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ABSTMCT 

A new tcclinique for detecting acoustic waves in liquid metals has 

been devclopcd, relying on the generation of electromagnetic waves by 

acoustic waves emerging from a metal surface in the presence of a static 

magnetic field parallel to the surface. This technique can easily be 

employed at temperatures well above 1000'~ and has been used to measure 

the velocity of sound as a function of tenperature in eleven different 

alloys of copper and tin, between 265'~ and 1400~~. Agreement with 

previous measurements for the pure metals is good. Using earlier density 

data, and tile present sound velocity neasurements, the adiabatic and 

0 
isotherrinl co~~pressibilitics of this system have been computed at 800 C 

and 1 1 0 0 ~ ~ ,  ss a function of composition. The maximum percentage devi- 

ation of the isothermal coxpressibility from that expected for ideal 

mixing of the alloy components occurs at a composition Sn 78 At. % Cu, 

correlatjng well with other thermophysical data. The partial structure 

factors at zero wavevector have also been evaluated, as a function of 

compo:,i t ion. These SI~OIJ considerable variation with composition, in 

disagreertrt \.>it11 the frequent assunption that the partial structure 

factors a r c  independent of conposition. 

iii 



When Man first learnt to melt a Metal down, 

He measured not thlVelocity of Sound; 

Though Bronze it was, yea, Copper mixed with Tin, 

With which our Forefathers did first begin, 

And though Five Thousand Years have since flown by, 

ThlExperiment was left for me to try. 

So Science stumbles on, Unevenly: 

Long lies the Seed, ere it becomes a Tree. 

To Jean 
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CHAPTER 1 

INTRODUCTION 

1-1 General Introduction 

The experiment described in this thesis is the measurement of the 

velocity of sound in liquid alloys of copper and tin. This quantity, 

together with the alloy density, can be used to evaluate the compressi- 

bility, a fundamental property of materials which one may attempt to cal- 

culate theoretically. Furthermore, the isothermal compressibility is 

proportional to the zero-wavevector limit of the structure factor of a 

pure liquid, and may be used to compute this otherwise experimentally 

inaccessible quantity. However, in liquid alloys more thermodynamic 

data are needed to calculate the partial structure factors in this limit. 

For the system studied these data are available. 

Section 1-2 introduces the concept of the structure factor as it 

applies to liquid metals, and indicates the usefulness of this concept by 

demonstrating its role in calculations of the resistivity of pure liquid 

metals. Section 1-3 shows how the structure factor can be generalised to 

the case of liquid mixtures or alloys, and how it may be evaluated at 

zero wavevector using thermodynamic data. The thermodynamics of ideal 

alloy systems are outlined, with an indication of how real systems depart 

from the ideal. 

Section 1-4 contains a brief survey of the more successful theoretical 

approaches to the compressibility of liquid metals. These theories are 



clearly also theories for the velocity of sound, since the compressi- 

bility is very closely related to this quantity. 

Since the technique by which we measure the velocity of sound has 

not been employed before, an outline of this and other methods is pre- 

sented in Chapter 2, and the virtues of the present method are pointed 

out. A short discussion of some of the available refractory materials 

follows, since the delay line material is the primary limiting factor at 

high temperatures in the method used here. 

Chapter 3 contains a description of the apparatus and electronics 

used, and an account of the actual measurement technique. 

The experimental results are to be found in Chapter 4, and an analysis 

of them, in the light of what has been said in Chapter 1, is presented in 

Chapter 5. This chapter also describes the behaviour, as a function of 

composition, of the zero-wavevector structure factors of Cu-Sn alloys, 

and contains some speculative remarks concerning the physical interpretation 

of these and other measurable properties of this alloy system. 

Chapter 6 summarises our conclusions. 

1-2 Liquid Metals in General 

1-2-1 The Structure Factor in Pure Liquid Metals 

Since there is no long-range order in liquids, the appropriate way 

to characterize their structure is by the use of correlation functions. 

These describe the correlation of the value of some physical quantity, 

such as velocity, density, concentration, and so forth, at one position 



and time in tllc liquid to its value at other positions and times. The 

most important among these functions is the pair correlation function, 

or density-density correlation function; which is proportional to the 

A 
probability of finding an atom at a point r and a time t,when there is 

A 

an atom at r = 0 and t = 0. In liquids, the time average of this 

function is of course isotropic. We write the probability per unit 

volume of finding an atom at a distance r from an atom at the origin as 

g(r), commonly known as the radial distribution function. A typical g(r) 

is shown in Fig. 1.1. Several thermodynamic quantities may be written 

in terms of g(r) and an appropriate effective interatomic potential (see 

Fisher 1964). Among these is the fluctuation in the number* of atoms fi 

in a given volume V: 

We shall return to this equation later. Now let us consider how 

g(r) can be measured experimentally. It can easily be shown (Egelstaff 

1967, Fisher 1964, to name but two textbooks from the many giving a full 

derivation) that the intensity of particles elastically scattered from 

a beam of particles striking the liquid is given by 

* Bars indicate time or ensemble averages throughout this thesis. 



F i g .  1.1. Typi-cal. f c r n  of t h e  r a d i a l  d i s t r i b u t i o n  f u n c t i o n  g ( r )  f o r  a 
l i q u i d  n e t a l .  



where < is the wavevector through which the particles are scattered and 

I (q)  is the scattered intensity from a system of N independent atoms. 
0 

If the scattering angle is 0 ,  then q = 2k sin 012, where k is the magni- 

tude of the wavevector of the incident and outgoing particles. It is 

usual to employ X-rays or thermal neutrons as the particles to be scattered, 

since their wavelengths are close to typical atomic spacings in liquids; 

thus they interact strongly with the,short-range order o f  the atoms. The 

ratio I ( q ) / I o ( q )  is usually written a(q), and is referred to as the 

structure factor. The behaviour of a(q) is shorn in Fig. 1.2. It follows 

from (1.2) that 

1-2-2 The Relationship Between the Velocity of Sound and the Structure 

Factor 

It is a familiar result of statistical mechanics (Huang 1967, p. 166, 

for example) that the isothermal compressibility KT of a pure substance 

is related to the fluctuations in the number of particles in a given 

volume V: 
n 

Equation (1.1) enables us to express this immediately in another form: 



F i g .  1 . 2 .  T y p i c a l  form of t h e  s t r u c t u r e  f a c t o r  a(q) f o r  a p u r e  l i q u i d  
m e t a l .  The p o s i t i o n s  of 2k f f o r  Z = 1, 2 and 3 a r e  shorn .  



This  can be s i m p l i f i e d  w i t h  t h e  a i d  of (1.3):  

Now we wish t o  r e l a t e  KT t o  t h e  v e l o c i t y  of sound, s.  To do t h i s ,  

we n o t e  t h a t  

and a l s o  t h a t  ( E g e l s t a f f  1967, f o r  example) 

where KS i s  t h e  a d i a b a t i c  c o m p r e s s i b i l i t y ,  g iven  by 

Furthermore, 



where y is the ratio of the specific heats, which may be determined from 

the Equation 

Hence, finally 

where m is the atomic mass of the liquid. We may thus evaluate the zero- 

wavevector limit of the structure factor for a pure liquid if we know the 

velocity of sound and the ratio of the specific heats. In fact, this is 

the only way in which this zero-wavevector limit may be determined since 

in scattering experiments the forward-scattered intensity drowns the con- 

tribution calculated here. Careful X-ray transmission experiments 

(Greenfield and Wiser 1972) can, however, follow a(q) down to quite small 

values of q (10.22-I). 

1-2-3 Zima~. Theory of Liquid Metal Resistivity 

The simplest model one can reasonably adopt for a liquid metal is to , 

think of it as two intermingled weakly interacting fluids,'the ions and 

the electron gas. Such quantities as the electrical resistivity may then 

be calculated using the Born approximation for the electron-ion scattering. 

1 However, to do this one must replace the actual deep potential wells of 

the ions by the appropriate weak pseudopotentials which'are chosen to 

reproduce the scattering phase shifts of the actual potential wells (see 

1 



Harr i son  1966 f o r  d e t a i l s ) .  Furthermore,  one must f i n d  some way of 

c h a r a c t e r i z i n g  t h e  arrangement of t h e  i o n s  themselves.  The f i r s t  

approximation,  t h a t  of uniform d e n s i t y ,  g i v e s  r e s i s t i v i t i e s  which a r e  

f a r  t oo  high.  Ziman (1961) developed a  formalism t o  d e a l  w i t h  t h i s  

problem. One r eason  t h a t  t h e  r e s i s t a n c e  i n  l i q u i d  me ta l s  i s  low is 

t h e  presence  of s h o r t  range  o r d e r ,  a s  mani fes ted  i n  g ( r )  and a ( q ) .  We 

may i l l u s t r a t e  t h e  importance of t h e  s t r u c t u r e  f a c t o r  a ( q )  i n  t h e  theory  

of l i q u i d  me ta l s  by showing how i t  i s  used i n  Ziman's t heo ry  t o  compute 

t h e  r e s i s t i v i t y .  Le t  t h e  a p p r o p r i a t e l y  screened  pseudopo ten t i a l  (assumed 

l o c a l  and s p h e r i c a l l y  symmetric) of t h e  i t h  i o n ,  l o c a t e d  a t  the p o s i t i o n  

A 2 A 
R; i n  t h e  l i q u i d ,  b e  denoted ui(r-Ri). The r e s i s t i v i t y *  may then  b e  

w r i t t e n ,  accord ing  t o  Ziman, a s  

where k i s  t h e  r a d i u s  of t h e  Fermi s u r f a c e ,  assumed sha rp ,  and U(q) i s  
f 

g iven  by 

A a *  - r g d r - ~ i )  u (?) = d (1 .14 )  .c 

I f  we w r i t e  

* We use  c .g . s .  u n i t s  throughout  t h i s  t h e s i s .  



and assume we have a  pure  me ta l ,  s o  u  = u  f o r  a l l  atoms, we g e t  
i 

It may e a s i l y  be  shown (us ing  t h e  i d e n t i t y  alrl 3 c $I$-?;+Ei>) 
i#j 

t h a t  

( p l u s  a  d e l t a  f u n c t i o n  a t  q = 0 which does  n o t  c o n t r i b u t e  t o  t h e  resis- 

t i v i t y ) .  Thus 

The Ziman theo ry  of t h e  r e s i s t i v i t y  works q u i t e  w e l l  f o r  many l i q u i d  

meta ls .  One of i t s  most s t r i k i n g  f e a t u r e s  i s  i t s  succes s  i n  account ing  

f o r  t h e  behaviour  of t h e  r e s i s t i v i t y  a s  a  f u n c t i o n  of t h e  va lency  of t h e  

metal .  The p o s i t i o n  of 2k w i t h  r e s p e c t  t o  t h e  f i r s t  peak i n  a ( q )  i s  
f  

c r u c i a l .  Th i s  peak d e c r e a s e s  i n  ampl i tude  w i t h  a n  i n c r e a s e  of tempera ture ,  

because t h e  l i q u i d  becomes more d i so rde red .  On t h e  o t h e r  hand, a ( o )  

i n c r e a s e s  w i t h  tempera ture ,  a s  can be seen  from (1 .6 ) .  Thus ( s e e  Fig.  1 .2 )  

monovalent me ta l s ,  where t h e  i n t e g r a t i o n  (1.18) does n o t  i nc lude  t h e  f i r s t  

peak should have a  low r e s i s t i v i t y  and a  p o s i t i v e  tempera ture  c o e f f i c i e n t  

of r e s i s t i v i t y ;  wh i l e  t h e  d i v a l e n t  m e t a l s ,  where t h e  major c o n t r i b u t i o n  t o  

t h e  i n t e g r a l  comes from t h e  f i r s t  peak, should have h igh  r e s i s t i v i t i e s  and 

a nega t ive  tempera ture  c o e f f i c i e n t  of r e s i s t i v i t y .  These p r e d i c t i o n s  a r e  



in accordance with experiment. The argument may be extended (see Lloyd 

1968) to explain the behaviour at higher valencies. We shall return 

to this point in Chapter 5 in connection with the Cu-Sn alloy system. 

Having introduced the concept of the structure factor we may now 

move on to the more complex problem of liquid metal alloys. 

1-3 Liquid Alloys: Thermodynamics,and Structure 

As an abstract physical problem, liquid alloys are attractive, for 

several reasons. In comparison to solid alloys, they are very homogeneous 

and isotropic. In many systems the electron density r?ay be varied con- 

siderably without extensive structural changes. Thus another parameter 

is available for those who calculate the electronic properties of dis- 

ordered systems. 

1-3-1 Generalisation of the Structure Factor 

As with pure liquid metals, the most successful theoretical work has 

been done on the electrical resistivity. In the case of alloys we need a 

more sophisticated description of the structure of the liquid, and we 

shall consider two rival formalisms! the one due to Faber and Ziman (1965); 

and the other, which is mathematically equivalent, but a little more 

closely related to alloy thermodynamics, by Bhatia and Thornton (1970). 

We shall begin with the Faber and Ziman approach, and explore the thermo- 

dynamics of alloys later, as an adjunct to the Bhatia-Thornton theory. 

Faber and Ziman's recipe for dealing with the problem of alloy 

structure is to define partial radial distribution functions, gaB(r), in 



such a way t h a t  g ( r )  + 1 a s  r . Here a and B s t a n d  f o r  e i t h e r  of 
aB 

t h e  two s p e c i e s  compris ing t h e  a l l o y .  The meaning of g ( r )  i s  made 
aB 

N c l e a r  by t h e  f a c t  t h a t  - c g ( r )  i s  t h e  number of atoms of s p e c i e s  l3 v B .a6 

per  u n i t  volume a t  a d i s t a n c e  r from an  atom of s p e c i e s  a a t  t h e  o r i g i n .  

The cor responding  p a r t i a l  s t r u c t u r e  f a c t o r s  a (q )  a r e  de f ined ,  a s  one 
aB 

would expect  , by 

c and c a r e  t h e  c o n c e n t r a t i o n s  of t h e  two s p e c i e s  a and B r e s p e c t i v e l y .  a B 

C l e a r l y  c 
a + 

= 1. (La te r  we s h a l l  r e p l a c e  a and B by i and j respec-  

t i v e l y ,  where i and j can  bo th  r e f e r  e i t h e r  t o  s p e c i e s  1 o r  t o  s p e c i e s  2 ,  

t o  b r i n g  t h e  n o t a t i o n  i n t o  l i n e  w i t h  t h a t  of Bha t i a  and Thornton (1970) 

and o t h e r  workers i n  t h i s  f i e l d . )  

1-3-2 Methods of Determining t h e  P a r t i a l  S t r u c t u r e  F a c t o r s  

The p a r t i a l  s t r u c t u r e  f a c t o r s  a (q)  . a r e  r a t h e r  l e s s  a c c e s s i b l e  t o  
aB 

experiment than  a ( q )  f o r  a pure  meta l .  Three d i f f e r e n t  s c a t t e r i n g  expe r i -  

ments a t  each composi t ion a r e  neces sa ry ,  each w i t h  d i f f e r e n t  a tomic 

s c a t t e r i n g  c r o s s - s e c t i o n s ,  i n  o r d e r  t o  d i s e n t a n g l e  t h e s e  q u a n t i t i e s .  The 

d i f f e r e n c e  i n  atomic c ros s - sec t ions  can be  achieved by us ing  d i f f e r e n t  

i s o t o p e s  of one o r  t h e  o t h e r  component of t h e  a l l o y  t o  form t h e  a l l o y  and 

performing neu t ron  d i f f r a c t i o n  experiments  (Enderby e t  a l .  1966) ,  o r  by 

us ing  t h e  energy dependence of t h e ' n e u t r o n  c ros s - sec t ion  and performing 

t h r e e  neut ron  d i f f r a c t i o n  experiments  a t  d i f f e r e n t  e n e r g i e s ;  b u t  t h i s  has  

no t  been done t o  d a t e .  A combination of X-ray and neut ron  s c a t t e r i n g  



experiments is also feasible. The scattered intensity I(q) can be shown 

(analogously to Faber and Ziman 1965) to be given by 

where • ’ 1  and • ’ 2  are the coherent scattering amplitudes of each component 

of the alloy. 

Isotopic enrichment experiments are difficult and expensive, and as 

a result workers in this field have sought simpler methods. The most 

obvious assumption is that the a (q)'s are independent of composition 
aB 

(Enderby et al. 1967, Halder and Wagner 1967, North and Wagner 1970). 

With this assumption, X-ray diffraction experiments at three different 

compositions are sufficient to determine all three partial structure 

factors. Indeed, North and Wagner (1970) using this assumption for Cu-Sn 

alloys obtain very good numerical agreement between values of the 

electrical resistivity derived with the help of the Faber-Ziman theory, 

from their X-ray scattering measurements and pseudopotentials from Animalu 

and Heine (1965), and resistivities measured by Roll and Motz (1957). 

They also obtain agreement with the values for the thermoelectric power 

measured by Enderby and Howe (1968) for this system. 

However, it is our intent to show, later in this Section, that the 

assumption of composition-independence of the partial structure factors 

is unjustifiable, at least in the case of q = 0. How this affects the 



results of Korth and Wagner, and others, will not be discussed here. 

Efforts have been made to calculate the structure factor from first 

principles. A favourite first.approximation to the ion-ion interaction 

potential in pure liquid metals is to treat the ions as hard spheres; 

the potential is zero outside a hard sphere radius, a, and infinite 

inside this radius. Molecular dynamics and Monte Carlo calculations 

indicate a liquid-solid phase transition for this model, and the main 

features of the structure factor for pure metals are reproduced (Wood 

1968). Using what is known as the Percus-Yevick approximation, which we 

will not attempt to describe here, an analytic form for a(q) can be 

deduced for the hard-sphere model (see, for example, Ashcroft and Lekner 

1966). Enderby and North (1968) and Ashcroft and Langreth (1967a) 

independently extended the Percus-Yevick approximation to the case of 

binary mixtures of hard spheres; their conclusions as to the dependence 

of the partial structure factors on composition are compatible with the 

results which will be presented here. As for the pure metals, aij(q) 

can be expressed analytically, but the expression is very complicated. 

1-3-3 The Faber-Ziman Theory of the Resistivity of Liquid Alloys 

To demonstrate the usefulness of the partial structure factors, and 

to connect with the Bhatia-Thornton treatment of alloy structure, we 

present briefly Faber and ~iman's theory of liquid alloy resistivities. 

Recalling Equation (1.13), which is quite general, we write for the case 

of an alloy 



where we assume u (q) is real and we have dropped the arguments for a 

brevity. Now 

Thus (1.21) becomes 

where the arguments of a ctf3 (q) have been dropped, for brevity. The resis- 

tivity is found by substituting Equation (1.23) into (1.13). In the case 

of alloys where one can approximate a1 1 (q) = a1 2 (q) = a22 (q) = a(q) , that 

is, alloys whose constituent atoms have nearly the same size and cross- 

section (like Pb-Sn, for example) this theory can easily be compared with 

experiment. Qualitative, and indeed quantitative agreement is found. 

Where the a 's differ from each other, comparison with experiment is 
aB 

somewhat harder, owing to the difficulties in measuring these partial 



structure factors. Ashcroft and Langreth (1967a) used partial structure 

factors calculated using the Percus-Yevick hard sphere model, and appro- 

priate pseudopotentials, and were able to fit quite well the observed 

resistivities of a number of ailoy systems. However, it is not hard to 

show that at least for q -+ 0 the Percus-Yevick hard sphere model is 

unsatisfactory. See Section 1-3-5. 

1-3-4 The Bhatia-Thornton Theory of the Resistivity of Liquid Alloys 

The second formalism for the structure of liquid alloys that we shall 

discuss was developed by Bhatia and Thornton (1970). (We shall refer to 

this paper as BT.) Instead of looking at the particle-particle correl- 

ations, BT focus their attention on the density-density, concentration- 

concentration and density-concentration correlations. These can be shown 

(Appendix A) to be closely related to the compressibility, the heat of 

mixing and the change in molar volume on mixing. As in Faber and Ziman's 

treatment, the resistivity is written (see Equation (1.1)) as an integral 

of the function 1 2 .  It is in the analysis of this function that the 

difference arises. If the alloy consists of N1 atoms of type 1 and N2 

Ni 
atoms of type 2, in a volume, V, we write = - i V' the mean number density 

of atoms of type i, and c = N1/(N1 + N2), the average concentration .(which 

3 
we called cl earlier; naturally cl + c2 = 1). If n.(r,t) is the number 

1 

density at time t for the species i, then we define 

Making the Fourier expansion 



we have 

-h 
S i m i l a r l y ,  i f  N(q , t )  deno te s  t h e  F o u r i e r  t r ans fo rm of t h e  l o c a l  d e v i a t i o n  

A = 
-* 

b n ( r , t )  i n  t h e  t o t a l  number d e n s i t y ,  N ( 4  ,f) = J e'"'~n (+,+I d 3 r  
Y 3 

Defining 

and Four ie r - t ransforming  

we have 



-b 
If we include the time dependence of U ( q , t )  we obtain 

which can be rewritten with the help of (1.26), 

where $ 0  &Y y o  

or using (1.30) 

ucy) - ( c u , + n - ~ h J ~ ( ~ i + ~  
+ (u,- L( 2 N CC?,~) 

where we have now dropped the delta function since in the integration for 

the resistivity it will disappear anyway. We may now evaluate I u ( ~ )  1 : 

where now 



These expressions are as accurate as our initial assumption that the total 

potential which the electrons experience is decomposable into a sum of 

isotropic ionic potentials. 

In the form (1.34) BT's expression is directly comparable to that of 

Faber and Ziman (Equation (1.23)). By comparing coefficients of ul and u2, 

and remembering that c2 = 1 - c = 1 - c1, we obtain immediately 

and conversely, 



This is the most straightforward way of making the connection between 

the treatments of Faber and Ziman, and Bhatia and Thornton. There is also, 

it would appear, a direct link via statistical mechanics, independent of 

the potentials in the liquid. The derivation is certainly lengthy and 

tedious. The foregoing would seem to be a pointless exercise in rearrange- 

ment of terms, were it not for the fact that at q = 0 BT's structure 

factors can be evaluated from thermodynamic data. For a complete deri- 

vation, see Appendix A. The final results are 

where a* is the activity of species 1, which is equal to the ratio of the 

partial vapour pressure of species 1 at a concentration c to the vapour 

pressure of pure species 1 at the same temperature, provided that these 

i vapours are rarefied enough that they can be treated as ideal gases. For 



the full definition of the activity, see Appendix A. 

