recorder while moving continuously the step-shaped sample up and down 
allows precise positioning of the ;'-rays beam in the center of each step of known 
thickness xi. For each step i, Z(xi) is measured and the product pp, i.e. the linear 
attenuation coefficient, is computed using Eq.(2). 6 is taken as X-ray density as 
obtained from powder (calibrated with Si). 
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T H E R M A L  E X P A N S I O N  OF L I Q U I D  METALS 49 

Figure 5 Sample shape for linear absorption coefficient measurement. 

Our results for the mass attenuation coefficient p are in good accord with some 
theoretical calculations (Tab. l), which confirm that conditions of adequate geo- 
metry of collimating have been met and the measurement circuits has been properly 
tuned. By the propagation of random errors we have estimated a resulting error of 
0.6% on p measurements. This resulting error includes those made in the solid metal 
X-ray density measurement. 

We have not been successful in making a massive Mn sample without cracks (by 
casting or by grinding thin plates of electrodeposited metal) and thus do not have a 
reliable measurement of p for Mn. For this reason, the Mn mass attenuation coeffi- 
cient at 0.662 MeV has been deduced from the linear variation of the diffusion total 
cross-section (i with the atomic number Z (Fig. 6). For small Z and an energy of 
0.662 MeV, the scattering is dominated by the Compton effect". But the photoelectric 
contribution (ophoto) to t~ becomes non-negligible at high atomic number as this is the 
case for Sn where it amounts to about 10% of the total cross-section. For Al, Fe, Ni 
and Cu, ophoto does not exceed the uncertainty associated with measurements of (T 

(0.6%) (Tab. 1). The total cross-section (i as obtained from our in situ measurements 
with respect to the atomic number 2 is plotted in Figure 6. After subtraction of the Sn 
photoelectric contribution, the curve displays the expected linear variation which 

Table 1 Measured and calculated mass attenuation coefficient p. 

Metals Z PcCm2g- ' )  a ( x  1 0 - 2 4 4  

This work Tabulated") Total Photoelectric'"' 

A1 13 0.0747 0.0749 3.35 0.0029 
Mdb) 25 0.072 - 
Fe 26 0.0734 0.0733 6.81 0.0754 
Ni 28 0.0755 - 7.36 - 

c u  29 0.0711 0.0722 7.50 - 

6.56 - 

Sn 50 0.0746 0.0748 14.70 1.455 

(') From reference 10 
(b)  Interpolated value (see text for details) 
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50 P. M. NASCH AND S. G. STEINEMANN 

2 1  I I I I 

10 20 Mn 30 40 50 60 
Atomic number Z 

Figure 6 Dependence at 0.662 MeV of the total scattering cross-section 0 with the atomic number Z (full 
line). When the photoelectric contribution is substracted, especially at high Z ,  the resulting cross-section 
varies linearly with Z (dashed line). The Compton effect dominates the processes of diffusion. The Mn 
mass attenuation coefficient is interpolated from the linear fit. 

allows the mass attenuation coefficient for Mn to be interpolated. This procedure 
gives a value for p of 0 . 0 7 2 ~ m ~ g - l  with a rms deviation of f 0 . 0 0 2 ~ m ~ g - l  (3%). 

4 ERRORS 

A detailed analysis of our experiment has be done through an extensive study of 
random and systematic errors. Using the standard formulation for the propagation 
of random an upper limit of 0.75% as the highest possible error of the 
absolute density is found. It results essentially from the uncertainty in the mass 
attenuation coefficient p(0.6%), the dead time T( 10%) and the corrected path length 
inside the sample (0.4% or 0.2% when using square crucibles). This calculated error 
was tested by repeating experiments up to 2 times, with differences in the density at 
the melting point pmp being smaller than 0.8%. The overall error associated with the 
Gamma Attenuation Technique reported in the literature is in the range of O.2Yo8 up 
to 2.7%12. In our geometry, the lower limit of the errors is 0.11% when only the 
stochastic behaviour of the nuclear disintegration is taken into account. A numerical 
example, similar to that reported by Drotning', illustrates the analysis and is pres- 
ented in Table 2. For further details on the error analysis, the reader can refer in the 
literature to those works of Drotning',' and Gardner et d." 
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Table 2 
input data parameters. Numerical values are taken from a nickel run. 