Evaluating (1.37) at q = 0, we obtain for the structure factors 

a ,  (a) = fi kJxT t I + &d 
v $ ($)TplT4 (W(S+ p c  L, 

At this point it is worth mentioning that the expressions (1.39) for 

a (0) are consistent with the Kirkwood-Buff formula for the isothermal 
i j 

compressibility (Kirkwood and Buff 1951), derived in a similar way from 

an analysis of fluctuations of particle number 

It can also be easily seen from Equations (1.39) that as c + 1 and 

N 
(1 - C) + 0, all(o) + -  k T 5 ,  as one would expect for pure species 1, V B 

N N az;!(o) -f - k TR + 26, and aln(o) + -  k TK + 6 .  The two latter results 
V B T  V B T 

follow from the fact that for c close enough tounityal(c) = c for all 

l-c 
alloys. Similar results hold for c -t 0. Furthermore, all(o) > - - c '  

C and az2(o) > - - for all c, in accordance wit11,the inequalities derived 
l- c 



from Equation (1.23) by demanding that I u ( ~ )  I *  be positive definite 
(Enderby et al. 1966). To evaluate these formulae we need the molar 

volume V of the mixture, its variation with concentration, ( )  the 

isothermal compressibility s, and the activity a1 of component 1 as a . .  - 

function of concentration. It may easily be shown that 

where G is the Gibbs free energy of the mixture. BT give the Equations 

(1.38) in this form. Thus in cases where the activity of an alloy system 

has not been measured, knowledge of the free energy of mixing is suffi- 

cient. However, since the second derivative is required, the a 's are 
i 3 

more sensitive to experimental errors in G than to errors in the activity. 

Furthermore, free energies of mixing are not usually measured directly in 

actual practice; it is the enthalpy of mixing that is usually determined 

in calorimetric experiments. 

1-3-5 Allov Thermodvnamics 

The behaviour of the thermodynamic properties of typical and ideal - 

alloy systems as a function of composition deserves a few comments. The 

primary experimental data are the values of the activity as a function of 

composition and temperature, and of course the molar volume. The 

activity is conveniently determined for metals by measuring the partial 

vapour pressure of the components with the aid of a Knudsen cell and a 

mass spectrometer. The method is simply to determine the mass (and thus 

number of atoms) of each species evaporated in a given time from a given 



surface area of the metal (see Kubaschewski et al. 1967, for details). 

Hultgren et al. (1963) in their compilation of thermodynamic data for 

metals and alloys, give activity data for dozens of liquid alloy systems. 

Accuracies range from 1% to lo%, with a corresponding uncertainty in the 

value of a (0) calculated from Equations (1.59). Densities have also 
i j 

been measured for a large number of alloy systems usually with accuracies 

of a few tenths of a percent, or better, giving a contribution to the 

error in a (0) of perhaps a few percent (see Equation (1.39)). 
i j 

Knowing the activity and its dependence on temperature, the enthalpy 

of mixing, the entropy of mixing and the free energy of mixing, as well as 

the partial counterparts of these quantities, may easily be calculated, 

using the Duhem-Margules equations: 

where 

& - ( 1 - 4  LC - AS, dc' 
a C I -  c ' )  



Also 

and s i m i l a r l y  f o r  component 2. 

1-3-5-1 I d e a l  Allovs 

We d e f i n e  an i d e a l  system a s  one i n  which 

a, = C 

t h a t  i s ,  t h e  vapour p r e s s u r e  of s p e c i e s  1 i n  t h e  a l l o y  is  p r o p o r t i o n a l  t o  

i t s  concen t ra t ion  over  t h e  e n t i r e  range of concen t ra t ion .  A s  a r e s u l t ,  

wi th  t h e  a i d  of t h e  equat ion  r e l a t i n g  a1  and an (Hatsopoulos and Keenan 

1965),  which can be  der ived  e a s i l y  from (1.61),  

(Here c l  = c ,  c2 = 1 - c ) ,  w e  have 



Note that AS is the same as for a mixture of ideal gases. Furthermore, 

using (A.16) and (A.22)  we have 

where vlo and v20 are the atomic volumes in pure species 1 and 2 respec- 

tively. Thus the molar volume of the alloy is given by 

giving a linear variation with composition. Hence the compressibility 

IC, is given by 

where K I  and K 2  are the compressibilities of the pure species. We may 
T T 

also compute the adiabatic compressibility K S ' 



For an ideal mixture, the partial structure factors a (0) are given by 
i j 

Thus 

N where as before 6 = - (V1 - V2), and is now independent of composition. v 
The a 's have equal separations for an ideal system (see Fig. 1.3, which 

i j 

shows the behaviour of an ideal alloy corresponding to the system Na-K). 

1-3-5-2 Real Alloys 

In the case of a real system, we must distinguish between dilute and 

concentrated alloys. It is often found that the solvent in a dilute alloy 

has an almost ideal activity; for cQ~l Equation (1.43) holds true. Over 

what range of concentration this Equation holds depend on how far the alloy 

departs from the ideal at intermediate compositions, but it can extend down 

to c = .6. This behaviour is known as Raoult's Law. See Fig. 1.4. Equation 

(1.64) gives us the counterpart of ~aoult's Law for component 2; we get for 

where b is a constant, dependent on the alloy system (see Fig. 1.4). 

This is known as Henry's Law. Clearly the 





1 a a l  r o l e s  of a1  and a2 can be r eve r sed .  I n  e i t h e r  c a s e  - - i s  equa l  t o  
a1  a c  

u n i t y  f o r  c  = 1, a u s e f u l  r e s u l t  i n  e v a l u a t i n g  Equat ions (1.59) .  

Usual ly f o r  concen t r a t ed  a l l o y s ,  a1  l i e s  ( a )  e n t i r e l y  above t h e  

i d e a l  s t r a i g h t  l i n e ,  o r  (b) e n t i r e l y  below. S ince  f o r  ex t remely  h igh  

tempera tures  tre i n t u i t i v e l y  expec t  t h e  a l l o y  behaviour  t o  b e  c l o s e r  t o  

aa t h e  i d e a l ,  we have f o r  c a s e  a  - < 0 and f o r  c a s e  (b)  
aT 

> 0. Using 

Equat ions (1.41) and (1.42) we s e e  t h a t  t h i s  r e s u l t s ,  f o r  c a s e  ( a ) ,  i n  a  

p o s i t i v e  en tha lpy  of mixing (an endothermic r e a c t i o n ) ,  and f o r  c a s e  (b)  

a n e g a t i v e  h e a t  of mixing (an exothermic r e a c t i o n ) .  The exper imenta l  

r e s u l t s  c o r r o b o r a t e  t h i s  g e n e r a l  deduct ion .  

Although i n  a n  i d e a l  system t h e  a d d i t i v i t y  of t h e  molar volumes and 

t h e  absence of a n  en tha lpy  of mixing (AH = 0) a r i s e  from t h e  same cause  

( a l  = c ) ,  i n  a  r e a l  system t h e  molar volumes may v a r y  l i n e a r l y  w i t h  com- 

p o s i t i o n  w h i l e  t h e r e  i s  s t i l l  a  l a r g e  en tha lpy  of mixing. AH depends on 

- whi l e  V depends on I n  most a l l o y s ,  f o r  example R-Na, Pb-Sn, 
a T a P 

Cu-Sn, d e p a r t u r e s  from t h e  i d e a l  c a s e  a r e  much more pronounced i n  t h e  

en tha lpy  of mixing than  i n  t h e  molar volume. I n  Chapter  5  we s h a l l  d i s -  

cus s  t h e  c a s e  of Cu-Sn i n  d e t a i l .  

It can be  c l e a r l y  seen  from Equat ion (1.53) t h a t  a  (0) v a r i e s  sub- 
i j  

s t a n t i a l l y  w i t h  composi t ion,  even i n  an  i d e a l  system. 6 i s  t y p i c a l l y  

N 
about u n i t y ,  w h i l e  v kgTKT i s  about  .02 f o r  most m e t a l s  and a l l o y s .  The 

ampli tude of t h e  f i r s t  peak i n  a  (q )  i s  t y p i c a l l y  about  3; s o  t h e  v a r i -  
i j 

a t i o n  of a  (0)  w i th  composition i s  l a r g e  o n ' t h e  s c a l e  of t h e  r e s t  of t h e  
i j 

curve.  A s  mentioned e a r l i e r ,  t h e  Percus-Yevick c a l c u l a t i o n s  (Enderby and 



Concentration c of component 1 

F i g .  I. 4 .  Typical activity vcrsus conccntrntion curvcs  for a l i q u i d  
b i n a r y  a 1 l . o ~ .  



North 1968, Ashcroft and Langreth 1967a) also show significant variations 

of a (q) at q = 0; for the case of Na 50 At. % K Enderby and North's 
i j 

calculation gives a (0) = 0.52, a (0) = 0.10 and a (0) = -0.40; in NaNa NaK KK 

fair agreement with the case of an ideal mixture (Fig. 1.3), but quite 

different from the values calculated from actual thermodynamic data, 

which are still large compared with 1 kgTKT (McAlister and Turner 1972). 
(This indicates that the P-Y hard-sphere model is inadequate for q = 0.) 

Thus the assumption that a (q) is constant is untenable,at least for low- 
i j 

q; however, since the formula (1.18) for the resistivity weights the high- 

q values of a (q) much more strongly than the low-q values, the agreement 
i j 

of the results of North and Wagner (1970) with the measured resistivity is 

perhaps not so surprising, if in fact their assumption is good for higher 

q, around the first peak of a (q), for example. 
i j 

In order to evaluate the first terms in Equations (1.39) it is neces- 

sary to know the compressibility of the alloy as a function of composition. 

As before, in the case of the pure metal, it can be determined most easily 

by measuring the velocity of sound s, and applying Equations (1.8) and 

(1.10) to get 

The theoretical status of the compressibility will be discussed briefly 

in the next Section. 



1-4 The Compressibility of Liquid Metals 

1-4-1 The Compressibility of Pure Liquid Metals 

A thorough review of the more rigorous theoretical approaches to the 

compressibility of liquid metals will be found in PlcAlister (1971). We 

shall outline the more salient features. 

The compressibility that is usually calculated theoretically for 

liquid metals is the isothermal compressibility that the liquid metal 

would have if it were liquid at T = O'K. The, reason for this is that 

most compressibility calculations start off with an expression for the 

internal energy of the liquid, E, and the compressibility is taken to be 

given by 

However, for T # 0 this becomes 

and it becomes a difficult task to extract $ from this Equation. The 

correction factor can be estimated (McAlister 1971) to be %.9 to 1.1, for 

different metals. 

We shall first discuss briefly the compressibility of pure metals, 

as an introduction. The simplest model of a metal that has any pretense 

to reality is the jellium model, in which the metal is taken to consist of 

a free electron gas moving through a uniform background of positive charge, 
I 

which represents the ions. The compressibility may be easily evaluated (Bohm 

and Staver 1952, Pines 1963; there are many different but equivalent 



derivations of this result) 

where n is the electron density and E the Fermi energy. A glance at f 

Table 1.1, giving a comparison of K with the observed compressibilities . .  
0B.S. 

of several metals at their melting points (Webber and Stephens 1968) shows 
* 

that, although there is some agreement for alkali metals, for most metals . -. 

agreement is order-of-magnitude only. Usually the compressibility is 

underestimated. The reason for this, it has been deduced subsequently, is -. 

that the B.S. result neglects entirely the short-range order of the liquid, - . .  - - 

and also the exchange and correlation terms in the electron energy itself. . . 

An improved version of the B.S. result has been suggested by Overhauser 

(1970). Using a simple and elegant approximation for the dispersion 

relation of a free electron gas, and including exchange and correlation, 

he obtains for K 
0 

where k is the Fermi wavevector and a is a calculable term close to .10 
f 

for all metals. Table 1.1 also includes K . It is clear that Overhauser's 
00 

correction factor has a significant effect on the theoretical value of K 
0 ' 

though agreement with experiment is not noticeably improved. Since the 

inclusion of the exchange and correlation energies of the electron gas 

clearly has a large effect, however, the agreement of the Bohm-Staver 

result with experiment for the liquid alkali metals must be regarded as 



TABLE 1.1. The Compressibility of Some Pure Liquid Metals: 

Theory and Experiment 

Metal Yr K K N - k T  N 
o V B mKT. 

- k T  
00 

exP B.S. exP 
v B m% Asc 

5 in units of ~10-l2 cm2/dyne 



fortuitous. This conclusion is supported by the work of Shyu and Gaspari 

(1969) on the velocity of longitudinal sound waves in solid metals. 

Besides the direct exchange and correlation electron energy contributions, 

they include a band-structure contribution dependent on the form of the 

electron-ion interaction. Their results for solids are in quite good 

agreement with experiment. Now it is a well-known fact that the compres- 

sibility of metals changes by only 10-20% at the melting point, which is 

smaller, for polyvalent metals, than the band-structure contribution to 

the compressibility. We may therefore argue that the equivalent (in the 

liquid state) of the band-structure contribution to the internal energy 

must play an important role in determining the liquid compressibility. 

Shyu and Gaspari include a direct ion-ion interaction energy, which is 

also of importance. A similar calculation has been performed by Ashcroft 

and Langreth (1967b), in a simpler way, giving good agreement with experi- - 

ment for solid metals. Price (1971) has extended Ashcroft and Langreth's 

approach to liquid sodium, but to obtain good agreement of the compressi- - 

bility and energy with experiment the energy must be slightly modified, 

which has a large effect on the compressibility. Christman and Huntington 

(1965) performed an ab initio calculation of the energy and compressibility 

of liquid sodium and potassium, using the APW approach, but although their 

results were good for sodium, the predicted value for the compressibility 

of potassium was about 20% too low. Clearly such detailed calculations 

are very sensitive to errors in input data and details of the electron-ion 

potential. 

In general, the energy of a metal can be written 



where E is the electron kinetic energy, E and E the electron exchange 
k x c 

and correlation energies, respectively, 
Ei-e 

is the ion-electron inter- 

action energy (including band-structure effects) and E is the direct 
i- i 

ion-ion interaction energy. 

We may separate out the last two terms by using the hard-sphere 

approximation. This approximation, as mentioned earlier, assumes that 

the ions are hard spheres, interacting only on contact with each other. 

Its justification in this context comes from calculating the ion-ion 

interaction potential @(r) corresponding to the last two terms of (1.59), 

which rises very steeply within a certain radius. The compressibility 

of such a system can be evaluated in an analytic form using the Percus- 

Yevick approximation (Wertheim 1963, Thiele 1963). There are other 

statistical mechanical approximations which connect the inter-ionic 

potential with the liquid structure (e.g. the Born-Green approximation 

and the Hypernetted Chain approximation) but these do not lead to an 

analytic form for the compressibility, and they are, moreover, no more 

accurate than the P-Y approximation. See (for example) the Supplement 

by Rice and Gray to Fisher (1964) for full details. 

The hard-sphere diameter is defined as a, so 



The packing fraction, or the fraction of the total volume occupied by the 

hard spheres is then 

Its maximum value, for a close-packed solid array, is .74. The result 

from the Percus-Yevick theory for the isothermal compressibility, this 

time for T f 0, is 

Comparison between the structure factors calculated from this P-Y approxi- 

mation and the observed structure factors gives q = .45 at the melting 
Nk TK 

is thus seen to be point of most metals. a(o) , which is equal to - v 
a constant, .253. 

That a(o) is a constant at Tm can be deduced more generally from 

Lindemann's Melting Law (Enderby and March 1966). This Law states that 

the Debye temperature 0 i hwD, where w is the Debye frequency, is related 
D D 

to the melting temperature T in this way 
m 

where b is a constant which varies, in practice, by about 20% from metal 

to metal (Pines 1964). Now 0 can also be expressed, in the Debye D 

approximation w = sk, as 



Hence 

where b' is a constant. 

Thus, using (1.8) we have 

Since 'y const "-- 1.15 for most metals, 

Since the constant b in Lindemann's Lav has been squared, the constant C 

in (1.65) has, in practice, at least twice the variation with the substance 

involved that b has, which amounts to G O %  for C. Further variation of C 

is caused by the fact that the velocity of sound has been taken to be that 

in the liquid, while one should really use the value in the solid state, 

usually about 10% higher, and this difference varies from substance to sub- 

N 
stance. Typical values of - k T K are to be found in Table 1.1. They V B m T  

are almost always lower than the Percus-Yevick hard sphere result of ,253, 

which indicates that this theory overestimates the compressibility. 

Thus (a) the free-electron theory underestimates the compressibility 

and (b) the hard sphere theory overestimates it., Ascarelli (1968) pro- 

posed a combination of the two theories, whose parameters were chosen to 
P 



satisfy the "zero-pressure condition"; that is, P = ( )  = 0 at t1.e 

melting point. This condition corresponds to the experimental fact that 

most metals melt rather than sublime at normal (low) pressures. Ascarelli 

proposes the simple model for the free electron gas 

where E is the electron kinetic energy and the second term includes the k 

exchange and correlation energy. The Percus-Yevick result for the pres- 

sure of a hard sphere gas is added to the pressure of the electron gas 

calculated from (1.66), and the zero-pressure criterion is applied to 

evaluate the constant. The expression thus found for the pressure is again 

differentiated with respect to volume, with the result 

where Z is the number of free electrons/atom of the metal in question. 

How these values agree with experiment is shown in Table 1.1. The worst 

deviations of the simple hard sphere model and the jellium model are 

corrected, but the results are very sensitive to the value of the packing 

fraction chosen. McAlister (1971) gives the example of Rb, where a change 

in packing fraction from .45 to .46 changes the predicted a(o) by 10%. 

Since there is no entirely rigorous way of estimating the packing fraction, 

depending as it does on the ions being treated as hard spheres, this theory 

is at best suggestive, and by no means the last word on the subject. 

Furthermore, there is disagreement with experiment for the noble metals, 



which suggests that the presence of the d electrons should be taken care 

of somehow. 

Faber (1972) has avoided' the problem inherent in calculations of 

the compressibility via the cohesive energy; that is, the inaccuracy 

involved when the second derivative with respect to volume is taken of 

the cohesive energy, whose volume dependence is not very well known. 

Faber's calculation evaluates the change in energy of the metal when it 

is disturbed by a long-wavelength acoustic wave. The total volume is 

assumed to remain constant, and the effect of the sound wave on the 

structure factor is calculated. The result for the compressibility has 

the form 

where •’1, fg and f3 are functions involving the undisturbed structure 

factor and the electron-ion pseudopotential. While these factors can be 

calculated, there is still enough uncertainty about the best pseudo- 

potential to use that one cannot say the validity of this theory has yet 

been tested. 

To summarize then, the Ascarelli model is the most successful so far 

for the calculation of liquid metal compressibilities. Other more exact 

theories are far more cumbersome at present, and the agreement with 

experiment is little better than Ascarellits. 

It is worth commenting at this point that there exists a strong 



c o r r e l a t i o n  between t h e  v e l o c i t y  of sound i n  a l i q u i d  me ta l ,  and t h e  
CT- '  

combination of terms b  = Ja, where y i s  t h e  s u r f a c e  t e n s i o n ,  M i s  t h e  
M 

atomic mass and a  i s  t h e  cube r o o t  of t h e  atomic volume. I f  b  i s  p l o t t e d  

a g a i n s t  s, f o r  d i f f e r e n t  me ta l s ,  a l l  t h e  m e t a l s  (with t h e  except ion  of 

t h e  a l k a l i  me ta l s )  appear  t o  l i e  on a  u n i v e r s a l  cu rve  (Fig.  1 .5)  w i th  

l i t t l e  s c a t t e r .  Thus i f  t h e  sound v e l o c i t y  i s  known, t h e  s u r f a c e  t e n s i o n  

may be  deduced, t o  +lo%, and v ice-versa .  What t h e o r e t i c a l  s i g n i f i c a n c e  

t h i s  c o r r e l a t i o n  has  i s  u n c e r t a i n ,  b u t  i t  i s  c l e a r  t h a t  bo th  t h e  s u r f a c e  

t ens ion  and sound v e l o c i t y  a r e  c l o s e l y  r e l a t e d  t o  t h e  b ind ing  f o r c e s  a t  

work i n  a  l i q u i d .  

1-4-2 The Compress ib i l i t y  of Liquid  Al loys  

-- . Now w e  t u r n  t o  t h e  even l e s s  t r a c t a b l e  problem of t h e  c a l c u l a t i o n  of 

t h e  c o m p r e s s i b i l i t y  of a l l o y s .  S ince  f o r  most a l l o y  systems t h e  e l e c t r o n s  

cont inue  t o  man i f e s t  n e a r l y  f r e e - e l e c t r o n  behaviour ,  we may e v a l u a t e  t h e  

Bohm-Staver r e s u l t  (1.77),  b u t  s i n c e  i t  is  u s u a l l y  s o  wrong a t  t h e  end 

p o i n t s ,  i t  can  h a r d l y  be  expected t o  a g r e e  a t  i n t e r m e d i a t e  composi t ions.  

However, i t  w i l l  r e f l e c t  changes i n  e l e c t r o n  d e n s i t y  due t o  non-ideal  

a l l o y i n g  and t h u s  perhaps echo cor responding  d e p a r t u r e s  from t h e  i d e a l  i n  

t h e  c o m p r e s s i b i l i t y .  The i d e a l  c o m p r e s s i b i l i t y  i s  given by Equation (1.72);  

i n  f a c t  t h i s  behaviour  has  been observed i n  s e v e r a l  a l l o y s  (Khodov 1960),  

such a s  Pb-Sn, Pb-Cd and Bi-Cd, which have v e r y  s imple  phase diagrams 

wi thout  i n t e r m e t a l l i c  compounds i n  t h e  s o l i d  s t a t e ,  and n e a r l y  i d e a l  molar 

volumes. Cur ious ly  enough, t h e  system Ma-K does no t  e x h i b i t  i d e a l  mixing 

i n  t h e  c o m p r e s s i b i l i t y ,  a  f a c t  perhaps r e l a t e d  t o  t h e  non-ideal  a c t i v i t y  
"" 

curves  f o r  t h i s  a l l o y  ( s e e  McAlis ter  and Turner 1972).  





The Percus-Yevick theory may also be worked out for a binary mixture 

of hard spheres, with radii a1 and a2 (Lebowitz 1964). The packing 

fraction is now written 

0 1  and if a l  and 0 2  are defined so that their ratio, a = -, is less than 
0 2  

unity, then (Ashcroft and Langreth 1967a) 

where A= 
C t l l -c> 4' 

Evaluation of (1.69) is not difficult provided one knows the concentration 

dependence of q and a. And therein lies the problem. One normally con- 

siders changes of composition at constant temperature, so for some alloy 

systems the temperature will be well above the melting point; thus n can- 

not be taken as .45 in general. The best way of finding q as a function 

of composition and temperature is to compare calculated Percus-Yevick 

hard sphere partial structure factors to the observed partial structure 

factors at each concentration, and to use the values of rl and a that give 

the best fit. This would be a lengthy undertaking; and in any case the 

P-Y hard-sphere compressibility is known to be rather inaccurate for the 

pure metals. 

The Ascarelli approach can also be extended. to alloys, since it is a 

synthesis of the free-electron and Percus-Yevick approaches. However, 



the same problem applies as in the last theory discussed; how does one 

determine rl as a function of composition? Furthermore, in using the 

zero-pressure criterion at the melting point, which temperature does one 

take as the melting point? In general, an alloy has a temperature range 

between the homogeneous liquid and the solid state that may extend for 

200'~. However, the change of II with temperature may be estimated 

(Ascarelli 1968, Jarzynski et al. 1969) and if one assumes a packing 

fraction of .45 at the liquidus temperature for each alloy (the only 

assumption one can reasonably make at this time), one could make a rough 

estimate of if the temperature in question was not too far above the 

liquidus temperature. Furthermore, if the constant in (1.66) could be 

evaluated from first principles (e.g. by using Overhauser's work (1971)) 

.- - the zero-pressure criterion need not be used. We shall discuss this 

approach further in Chapter 5. 

1-4-3 The Copper-Tin System 

Since many of the copper-tin alloys have a high liquidus temperature, 

the velocity of sound in this system has not previously been measured. 

However, fairly accurate density data exist (Borneniann and Sauerwald 

1922, Watanabe and Saito 1972), the activity of both components has been 

accurately measured (Alcock et al. 1969), the resistivity has been 

accurately measured (Rol1,and Motz 1967), and, most important, it is on 

this system that the majority of work has been done in determining the 

partial structure factors using neutron and X-ray diffraction (Enderby 

et al. 1966, Halder et al. 1969, North and Wagner 1970, and others). 

11 

Furthermore, the Hall coefficient has been measured (Busch and Guntherodt 



1967, Enderby et al. 1967) with conflicting results for high-Sn alloys, 

and the optical constants have been measured by Comins (1972). An investi- 

gation of the velocity of sound,as a function of composition could throw 

light on (a) the structure factor, and (b) the electronic behaviour of 

high-Sn alloys of the Cu-Sn system. In Chapter 5 we show, with the aid of 

other thermophysical data, that much can be said about the zero-wavevector 

limit of the partial structure-factors, and also that there is no evidence 

from the compressibility to support the conclusion of Enderby et al. (1967) 

that the number of free electrons per atom is depleted at low Cu concen- 

trations by the forination of bound states. 

As regards the theoretical calculation of the compressibility of 

Cu-Sn alloys, little can be said in this thesis. Attempts to go beyond 

the simple theories outlined in 1-4-1 would constitute a massive under- 

taking. See Chapter 5. 
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CHAPTER 2 

REVIEW OF EXPERIMENTAL TECHNIQUES 

2-1 Convent ional  Techniques 

The u s u a l  methods o f  measuring t h e  v e l o c i t y  of  sound i n  l i q u i d s  have 

been thoroughly  reviewed by McSkimin (1964) and G i t i s  and Mikhailov (1966a).  

The most popu la r  method a t  p r e s e n t  i s  t o  connect  a p i e z o - e l e c t r i c  t r a n s -  

ducer ,  e i t h e r  d i r e c t l y  o r  v i a  a  cooled  de l ay  l i n e ,  t o  t h e  l i q u i d  t o  be  

s t u d i e d .  Radio-frequency p u l s e s  a  few microseconds long  are then  a p p l i e d  

t o  t h e  t r a n s d u c e r ,  which may b e  of  X-cut q u a r t z  o r  a  l e a d  z i r c o n a t e  t i t a n a t e  

f e r r o e l e c t r i c  ceramic ,  a t  i t s  mechanical  resonance  f requency .  Acous t i c  . 

r . f .  p u l s e s  a r e  t hus  t r a n s m i t t e d  i n t o  t h e  l i q u i d ,  where they a r e  e i t h e r  

r e f l e c t e d  by a  f l a t  r e f l e c t o r  p l a t e  and d e t e c t e d  w i t h  t h e  same t r a n s d u c e r  

t h a t  was used t o  g e n e r a t e  them, o r  t r a n s m i t t e d  i n t o  ano the r  d e t e c t i o n  

t r a n s d u c e r ,  v i a  a  de l ay  l i n e  i f  neces sa ry .  The t i m e  of f l i g h t  of  t h e  

a c o u s t i c  p u l s e  through t h e  l i q u i d  may b e  measured i n  a  number of  d i f f e r e n t  

ways, t h e  c r u d e s t  of which i s  t o  u s e  a  c a l i b r a t e d  o s c i l l o s c o p e  t imebase.  

If t h e  l e n g t h  of t h e  l i q u i d  specimen i s  known, t h e  v e l o c i t y  of sound may 

immediately be  deduced. Other,more soph i s t i ca t ed ,me thods  of measuring 

t h e  t ime of  f l i g h t  i n c l u d e :  ( a )  t h e  sing-around t echn ique ,  where t h e  

d e t e c t e d  a c o u s t i c  p u l s e  i s  used t o  t r i g g e r  t h e  nex t  p u l s e  produced by t h e  

r . f .  g e n e r a t o r ,  and thus  t h e  t ime of  f l i g h t  i s  g iven  s imply by t h e  i n v e r s e  

of t h e  observed p u l s e  r e p e t i t i o n  f requency;  (b )  t h e  p u l s e  s u p e r p o s i t i o n  

t echn ique ,  whereby t h e  p u l s e  g e n e r a t o r  i s  des igned  t o  produce two p u l s e s  

i n  r a p i d  s u c c e s s i o n ,  i n  such a  way t h a t  t h e  echoes a c r o s s  t h e  l i q u i d  m c t a l  

from the  f i r s t  p u l s e  a r e  cance l l ed  o u t  by t h e  echoes from t h e  second p u l s e .  



The time between t h e  i n c i d e n t  p u l s e s ,  which a r e  normally of l a r g e  ampli tude 

(up t o  2 K V )  and a r e  und i s to r t ed ,  can be  measured a c c u r a t e l y ,  and a t  cancel-  

l a t i o n  t h i s  t ime i s  equa l  t o  twice  t h e  t ime of f l i g h t  of t h e  p u l s e  i n  t h e  

l i q u i d .  Other  methods, such a s  comparison w i t h  a s t a n d a r d  l i q u i d  de l ay  

I l i n e  (mercury i s  used a s  a s t a n d a r d )  ( H i l l  and Ruoff 1965) have been 

employed, and t h e  accuracy  claim is u s u a l l y  about  1 p a r t  i n  l o 4 .  Work by 

I 
I d i f f e r e n t  exper imenters  on t h e  same me ta l ,  however ( s e e  G i t i s  and Mikhailov 

1966a) sugges t s  t h a t  t h i s  f i g u r e  does n o t  i n c l u d e  s y s t e m a t i c  e r r o r s  

(which w i l l  be  d i scussed  l a t e r ) ,  and t h e  accuracy should  b e  taken more 

usua l ly  a s  a few p a r t s  i n  l o 3 .  

Continuous wave methods have a l s o  been employed normally i n  t h e  form 

of an a c o u s t i c  i n t e r f e r o m e t e r  (McAlister 1971, P i e r c e  1925; f o r  an exten-  

s i v e  b ib l iog raphy  s e e  Del Grosso e t  a l .  1954).  The method c o n s i s t s  i n  

s e t t i n g  up a c o u s t i c  s t a n d i n g  waves i n  t h e  l i q u i d  a t  t h e  a p p r o p r i a t e  

spac ings  between t h e  t r a n s m i t t i n g  s u r f a c e  and a r e f l e c t o r .  The t r ansduce r  

is  ope ra t ed  a t  resonance,  and ( f o r  i n s t a n c e )  t h e  ou tpu t  of a margina l  

o s c i l l a t o r  d r i v i n g  t h e  t r ansduce r  i s  measured a s  a f u n c t i o n  of r e f l e c t o r  

p o s i t i o n .  I n  t h i s  way a l a r g e  number of s t a n d i n g  wave resonances ,  spaced 

X/2 a p a r t ,  where A i s  t h e  wavelength of t h e  sound i n  t h e  l i q u i d ,  may be 

observed. The v i r t u e  of t h i s  method i s  t h a t  t h e  t ime-of - f l igh t  measure- 

ment i s . r e p l a c e d  by a measurement of f requency;  s = •’A: and frequency i s  

very  easy t o  measure. McAlis ter  (1971) c la ims  an accuracy of 2 p a r t s  i n  

l o 4 ,  an e s t i m a t e  suppor ted  by o t h e r  c a r e f u l  workers u s ing  t h e  low-melting- 

p o i n t  me ta l s  he  s t u d i e d  (Na and Hg). 

A s  one might e x p e c t ,  mercury has  been measured most o f t e n  and wi th  

g r e a t e s t  accuracy;  b u t  f o r  me ta l s  w i t h  p r o g r e s s i v e l y  h ighe r  me l t i ng  p o i n t s  



one f i n d s  l a r g e r  and l a r g e r  d i s c r e p a n c i e s  between t h e  r e s u l t s  of d i f f e r e n t  

workers ,  p a r t i c u l a r l y  above 500•‹C. There i s  a  s imp le  r ea son  f o r  t h i s .  

No p i e z o e l e c t r i c  m a t e r i a l  has  a Cur ie  tempera ture  h i g h e r  t han  550•‹C, t h i s  

be ing  t h e  v a l u e  f o r  q u a r t z .  A s  a  r e s u l t ,  a t  t h e s e  tempera tures  t h e  t r a n s -  

ducer  must be  s e p a r a t e d  from t h e  m e l t  by a  cooled d e l a y  l i n e .  Th i s  makes 

t h e  s t r a i g h t f o r w a r d  cont inuous  wave i n t e r f e r o m e t r i c  t echn ique  q u i t e  

i m p r a c t i c a b l e ,  and t h e  e f f e c t  on t h e  p u l s e  t echn ique  i s  a l s o  s e r i o u s .  

There a r e  f o u r  major  problems. 

(1) The d e l a y  l i n e  a t t e n u a t e s  t h e  a c o u s t i c  wave b e f o r e  i t  e n t e r s  t h e  m e l t .  - - 

For fused  q u a r t z  d e l a y  l i n e s  t h i s  i s  n o t  much of a problem, because 

t h e  a t t e n u a t i o n  i n  q u a r t z  i s  n o t  s t r o n g l y  temperature-dependent ,  bu t  f o r  

me ta l s  l i k e  magnesium t h a t  r e a c t  w i t h  q u a r t z ,  one h a s  a problem f i n d i n g  - 
i n e r t  r e f r a c t o r y  de l ay  l i n e  m a t e r i a l  w i t h  low a c o u s t i c  a t t e n u a t i o n .  (See,  - 

however, Kurtz  and Lux (1969) who use  t h e  m e t a l  t o  be  s t u d i e d  as t h e  de l ay  

l i n e ,  me l t i ng  on ly  t h e  t o p  end ,  and coo l ing  t h e  rest  of t h e  de l ay  l i n e  

e f f i c i e n t l y  s o  t h a t  a  t r a n s d u c e r  may be  a p p l i e d  t o  i t . )  

( 2 )  When t h e  d e l a y  l i n e  becomes long ,  t h e r e  are s i g n i f i c a n t  d i f f r a c t i o n  

and wave-guide e f f e c t s ,  which cause  t h e  shape  of  t h e  a c o u s t i c  p u l s e  t o  

1 
I 

I 
become d i s t o r t e d .  Th i s  d imin i shes  t h e  accuracy  of  a  number of  methods of 

measuring t h e  t ime o f  f l i g h t .  

(3 )  Mode convers ion  from l o n g i t u d i n a l  wave motion ( t h e  t ype  used f o r  

u l t r a s o n i c  s t u d i e s  i n  l i q u i d s )  t o  t r a n s v e r s e  waves a long  t h e  l a t e r a l  s u r -  

f a c e s  of t h e  d e l a y  l i n e s  g i v e s  r ise t o  s p u r i o u s  echoes a t  t h e  t r ansduce r .  

I n  poor obse rv ing  c o n d i t i o n s  t h e s e  echoes can  obscure  t h e  s i g n a l  of  

i n t e r e s t  comple te ly ,  as was observed r e p e a t e d l y  i n  t h e  p r e s e n t  experiment  



when t h e  t r ansduce r  was used a s  a  d e t e c t o r .  Th i s  problem may be circum- 

vented somewhat u s ing  a  two-transducer technique ,  so  t h a t  t h e  l i q u i d  i t s e l f  

f i l t e r s  ou t  some of t h e  spu r ious  echoes a s  t h e  s i g n a l  p a s s e s  i n t o  ano the r  

de lay  l i n e ,  b u t  i t  i s  hard  t o  c u r e  e n t i r e l y .  Roughening t h e  l a t e r a l  s u r f a c e s  . . -  

of t h e  de lay  l i n e  can h e l p  cons ide rab ly  (McSkimin and F i s h e r  (1950) ground . . 

a  broken screw th read  i n t o  t h e  s i d e s  of t h e  q u a r t z  d e l a y  l i n e  they  used) .  

( 4 )  For a c o u s t i c  energy t o  be t r a n s m i t t e d  i n t o  t h e  l i q u i d  me ta l ,  t h e  

l i q u i d  must wet t h e  end of t h e  de lay  l i n e  w i t h  which i t  i s  i n  c o n t a c t .  

I n  a l l  c a ses  t h i s  p u t s  s e v e r e  demands on c l e a n l i n e s s  i n  p r e p a r a t i o n  of 

experimental  specimens, and i n  some c a s e s  i t  is  found t h a t  t h e  chosen 

de lay  l i n e  m a t e r i a l  i s  a lmost  incompat ib le  w i t h  t h e  m e t a l  used ,  s o  t h a t  

a  few molecular  l a y e r s  of ox ide  on t h e  me ta l  s u r f a c e  i n  c o n t a c t  w i t h  

t h e  de lay  l i n e  p reven t s  w e t t i n g  a l t o g e t h e r .  

2-2 Electromagnet ic  De tec t ion  Technique 

The problem w i t h  p i e z o e l e c t r i c  t r a n s d u c e r s  i s  t h a t  they  do no t  work 

a t  h igh  temperatures .  However, t h e r e  a r e  methods of g e n e r a t i n g  and 

d e t e c t i n g  a c o u s t i c  waves t h a t  do work, i n  p a r t i c u l a r  t h e  method of e l e c t r o -  

magnetic gene ra t ion  and d e t e c t i o n  (Randal l  e t  a l .  1939, Houck e t  a l .  1967) .  

A phenomenological t heo ry  t h a t  e x p l a i n s  t h i s  e f f e c t  q u a n t i t a t i v e l y  h a s  

been publ i shed  elsewhere (Turner e t  a l .  1969);  we s h a l l  now b r i e f l y  out-  

l i n e  t h a t  argument. 

Consider a  s e m i - i n f i n i t e  m e t a l l i c  s l a b ,  i n  t h e  coo rd ina t e  system of 

Fig. 2.1. Let  an e l ec t romagne t i c  wave of angular  f requency w, p o l a r i z e d  

wi th  t h e  magnetic v e c t o r  a long  y ,  f a l l  upon t h e  s u r f a c e  of t h e  m e t a l ,  

-5 
a t  normal i nc idence .  A c u r r e n t  d i s t r i b u t i o n  j ( z )  i s  s e t  up near  t h e  s u r f a c e  



Fig. 2.1. Configuration of electromagnetic fields and metal surface used 
in calculating the elcct.romagnetic generation of acoustic waves. 
Hp is the magnetic component of an r . f .  electromagnetic wave 
incident from the left. B is the static magnetic field. 
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of t h e  meta l  i n  such a  way t h a t  t h e  a l t e r n a t i n g  f i e l d s  a r e  reduced 

e f f e c t i v e l y  t o  ze ro  w i t h i n  a  d i s t a n c e  A of t h e  s u r f a c e ,  where A i s  of 

t h e  o r d e r  of t h e  s k i n  depth.  The t o t a l  c u r r e n t  con ta ined  i n  t h e  s u r f a c e  

i s  i n  t h e  x d i r e c t i o n  and may be  w r i t t e n  

The ampli tude of ? i s  r e l a t e d  t o  t h e  ampli tude of t h e  a l t e r n a t i n g  magnet ic  
0 

4 
f i e l d  a t  t h e  s u r f a c e  of t h e  m e t a l ,  H(o) ,  by t h e  exp res s ion  

4 
The a p p l i c a t i o n  of a  s t e a d y  magnet ic  f i e l d  B i n  t h e  d i r e c t i o n  p a r a l l e l  t o  

' 0  

t h e  y  a x i s ,  t h a t  i s ,  t o  t h e  s u r f a c e ,  w i l l  induce  a  Lorentz  f o r c e  on t h e  

e l e c t r o n s  moving i n  t h e  s u r f a c e .  One can w r i t e  f o r  t h e  t o t a l  f o r c e  p e r  

u n i t  volume a c t i n g  on t h e  e l e c t r o n  system 

I f  t h e  c u r r e n t  d i s t r i b u t i o n  i s  confined t o  t h e  s u r f a c e ,  we may w r i t e .  t o  a  

good approximation 

where 6 ( z )  i s  t h e  Di rac  d e l t a  func t ion .  

2 

Since t h e  d i r e c t i o n  and magnitude of I o i s  f i x e d  ( t h e  i n t e r i o r  of t h e  



meta l  must be s h i e l d e d  from t h e  a p p l i e d  a l t e r n a t i n g  magnet ic  f i e l d ) ,  t h i s  

f o r c e  must a l s o  be communicated t o  t h e  l a t t i c e ,  by whatever  microscopic  

process  i s  a p p r o p r i a t e .  Thus an a c o u s t i c  wave may be  set up i n  t h e  meta l .  

By Equation (2 .4 )  t h e  f o r c e  i s  normal t o  t h e  s u r f a c e ;  t hus  a  compressional  

wave i s  induced.  

The r e v e r s e  e f f e c t  a l s o  t a k e s  p l ace .  The s i m p l e s t  e x p l a n a t i o n  i s  t o  

cons ider  t h e  movement of a  conduct ing w i r e  a c r o s s  a  magnet ic  f i e l d ;  a n  

e l e c t r i c  f i e l d  i s  induced between t h e  ends of t h e  wi re .  More r i g o r o u s l y ,  

cons ider  t h e  s i t u a t i o n  of Fig.  2 . 2 .  We make t h e  b a s i c  assumption t h a t  t h e  

e l e c t r o n s  move w i t h  t h e  l a t t i c e ;  t h a t  i s ,  

s u r f a c e .  This .  assumption i s  j u s t i f i e d  i n  

(1969) s u b j e c t  t o  t h e  two c o n d i t i o n s  

where p i s  t h e  r e s i s t i v i t y  of  t h e  meta l .  

t h e r e  i s  no n e t  c u r r e n t  i n  t h e  

t h e  paper  by Turner  e t  a l .  

( 2 . 6 )  

These cond i t i ons  a r e  e a s i l y  

met f o r  f < 50MHz; t h e  f i r s t  i s  f a r  more s t r i n g e n t  t h a n  t h e  second. 

I f  t h e  e l e c t r o n s  move wi th  t h e  i o n s  they  must expe r i ence  a Lorentz  

A 

f o r c e ,  F1, where 

a 
(here  u  i s  t h e  e l e c t r o n  v e l o c i t y ,  equa l  t o  t h e  i o n  v e l o c i t y  by ou r  

assumption above) .  But i n  a r e f e r e n c e  frame a f f i x e d  t o  t h e  l a t t i c e  t h e  



F i g .  2 . 2 .  Configuration of acoustic field and metal surface used in 
calculation of electronagnetic detection of acoustic waves. 
The acoustic wave, incident f ron the left, has wavelength 
A and amplitude c. 



e l e c t r o n s  a r c  a t  r e s t ;  t hus  an  e l e c t r i c  f i e l d  must be  s e t  up i n  t h e  me ta l  

r. 
i n  j u s t  such a way a s  t o  e x a c t l y  c a n c e l  F1. ' On t ransforming  back i n t o  

t h e  l a b o r a t o r y  r e f e r e n c e  frame, and n e g l e c t i n g  terms of o r d e r  ( u / c ) ~ ,  t h i s  

e l e c t r i c  f i e l d  i n  t h e  metal w i l l  be  g iven  by 

In  p a r t i c u l a r ,  a t  t h e  s u r f a c e  of t h e  me ta l  t h e r e  w i l l  b e  a n  a l t e r n a t i n g  

e l e c t r i c  f i e l d  whose ampli tude i s  p r o p o r t i o n a l  t o  t h e  s u r f a c e  displacement  

A 

v e l o c i t y  u (o ) .  According t o    ax well's equa t ions  t h e  t a n g e n t i a l  components 

of any e l e c t r i c  v e c t o r  must be  cont inuous a t  t h e  i n t e r f a c e  between two 

media; consequent ly a n  e l ec t romagne t i c  wave must b e  r a d i a t e d  from t h e  s l a b  

whose e l e c t r i c  v e c t o r  i s  g iven  by 

Thus a  l o n g i t u d i n a l  a c o u s t i c  wave reaching  t h e  s u r f a c e  of a l i q u i d  

me ta l ,  w i th  a  s t a t i c  magnet ic  f i e l d  p a r a l l e l  t o  t h e  s u r f a c e ,  w i l l  r a d i a t e  

a n  e l ec t romagne t i c  wave i n t o  space ,  which can be  d e t e c t e d  w i t h  a  s u i t a b l y  

designed an tenna .  

Under t h e  c o n d i t i o n s  s t a t e d ,  t h e  theory  o u t l i n e d  h e r e  g i v e s  t h e  same 

r e s u l t s  a s  t h e  more complex microscopic t h e o r i e s  p re sen ted  by Quinn (1967),  

Kravchenko (1969) and o t h e r s  ( s ee  t h e  b ib l iog raphy  i n  L y a l l  (1970) f o r  a  

complete l i s t  of  r e f e r e n c e s ) .  