Resultant percentage error in the density for three sets of uncertainties in the 

Parameter Input data Percentage Standard Deviation 

Set A Set B Set C 

Ro(T)'"' 5741 [cps] 0.1 (0.48)'b' 
R ( T )  1308 [cps] 0.1 (0.44) 
z 10 [PI 10 (8.40) 0 
P 0.0755 [cm2g-'] 0.6 (36.0) 0.1'" 0.05'" 
K 0.994 0.2 (4.00) O.O'*' 0.0 
DVO) 2.632 [cm] 0.2 (4.00) 0.0 
TO 298 [K] 1 .o 0.0 
T 1973 [K] 1.0 (2.92) 0.0 
I 6 x [K-'1 20 0.0 

8.1 x [K-'1 20 0.0 
P(T) 7.67 [gcm-3] 0.75% *0.42% +0.11% 

Ro and R are measured count-rates non-corrected from the dead time losses 
(b)  Numbers in parentheses denote the variance contribution ( x 
(') Experimental error from statistical distribution of several independent measurements 
(d)Using a crucible with two flat parallel sections cancels the Ic-correction and its 
associated error 

Inherent statistical error (stochastic) in in-situ measurements of p by y-ray densimetry 

5 RESULTS 

Density data points have been obtained for Mn, Fe, Ni, Cu, A1 and Sn in the 
temperature range from their respective melting points to a maximum temperature 
of 1973 K, and this when measuring with increasing or decreasing temperatures. The 
least-squares fits to the data of the density as a function of temperature over the 
range studied have shown that, except for tin, it is suitable to limit the polynomial 
development of the density to the first order, i.e. 

where a = pmp is the density at the melting point Tmp and b = (dp/dT), .  The coeffi- 
cient of thermal expansion a is then calculated as the ratio - b/a. In the case of tin, a 
quadratic least-squares fit is found to be appropriate for the large temperature range 
investigated (1500°C). Then Eq. (8) becomes 

~(T)=u+~(T-T, , )+c(T-T, , ) '  (9) 

We present in Table3 our results of the density at the melting point pmll and 
coefficients b ane c. The density at the melting point is, within the stated experimen- 
tal errors, in close agreement with previous measurements. Table 4 summarizes 
results for the coefficient of thermal expansion a (see Tables 3 and 4 for detailed 
references). Comparison is made with results obtained using the Gamma Attenu- 
ation Technique and the conventional methods (e.g. Archimedean, maximum bubble 
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Table 3 Measured density at the melting point p,, and temperature coefficients b and c. 

Mn Fe N i  c u  A1 Sn 

T range (K) 1518-1866 1809-1953 1726-1973 1356-1900 933-1613 505-1503 

Eq. (8) Eq. (9) 

c (  x l O - ' g ~ m - ' K - ~ )  - - - - - - 1.03 

P m p  (g cm - 3, 5.95 6.98 7.8 1 8.02 2.375 6.99 7.02 
b ( x 10-4g cm-' K- ' )  - 10.53 -5.72 - 7.26 - 6.09 -2.33 -6.01 -7.77 

Literature: 
- 7.015-7.078(a) 7.85'b' 7.893-8.019"' 2.39'" 6.962-6.991'" 
5.38-6.43'" 6.96-7.24"' 7.75-8.03''' 7.86-8.09'" 2.37-2.41"' 6.93-7.00'" 

'') From Refs. 1,2-5 ( b )  From Ref. 1 '') From Refs. 1.3 (dl From Refs. 9, 13-15 From Refs. 6,9 
(f) From Refs. 17-19 From Refs. 17-22 

Table 4 Coefficient of thermal expansion 5~ ( x K - I )  obtained with the y-attenua- 
tion technique (GAT) and compared with the results from conventional methods (CM). 

~ ~ 

Metal G A T  C M  

This bvork Others Refs. Range Refs. 

sc  
Ti 
V 
Cr 
Mn 
Fe 
c o  
Ni 
c u  
Zn 
Al 
Sn'*' 

I**) 

- 

177+8 
82+8 

9 3 k 3  
7 6 k 4  

9 8 1 5  
8 6 1 2  

- 

- 

111 

140 20It)-307($) 
- 

88-100 
91 
94 
91-99 
- 

102-1 19 
93-94 

110 

20 1 

60 
55-170 

115-175 
161-168 
89- 136 
93-157 
82-147 
84-1 19 

11 1-172 
115-165 
87-107 
- 

(7) 

(19) 
(17,191 

(17,191 
( 1 7 , ~  
(17-21) 
(17,19-21) 
(1 7-2 1) 
(1 7,20-22) 
( 1 7 3 )  
( 1 7 3 )  
(17,20-22) 