I f  we d e t e c t  t h e  e l ec t romagne t i c  wave w i t h  a c o i l  of n  t u r n s ,  w i th  a 



c ros s - sec t ion  of A cm2, i t  i s  easy  t o  s e e  (assuming t h a t  t h e  r a d i a t e d  

f i e l d  i s  c o n s t a n t )  t h a t  t h e  induced v o l t a g e  V is  g iven  by 

where z  i s  t h e  i o n i c  displacement  a s s o c i a t e d  w i t h  t h e  a c o u s t i c  wave. For 

a s t a t i c  magnet ic  f i e l d  B of lOkG, a  pickup c o i l  of a r e a  1 cm, and a 

frequency f  = 101lHz, i t  i s  c l e a r  t h a t  t o  o b t a i n  a d e t e c t e d  v o l t a g e  of 

(which i s  l a r g e  enough s o  t h a t  s imple  e l e c t r o n i c s  may b e  employed), 

w e  need an  i o n i c  d i sp lacement  of %lo-' cm. Using a ceramic p i e z o e l e c t r i c  

t r ansduce r  d r i v e n  by a  h igh-vol tage  r . f .  g e n e r a t o r  (%1KV) t h i s  i s  no t  

hard t o  o b t a i n ,  i f  l o s s e s  between t h e  t r a n s d u c e r  and t h e  me ta l  a r e  n o t  . 

t o o  s e v e r e ,  b u t  f o r  a  q u a r t z  t r a n s d u c e r ,  w i t h  an e f f i c i e n c y  of perhaps 

1 /10  of t h a t  of a  ceramic t r a n s d u c e r ,  t h e  s i g n a l  is  n e a r  t h e  b o r d e r l i n e  

of d e t e c t a b i l i t y .  I n  terms of  t h e  d i f f i c u l t i e s  o u t l i n e d  i n  S e c t i o n  2.1,  

such a s  w e t t i n g  and d e l a y  l i n e  problems, i t  would be  p r e f e r a b l e  t o  use  

t h e  e l ec t romagne t i c  technique  bo th  f o r  g e n e r a t i o n  and d e t e c t i o n ,  b u t  t h e  

e f f i c i e n c y  of t h e  technique  i s  u n f o r t u n a t e l y  v e r y  low (a f a c t o r  of ~ 1 0 ' ~  

poorer  t han  p i e z o e l e c t r i c  t r a n s d u c e r s )  s o  e l e c t r o m a g n e t i c  g e n e r a t i o n  and 

d e t e c t i o n  i s  n o t  f e a s i b l e  excep t  under ve ry  f a v o u r a b l e  c o n d i t i o n s  ( s ee  

G a e r t t n e r  and M a f i e l d  1971) .  

I n  o r d e r  t o  u s e  t h e  e l ec t romagne t i c  d e t e c t i o n  technique  a t  h i g h  

r 
t empera tures ,  t hen ,  we must i n t r o d u c e  t h e  a c o u s t i c  waves i n t o  t h e  l i q u i d  

1 
I us ing  a  p i e z o e l e c t r i c  t r a n s d u c e r ,  p r e f e r a b l y . c e r a m i c .  A d e l a y  l i n e  

s e p a r a t i n g  t r a n s d u c e r  and me l t  i s  neces sa ry  t o  e n a b l e  t h e  t r ansduce r  t o  

be  cooled below i t s  Cur i e  p o i n t  (about 300•‹C f o r  l e a d  z i r c o n a t e  t i t a n a t e  



t r a n s d u c e r s ) .  Th i s  means t h a t  problems (1)  and (4)  of  S e c t i o n  2-1 s t i l l  

apply ;  t h e  de l ay  l i n e  w i l l  a t t e n u a t e  t h e  sound wave and t h e  w e t t i n g  of 

t h e  g e n e r a t i n g  s u r f a c e  by t h e  l i q u i d  m e t a l  may be  poor .  However, s i n c e  

t h e  a c o u s t i c  wave is  d e t e c t e d  d i r e c t l y  a t  t h e  s u r f a c e  of  t h e  l i q u i d  m e t a l ,  

problems (2 )  and (3 )  do n o t  a r i s e  and we may expec t  t o  observe  a  ve ry  

c l e a n  a c o u s t i c  s i g n a l .  The l i m i t a t i o n s  of  t h i s  t e chn ique  are s o l e l y  

connected w i t h  t h e  types  of r e f r a c t o r y  m a t e r i a l  t h a t  can be  employed a s  a  

de l ay  l i n e .  A sma l l  c o i l  shea thed  i n  an e l e c t r i c a l l y  i n s u l a t i n g  r e f r a c t o r y  

m a t e r i a l  i s  a l l  t h a t  i s  needed t o  d e t e c t  t h e  a c o u s t i c  wave, p rovided  t h e  

fu rnace  con ta in ing  t h e  l i q u i d  me ta l  is  p laced  between t h e  p o l e s  of  an  

e lec t romagnet  producing about  10kG. 

2-3 Ref rac to ry  M a t e r i a l s  

I f  a  vacuum fu rnace  is  used ,  t h e r e  i s  no problem f i n d i n g  s u i t a b l e  

m a t e r i a l s  f o r  t h e  m a j o r i t y  of  t h e  hea t ed  p a r t s .  The second and t h i r d  

series of t r a n s i t i o n  m e t a l s  supply  s e v e r a l  high-melt ing p o i n t ,  low 

vapour p r e s s u r e  m e t a l s :  Nb, Mo, Ta, W ,  R e ,  Ir, P t ,  f o r  example. Each 

of  t h e s e  h a s  a  me l t i ng  p o i n t  above 1800•‹C. Thus t hey  a r e  s u i t a b l e  f o r  

use  a s  h e a t  s h i e l d s ,  pickup c o i l s ,  r e s i s t i v e  h e a t i n g  e l emen t s ,  and s o  on. 

Problems a r i s e ,  however, w i t h  t h o s e  components t h a t  a r e  i n  c o n t a c t  w i t h  

t h e  l i q u i d  me ta l .  Most l i q u i d  me ta l s  a r e  h i g h l y  r e a c t i v e ,  p a r t i c u l a r l y  

above 1000•‹C. I n  t h e  cou r se  of developing t h e  a p p a r a t u s  f o r  t h i s  expe r i -  

ment we i n v e s t i g a t e d  alumina,  s i l i c a ,  boron n i t r i d e  and sapph i r e .  A l l  

f o u r  were a t  some p o i n t  employed a s  a  de l ay  l i n e ,  and t h e i r  a c o u s t i c  

p r o p e r t i e s  were q u a l i t a t i v e l y  observed.  (Meta l s ,  i n  g e n e r a l ,  have a  

h i g h e r  a c o u s t i c  a t t e n u a t i o n  than  ceramics ;  see, however, Kurtz  and Lax 

(1970). ) 



( a )  Boron N i t r i d e .  Th i s  m a t e r i a l  i s  u s u a l l y  ob t a ined  i n  a  ho t -pressed  

form, pos se s s ing  s t r e n g t h  comparable t o  g r a p h i t e  (which i t  resembles  i n  

many ways, though i t  i s  an i n s u l a t o r  and n o t  a  conduc to r ) ,  d e n s i t y  a lmost  

t h a t  of a  s i n g l e  c r y s t a l ,  and ea sy  m a c h i n a b i l i t y .  It was t r i e d  f o r  t h e  

l a t t e r  reason .  The nominal maximum tempera ture  a t  which BN can  be  used 

is  3000•‹C. The p o r o s i t y  i s  ve ry  low ( f o r  a  s i n t e r e d  ceramic) ,  a few 

m i l l i m e t e r s  be ing  s u f f i c i e n t  t o  provide  a  vacuum seal. The v e l o c i t y  of 

l o n g i t u d i n a l  a c o u s t i c  waves was measured t o  b e  6.65+.05x10 cm/sec; t hus  

t h e  a c o u s t i c  impedance Z = PMs = 1 . 3 9 ~ 1 0 ~ ~ m / s e c  c m  is  c l o s e  t o  t h o s e  o f  

most l i q u i d  m e t a l s ,  about 2x10 gm/sec cm. The r e f l e c t i o n  c o e f f i c i e n t  , 

-1 2 ,  i s  f a i r l y  s m a l l  f o r  most l i q u i d  m e t a l s ,  s u g g e s t i n g  t h a t  a  l a r g e  Iz 1+z 2 

f r a c t i o n  of t h e  a c o u s t i c  power would be  t r a n s m i t t e d  i n t o  t h e  l i q u i d  m e t a l .  

from t h e  de l ay  l i n e .  BN i s  chemica l ly  v e r y  i n e r t ,  and was n o t  a t t a c k e d  by 

l i q u i d  Hg, Fe,  N i ,  Sn o r  C u , w  found. 

The r e s u l t s  f o r  t h i s  m a t e r i a l  were r a t h e r  d i s a p p o i n t i n g .  The d i s -  

advantages found were t h e s e :  

(1) The a c o u s t i c  a t t e n u a t i o n  was h i g h  ( o n t h e  o r d e r  of ldb/cm a t  10MHz) 

and inc reased  w i t h  t empera tu re ,  owing t o  t h e  p o r o s i t y  of t h e  m a t e r i a l .  

Furthermore,  i t  i n c r e a s e s  r a p i d l y  w i t h  f requency .  

(2) D i f f i c u l t y  was exper ienced  even a t  room tempera ture  i n  g e t t i n g  Hg t o  

wet t h e  BN s u r f a c e .  A coa t  of Nonaq g r e a s e  was found t o  h e l p ;  b u t  t h e  

i n d i c a t i o n  was t h a t  BN i s  no t  very  w e t t a b l e .  It  appears  t o  be  we t t ed  by 

l i q u i d  N i ,  however. 

(3) BN abso rbs  wa te r  s lowly  when l e f t  i n  a i r .  A s  a  r e s u l t ,  i f  i t  i s  

hea t ed  r a p i d l y ,  i t  s p a l l s  and c r a c k s ,  becoming completely u s e l e s s  as a n  



a c o u s t i c  de l ay  l i n e .  

(4)  A t  about  1200•‹C i m p u r i t i e s  (mostly B203) i n  t h e  BN evapora t e  and cove r  

t h e  i n s i d e  of t h e  fu rnace  w i t h  a s t i c k y  b l a c k  c o a t i n g .  A s  one would e x p e c t ,  

t h i s  makes t h e  vacuum much poorer .  However, BN t h a t  h a s  been h e a t - t r e a t e d  

a t  above 1400•‹C f o r  some t i m e  becomes c l e a n  i n  t h i s  r e s p e c t .  

(b) Alumina. Th i s  p o l y c r y s t a l l i n e  form of A1203 i s  well-known f o r  i t s  

e x c e l l e n t  r e f r a c t o r y  p r o p e r t i e s .  It i s  s t r o n g  and v e r y  h a r d ,  and m e l t s  a t  

2050•‹C. The v e l o c i t y  of  l o n g i t u d i n a l  a c o u s t i c  waves i n  99.8% pure  alumina 

was measured t o  be  l . 0 5 k . 0 l x l 0 ~  cm/sec, a t  room tempera ture  (20•‹C). Its 

a c o u s t i c  impedance i s  then  3.98x10 - , a l s o  of t h e  same magnitude 
cm s e c  

a s  t hose  of most l i q u i d  me ta l s .  I n  i t s  p o l y c r y s t a l l i n e  form w e  found one '  

major  d i sadvantage  t o  i t s  u s e  a s  a  d e l a y  l i n e  a t  h i g h  t empera tu re s ,  however. 

Though t h e  a c o u s t i c  a t t e n u a t i o n  i s  low below 1000•‹C, less than  . ldb/cm a t  

IOMHz, a t  Ql10O0C t h e  a t t e n u a t i o n  i n c r e a s e s  e x p o n e n t i a l l y  w i t h  t empera tu re ,  

s o  t h a t  by 1250•‹C no echo from t h e  end of a 25 cm long  de l ay  l i n e  could be  

observed a t  a l l ,  a t  QlOPMz. Th i s  can t e n t a t i v e l y  b e  exp la ined  by thermal  

a c t i v a t i o n  of t h e  g r a i n  boundar ies  of t h e  m i c r o c r y s t a l l i t e s  forming t h e  

alumina s o  t h a t  t h e i r  motion absorbs t h e  a c o u s t i c  wave. A maximum i n  t h e  

i n t e r n a l  f r i c t i o n  f o r  low f r e q u e n c i e s  a t  t h e s e  tempera tures  h a s  been 

expla ined  i n  t h i s  way. 

( c )  Sapphi re .  I n  an a t t empt  t o  c i rcumvent  t h i s  problem a  rod of s a p p h i r e  

25 cm long  was employed a s  a  de l ay  l i n e .  Leuco-sapphire ,  pu re  s i n g l e -  

c r y s t a l  A1203, was used ,  though t h e  o r i e n t a t l o n  of t h e  c r y s t a l  w i t h  r e s -  

pec t  t o  t h e  a x i s  of t h e  rod was unknown. Unfo r tuna t e ly ,  though t h i s  m a t e r i a l  

is  h i g h l y  chemica l ly  i n e r t  and does n o t  appear  t o  pos se s s  t h e  e x p o n e n t i a l  



r i s e  i n  a c o u s t i c  a t t e n u a t i o n  a t  llOO•‹C of p o l y c r y s t a l l i n e  alumina,  i t  i s  

no t  very  r e s i s t a n t  t o  thermal  shock,  and c a r e  must be  taken  i n  t h e  des ign  

of a  furnace  t o  e l i m i n a t e  s eve re  thermal  g r a d i e n t s  a long t h e  l e n g t h  of 

t h e  sapphi re .  If t h i s  i s  no t  done, t h e  s apph i r e  c r acks  a t  t h e  p o i n t  of 

maximum thermal  g r a d i e n t .  

(d)  S i l i c a .  Fused q u a r t z ,  o r  s i l i c a ,  is  ve ry  wide ly  used a s  an a c o u s t i c  

de lay  l i n e .  I t s  c h i e f  l i m i t a t i o n s  a r e  i t s  r e a c t i v i t y  ( i t  i s  r a p i d l y  

a t t acked  by l i q u i d  Mg, f o r  example) and i t s  low s o f t e n i n g  p o i n t  ( 1300•‹C) 

and me l t ing  p o i n t  (1776OC). The a c o u s t i c  a t t e n u a t i o n  i s  very  low, however; 

a l though i t  i n c r e a s e s  somewhat w i t h  tempera ture ,  a t  1000•‹C i t  is  s t i l l  

r %.05db/cm. Wetting i s  a  problem f o r  many l i q u i d  me ta l s  ( J a rzynsk i  and 

- L i t o v i t z  1964, f o r  example) so  t h a t  extreme c l e a n l i n e s s  i n  sample prepar -  

s 
- a t i o n  i s  neces sa ry ,  b u t  f o r  t h e  Cu-Sn system s t u d i e d  i n  t h i s  experiment - 

s i l i c a  was found t o  b e  i d e a l ;  a  minimum of p recau t ions  was necessary  i n  

o r d e r  t o  o b t a i n  w e t t i n g ,  and s i n c e  Cu m e l t s  a t  1083OC t h e r e  was no danger 

of me l t i ng  t h e  s i l i c a .  Nei ther  Cu no r  Sn a t t a c k s  s i l i c a ,  a l though l i q u i d  

Cu tends t o  e m b r i t t l e  i t  cons iderably .  The v e l o c i t y  of l o n g i t u d i n a l  

a c o u s t i c  waves i n  s i l i c a  a t  room tempera ture  i s  5 . 9 6 8 ~ 1 0 '  cm/sec, and 

. t h e  a c o u s t i c  impedance Z i s  1 . 3 1 ~ 1 0 ~  gm/cm s e c ,  c l o s e  t o  t h a t  of boron 

n i t r i d e .  



CHAPTER 3 

DESCRIPTION OF EXPERIMENT 

3-1 Introduction 

As described in Section 1-3, it was decided to measure the velocity 

of sound in copper-tin alloys. From the considerations of Sections 2-1 

and 2-2, the electromagnetic detection technique was employed. The 

acoustic waves in the form of r.f. pulses were generated by means of a 

Clevite PZT-4 lead zirconate titanate ceramic transducer, and transmitted 

along a fused silica delay line into the molten alloy. They were then 

detected using a platinum pickup coil, protected by a silica sheath, 

An electrical interferometric technique was used to measure the wavelength 

of the acoustic waves, and their frequency was monitored using an 

auxiliary cw oscillator and a frequency counter. The velocity was deter- 

mined as the product of the wavelength and the frequency. The temperature 

of the alloy was measured with the aid of a tungsten 5% rhenium-tungsten 

26% rhenium thermocouple. A cylindrical graphite resistive heating 

element provided a fairly uniform temperature in the melt (the temper- 

ature gradient was less than 2%), inside a water-cooled stainless steel 

furnace assembly. Since the vapour pressures of copper and tin are 

0 
less than lo-' torr below 1500 C, the furnace was maintained under vacuum 

to avoid contamination of the liquid metal. 



3-2 Apparatus 

3-2-1 Cruc ib l e  and Delay Line  

The c r u c i b l e  and de lay  l i n e  a s sembl i e s  (F ig .  3 . l a )  were cons t ruc t ed  

from high  grade  fused  q u a r t z  rod and tubing .  No a i r  bubbles  could be  

seen  i n  t h e  q u a r t z  rods .  Ten assembl ies  were made, s o  t h a t  t h e  m a j o r i t y  

of t h e  e leven  a l l o y s  used could  be  formed, and t h e i r  sound v e l o c i t i e s  

measured, i n  t h e  same c r u c i b l e s .  The de l ay  l i n e s  were made 25 cm long  

s o  t h a t  a  cons ide rab le  l e n g t h  (%lo cm) could  b e  cooled  w i t h  a  water  

j a c k e t ;  however, r a d i a n t  h e a t  was a  problem, s i n c e  fused  q u a r t z  t r a n s m i t s  

i n f r a r e d  r a d i a t i o n  ve ry  we l l .  The d iameter  and h e i g h t  of t h e  c r u c i b l e  

were determined by t h e  need t o  be  a b l e  t o  r a i s e  and lower a  probe of about  

1 cm diameter  through a  d i s t a n c e  of about  2 cm w h i l e  t h e  end remained i n  

t h e  l i q u i d  metal .  

3-2-2 Probe and Pickup C o i l  

Dipping i n t o  t h e  c r u c i b l e  ( see  F ig .  3.1b) is  a probe ,  c o n s i s t i n g ,  a t  

t h e  top  end,  of a hol low b r a s s  c y l i n d e r ;  from which depend (a) a s t a i n -  

l e s s  s t e e l  t ube ,  t o  provide  a  smooth bea r ing  s u r f a c e  f o r  an  O-ring so  

t h a t  t h e  probe can  be r a i s e d  and lowered wi thou t  s p o i l i n g  t h e  vacuum, 

and a l s o  t o  suppor t  t h e  s i l i c a  probe s h e a t h ;  (b) a molybdenum rod ,  t o  

which i s  a t t a c h e d  t h e  c o i l  former.  The c o i l  former i s  made from boron 

n i t r i d e ,  chosen f o r  i t s  easy  mach ineab i l i t y ,  which made i t  p o s s i b l e  t o  

pu t  grooves i n  t h e  s i d e s  of  t h e  former t o  s e p a r a t e  t h e  t u r n s  of w i re .  

The c o i l  i t s e l f  c o n s i s t s  of 10 t u r n s  of a28 gauge p la t inum w i r e ,  one end 

of which i s  wound t i g h t l y  around t h e  lower end of t h e  molybdenum rod t o  

provide  a  ground c o n t a c t .  The o t h e r  end of t h e  p la t inum w i r e  goes 
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through a  l e n g t h  of alumina tub ing ,  f o r  e l e c t r i c a l  i n s u l a t i o n ,  and a t  t h e  

top  ( coo le r )  end a l e n g t h  of  t e f l o n  tub ing ,  f o r  t h e  same reason.  It then  

emerges through a  b l ack  wax s e a l  i n t o  t h e  b r a s s  c y l i n d e r ,  where i t  i s  

so f t - so lde red  t o  a  BNC connec tor .  The c o a x i a l  geometry of t h i s  connec t ion  

t o  t h e  c o i l  e n a b l e s  much of t h e  e l ec t romagne t i c  c r o s s - t a l k  from t h e  t r a n s -  

ducer  t o  be  e l imina ted .  The thermocouple is  a l s o  conta ined  i n s i d e  t h e  

probe s h e a t h ,  t h e  i n d i v i d u a l  w i r e s  be ing  s i m i l a r l y  i n s u l a t e d  w i t h  alumina 

and t e f l o n  tub ing .  It w a s  found t h a t  an  a . c .  ground, c o n s i s t i n g  of a  

. O 1  pf c a p a c i t o r  between one of t h e  thermocouple l e a d s  and t h e  body of 

t h e  probe ,  prevented  t h e  thermocouple l e a d s  from a c t i n g  as a n  an tenna ;  

t hus  t h e  e l ec t romagne t i c  c r o s s t a l k  was g r e a t l y  decreased .  The thermocouple 

j u n c t i o n  was formed by a  spot-weld, The fused  q u a r t z  s h e a t h  was h e l d  i n  

t h e  s t a i n l e s s  tube  by wrapping t e f l o n  t a p e  around i t  and jamming i t  i n t o  

t h e  s t a i n l e s s  tube .  l h i s  method g i v e s  a  ve ry  s e c u r e  and r i g i d  j o i n t ,  which 

had t h e  v i r t u e s  of w i ths t and ing  f a i r l y  h igh  tempera tures ,  and of be ing  

demountable, t o  a l low acces s  t o  t h e  pickup c o i l .  The i n s i d e  of t h e  lower . 

end of t h e  q u a r t z  s h e a t h  was roughened t o  e l i m i n a t e  a c o u s t i c  r e f l e c t i o n  

from t h i s  s u r f a c e  by f u s i n g  a few %1/10 mm d i ame te r  g r a i n s  of q u a r t z  i n t o  i t ,  

and t h e  o u t s i d e  w a s  ground smooth and f l a t  u s i n g  a diamond wheel. S ince  

t h e  wavelength of  sound a t  t h e s e  f r e q u e n c i e s  i n  l i q u i d  me ta l s  i s  Q . 3  mm, 

f l a t n e s s  t o  . O 1  mm i s  adequate  t o  g ive  a n  e f f e c t i v e l y  p l ane  d e t e c t i o n  

s u r f a c e .  