~~ ~ 

(') estimated from figures 
estimated from data 

'*I Linear fit (Eq. 8) 
'**I Quadratic fit (Eq. 9) 

pressure, dilatometric, pycnometric, liquid drop, etc.). Unlike the GAT, which is 
working at constant volume, the latter methods are all working at  constant mass. It 
is for this reason precisely that they will be referred to hereafter as Constant Mass 
(CM). It is noted that GAT expansivities are in most case lower than those obtained 
with CM. Until now and among other things, this disparity has been attributed' to 
improved measurement techniques, technology and sample purity through the last 
three decades as well as the possibility that some critical corrections, such as surface 
tension and viscosity, have been underestimated in the CM. It could be added that 
an effect of wetting on cx is likely to be less important for GAT than for CM where 
the entire metal-crucible interface is involved. In GAT experiments, it may be poss- 
ible that metal vapors condense onto the quartz tube enclosure what leads to 
surestimate cx. In any case apparently preference should be given to lower CI values. 
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6 DISCUSSION 

The expansivities obtained by GAT differ apparently from those obtained with 
classical methods. For the latter, the coefficient of thermal expansion is commonly 
associated with the temperature coefficient of the (mass) density, i.e. a = 
- l / p ( d p / d T ) , .  According to Table 4, &(GAT) z 0.8 c((CM), except for Mn. Thus, in 
view of the strong (square) contribution of a to the specific heat at constant volume 
C ,  (see Eq. 12a below), a wider range of the degrees of freedom is resulting when 
a(CM) values are used. For example, using C ,  data from Kubaschewski and Al- 
cockz3, C, ranges from 2.7 R to 4.3 R for the five metals under the present investiga- 
tion, and is between 3.2 R and 4.1 R when a (GAT) values are used. This latter range 
is in better agreement with results for C ,  in liquid simple metals where C ,  is near 
3 RZ4. For transition metals, and on physical ground, C, z 4 R is expected, where 
3 R is the ionic contribution and 1 R is the electronic c o n t r i b ~ t i o n ~ ~ - ~ ~ .  

The coefficient of thermal expansion is defined byz7 

where R is the molar volume. It is the fractional increase in the volume per unit 
increase in temperature of a system maintained at constant pressure and constant 
mole number. The gamma-attenuation technique is certainly the perfect use of this 
definition; it measures the number of mole for a fixed volume whose limit is not and 
does not coincide with a free surface. The conventional methods on the other hand 
“measure” a new volume and new surface area, with changing configuration, image 
forces and other interactions. 

Using a Maxwell relation, the thermal expansion can also be written as 

which states that the volume will change with changing temperature to minimize the 
Gibbs free energy, the amount of the change being partly controlled by the elastic 
response of the medium2*. The entropy term makes an important connection with 
temperature effects upon liquid structure; it measures an entropy change for which 
C ~ s a c k * ~  observes “expansion reorganizes the short-range order, it does not merely 
increase the interatomic distances as it would in crystal”. In fact, (aS/dv), has the 
two contributions of a change in coordination number and of a change in average 
interatomic distance. An explicit form of these two contributions is not the same nor 
can be admitted that the two contributions are simply connected. Diffraction experi- 
ments only can give insight for such processes and Ocken and Wagner3’show in the 
case of indium that both the interatomic distance and the coordination number 
decrease with increasing temperature. The latter contribution being dominant, the 
sign of (dS/aV),, which determines the sign of the expansion coefficient, becomes 
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positive as in “normal” materials. In fact, a reduction of the number of 1st neigh- 
bows has the effect to increase the attractive potential of the ions, and thus to 
reduce an average distance between ions. 

Specific heat ratio at the melting point, i.e. 

from thermodynamics, and the alternative formulation 

from structure analysis are compared in Table 5. Ks = pcf is the adiabatic bulk 
modulus, c, the sound velocity, co = ,/m the thermal velocity and S ( 0 )  = 
limQ+o S(Q) ,  the long-wavelength limit of the structure factor. K $  is the isothermal 
bulk modulus taken from x-ray structure data and the well-known relation 

The ratios (12a) and (12b) are equal only for 2, or 3 metals. Differences are 
marked for A1 and Sn, as already noticed43, and Mn even shows a non-physical 
value ysr < 1. Figure 7 displays the two ratios (12a) and (12b) when extended 
throughout the entire 3d series. Numerical values are easily obtained from the 
various thermodynamic properties computed in Table 6 (see references therein). The 
origin of the difference between f h  and yst  is not clearly understood at the present 
time. W a ~ e d a ~ ~  refers on the work of Egami and S r o l ~ v i t z ~ ~  who suggested that 
atomic level stresses in disordered system could induce differences between the 
microscopic compressibility (related to local number and volume fluctuations) and 
the macroscopic (average) isothermal compressibility. However, attention should be 

Table 5 Specific heat ratio (7) [Eq. 12al calculated using density and expansivity data from this work. 
The specific heat at constant pressure (C,) and the sound velocity (cs) are average values over selected 
data cited in refs. 23,31-34 and refs. 34-41, respectively. Rms deviations on mean C, and cs introduce an 
error on y not greater than 5%. Comparison is made with y obtained from structure factor [Eqs. 12b, 131, 
where experimental data for S(0) were taken from Waseda and U e n ~ ~ ~ .  