3-2-3 Heating Element and Furnace (Fig.  3 . 2 )  

The h e a t i n g  element c o n s i s t s  of a hol low c y l i n d e r  of s o l i d  h igh  

p u r i t y ,  h igh  d e n s i t y  g r a p h i t e ,  s p l i t  a t  each s i d e  down t o  a  t h i c k  connect ing  .:- . . 
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ring at the bottom. Electrical contact is made at each side at the top 

end via thick graphite screws, the other ends of which screw into heavy 

copper water-cooled terminals. These terminals are electrically insulated 

by means of teflon spacers from the main body of the furnace, and are 

connected with heavy cables to a Hewlett-Packard* Harrison 64698 D.C. 

Power Supply, capable of delivering 300 amperes at 30 volts. This power 

supply is well regulated. With the help of the thermal lag time of the 

0 furnace (about 10 minutes for a change of 200 C usually, at temperatures 

% ~ O O ~ C )  the furnace temperature, once it had reached equilibrium, would 

0 
drift by no more than one or two C in 15 minutes. The heating element 

itself is surrounded by two concentric ,005" thick polished molybdenum 

heat shields, spaced about 1/16" apart, the inner one of which contacts 

=- the heating element only at the thick ring forming its base; thus the 

molybdcnuv heat shields do not short m t  the heating element. Sir.ce the 

furnace was designed to fit inside the two-inch gap of a 12 kG electro- 

magnet, there was considerable need to economise on space. The heat 

shield and heating element assembly fits into a water-cooled furnace 

jacket, the only pre-existing piece of apparatus, having provision for 

the attachment of terminals to the heating element. The furnace jacket 

also holds an ionization gauge. The crucible and delay line assembly 

fits snugly inside the heating element; since it is made from an 

insulating material, there is no danger of short-circuiting the heating 

element. The lower end of the delay line passes through a closely-fitting 

copper tube, water-cooled on the outside, which is part of the lower 
I 

*Hewlett-Packard Company, 1501 Page Mill Road, Palo Alto, California, U.S.A. 



coo l ing  chamber. This  chamber a l s o  posses ses  a vacuum l i n e  which l e a d s  

t o  a l i q u i d  n i t r o g e n  co ld  t r a p ,  an  o i l  d i f f u s i o n  pump and a  roughing pump, 

i n  t h a t  o r d e r .  The lower end of t h e  de l ay  l i n e  pas ses  through an O-ring 

s e a l ,  which h o l d s  i t  f i r m l y  and enab le s  t h e  vacuum t o  be  main ta ined .  

3-2-4 Upper P a r t  of Apparatus ,  and Micrometer (Fig. 3 . 2 )  

Res t ing  on t h e  t o p  f l a n g e  of t h e  fu rnace  j a c k e t  i s  a s h o r t  l e n g t h  

o f  bronze be l lows ,  w i t h  f l a n g e s  at each end. The be l lows  i s  s t i f f e n e d  

on t h e  o u t s i d e  w i t h  t h r e e  t h i c k  rubbe r  r i n g s ,  which f i t  between t h e  

f l a n g e s  and a r e  d r i l l e d  t o  permi t  t h e  passage of b o l t s .  The purpose of 

t h e  be l lows  i s  t o  a l l o w  al ignment  of  t h e  top  p a r t  of t h e  appa ra tus  w i t h  

r e s p e c t  t o  t h e  lower p a r t ,  so  t h a t  t h e  d e t e c t i n g  s u r f a c e  of t h e  probe 

- s h e a t h  i s  e x a c t l y  p a r a l l e l  t o  t h e  g e n e r a t i n g  s u r f a c e  of  t h e  de l ay  l i n e .  

Above t h e  bel lows s i t s  a s t a i n l e s s  s t e e l ,  water-cooled h e a t  s h i e l d ,  

w i t h  a  h o l e  i n  t h e  middle on ly  l a r g e  enough t o  admit t h e  probe. T h i s  

i s  surmounted by an  upper coo l ing  chamber, which h a s  i t s  own evacua t ion  

l i n e  ( s i n c e  t h e r e  i s  a s e v e r e  c o n s t r i c t i o n  where t h e  probe p a s s e s  through 

t h e  cooled h e a t  sh ie1d)and  a l s o  p r o v i s i o n  f o r  e l e c t r i c a l  l e a d s ,  p robes ,  

and s o  f o r t h ,  t o  e n t e r  v i a  O-r ing and he rme t i c  s e a l s  i n  i ts  t o p  s u r f a c e .  

The probe i t s e l f  i s  i n s e r t e d  through a c e n t r a l  0-r ing-sealed h o l e  i n  

t h e  top s u r f a c e ,  and passes  down through t h e  cooled  h e a t  s h i e l d  t o  t h e  

i n t e r i o r  of t h e  c r u c i b l e .  The upper coo l ing  chamber, cooled  h e a t  s h i e l d ,  

bel lows and fu rnace  j a c k e t  a r e  connected t o g e t h e r  by t h r e e  long  s t e e l  

b o l t s  a t  a n g u l a r  s e p a r a t i o n s  of 120'. T ighten ing  t h e s e  b o l t s  a g a i n s t  t h e  

p r e s s u r e  provided by t h e  rubber  r i n g s  around t h e  be l lows  enab le s  t h e  

appa ra tus  t o  be  a l igned .  



On top of the upper cooling chamber an aluminum yoke holds a Mitutoya 

micrometer having a travel of 1 inch, and readable to .0001 inches. The 

shaft of this micrometer is connected, via a coupling that takes out its 

rotary motion, to the hollow brass cylinder that forms the upper end of 

the probe. Typical backlash in the entire micrometer-probe assembly is 

less than .0005". Watch oil was used to lubricate the coupling. When the 

micrometer-probe assembly was aligned properly, the micrometer movement is 

smooth and easy. 

3-2-5 Thermocouple 

The thermocouple leads emerging from the probe can be clipped to the 

appropriate connection wires (made from the same material as the thermo- 

couple leads themselves, but of a lower grade), and the connection wires 

were spot-welded to solid copper wires to make the cold junctions. These 

0 
junctions were immersed in an icewater bath maintained at 0 C, and the 

voltage across the copper leads was measured using a Tinsley potentiometer, 

reading to volts. The clips mentioned above were formed out of the 

connection wires themselves. 

Calibration curves for the tungsten 5% rhenium-tungsten 26% rhenium 

0 
thermocouple were given, with points at intervals of 10 C, by Hoskins 

Manufacturing Company, under the adoption date of ~ovcmber 23rd, 1962. 

This thermocouple calibration can be used up to 2800'~. The rhenium in 

the wires prevents the embrittlement normally found in tungsten after 

heating above 1 0 0 0 ~ ~ .  However, the thermocouple used in this experiment 

had to be replaced twice due to breakage. A check of the calibration was 

perforn~ed on a thermocouple made in the same way as those used in the 



experiment and f a b r i c a t e d  from t h e  same ba t ch  of w i re .  The me l t ing  p o i n t s  

0 0 of pure copper and t i n ,  which a r e  very  well-known (1083 C and 232 C 

r e s p e c t i v e l y )  were observed a s  a r r e s t s  i n  t h e  coo l ing  cu rves  of t h e s e  

me ta l s ,  which were hea ted  i n  q u a r t z  tubes  u s ing  a n  oxyace ty lene  f lame.  

Care was taken  t o  ensu re  t h a t  t h e  thermocouple was completely surrounded 

by t h e  l i q u i d  me ta l ,  and t h e  thermocouple c a l i b r a t i o n  curves  supp l i ed  wi th  

0 t h e  w i r e  were shovm t o  be  c o r r e c t  t o  21 C a t  t h e s e  two tempera tures .  

3-2-6 Other Apparatus 

A s  s t a t e d  b e f o r e ,  t h e  fu rnace  s i ts  between t h e  p o l e s  of a 1 2  k i l o g a u s s  

e lec t romagnet .  Th i s  magnet has  a r e g u l a t e d  power supply ,  b u t  t h e  f i e l d  

i t s e l f  i s  n o t  v e r y  uniform, va ry ing  by perhaps 20% a c r o s s  t h e  r e l e v a n t  

l e n g t h  a l though t h e  c o n t e n t s  of t h e  fu rnace  were designed i n  such a way 

t h a t  t h e  molten meta l  would be c e n t r e d  between t h e  p o l e s  of t h e  magnet, 

However, t h i s  f i e l d  inhomogeneity i s  no t  of any importance,  s i n c e  t h e  

magnetic f i e l d  s e r v e s  only  t o  make t h e  s i g n a l  observable .  Its e f f e c t  on 

t h e  v e l o c i t y  of sound a t  10  k i l o g a u s s  has  been e s t ima ted  (us ing  t h e  theory  

of Alpher and Rubin (1954)) t o  b e  l e s s  t han  one p a r t  i n  10'. Th i s  i s  a 

n e g l i g i b l e  c o r r e c t i o n  w i t h i n  t h e  l i m i t s  of accuracy  of t h e  p r e s e n t  exper i -  

men t . 

Though a d i f f u s i o n  pump i s  connected t o  t h e  fu rnace ,  i t  w a s  found 

t h a t  i ts  use  was unnecessary and only  t h e  r o t a r y  roughing pump was used,  

i n  p r a c t i c e ,  g i v i n g  a vacuum of Q30 p. The purpose of t h e  vacuum i s  t o  

provide  thermal  i n s u l a t i o n  f o r  t h e  f u r n a c e  and t o  prevent  massive o x i d a t i o n  

of t h e  l i q u i d  n c t a l ;  u s ing  our  u s u a l  methods of sample p r e p a r a t i o n  i t  was 

found t h a t  s u r f a c e  contaminat ion was n o t  a problem; s e e  Sec t ion  3 - 4 .  



3-2- 7 Transducer  Mounting 

As mentioned i n  3-2-1, r a d i a n t  h e a t  t r a n s m i t t e d  down t h e  de l ay  l i n e  

was a  problem a t  h igh  tempera tures .  The o r i g i n a l  t r ansduce r  mounting 

(Fig. 3 .3a)  a lmost  completely enc losed  t h e  t r a n s d u c e r  t o  g i v e  good 

e l e c t r i c a l  s h i e l d i n g ;  bu t  t h i s  a l s o  meant t h a t  t h e  t r a n s d u c e r  became 

q u i t e  h o t  ( ~ 1 0 0 • ‹ C )  and t h e  coupl ing ,  u s ing  Nonaq s topcock  g r e a s e ,  t o  t h e  

de lay  l i n e  was g r e a t l y  impai red ,  because t h e  g r e a s e  became v e r y  f l u i d .  

However, f o r  t h e  h i g h - t i n  a l l o y s ,  where most of t h e  measurements were 

made below 1000•‹C, t h i s  was no t  a problem. For t h e  low-t in a l l o y s  a new 

t r ansduce r  mount was cons t ruc t ed  (F ig .  3 .3b) ,  which enabled a s t r o n g  

c u r r e n t  of a i r  t o  b e  p layed  over  t h e  t r a n s d u c e r ,  t o  c o o l  i t .  Th i s  was 

most e f f e c t i v e ;  when t h e  molten a l l o y  w a s  a t  1400•‹C t h e  t r a n s d u c e r  

- 
appeared t o  f u n c t i o n  almost  as w e l l  a s  a t  room tempera ture ,  For bo th  

mounts, t h e  upper p a r t  of t h e  mount was f i r s t  a t t a c h e d  t o  t h e  lower end 

of t h e  de lay  l i n e ;  t hen  t h e  t r ansduce r  was a t t a c h e d  w i t h  Nonaq g r e a s e ,  

p r e s s i n g  and s l i d i n g  i t  around u n t i l  on ly  a t h i n  f i l m  of g r e a s e  w a s  

between i t  and t h e  de l ay  l i n e ,  and l a s t l y  t h e  lower s e c t i o n  of t h e  t r a n s -  

ducer mount was a t t a c h e d .  An impor tan t  f e a t u r e  of bo th  mounts i s  t h a t  

t h e  t r ansduce r  i s  touched a s  l i t t l e  a s  p o s s i b l y  by anyth ing  o t h e r  t han  

t h e  e l e c t r i c a l  c o n t a c t s  and t h e  end of t h e  de l ay  l i n e ;  i t  was found t h a t  

t he  pu l se  was broadened and s p l i t  i f  s u b s t a n t i a l  a c o u s t i c  power went i n t o  

t h e  t ransducer  mounting. 



Fig. 3.3a. Transducer Piount 61 in cross-section. Lower part of mount is 
1/16" thick copper. Top part is brass. 

Air inlt.1 

Fig. 3.31,. Tr;~nsduccr ilouiit 12 in cross-section. Air outlet omitted for 
c l a r i t y  . 
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3-3 Electronics 

For a block diagram of the electronics see Fig. 3.4. The Arenberg* 

P620-A two-stage pre-amplifier has a Q of about 10 per stage; however, 

when connected to the pickup coil, the Q of the first stage was no 

greater than 3 when the coil was at high temperatures, owing to the 

increase in resistance of the platinum wire. The signal to noise ratio 

for the entire amplification system is unity for an input signal of Q1 pV 

as provided by a standard signal generator; an absolute calibration is 

extremely difficult and was not attempted owing to the non-linearity and 

continuously variable gain of both Arenberg components. An estimate of 

the size of the pickup signal was arrived at by observing the signal to 

noise ratio knowing that the noise level is Q1 pV. Provided this ratio 

was greater than about two for the electromagnetically detected acoustic 

signal, measurements of sound velocity could be made with ease. 

The High Power r.f, Pulse Generator* was operated usually at near- 

maximum output, giving pulses Q2 KV peak to peak. This was necessary to 

obtain a usable signal to noise ratio. The maximum acoustic output at 

Q10 NHz was obtained by operating a .050" thick PZT-4 ceramic transducer+ 

at its fifth harmonic, about 12.6 NHz. Higher acoustic amplitudes could 

be obtained at lower harmonics, but the wavelength was increased so that 

lower accuracy was obtainable for the sound velocity measurements; fewer 

fringes could be counted, and acoustic interference from the free surface 

*Arenberg Ultrasonic Lab., Inc., 94 Creen St., Jamaica Plain, Mass., U.S.A. 

ivernitron (Clevite), Piezoelectric Division, 232 Forbes Rd., Bedford, Ohio, 

U.S.A. 
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of t h e  l i q u i d  became a problem. Ceramic t r a n s d u c e r s  which had a  h ighe r  

fundamental f requency ,  be ing  n e c e s s a r i l y  t h i n n e r ,  were found t o  g ive  a 

sma l l e r  a c o u s t i c  ampl i tude ,  p o s s i b l y  because they  were be ing  ove rd r iven  

by a  2KV p u l s e ,  which would cause  h e a t i n g  and perhaps depol ing  of t h e  

ceramic. I n  a  t h i n n e r  t r ansduce r  t h e  e l e c t r i c  f i e l d  i s  n a t u r a l l y  h ighe r  

f o r  a  g iven  a p p l i e d  vo l t age .  

3-4 Sample P r e p a r a t i o n  

The coppe r - t i n  a l l o y s  used i n  t h i s  experiment were chosen t o  b e  t h e  

pure  m a t e r i a l s  Sn and Cu, and t h e  i n t e r m e d i a t e  composi t ions 10,  20, 30, 

40, 50, 60, 70, 80 and 90 atomic pe rcen t  Cu. The pu rc  m a t e r i a l s  were 

Cominco 99.999% pure  t i n ,  i n  t h e  form of w i re ,  and 99.95% pure  oxygen- 

f r e e  copper ,  i n  t h e  form of 718" d i a .  rod .  The pure  m a t e r i a l s  were mass- 

s p e c t r o g r a p h i c a l l y  nna lysed ,  by Can-Test Inco rpora t ed ,  Vancouver, B.C. ,  

and t h e  r e s u l t s  a r e  t a b u l a t e d  i n  Table 3.1. The copper,  nominal ly 99.95% 

pure ,  was found t o  b e  cons ide rab ly  pu re r  t han  t h a t ,  somewhat t o  ou r  sur -  

p r i s e .  An enqui ry  of t h e  t e s t i n g  l a b o r a t o r y ,  however, r evea l ed  t h a t  t h e  

r e s u l t s  were unequivocal .  The a l l o y s  were prepared  by a l a b o r a t o r y  

t e c h n i c i a n ,  i n  a vacuum i n d u c t i o n  fu rnace  (10" t o r r ) ,  i n  t h e  fo l lowing  

manner. An a p p r o p r i a t e  mass of copper was sawed and f i l e d  t o  t h e  shape 

shown i n  F ig .  3.5. It was then  e tched  i n  d i l u t e  HN03 f o r  s e v e r a l  minutes  

t o  remove s u r f a c e  contaminat ion ,  washed i n  water  and propanol ,  d r i e d ,  

weighed on a Met t l e r*  ba lance ,  and placed i n  t h e  c r u c i b l e  i n  which t h e  

a l l o y  would be formed (which had been p rev ious ly  washed w i t h  propanol  and 

*Mett ler  11-8 Balance,  M c t t l e r  Ins t rumente  AG, CH-8606 ~ r e i f e n z e e - ~ G r i c h ,  

Swi tzer land .  



TABLE 3.1. Nass Spectrometric Analysis of Cu and Sn Used in Alloys. 

Accuracy for Trace Elements detected = 50% 

Percentage found, by weight 
Element Searched For 

Cu sample Sn sample 



F i g .  3 . 5 .  Shape of copper i n g o t s  used i n  a l l o y  fo rma t ion .  Grooves p e r m i t  
c l e a n  tin t o  run  down on to  g e n e r a t i n g  s u r f a c e  of d e l a y  l i n e ,  
l e a v i n g  o x i d c  behind .  



d r i e d ) .  A l e n g t h  of t h e  t i n  w i re  w a s  then  c u t ,  t o  roughly t h e  c o r r e c t  

weight demanded by t h e  composition i n  q u e s t i o n ,  washed i n  d i l u t e  H C 1  

water and propanol ,  and d r i e d .  Enough w i r e  was then  c u t  o f f  t h e  end t o  

b r i n g  t h e  weight a s  c l o s e  t o  t h e  exac t  amount needed a s  p o s s i b l e .  The 

weights  and atomic composi t ions of t h e  a l l o y s  can  be  found i n  Table 3 .2 ;  

i t  i s  c l e a r  t h a t  t h i s  technique  enab le s  ve ry  s p e c i f i c  composi t ions t o  be  

formed. For t h e  low-tin a l l o y s ,  t h e  w i r e  was then  p laced  on top  of t h e  

copper i n  t h e  c r u c i b l e ,  and t h e  whole hea ted  t o  about  l l O o O ~ ,  a f t e r  

0 thorough evacuat ion  and ou tgas s ing  a t  about  300 C. To avoid thermal  

shock t o  t h e  fused  q u a r t z  c r u c i b l e s ,  t h e  m e t a l s  and c r u c i b l e  were hea ted  

w i t h  a  g r a p h i t e  suscep to r  i n  t h e  i n d u c t i o n  fu rnace ,  r a t h e r  t han  h e a t i n g  

t h e  me ta l s  d i r e c t l y  by induc t ion .  For t h e  h i g h - t i n  a l l o y s ,  t h e  t i n  w i r e ,  

be ing  bulky ,  could n o t  a l l  be  s t u f f e d  i n t o  t h e  c r u c i b l e .  A d i f f e r e n t  

procedure was t h e r e f o r e  adopted.  The w i r e  was mel ted  i n t o  a n  i n g o t  of 

a p p r o p r i a t e  d iameter  i n  a  g r a p h i t e  c r u c i b l e  beforehand ( g r a p h i t e  i s  i n s o l -  

u b l e  i n  t i n ;  s e e  Kirshenbaum and C a h i l l  1962) and then  t h e  ingo t  was p laced  

i n  t h e  q u a r t z  c r u c i b l e  above t h e  copper .  

The reason  f o r  forming t h e  a l l o y  i n  t h i s  way was t o  make s u r e  t h a t  

t h e  bottom s u r f a c e  of t h e  a l l o y  d i d  n o t  g e t  contaminated w h i l e  t h e  a l l o y  

was being formed, so  t h a t  good w e t t i n g  of t h e  de l ay  l i n e  could  be ' ensu red .  

When t h e  t i n  m e l t s ,  long  b e f o r e  t h e  copper ,  i t  runs  down t o  t h e  bottom of 

t h e  c r u c i b l e  through t h e  grooves i n  t h e  copper b lock ,  l e a v i n g  oxide  and 

s l a g  behind on top  of t h e  copper.  Thus c l e a n  t i n  encounters  a  c l e a n  sur -  

f a c e ,  and w e t t i n g  i s  good. I n  subsequent  me l t i ng  of t h e  copper ,  any s l a g  

(and very  l i t t l e  was observed)  remains on t h e  t o p  s u r f a c e  of t h e  a l l o y .  
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TABLE 3.2. Alloy Compositions 

Mass of ~ n ( g n )  Mass of Cu (gm) c (Atomic fraction) 
(At. % Cu) 



A f t e r  coo l ing ,  and upon r e h e a t i n g  f o r  an  exper imenta l  run ,  one o r  two 

of t h e  a l l o y s  cracked t h e i r  q u a r t z  c r u c i b l e s ,  due t o  t h e  unequal thermal  

expansion c o e f f i c i e n t s  of bronze and q u a r t z  ( t h a t  of q u a r t z  is ve ry  s m a l l ) .  

Th i s  was t h e  c a s e  f o r  pure  Sn and Sn 90 atomic % Cu. I n  t h e s e  c a s e s  (and 

a l s o  f q r  70 a t .  % Cu and 100% Cu, f o r  a d i f f e r e n t  reason)  t h e  me ta l s  had 

t o  be  f i r s t  melted i n  t h e  sound v e l o c i t y  measurement f u r n a c e  i t s e l f ;  i t  

w a s  found i n  t h e s e  c a s e s  t h a t  good w e t t i n g  could  on ly  b e  achieved by hea t -  

i n g  t h e  a l l o y s  t o  1 1 0 0 - 1 2 0 0 ~ ~  and s t i r r i n g  them v igo rous ly  w i t h  t h e  probe.  

Th i s  was done by r a i s i n g  and lowering t h e  probe  r a p i d l y  by hand. The 

importance of a good vacuum dur ing  me l t ing  i s  c l e a r ;  t h e  vacuum i n  t h e  

sound v e l o c i t y  f u r n a c e  was much poorer  t han  t h a t  i n  t h e  i n d u c t i o n  fu rnace  

i n  which most of t h e  a l l o y s  wer formed. Another problem encountered w i t h  

most of t h e  samples was t h e  presence  of bubbles  on  t h e i r  bottom s u r f a c e s .  