- 

Mn Fe Ni cu A1 Sn 

Tmp (K) 1518 1809 1726 1356 933 505 
cs at mp (ms- ’) 2442 3939 4033 3452 4705 2466 

S(0) 0.024 0.020 0.020 0.018 0.019 0.0098 
C, ( N A  k,) 5.53 5.03 4.63 3.77 3.82 4.17 

thermodynamics 1.34 1.24 1.35 1.19 1.17 1.09 
structure 0.62 1.15 1.33 1.21 1.46 1.72 

co = JRTiA at mp (ms - 1 )  479 519 494 42 1 536 188 
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2.5] 1 0 Structure 1 
A Thermodynamics 

2 

1 

I I I I I I I 1 
I I I 

Sc Ti V Cr M n  Fe Co N i  Cu Zn A1 Sn 

Figure7 Specific heat ratios from thermodynamics [Eq. 12al and from structure factor [Eq. 12b] for 
liquid 3d transition metals, along with values for A1 and Sn. 

focused on the following arguments. Molecular dynamic (MD) calculations on 
liquid alkali metals45 clearly show viscoelastic behaviour persisting at  low 
wavenumber Q. Furthermore, a high-resolution inelastic coherent neutron-scattering 
e ~ p e r i m e n t ~ ~  on liquid cesium and liquid rubidium near the melting point has given 
conclusive evidences that high-frequency collective modes can propagate in a similar 
fashion as collisionless zero-sound in a low (and restricted) Q region. Above the 
hydrodynamic limit ozS >> 1 with zS the Maxwell relaxation time for shear stress in 
the liquid, both high-frequency bulk K ,  and shear modulus G, of the liquid are 
involved in a high-frequency sound mode c,, as in solid. The effect of this solid-like 
elastic component in the low Q region is expected to reduce the local compressibility 
compared to the case Q = 0 where only the pure adiabatic longitudinal sound mode 
(pressure fluctuation) propagates. As a matter of fact, an anomalous y has been also 
reported for cesium4j. The shear relaxation time zS, defining a transition from pure 
adiabatic sound c (i.e. first sound and o z s  << 1) to zero-sound c, (ozs >> l), can be 
calculated using the Maxwell relation zs = qs /G,  where qs is the shear viscosity. In 
the low Q limit, G, can be evaluated by means of Eq.(9) in Ref.46 provided a 
reliable Einstein frequency wE can be found. Unfortunately, evaluating zs is actually 
of not much relevance in our discussion because, to the best of our knowledge, 
excitation energies of the collective modes (i.e. ho(Q))  for high melting point liquid 
metals are still lacking, as these are obtained from dispersion relation. Consequently, 
Brillouin scattering experiments and MD calculations on these materials (especially 
Mn) are thus badly needed as these are the only techniques allowing characteriz- 
ation of the range of wavelength in which the liquid can sustain propagating collec- 
tive excitation of both transverse and longitudinal type. 

Finally, Table 6 summarizes various important thermodynamic properties for 
liquid 3d metals such as bulk moduli, Gruneisen parameter and thermal pressure 
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coefficient according to Eq.(ll) .  Results were computed with own data for the 
density and the coefficient of thermal expansion for the five metals investigated in 
this work and with data from other reports (see Table6 for references) for the 
remaining metals of the 3d series. It can be seen from Table 6 that the variation of 
the cohesive properties, namely the molar volume and the bulk moduli, through the 
filling of the d-band has a pronounced anomaly-in the sense defined by 
Steinemann and KCita26 - in the middle of the d band. This anomalous behavior in 
liquid 3d transition metals has been interpreted by Steinemann and KCitaZ6 as being 
due to magnetic excitations in the form of disordered local magnetic moments 
deriving from itinerant electron states and persisting well above the Curie tempera- 
ture. Further on, the Gruneisen parameter, which characterizes the microscopic 
energetics (yc  cc (aP/aU),) (see Wallace4'), shows strong values for chromium and 
zinc compared to the other metals within the series. Because this fact could simply 
result from overestimated thermal expansion values, really precise thermal expan- 
sion coefficient measurements, as obtained with the y-ray attenuation technique, are 
needed on these materials. 
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