Often good s t a b l e  s i g n a l s  could only  be  ob ta ined  by h e a t i n g  t h e  a l l o y  

above 1 0 0 0 ~ ~  and s t i r r i n g  v igo rous ly  w i t h  t h e  probe,  t o  d i s l o d g e  t h e s e  

bubbles .  Th i s  w i l l  be  d i scussed  f u r t h e r  i n  t h e  n e x t  Sec t ion .  A f t e r  t h e  

a l l o y s  were thoroughly melted i n  t h e  i n d u c t i o n  fu rnace ,  t hey  were l e f t  

f o r  about  half-an-hour t o  mix a t  a tempera ture  a few hundred deg rees  above 

t h e  me l t i ng  p o i n t ;  however, f o r  some a l l o y s  f u r t h e r  h e a t i n g  and s t i r r i n g  

i n  t h e  sound v e l o c i t y  fu rnace  were needed t o  ensu re  homogeneity of t h e  

l i q u i d .  A f t e r  t h e  a l l o y s  had been formed and coo led ,  pure  argon gas  was 

in t roduced  i n t o  t h e  induc t ion  fu rnace ,  a t  a tmospher ic  p r e s s u r e ,  and t h e  

c r u c i b l e s  were s e a l e d  w i t h  rubber  bungs b e f o r e  t h e  a rgon,  which i s  h e a v i e r  

than  a i r ,  could escape  from t h e  s u r f a c e  of t h e  a l l o y .  Th i s  prevented 

o x i d a t i o n  of t h e  a l l o y s  i n  s t o r a g e .  The h igh - t in  a l l o y s  a l l  seemed t o  

w e t  t h e  q u a r t z  even a f t e r  they  had cooled  down ( t h e  i n g o t s  could n o t  b e  



moved i n  t h e  c r u c i b l e s ) ;  bu t  t h e  high-copper a l l o y s  had shrunk away from 

t h e  s i d e s  of t h e  c r u c i b l e  and could be  removed e a s i l y ,  though t h i s  was no t  

u s u a l l y  done, f o r  obvious reasons .  I n  t h e  c a s e  of Sn 70 a t .  % Cu t h e  

c r u c i b l e  cracked on coo l ing ,  and t h e  i n g o t  w a s  t r a n s f e r r e d  i n t o  ano the r  

c r u c i b l e  f o r  t h e  purposes of exper imenta t ion .  For 100% Cu t h e  de l ay  l i n e  

and c r u c i b l e  assembly used was too  l a r g e  t o  f i t  th rough t h e  lower coo l ing  

chamber (because t h e  rods  from which t h e  q u a r t z  d e l a y  l i n e s  were made 

v a r i e d  somewhat i n  d i ame te r ) ,  s o  t h e  i n g o t  of Cu was a l s o  t r a n s f e r r e d  i n t o  

ano the r  c r u c i b l e .  

S ince  t h e  vapour p r e s s u r e s  of bo th  Cu and Sn a r e  below 10" t o r r  a t  

0 
1400 C,  and they  a r e  n e a r l y  equa l ,  and fur thermore ,  t h e  mass of t h e  samples 

was about  60 gm i n  each c a s e ,  w i t h  a n  exposed s u r f a c e  a r e a  of Q2 cm2, t h e  

composi t ion of t h e  a l l o y s  was n o t  expected t o  change due t o  d i f f e r e n t i a l  

evapora t ion .  A rough c a l c u l a t i o n  i n d i c a t e s  a weight  l o s s  of %.1 gmlhour 

a t  1 3 0 0 ~ ~ .  S ince  t h e  a c t i v i t y  of Cu-Sn a l l o y s  i s  n o t  f a r  from i d e a l  

(Alcock e t  a l .  1969) t h e  p ropor t ions  of Cu and Sn atoms l o s t  i n  t h i s  way 

a r e  c l o s e  t o  t h e i r  p r o p o r t i o n s  i n  t h e  a l l o y  i n  ques t ion .  Thus we might 

expect  a t  most a percentage  change i n  composi t ion of %2~10'*%. Our 

exper ience  was t h a t  once t h e  a l l o y s  had been thoroughly mixed t h e  v a l u e s  of 

t h e  sound v e l o c i t y  a t  a g iven  tempera ture ,  measured a f t e r  t h e  a l l o y  had . 

been taken  up t o  a h igh  tempera ture  were i d e n t i c a l  w i t h  those  measured 

be fo re ,  i n d i c a t i n g  no change i n  composi t ion.  

3-5 Method of Measurement of Sound Ve loc i ty  

A t y p i c a l  r u n  proceeded a s  fo l lows .  The c r u c i b l e  and d e l a y  l i n e  

assembly c o n t a i n i n g  t h e  a l l o y  t o  be  i n v e s t i g a t e d  was p laced  i n  t h e  fu rnace ;  - . 



the rubber stopper was kept on until the last possible moment. The fur- 

nace was then evacuated, and allowed to pump down for several hours. It 

was found unnecessary to employ the cold-trap; the pressure of 30 microns 

normally obtained in the furnace was sufficient for our purposes, and the 

use of the cold-trap increased the turn-around time of the experiment. 

The transducer was attached to the lower end of the delay line, and the 

r e f .  generator and amplifiers were switched on, to check that the 

acoustical system was in order. For some alloys it was possible at this 

stage to detect electromagnetically an acoustic signal at the surface of 

the alloy; these alloys were the high-tin alloys that wetted the crucible 

well even when solid. The water cooling was turned out (and the air 

cooling for the transducer, when it was used) and the furnace was heated 

up, usually to about 500'~ to start with. The melting of the alloys 

was signalled usually by three indications: (a) the probe could be moved 

down through the liquid, (b) the acoustical echo signal from the end of 

the delay line observed using the transducer could be seen to become 

sensitive to vibration of the furnace, and ( c )  usually a large electro- 

magnetically detected signal could be observed. To observe the latter 

signal the D.C. magnetic field had to be turned on, of course. Usually a 

field of about 6 kilogauss was used. For some of the alloys the acoustic 

signal could be electromagnetically detected at D.C. magnetic fields as 

small as 100 gauss, so that the signal to noise ratio at 10 kilogauss 

was %100:1 or more. The size of the signal is determined by (a) the 

quality of the acoustic bond between the transducer and the delay line; 

(b) the acoustic impedance mismatch between the quartz delay line and 

the alloy in question; (c) the wetting between the delay line and the 



a l l o y  i n  ques t ion  (usua l ly  it  was ve ry  good); (d)  t h e  s i z e  of  t h e  D.C. 

magnetic f i e l d  used;  ( e )  t h e  presence  o r  absence of bubbles  a t  t h e  

bottom of t h e  a l l o y  o r  on t h e  d e t e c t i o n  s u r f a c e  i t s e l f ;  ( f )  t h e  r e s i s t a n c e  

of t h e  pickup c o i l ,  which v a r i e s  w i t h  tempera ture  and alters t h e  Q of t h e  

d e t e c t i o n  c i r c u i t ;  (g) t h e  al ignment  of t h e  a c o u s t i c a l  sys tem. ,  Under 

optimum c o n d i t i o n s ,  as we have s a i d ,  t h e  s igna1 :no i se  r a t i o  was %100:1, 

which means a n  ou tpu t  s i g n a l  from t h e  c o i l  of $100 pV a t  10 kG, Since  

t h e  c o i l  a r e a  i s  Q.5 cm2, w i t h  1 0  t u r n s ,  t h i s  i m p l i e s ,  u s ing  Equat ion (2 .  l o ) ,  

t h a t  t h e  ampl i tude  of t h e  a c o u s t i c  wave i n  t h e  a l l o y  w a s  cm, which 

is  a  ve ry  l a r g e  ampl i tude  f o r  a n  a c o u s t i c  wave, and must be c l o s e  t o  t h e  

c a v i t a t i o n  th re sho ld  ( s e v e r a l  atmospheres p r e s s u r e  judging  from t h e  r e s u l t s  

f o r  l i q u i d  Hg (Webber and Stephens l 9 6 8 ) ,  cor responding  t o  %loe7 cm d i s -  

placement f o r  a wavelength of 3 ~ 1 0 - ~  cm). However, no i n d i c a t i o n s  of 

c a v i t a t i o n  were observed.  

I n  c o n t r a s t  w i t h  t h e  s i g n a l  observed us ing  t h e  t r ansduce r  as a n  

a c o u s t i c  r e c e i v e r ,  t h e  a c o u s t i c  s i g n a l  observed us ing  t h e  c o i l  was very  

c l e a n  and f r e e  from s p u r i o u s  echoes ( s e e  F ig .  3.6).  I f  t h e  c o i l  was 

s u f f i c i e n t l y  f a r  away from t h e  gene ra t ing  s u r f a c e  s o  t h a t  no s t a n d i n g  

wave e f f e c t s  occurred ,  a n  i n p u t  squa re  p u l s e  of %20 p s  d u r a t i o n  was f a i t h -  

f u l l y  reproduced by t h e  e l e c t r o m a g n e t i c a l l y  d e t e c t e d  a c o u s t i c  s i g n a l ;  on 

t h e  o t h e r  hand, when t h e  t r ansduce r  was used as a  d e t e c t o r  even t h e  echo 

p u l s e  from t h e  end of t h e  d e l a y  l i n e  i t s e l f  was broken up by a c o u s t i c  

waveguide e f f e c t s .  When t h e  c o i l  was brought  c l o s e  t o  t h e  gene ra t ing  

s u r f a c e  s t and ing  wave i n t e r f e r e n c e  f r i n g e s  c o u l d  b e  seen ,  caused by over- 

l a p  of t h e  a c o u s t i c  p u l s e  w i t h  i t s  r e f l e c t i o n .  This  e f f e c t  was g r e a t e s t  



f o r  t hose  a l l o y s  w i t h  some degree  of a c o u s t i c  mismatch w i t h  fused  q u a r t z  

(which would g i v e  a  l a r g e r  r e f l e c t e d  wave), I n  t h e  c a s e  of pu re  l i q u i d  

Cu, w i th  a n  a c o u s t i c  impedance of ~ 2 . 8 ~ 1 0 ~  gm/cm2 s e c  compared w i t h  t h a t  

of q u a r t z ,  1 . 3 1 ~ 1 0 ~  gm/cm2 s e c ,  a n  exponen t i a l l y  decaying t r a i n  of s e v e r a l  

echoes could be seen ,  u s ing  a  s h o r t  gene ra t ing  pu l se .  Such echo t r a i n s  

a r e  commonly used t o  measure a c o u s t i c  a t t e n u a t i o n  i n  l i q u i d s  and s o l i d s ,  

b u t  t h e  a t t e n u a t i o n  observed was n o t  observably  dependent on t h e  s e p a r a t i o n  

of probe and gene ra t ing  s u r f a c e  and t h u s  could  be  a t t r i b u t e d  e n t i r e l y  t o  

l o s s e s  on r e f l e c t i o n .  It i s  well-known t h a t  a t  1 0  IlHz t h e  a t t e n u a t i o n  

l e n g t h s  i n  l i q u i d  m e t a l s  a r e  of t h e  o r d e r  of  50 c m ,  much longe r  t han  t h e  

2 cm p a t h  l e n g t h  a v a i l a b l e  he re .  Higher frequency a c o u s t i c  waves would 

b e  neces sa ry  t o  b r i n g  

s i n c e  t h e  a t t e n u a t i o n  

t h i s  l e n g t h  down t o  a n  expe r imen ta l ly  u s e f u l  s i z e ,  

l e n g t h  i n  a meta l  i s  p r o p o r t i o n a l  t o  l / f 2 .  

Bubbles i n  t h e  l i q u i d ,  p a r t i c u l a r l y  on t h e  d e t e c t i o n  s u r f a c e  i t s e l f ,  

caused some problems. The presence  of a bubble  on t h e  d e t e c t i o n  s u r f a c e  

could be recognised  e a s i l y  by observ ing  t h e  s i g n a l ;  i t  would become 

suddenly much smaller and a l s o  d i s t o r t e d ,  and v e r y  s e n s i t i v e  t o  t h e  

v i b r a t i o n  of t h e  furnace .  Two remedies were found f o r  t h i s  problem. 

The f i r s t  i s  t o  a g i t a t e  t h e  l i q u i d  v igo rous ly ,  by removing t h e  

yoke and micrometer from t h e  probe,  and r a i s i n g  and lower ing  it r a p i d l y .  

The l i q u i d  could be  f e l t  s l u s h i n g  around i n  t h e  c r u c i b l e  when t h i s  was 

done. I f  any bubbles  remained ( a s  they  o c c a s i o n a l l y  d i d )  and found t h e i r  

way on to  t h e  d e t e c t i n g  s u r f a c e ,  they  could be removed by l i f t i n g  t h e  probe  



c l e a r  of t h e  s u r f a c e  of  t h e  l i q u i d ,  whereupon, on lower ing  t h e  probe a g a i n ,  

a l a r g e  s t e a d y  s i g n a l  w a s  immediately r e s t o r e d .  S ince  i t  was p o s s i b l e  t o  

t a k e  a  r ead ing  of  t h e  wavelength of sound even under cond i t i ons  of "bubble 

t rouble" ,  and s i n c e  such r ead ings  were n e i t h e r  i n  agreement w i t h  t h o s e  

made when t h e  s i g n a l  was l a r g e  and s t e a d y ,  n o r  c o n s i s t e n t  w i t h  Cach o t h e r ,  

a  c a r e f u l  watch was made t o  d e t e c t  s i g n s  of "bubble t roub le"  dur ing  a  

r ead ing ,  and r ead ings  a f f e c t e d  by such problems were d iscarded .  

The method of making measurements of t h e  wavelength of sound dese rves  

some d e s c r i p t i o n .  The Arenberg r . f .  p u l s e  g e n e r a t o r  can b e  made t o  pro- 

duce two s t a b l y  phase-coherent p u l s e s  of  equa l  ampl i tude  one a f t e r  ano the r ,  

f o r  each i n t e r n a l l y  genera ted  t r i g g e r  pu l se .  The s e p a r a t i o n  of t h e s e  

p u l s e s  can b e  manually v a r i e d  from f i v e  t o  s e v e r a l  hundred microseconds. 

The s i g n a l  observed us ing  t h e  c o i l  always i n c l u d e s  (due t o  imper fec t  

s h i e l d i n g )  t h e  d i r e c t  e l e c t r i c a l  c r o s s t a l k  of t h e s e  p u l s e s ,  which h a s  a 

s t e a d y  ampl i tude  (of about 10pV) and phase ( s e e  F ig .  3 .6a) .  When t h e  

D. C. magnet ic  f i e l d  i s  a p p l i e d ,  t h e  e l ec t romagne t i ca l ly -de t ec t ed  a c o u s t i c  

wave s i g n a l s  (EDA s i g n a l )  a l s o  appear  (Fig. 3.6b).  By vary ing  t h e  de l ay  

of t h e  second p u l s e  of t h e  p a i r ,  t h e  EDA s i g n a l  from t h e  f i r s t  p u l s e  may 

b e  superposed on t h e  c r o s s t a l k  s i g n a l  of t h e  second p u l s e  (Fig. 3 . 6 ~ ) .  

Now i f  t h e  probe i s  moved upwards through t h e  l i q u i d ,  t h e  EDA s i g n a l  of 

t h e  f i r s t  i n p u t  p u l s e  w i l l  move away from t h a t  i n p u t  p u l s e ,  as viewed on 

t h e  o s c i l l o s c o p e .  S ince  t h e  EDA s i g n a l  i s  superposed on t h e  c r o s s t a l k  of 

t h e  second p u l s e ,  i t  w i l l  a l t e r n a t e l y  c o n s t r u c t i v e l y  and d e s t r u c t i v e l y  

i n t e r f e r e  w i t h  t h a t  pu l se .  . A f t e r  t h e  probe h a s  been r a i s e d  one wavelength 

through t h e  l i q u i d  t h e  EDA s i g n a l  w i l l  have t h e  same phase as when i t  









iF - that the spatial period of the interference pattern observed is simply 

the wavelength of sound. Figs. 3.6d-g illustrate the appearance of the 

signal when the first pulse is short (Q3 ps) and the second long (Q25 us) 

as a function of position of the probe. These pulse lengths provide the 

least ambiguous interference pattern. 

In practice, the system was first aligned by systematically maximising 

the pickup signal. With the system aligned, the signal due to a short 

square input r.f. pulse (short enough to avoid reflection overlap) rises 

and falls as a whole when superposed on the crosstalk pulse. Misalignment 

causes a phase lag of the later parts of the EDA pulse, causing a 

characteristic "rocking" of the signal as the probe is moved through the 

liquid. Usually alignment had to be performed once for each run. After - 

the acoustic system had been aligned, the furnace was allowed to come to 

equilibrium at some desired temperature. The probe was then adjusted so 

that there was room for the end of the probe to travel through at least 

40 wavelengths without coming closer than 5 mm to either the generating 

surface or the free surface of the alloy. The micrometer was turned so 

as to eliminate backlash and set so that the (EDA + crosstalk) signal was 
at an interference minimum. The thermocouple voltage was then read, and 

the frequency of the longer crosstalk pulse was measured (the method will 

be described later). After its initial position had been noted, the 

micrometer was then turned slowly by hand until a predetermined number of 

fringes (40, 50 or 100 depending on the travel available) had been 

counted. The micrometer was adjusted to finish at a minimum, where its 



p o s i t i o n  was a g a i n  read  o f f .  The thermocouple v o l t a g e  was noted a g a i n ,  

a f t e r  t h e  thermocouple had come t o  equ i l i b r ium a t  i t s  new p o s i t i o n  (which 

took a minute o r  s o ) ,  and t h e  frequency remeasured. A f t e r  a g a i n  el imin-  

a t i n g  backlash  from t h e  micrometer,  t h e  procedure  was r epea t ed  f o r  t h e  

oppos i t e  d i r e c t i o n  of micrometer t r a v e l .  I n  a l l ,  about  f i v e  minutes  was 

necessary  f o r  each  s e t  of measurements a t  a g iven  temperature.  Twenty 

minutes ,  on average ,  were r e q u i r e d  for t h e  system t o  come t o  thermal  

e q u i l i b r i u m  a t  each new tempera ture .  

Thus t h e  measured v a r i a b l e s  were 

(1) vl and v2,  t h e  thermocouple v o l t a g e  a t  each end of t h e  t r a v e l .  

(2) n ,  t h e  number of f r i n g e s  measured. 

(3) R 1  and Rp, t h e  i n i t i a l  and f i n a l  micrometer readings .  

(4) f l  and f2, t h e  i n i t i a l  and f i n a l  v a l u e s  of t h e  frequency.  

The tempera ture  v a r i a t i o n  between t h e  extreme micrometer p o s i t i o n s  was 

never  more than  2% of t h e  tempera ture  of t h e  m e t a l ,  and u s u a l l y  much 

l e s s  t han  t h i s .  I n  a l l  c a s e s  t h e  ave rage  tempera ture  w a s  used. Th i s  

can e a s i l y  b e  shown t o  b e  t h e  c o r r e c t  tempera ture  (making t h e  p l a u s i b l e  

assumption of a l i n e a r  tempera ture  g r a d i e n t )  which corresponds t o  t h e  

average  wavelength,  c a l c u l a t e d  from 



Thus even i n  ca ses  where t h e r e  was an observable  thermal  g r a d i e n t  (25OC 

a t  1200•‹C, f o r  example) t h e  e r r o r s  in t roduced  by i t  can be  no g r e a t e r  

than  %,2% i n  t h e  tempera ture ,  o r  an  e r r o r  of %.025% i n  t h e  v e l o c i t y  of 

sound. We s h a l l  d i s c u s s  sou rces  of e r r o r  i n  more d e t a i l  i n  Sec t ion  4-2. 

To g i v e  a n  i n d i c a t i o n  of t h e  p o t e n t i a l  accuracy of t h i s  method, i n  s e v e r a l  

ca ses  a g iven  number of  f r i n g e s  was measured s e v e r a l  t imes t o  g i v e  e x a c t l y  

t h e  same v a l u e  f o r  R1-22, t o  t h e  r e a d a b i l i t y  l i m i t  of t h e  micrometer 

i nches ) .  I n  a l l  c a s e s ,  t h e  v a l u e  of (R1-R2) f o r  n  f r i n g e s  was 

measured a t  l e a s t  f o u r  t i m e s  a t  a  g iven  tempera ture ,  and a s t a n d a r d  devi -  

a t i o n  computed from t h e  s c a t t e r  i n  t h o s e  va lues .  

The frequency was measured u s i n g , a  technique  desc r ibed  i n  t h e  Arenberg 

r . f .  gene ra to r  manual. A r e f e r e n c e  tunab le  cw s i g n a l  was added t o  t h e  

pulsed s i g n a l  and t h e  cw o s c i l l a t o r  (Tekt ronix)  was tuned u n t i l  t h e  con- 

f i g u r a t i o n  i n  F ig .  3 . 7  was seen .  I f  t h e  cw o s c i l l a t o r  had been i n  phase 

w i t h  t h e  pulsed  o u t p u t  of t h e  Arenberg g e n e r a t o r ,  one would have seen  a 

b e a t  of zero  frequency a t  t h i s  p o i n t ,  bu t  t h e  p u l s e s  were phase coherent  

on ly  w i t h  each o t h e r ;  t hus  s e v e r a l  l i n e s  appeared a c r o s s  t h e  p u l s e  p o s i t i o n .  

Note t h a t  t h i s  method e s s e n t i a l l y  measures t h e  p e r i o d  of t h e  o s c i l l a t i o n s  

i n  t h e  p u l s e ;  though t h e  frequency h a s  a  bandwidth %1/-r, where T i s  t h e  

l e n g t h  of t h e  p u l s e ,  t h e  p e r i o d  i s  very  w e l l  de f ined  and can b e  measured 

e a s i l y  t o  t h e  accuracy  of .02% claimed below. B a s i c a l l y  i t  i s  t h e  p e r i o d ,  

t ,  t h a t  i s  of i n t e r e s t  when t h e  v e l o c i t y  of sound i s  measured i n  t h i s  way, 

because t h e  i n t e r f e r e n c e  p a t t e r n  r e p e a t s  when IT = AR = st. Thus t h e  

frequency bandwidth does n o t  l e a d  t o  e r r o r s  i n  t h e  computation of t h e  

sound v e l o c i t y .  The frequency of t h e  cw o s c i l l a t o r  is  measured us ing  a 



F i g .  3 .7 .  Appearance of  r e f .  s i g n a l  o b s e r v e d  w i t h  p i c k u p  c o i l  when added 
t o  a c o n t i n u o u s  r . f .  s i g n a l  a t  t h e  same f r e q u e n c y .  \ 

c vbl signal 



frequency counter  (Ilewlett-Packard 5426L). Thi s  method i s  r ep roduc ib l e  

t o  .02%. Care must be  taken ,  however, no t  t o  l oad  t h e  cw o s c i l l a t o r  w i th  

t h e  ou tpu t  from t h e  wideband a m p l i f i e r ,  and then  t o  measure i t s  frequency 

when unloaded. The frequency may s h i f t  by as much a s  1%. Measurements on 

t h e  Sn 10  a t .  % Cu a l l o y  were i n c o r r e c t l y  made i n  t h i s  way and had t o  be 

c o r r e c t e d  a f t e rwards  us ing  a  c o r r e c t i o n  f a c t o r  which was v e r y  a c c u r a t e l y  

determined ( t o  .01%) by measuring t h e  cw o s c i l l a t o r  f requency when loaded 

and unloaded. Frequency d r i f t s  i n  t h e  cou r se  of a measurement were never  

more than  .l% and w i l l  be  d i scussed  i n  S e c t i o n  4-2. 

Measurements of t h e  v e l o c i t y  of sound i n  each  of t h e  e l even  a l l o y s  

i n  Table 3 . 2  were made us ing  t h e  above technique ,  a s  a f u n c t i o n  of 

0 t empera ture  over  a  tempera ture  range  r t  l e a s t  200 C. The r e s u l t s  w i l l  b e  

found i n  t h e  next  Chapter .  Other p o s s i b l e  measurement techniques  i n c l u d e  

t h e  cw v e r s i o n  of t h e  above. The Arenberg g e n e r a t o r  may be used as a 

cont inuous  o s c i l l a t o r ;  t hus  a cw EDA s i g n a l  can  b e  observed. T h i s  s i g n a l  - - 

can be  added t o  a cw r e f e r e n c e  s i g n a l  and t h e  r e s u l t  r e c t i f i e d ,  g iv ing  

r i s e  t o  a  d .c .  s i g n a l  which r i s e s  and f a l l s  a s  t h e  probe is moved through . . 

t h e  l i q u i d .  However, when t h e  l i q u i d  i s  i r r a d i a t e d  w i t h  cont inuous 

a c o u s t i c  waves, t h e r e  i s  a p o s s i b i l i t y  of t h e  format ion  of a c o u s t i c  

s t a n d i n g  waves w i t h i n  t h e  c a v i t y  formed by t h e  gene ra t ing  s u r f a c e  and . 

t h e  f r e e  s u r f a c e  of t h e  l i q u i d .  These s t a n d i n g  waves would b e  d e t e c t e d  . - 

by t h e  probe,  and would n o t  n e c e s s a r i l y  have t h e  d e s i r e d  p e r i o d i c i t y  of 

X a s  t h e  probe i s  r a i s e d ,  s i n c e  t h e i r  behaviour  would depend on t h e  

h e i g h t  of t h e  f r e e  l i q u i d  s u r f a c e .  I n  a c t u a l  f a c t ,  when t h i s  technique  

was t r i e d  o u t  f o r  a Cu-Sn a l l o y ,  a  ve ry  non-s inusoida l  and e r r a t i c  s i g n a l  - . 



was observed. In a liquid such as mercury, where the angle of contact 

of the surface with quartz is much greater, the surface is too convex 

to allow the formation of such standing waves and a clean sinusoidal 

signal was observed. A rough measurement of the sound velocity in mercury 

was made this way, at 22O~, and the value 1.46~10' cm/sec was obtained, in 

fair agreement with the values reported in the literature (e.g. McAlister 

1971). 

Another suggested method is to display the r.f. pulse signal on the 

oscilloscope, instead of the detected pulse signal. One can then use the 

vertical axis on the oscilloscope screen as a fiducial mark, and count 

the actual oscillations comprising the EDA signal as they go by, as the 

probe is raised. This method has inherently the same accuracy as the 

method we employed, though it is perhaps more sensitive to misalignments 

of the system, which cause pulse distortion. Moreover, if the detection 

surface is close to the generation surface, standing waves may cause 

ambiguity in the phase of the observed oscillations. 

3-6 Further Experimental Improvements 

The accuracy of this experiment could be improved in several ways: 

(a) The use of a higher frequency would mean that the acoustic wave- 

length X would be shorter, and thus more interference fringes could be 

observed, giving a smaller percentage error. 

(b) The length of the acoustic path could be lengthened (in conjunction 
. - 

with an increase in frequency, to nullify diffraction effects); again . - 



more wavelengths could be measured and the effect of reading error in the 

micrometer would be diminished. 

(c) The heating element and furnace could be redesigned to give much 

smaller thermal gradients; thus the temperature would be more accurately 
, 

defined. 

(d) The position of the probe could be measured with an optical inter- 

ferometer, greatly increasing the accuracy of this measurement. 

(e) The amplitude of the (EDA + crosstalk) signal could be plotted with 
an X-Y recorder, using a boxcar integrator to gate the total signal so 

that only the (EDA + crosstalk) signal was recorded. The gate could be 

made to move with the EDA signal as the probe was raised through the 

liquid. The X-coordinate of the X-Y recorder could be made accurately 

proportional to the height of the probe. Thus the wavelength could be 

measured on the graph, greatly increasing the potential accuracy. 

(f) If the frequency were increased, measurements of the acoustic 

attenuation could be made accurately, providing that the applied static 

magnetic field was homogeneous. At 5 MHz the attenuation length is 

$50 cm, making the attenuation difficult to measure; while at 50 MHz 

the attenuation length is only 'L.5 cm, which is easily measurable. 

Measurement of attenuation using the electromagnetic detection technique 

is very easy, in principle; the amplitude of the EDA signal should 

decrease exponentially as the probe is raised, with a decay length equal 

to the attenuation length. No correction for losses at the liquid sur- 

faces should be necessary. Note that a magnetic field of 10 KG increases 

the attenuation only by about one part in lo3 (Alpher and Rubin 1954). 



CHAPTER 4 

EXPERIMENTAL RESULTS 

4-1 R e s u l t s  f o r  t h e  Ve loc i tv  of Sound 

4-1-1 Analysis  of  Data 

A t  each tempera ture ,  f o r  a  given composi t ion,  t h e  a c o u s t i c  wavelength 

w a s  measured at  l e a s t  f o u r  t imes ,  w i t h  a t  l e a s t  40 wavelengths be ing  

counted each t i m e .  The a r i t h m e t i c  mean 1 and r o o t  mean squa re  d e v i a t i o n  

a were eva lua t ed .  I f  t he  frequency had s h i f t e d  dur ing  t h e  course  o f  t h e  X - 
measurements i t s  mean f  and r o o t  mean squa re  d e v i a t i o n  a were a l s o  calcu-  

f 

l a t e d .  The mean of t h e  thermocouple v o l t a g e  r ead ing  w a s  c a l c u l a t e d  

us ing  equa l  numbers of measurements from t h e  top  and bottom ends of t h e  

probe t r a v e l ,  and t h e  temperature determined therefrom. The sound v e l o c i t y  

-- 
s = f h  was then  eva lua t ed ,  and t h e  t o t a l  r o o t  mean squa re  d e v i a t i o n  

a = s (? + y) was c a l c u l a t e d .  The s i r e  of  t h e  e r r o r  b a r s  on t h e  graphs 
s 

of  s v e r s u s  T f o r  t h e  v a r i o u s  a l l o y s  i s  g iven  by cf . 
s 

Within exper imenta l  e r r o r  every  a l l o y  composition gave a l i n e a r  tem- 

p e r a t u r e  dependence f o r  t he  v e l o c i t y  of  sound, and t h e  temperature c o e f f i -  

c i e n t  was always nega t ive .  To determine t h e  b e s t  f i t  s t r a i g h t  l i n e  a  l e a s t  

mean squa res  f i t  t o  t he  d a t a  f o r  each  composition was performed us ing  a  

computer. I n t e r c e p t s  and temperature c o e f f i c i e n t s  r e p o r t e d  h e r e  are t h e  

r e s u l t s  of t h i s  c a l c u l a t i o n .  The p o i n t s  were unweighted s i n c e  t h e  d i f f i -  

c u l t i e s  i n  making a measurement were no t  u s u a l l y  tempera ture  dependent.  

The c o r r e l a t i o n  c o e f f i c i e n t  ( s e e  Bevington 1969) c a l c u l a t e d  f o r  each s t r a i g h t  

l i n e  f i t  was always between .992 and 1 .0 ,  i n d i c a t i n g  t h a t  t h e  s c a t t e r  i n  t h e  

exper imenta l  p o i n t s  was c o n s i s t e n t  w i t h  t h e  s i z e  of t h e  s t anda rd  d e v i a t i o n s  



used. See Sec t ion  4-2 f o r  a more d e t a i l e d  d i s c u s s i o n  of e r r o r s .  

4-1-2 Pure Tin 

The v e l o c i t y  of  sound i n  pure t i n  w a s  measured over  a tempera ture  - - .. - -  

range of  7 5 0 " ~ ~  from 2500C t o  1 0 0 0 • ‹ ~ .  This  meta l  h a s  been measured many t imes ;  - - 

f o r  comparison w i t h  o u r  p r e s e n t  work t h e  r e s u l t s  a r e  t a b u l a t e d  i n  Table 4.1. . -: - 1 

With t h e  excep t ion  of t h e  work of  Pronin  and F i l i p p o v ,  which appears  t o  b e  : s  1. : =  

i n a c c u r a t e ,  and t h a t  of  Kleppa, who used a r a t h e r  c rude  measurement . . 

t echnique  w i t h  a f i x e d  a c o u s t i c  p a t h  l e n g t h ,  t h e  r e s u l t s  a r e  c o n s i s t e n t  . -  . . . .  - 

w i t h  each o t h e r .  Except f o r  ou r  work, a l l  t h e s e  measurements 

were made w i t h  a p u l s e  technique  us ing  p i e z o e l e c t r i c  t r a n s d u c e r s  t o  produce I .  y r r r - r e  

and d e t e c t  t h e  a c o u s t i c  waves. G i t i s  and Mikhailov found a non- l inear  . . .. - -  . - .  

temperature dependence o f  t h e  v e l o c i t y  o f  sound i n  pu re  t i n ;  no t r a c e  of  - .  - -  . - . .  - .  . - 
I 

t h i s  was found i n  ou r  r e s u l t s ,  n o r  i n  t h e  c a r e f u l  measurements of Gordon, . . - -  . - - - . . . 

s o  we s u s p e c t  t h a t  t h e i r  r e s u l t  i s  erroneous.  

4-1-2 Pure Copper 

The only  publ i shed  d a t a  f o r  t h e  v e l o c i t y  of sound a t  t h e  me l t i ng  . - 
.. . 

- - p o i n t  of copper a r e  t h e  f i g u r e s  of G i t i s  and Mikhailov (1966b) and Pronin  - . . - -  

and F i l i p p o v  (1963). They a r e  g iven ,  w i t h  o u r  r e s u l t  f o r  comparison, i n  :-- - .  

Table 4 .2 .  It appears  t h a t  a s  i n  t h e  case  o f  pure  t i n  t h e  work o f  Pronin  . . 
. . .  - 

and F i l i ppov  i s  u n r e l i a b l e .  Again, work p rev ious  t o  o u r s  w a s  performed . .- 
. .  - - 

- - u s i n g a  convent iona l  p u l s e  technique.  I n  con tac t  w i t h  pure copper a t  tem- . . - -  

p e r a t u r e s  above llOO•‹C, q u a r t z  r a p i d l y  becomes v e r y  b r i t t l e ,  which 

r e s t r i c t e d  t h e  maximum tempera ture  f o r  o u r  measurements t o  1300•‹C. The 

. . - - t empera ture  dependence was l i n e a r ,  w i t h i n  t h e  accuracy  of t h e  measurements. . .  : - -  - - 



TAELI: 4 .1 .  V e l o c i t y  of Sound i n  L i q u i d  Sn a t  the 

Plclt  i n g  P o i n t  

Sound V e l o c i t y  
( x l ~ ~ c r n / s c c )  - - ds (x102cm/sec)  

a t  2320C 
d T 

Kleppa (1950) 

P o l o t s l c i i  and Kllodov (1953) 

Gordon (1959) 

PIcSlcimin (1959) 

Khodov (1960) 

P r o n i n  and F i l i p p o v  (1963a) 

G i t i s  and N i l d ~ a i l o v  (1966b) 

L i t o v i t z  and J a r z y n s k i  (1965) 

Coppcns c t  a l .  (1967) 

Vebbcr (1367) 

T h i s  work 

d s * A t  n . p . ;  - changes  w i t h  t e ~ p e r a t u r e .  
d T 



TABLE 4 .2 .  V e l o c i t y  of Sound i n  Liquid  Cu a t  t h e  

N e l t i n g  P o i n t  

Sound V e l o c i t y  
Ref  crcnce ( x l ~ ~ c m / s e c )  - -  ds ( x l ~ ~ c ~ e ~ s e c )  

a t  1 0 8 3 ' ~  dT 

P ron in  and F i l i p p o v  (1963b) ' 3.270 

G i t i s  and li l ikhailov (1966b) 3.459 

T h i s  vo rk  3.4402.004 



Judging from t h e  s c a t t e r  i n  t h e  measurements of G i t i s  and Mikhai lov,  t h e i r  

s t anda rd  e r r o r  i n  s i s  Q.3X and i n  dS Q l O X ,  b r i n g i n g  t h e i r  r e s u l t s  i n t o  
dT ' 

good agreement w i t h  o u r s .  

4-1-4 Copper-Tin Al loys  

R e s u l t s  f o r  t h e  sound v e l o c i t y  a s  a f u n c t i o n  of tempera ture  are pre-  

s e n t e d  as graphs i n  F igs .  4 . 1  and 4 .2 ,  t h e  arrow on each l i n e  i n d i c a t i n g  

t h e  l i q u i d u s  tempera ture  (Hansen 1958) of t h a t  a l l o y .  The b e s t - f i t  

4r 
s t r a i g h t  l i n e  parameters  a r e  g iven  i n  Table  4.3; n o t e  t h a t  t h e  s t a n d a r d  

d e v i a t i o n s  f o r  t h e  T = O•‹C i n t e r c e p t  a r e  much l a r g e r  t han  t h e  d e v i a t i o n s  

would be  f o r  v a l u e s  of s de r ived  from t h e s e  s t r a i g h t  l i n e s  i n  t h e  temper- 

rTr 
I a t u r e  range i n  which measurements were made. I so therms a t  600•‹C, 800•‹C 

\. and llOO•‹C f o r  t h e  sound v e l o c i t y  as a f u n c t i o n  of composi t ion a r e  p l o t t e d  

i n  F ig .  4 .3,  and - - ds i s  shown i n  F ig .  4.4. There are c l e a r l y  no anomalies  dT 

i n  t he  v a r i a t i o n  of sound v e l o c i t y  w i t h  composi t ion.  The peak i n  t h e  

-ds/dT a t  Q80 A t .  % Cu i s  s i g n i f i c a n t ,  however, and must b e  a s s o c i a t e d  i n  

some way w i t h  t h e  s t r u c t u r a l  changes t a k i n g  p l a c e  a t  t h i s  composi t ion ( see  

Chapter 5 ) .  

It might appear  t h a t  t h e  v a l u e  of a t  90 a t .  X Cu i$ anomalous and 

t h e  r e s u l t  of an  e r r o r  i n  measurement. We t h e r e f o r e  emphasize t h a t  t h e  

d a t a  obta ined  f o r  t h i s  a l l o y  were a s  good a s  t h o s e  f o r  t h e  o t h e r  a l l o y s .  

The v a l u e s  used i n  F ig .  4.2 a r e  t hose  measured a f t e r  t h e  mixing of t h e  a l l o y  

was observed t o  be complete ( s e e  next  pa rag raph) ,  and r e p r e s e n t  t h e  r e s u l t s  

of s e v e r a l  thermal  c y c l e s  of t h e  a l l o y .  No s p e c i a l  problems were encountered 

d s 
wi th  t h i s  a l l o y .  The r a t h e r  r a p i d  dependence of - on composi t ion a t  about  dT 



Atomic 

P i l l .  4 .I. .  \ l c l o c i t y  of  Sound i n  Cu-SII A l l o y s  as n Function of Te~iq>l:rnturc!.  
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TABLE 4.3. Velocity of Sound in Cu-Sn A1loys:Best-fit Parameters 

Alloy (At. % Cu) 
Interce t at T=O•‹C P ( ~ 1 0  cmlsec) 





i'. 
5 
c- . . 
t : 
r " 
c 
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80 a t .  % Cu can a l s o  be seen i n  t h e  tempera ture  dependence of t h e  r e s i s -  

t i v i t y ,  a s  measured by Ro l l  and Motz (1957). Thei r  r e s u l t s  f o r  T = 1 1 0 0 ~ ~  
, a K -  
I S a r e  p l o t t e d  i n  Fig.  5.5 f o r  comparison w i t h  - - The gene ra l  f e a t u r e s  - .  

- .  . Ks aT ' 
1 aKs of t h e  curve  f o r  - a r e  c l e a r l y  mir rored  i n  t h e  dependence of on -. . - 

K~ a T 

composition. We s h a l l  no t  d i s c u s s  t h e  t h e o r e t i c a l  s i g n i f i c a n c e  of t h i s  

r e s u l t .  

For t h e  a l l o y s  50 at.%Cu, 60 at.%Cu, 70 at.%Cu and 90 at.%Cu i t  w a s  

found t h a t  t h e  a l l o y s ,  when f i r s t  melted,  were incomple te ly  mixed. The 

c l e a r e s t  i n d i c a t i o n  of t h i s  was a l a c k  of r e p r o d u c i b i l i t y  i n  t h e  sound 

v e l o c i t y  measurements. A measurement would b e  made c l o s e  t o  t h e  me l t i ng  

p o i n t ,  on f i r s t  h e a t i n g ,  and then  t h e  tempera ture  was r a i s e d  t o  about  

0 
1200 C,  where another  measurement would b e  made. On coo l ing ,  making 

0 
measurements every  100 C ,  i t  was found t h a t  t h e  i n i t i a l  p o i n t  d i d  n o t  l i e  - - 

on t h e  same s t r a i g h t  l i n e  a s  t h e  subsequent  p o i n t s .  For one a l l o y  (70 at.%Cu) 

0 
i t  took two h e a t i n g s  t o  1100 C,  a t  which tempera ture  i t  was l e f t  f o r  a n  

hour wh i l e  i t  was s t i r r e d  v igo rous ly  from t ime t o  t ime,  t o  o b t a i n  repro-  

d u c i b l e  r ead ings .  R e s u l t s  ob ta ined  w h i l e  coo l ing  from a h i g h  tempera ture  

were compared w i t h  r e s u l t s  ob ta ined  w h i l e  h e a t i n g ,  f o r  a l l  t h e  a l l o y s  

s t u d i e d ,  i n  c a s e  t h i s  problem occurred.  Only t h o s e  r ead ings  were 

accepted  which were made when t h e  r e s u l t s  de f ined  a  r ep roduc ib l e  s t r a i g h t  

l i n e .  It was always found t h a t  t h e  observed s i g n a l  grew l a r g e r  a s  t h e  

mixing improved; appa ren t ly  inhomogeneity i n c r e a s e s  t h e  a c o u s t i c  a t t enu -  

a t i o n  cons ide rab ly .  



4-2 Discussion of Accuracy 

I n  t h i s  experiment t h r e e  q u a n t i t i e s  a r e  measured; t h e  a c o u s t i c  wave- 

l e n g t h ,  t h e  frequency,  and t h e  temperature.  There may be  s t a t i s t i c a l  o r  

s y s t e m a t i c  e r r o r s  a s s o c i a t e d  w i t h  each of t h e s e .  

4-2-1 Wavelength 

S t a t i s t i c a l  e r r o r  i n  measuring t h e  wavelength i s  t h e  major  c o n t r i -  

b u t i o n  t o  t h e  s c a t t e r  i n  t h e  exper imenta l  v a l u e s  of t h e  v e l o c i t y  of sound. 

I n  t ak ing  r ead ings  t h e  main problem w a s  t o  e s t i m a t e  when t h e  i n t e r f e r e n c e  

s i g n a l  (Fig. 3 . 6 )  was a t  a minimum. S ince  t h e r e  is some back la sh  i n  t h e  

micrometer coupl ing  one could approach t h e  minimum on ly  from one s i d e ,  and 
.- . 

t hus  one had 10 judge t h e  minimum by comparison w i t h  t h e  i n t e r f e r e n c e  

f r i n g e  b e f o r e  t h e  one i n  ques t ion .  Usual ly t h e  p o s i t i o n  of t h e  minimum 

could b e  judged r ep roduc ib ly  t o  ' ~ 1 1 2 0 t h  of t h e  wavelength of sound, t h a t  i s ,  

t o  about  l o m 3  cm. More s o p h i s t i c a t e d  e l e c t r o n i c s  ( s e e  S e c t i o n  3 . 6 )  could 

perhaps improve on t h i s .  One problem encountered i n  t h i s  e s t i m a t i o n  of t h e  

minimum w a s  t h a t  i n  some a l l o y s  t h e r e  w a s  enough r e f l e c t i o n  of t h e  a c o u s t i c  

p u l s e  from t h e  d e t e c t i o n  and then  from t h e  g e n e r a t i o n  s u r f a c e s  t h a t  s u b s i d i a r y  

EDA echoes could be  seen  fo l lowing  t h e  s i g n a l  from t h e  main EDA p u l s e  super-  

posed on t h e  c r o s s t a l k  (Fig. 4.5).  These had t h e  e f f e c t  of confus ing  t h e  

obse rve r ,  p a r t i c u l a r l y  when t h e  probe was a t  t h e  lower end of i t s  t r a v e l ,  

because they  were then  c l o s e  (on t h e  o s c i l l o s c o p e  s c r e e n )  t o  t h e  s i g n a l  of 

i n t e r e s t ,  d i s t o r t i n g  t h e  shape of  i t s  t r a i l i n g  edge. Shor ten ing  t h e  d u r a t i o n  

of t h e  f i r s t  genera ted  p u l s e  improved m a t t e r s ,  by s e p a r a t i n g  more c l e a r l y  



Fig. 4.5. Appearance of detected signal when echoes appear a f t e r  f i r s t  
EDA signal. 



t h e  d e t e c t e d  s i g n a l  of i n t e r e s t  from i t s  subsequent  echoes.  Moreover, t h e  

lowest  p o i n t  of t h e  probe  t r a v e l  w a s  always a t  least . 5  cm from t h e  gener- 

a t i n g  s u r f a c e  ( t h e  end of  t h e  de l ay  l i n e )  g i v i n g  a t  l e a s t  3 p s e c s  between 

t h e  EDA p u l s e  of i n t e r e s t  and i t s  f i r s t  echo i n  t h e  l i q u i d  metal .  S ince  

t h e s e  p u l s e s  have a  rise t ime of Q.5 p s  t h e  f i r s t  and second EDA p u l s e s  

could e a s i l y  be  d i s t i n g u i s h e d .  I n  a  l i q u i d  m e t a l  where t h e s e  echo p u l s e s  
.. . - . .. 

a r e  more pronounced than  i n  t h e  p r e s e n t  s e r i e s  of a l l o y s ,  t hey  could  a l s o  

b e  used t o  de te rmine  t h e  wavelength of sound, s i n c e  t h e  n ' t h  echo w i l l  go 

through 2n i n t e r f e r e n c e  f r i n g e s  w h i l e  t h e  main EDA s i g n a l  goes through one. 

Th i s  would enable  more f r i n g e s  t o  be counted,  g i v i n g  a h i g h e r  accuracy  f o r  

A.  

Expressed a s  a pe rcen tage ,  t h e  r o o t  mean squa re  s t a t i s t i c a l  e r r o r  i n  

t h e  wavelength X was u s u a l l y  Q.07%. The only  s o u r c e s  of s y s t e m a t i c  e r r o r  

i n  t h e  wavelength measurement are (a) t h e  c a l i b r a t i o n  of t h e  micrbmeter ,  

which was assumed t o  b e  c o r r e c t  t o  l o m 4  inches  ( t h e  accuracy  t o  which i t  

could  be  r e a d ) ;  (b)  d i f f r a c t i o n  of t h e  a c o u s t i c  waves i n  t h e  l i q u i d ,  and 

(c)  t h e  thermal  expansion of t h e  probe a s  i t  i s  lowered through t h e  

l i q u i d  meta l .  The d i f f r a c t i o n  a s s o c i a t e d  w i t h  t h e  d e t e c t i o n  s u r f a c e  i s  

unimportant ,  s i n c e  t h e  waves a r e  d e t e c t e d  b e f o r e  they  a r e  d i f f r a c t e d ; .  

d i f f r a c t i o n  a t  t h e  gene ra t ion  s u r f a c e  i s  t h e  o n l y  problem. Th i s  s u r f a c e  

i s  Q1.5 cm i n  d i ame te r ,  t h e  a c o u s t i c  p a t h  l e n g t h  d i s 2 2  cm, and t h e  

a c o u s t i c  wavelength i s  ~ 3 x 1 0 ' ~  cm, SO t h e  d e t e c t o r  is  w e l l  w i t h i n  t h e  nea r  

dX 
d i f f r a c t i o n  zone, de f ined  by 7 << 1, Using t h e  c o r r e c t i o n  f o r  t h e  a  

v e l o c i t y  g iven  by Bass and Wiliams (1960) 



we deduce a  maximum sys t ema t i c  e r r o r  from t h i s  sou rce  i n  t h e  wavelength 

of .02%. 

Thermal expansion a f f e c t s  on ly  a  l e n g t h  of  about  1 cm of  t h e  q u a r t z  

probe shea th ,  whose tempera ture  i s  inc reased  by a t  most 2 0 0 ~ ~  a s  i t  i s  

lowered i n t o  t h e  l i q u i d  meta l .  S ince  t h e  thermal  expansion c o e f f i c i e n t  

of q u a r t z  is  Q ~ O - ~ ~ C - '  , t h e  maximum change i n  l e n g t h  of t h e  e n t i r e  probe 

assembly i s  " Q x ~ o ' ~  cm, g i v i n g  rise t o  a s y s t e m a t i c  e r r o r  i n  t h e  wave- 

l e n g t h  of a t  most .02%. 

4-2-2 Freauencv 

Reproduc ib i l i t y  i n  t h e  measurement of f requency  was about  Q.02%. A 

0 l a r g e r  e r r o r  was in t roduced  a t  h igh  tempera tures  (above 900 C) i n  e a r l i e r  

r u n s ,  b e f o r e  t h e  cooled t r ansduce r  was developed,  by f requency  d r i f t s  

dur ing  a measurement. These d r i f t s  were caused by h e a t i n g  of t h e  t r ans -  

ducer ,  which took perhaps an  hour t o  r each  thermal  e q u i l i b r i u m  when i t  w a s  

n o t  cooled.  Usual ly  t h e  measurements were begun b e f o r e  t h e  t r ansduce r  

equ i l i b r ium tempera ture  had been reached.  The d i e l e c t r i c  c o n s t a n t  of t h e  

t r ansduce r s  used changes w i t h  tempera ture ,  t h u s  changing t h e  load  on t h e  

r . f .  gene ra to r  and hence i t s  frequency.  The f requency  d r i f t  a t  a  given 

thermocouple tempera ture  was a t  most .I%, however, and s i n c e  t h e  average  

frequency was used,  t h e  s t anda rd  d e v i a t i o n  i n  f requency  was never  more 

than  .05%. Th i s  d r i f t  a f f e c t e d  only  a  few measurements a t  h igh  tempera tures  

on t h e  low-Cu a l l o y s .  When t h e  cooled t r ansduce r  mount was used, t h i s  



d r i f t  was no t  observed,  though t h e  frequency was observed t o  s h i f t  when 

t h e  tempera ture  of t h e  fu rnace  was changed. C l e a r l y  coo l ing  enabled t h e  

t r ansduce r  t o  r each  thermal  equ i l i b r ium much f a s t e r .  S ince  t h e  frequency 

counter  i s  c a l i b r a t e d  t o  one p a r t  i n  l o 8 ,  t h e r e  was no a p p r e c i a b l e  

sys t ema t i c  e r r o r  i n  t h e  frequency measurement. 

4-2-3 Temperature 

Although t h e r e  was a tempera ture  g r a d i e n t  of a t  most 2%, t h i s  gave 

r i s e  t o  a n  e r r o r  of a t  most .2% i n  t h e  tempera ture ,  s i n c e  t h e  average  wave- 

l e n g t h  and t h e  average  tempera ture  were used. The thermocouple c a l i b r a t i o n  

curve  i s  l i n e a r  enough s o  t h a t  t h e  average  tempera ture  was g iven  by t h e  

average thermocouple v o l t a g e  reading .  Temperature d r i f t s  i n  t h e  cou r se  of 

a s e r i e s  of wavelength measurements were never  more than  . 5 % ,  and a g a i n  

us ing  t h e  average  tempera ture  f o r  t h e  s e r i e s  of measurements g i v e s  a s t an -  

dard  e r r o r  of V . 2 %  from t h i s  source .  The accuracy  t o  which t h e  thermo- 

0 
couple v o l t a g e  could  be  read  was 10'~ V,  equ iva l en t  t o  a n  accuracy  of  tl C 

i n  t h e  tempera ture .  A check of t h e  c a l i b r a t i o n  of t h e  t y p e  of thermocouple 

used ( see  S e c t i o n  3-2-5) showed t h a t  i t  was c o r r e c t  t o  +lOc a t  2 3 2 ' ~  and 

0 
1083 C ,  and t h e r e f o r e  i t  was most probably c o r r e c t  t o  t h i s  accuracy  over  

t h e  r e s t  of t h e  range  over  which i t  was used. S ince  t h e  a c t u a l  thermo- 

couples  used i n  t h e  experiment were n o t  checked i n  t h i s  way., a n  a d d i t i o n a l  

0 
u n c e r t a i n t y  i s  in t roduced ,  bu t  t h i s  i s  not  l i k e l y  t o  exceed 5 C s i n c e  t h e  

thermocouples were i d e n t i c a l l y  made, from t h e  same b a t c h  of w i re .  

Thus t h e  s t a t i s t i c a l  e r r o r s  i n  tempera ture  a r e  not  g r e a t e r  than  .5%, 

and t h e  s y s t e m a t i c  e r r o r  involved i n  t h e  c a l i b r a t i o n  i s  about  t h e  same. 



The t o t a l  maximum es t ima ted  e r r o r  i n  t h e  tempera ture  i s  then  %I%, cor re s -  

0 
ponding a t  1000 C t o  a change i n  sound v e l o c i t y  of %.I%. Since  t h e  main 

e f f e c t  of t h i s  would be an  a d d i t i o n a l  e r r o r  of %.5% i n  t h e  v a l u e s  of t h e  

tempera ture  c o e f f i c i e n t  of t h e  sound v e l o c i t y ,  which a l r e a d y  have a s t an -  

dard d e v i a t i o n  of  %2% owing t o  t h e  s t a t i s t i c a l  e r r o r s  i n  t h e  measurement 

of A, t h i s  sou rce  of e r r o r  i s  r e l a t i v e l y  sma l l .  

The maximum es t ima ted  e r r o r  i n  t h e  measured v e l o c i t y  of sound i s  t h u s  

.2%, and t h i s  e r r o r  dec reases  as t h e  tempera ture  dec reases .  The maximum 

d s 
es t imated  e r r o r  i n  - is  %2%. dT 



CHAPTER 5 

ANALYSIS OF RESULTS 

5-1 The Compressibility of Cu-Sn Alloys 

5-1-1 Density Data 

In order to evaluate the adiabatic and isothermal compressibilities 

of the alloys studied, it is necessary to have accurate density data. 

Furthermore, a rough idea of the specific heat at constant pressure, Cp, 

is needed, though the value of y is not very sensitive to this quantity. 

In any case, Cp is always fairly close to the ideal monatomic solid value 

of 3R calories/mole, where R is the universal gas constant. Equations 

(1.81, (1.10) and (1.11) can then be used. The major uncertainty in 

the evaluation of y comes from uncertainty in a the thermal expansion 
P ' 

coefficient. This quantity appears squared in (1,11), and is hard to 

measure accurately because it is small ('UO-*~C-') . Thus density measure- 

ments accurate to Q.01% are needed to give %I% accuracy for a * and 
P ' 

systematic errors in density measurements, which vary with temperature, 

appear to be common. For example, in the Archimedean method of density 

measurement, where the mass of liquid metal displaced by a sinker of known 

volume is observed, experimenters rely on previous data for the thermal 

expansion of the sinker. If these data are incorrect, the values of a 
P 

deduced would also be wrong. Again, the effect of surface tension on the 

suspension of the sinker where it leaves the liquid metal surface must be 

accounted for, so the work of previous experimenters must be again 



consulted; and it is well-known that surface tension measurements at high 

temperatures are not easy to make, and are not usually very accurate. The 

surface tension also depends critically on the condition of the liquid 

surface; an oxide surface layer in a density experiment could thus substan- - 

tially alter the correction term needed. 

A comprehensive literature search was therefore undertaken to obtain 

the most reliable values of the densities and thermal expansion coefficients 

of pure Sn, pure Cu, and the intermediate alloys. Results for the more 

recent investigations of pure Cu and pure Sn are presented in Table 5.1, 

together with the 1922 results of Bornemann and Sauerwald, who also measured 

several of the alloys. Only one other investigation has been made into the 

density of Cu-Sn alloys, by Watanabe and Saito (1971). Their values for 

the pure metals are in disagreement with most workers, by %2% for the 

density and %20% for the value of the thermal expansion coefficient. 

Otherwise, there is reasonable agreement between different workers. We 

consider the figures of Thresh et al. (1968) to be most reliable for pure 

Sn, and those of Cahill and Kirshenbaum (1962) for pure Cu, because their 

experiments appear to be the most carefully designed. 

Unfortunately, the density data for the alloys given by Bornemann 

and Sauerwald give thermal expansion coefficients that seem to be 

unreasonably high; for pure Cu a value double that of more recent careful 

workers. This inaccuracy is highlighted by the value of y calculated 

with their results, which exceeds 2 at one composition. Since a monatomic 

gas has a y of only 1.66, this result is unphysical. As a result we were 

forced to use the density data of Watanabe and Saito to calculate y and 



TABLE 5.1. Densi ty  and Thermal. Expansion C o e f f i c i e n t  

of Pure Liquid Copper and Tin a t  t h e i r  Me l t ing  P o i n t s  

Met a 1  Reference 

Sn h e l a c k e r  and Lucas (1962) 6.969 

Kirshenbaum and C a h i l l  (1962) 7.000 

Wilson (1965) 6.969 

Schwaneke and Falko (1967) 7.014 

Thresh, Crawley and White (1968) 6.974 

Berthou and Tougas (1968) 6.980 

Watanabe and ~ a i t o  (1971) 6.82 

Bornemann and Sauerwald (1922) 6.983 

O o g 8  I 
Cu Widawski and Sauerwald (1930) 7.99 

C a h i l l  and Kirshenbaum (1962) 7.992 

El-Plehairy and Ward (1963) 8.090 

Watanabe and S a i t o  (1971) 7.86 

Bornemann and Sauerwald (1922) 7.99 



t h e  i so thermal  c o m p r e s s i b i l i t i e s  f o r  t h e  a l l o y s  a l t hough  t h e i r  v a l u e s  f o r  

t h e  thermal  expansion c o e f f i c i e n t  cx seem c o n s i s t e n t l y  about  15% low. 
P  

This  l e a d s  t o  an  e r r o r  i n  y and thus  KT of %3%. The a u t h o r s  c la im a 
I 

s t a t i s t i c a l  e r r o r  of %2% i n  t h e i r  d a t a  f o r  t h e  thermal  expansion 

c o e f f i c i e n t ;  a  sys t ema t i c  e r r o r  seems l i k e l y .  They u s e  t h e  maximum 

bubble-pressure method t o  measure t h e  d e n s i t y .  F ig .  5 . 1  shows t h e  molar 

0 
volumes of t h e  copper - t in  a l l o y s  a t  1100 C ,  c a l c u l a t e d  from t h e  measure- 

ments of Bornemann and Sauerwald, and Watanabe and S a i t o .  It i s  c l e a r  

t h a t  t h e  d e p a r t u r e  from i d e a l  mixing i s  n o t  g r e a t ;  w e  s h a l l  d i s c u s s  t h i s  

po in t  i n  more d e t a i l  l a t e r  on i n  t h i s  Chapter.  The average  d iscrepancy  

between t h e  two s e t s  of measurements is  %I%, which is much l a r g e r  than  

t h e  s t a t i s t i c a l  e r r o r s  claimed i n  each case .  The cu rves  have ve ry  

s i m i l a r  shapes ,  however. For t hose  a l l o y s  which we s t u d i e d  whose den- 

s i t i e s  were n o t  measured, we used a  v a l u e  f o r  t h e  d e n s i t y  obta ined  from 

a smooth curve  through t h e  p o i n t s  of e i t h e r  Watanabe and S a i t o ,  o r  Borne- 

mann and Sauerwald ( p l o t t e d  a s  i n  F ig .  5 .1 ) ,  depending on whose r e s u l t s  

were be ing  used f o r  t h e  o t h e r  a l l o y s .  

5-1-2 Compress ib i l i ty  R e s u l t s  

Table 5.2 g ives  t h e  c o m p r e s s i b i l i t i e s  and t h e  r a t i o  of t h e  s p e c i f i c  

h e a t s  i n  pure  t i n  and pure copper a t  t h e i r  r e s p e c t i v e  me l t i ng  p o i n t s ,  

c a l c u l a t e d  from our  sound v e l o c i t y  d a t a  and t h e  d e n s i t y  d a t a  of Thresh 

et  a l .  (1968) f o r  Sn and C a h i l l  and Kirshenbaum (1962) f o r  Cu. Data f o r  

t h e  s p e c i f i c  h e a t  C were taken  fr.om Hul tgren  e t  a l .  (1963) f o r  pure  Sn 
P  

and from Vollmer and Kohlhaas (1968) f o r  pu re  Cu. Also g iven  i n  Table  

5.2 a r e  t h e  v a l u e s  of t h e  c o m p r e s s i b i l i t i e s  computed by Webber and 







Stephens from p rev ious  exper imenta l  d a t a .  It can  be  seen  t h a t  agreement 

i s  good f o r  Sn. The sou rce  of t h e  s l i g h t  disagreement  f o r  Cu i s  t h e  u s e  

by Webber and Stephens of t h e  d e n s i t y  r e s u l t s  of El-Mehairy and Ward 

(1963),  which we cons ide r  suspec t  i n  view of t h e i r  disagreement  w i t h  t h e  

ma jo r i t y  of publ i shed  r e s u l t s ,  and a l s o  because of t h e i r  method, which 

c o n s i s t s  i n  measuring o p t i c a l l y  t h e  dimensions of a l e v i t a t e d  l i q u i d  drop 

of Cu whose mass i s  subsequent ly  determined.  S ince  ou r  v a l u e s  of t h e  

v e l o c i t y  of sound i n  pu re  Cu and pu re  Sn appear  t o  b e  t h e  most a c c u r a t e  

h i t h e r t o ,  t h e  v a l u e s  of t h e  c o m p r e s s i b i l i t i e s  p re sen ted  i n  Table 5.2 a r e  

probably t h e  most r e l i a b l e  y e t  ob ta ined .  

I n  T a b l e . 5 . 3  we p r e s e n t  t h e  a d i a b a t i c  and i so the rma l  c o m p r e s s i b i l i t i e s  . 

of copper - t in  a l l o y s ,  u s ing  t h e  d e n s i t y  d a t a  of Watanabe and S a i t o  through- 

ou t .  The r eason  f o r  u s ing  t h e i r  d a t a  was t h a t  it appea r s  t o  b e  comparat ively . . 
. - - 

a c c u r a t e ,  even though i t  i s  s y s t e m a t i c a l l y  i n  e r r o r .  In t e rmed ia t e  v a l u e s  - - 

of t h e  s p e c i f i c  h e a t  C were needed t o  de te rmine  y and hence . To o b t a i n  5 P 
t h e s e  we appealed t o  t h e  Neumann-Kopp Law, which s t a t e s  t h a t  t h e  molar 

s p e c i f i c  h e a t  v a r i e s  l i n e a r l y  a s  a  f u n c t i o n  of conlposition. Kubaschewski 

e t  a l .  (1967) g i v e  a  t a b l e  of d e p a r t u r e s  of r e a l  a l l o y  systems from t h i s  

Law, which a r e  never  more than  82 even f o r  h i g h l y  non-ideal  a l l o y s .  Thus 

we can assume w i t h  some conf idence  t h a t  t h i s  l i n e a r  i n t e r p o l a t i o n  w i l l  

no t  g ive  a n  e r r o r  l a r g e r  than  1% i n  t h e  v a l u e s  f o r  y and . The con- Yr 
t r i b u t i o n  t o  t h e  t o t a l  e r r o r  by t h e  sound v e l o c i t y  measurements i s  %.2%, 

whi le  s t a t i s t i c a l  e r r o r s  i n  t h e  d e n s i t y  and a c o n t r i b u t e  %I% and %2% t o  
P  

t h e  t o t a l  e r r o r  i n  t h e  a d i a b a t i c  and i so the rma l  c o m p r e s s i b i l i t i e s  

r e s p e c t i v e l y ;  t h e  e f f e c t  of e r r o r  i n  t h e  sound v e l o c i t y  measurements i s  



TABLE 5.3. Parameters  Derived from Measurements of t h e  Ve loc i ty  of 

Sound i n  Cu-Sn Al loys  Using t h e  DensZty Measurements of  

Watanabe and S a i t o  (1971) at llOO•‹C 

(At. % Cu) Densi ty Ad iaba t i c  I so the rma l  

Composition Compress ib i l i t y  Compress ib i l i t y  ! k ~ T P  
(gm1cm3) ( ~ 1 0 - '  cm2 /dyne) ( ~ 1 0 - '  2cm2 /dyne) 



n e g l i g i b l e .  The t o t a l  p robable  e r r o r  i n  Ks i s  1 .22 ,  and t h e  probable  

e r r o r  i n  \ i s  2%. 

F ig .  5 .2  shows t h e  a d i a b a t i c  c o m p r e s s i b i l i t y  a s  a  f u n c t i o n  of 

composi t ion a t  two d i f f e r e n t  tempera tures ,  8 0 0 ' ~  and 1 1 0 0 ~ ~ .  S ince  t h e  

90 a t .  % and 100 a t .  % Cu a l l o y s  a r e  no t  l i q u i d  a t  800•‹c, p o i n t s  f o r  them 

a r e  n o t  p l o t t e d  on t h e  former curves .  Measurements of t h e  sound v e l o c i t y  

were n o t  made f o r  a l l  of t h e  a l l o y s  a t  1 1 0 0 ~ ~ ,  b u t  t h e  q u a l i t y  of t h e  

s t r a i g h t  l i n e s  obta ined  f o r  t h e  v e l o c i t y  a s  a  f u n c t i o n  of tempera ture  

0 enab le s  u s  t o  e x t r a p o l a t e  by t h e  100 C needed i n  some c a s e s  t o  o b t a i n  t h e  

1 1 0 0 ~ ~  v a l u e s .  A s t r i k i n g  f e a t u r e  of t h e  curves  shown i n  F ig .  5.2 i s  

t h a t  they  a r e  c l o s e  t o  a  l i n e a r  dependence of c o m p r e s s i b i l i t y  on compo- 

s i t i o n .  Such a  l i n e a r  dependence i s  n o t  p r e d i c t e d  f o r  i d e a l  mixing ( s e e  

Equat ion (1.50) ,  and t h e  next  Sec t ion )  and may b e  c o i n c i d e n t a l .  S ince  

0 0 
t h e  behaviour  of t h e  800 C curve i s  ve ry  s i m i l a r  t o  t h e  1100 C curve ,  we 

s h a l l  hence fo r th  d i s c u s s  only  t h e  1 1 0 0 ~ ~  case .  The i so the rma l  compressi- 

b i l i t y  i s  p l o t t e d  i n  F ig .  5.3; t h e  v a r i a t i o n  w i t h  composi t ion i s  even 

more n e a r l y  l i n e a r .  

Table 5 .3  a l s o  inc ludes  t h e  q u a n t i t y  k  T  which can a l s o  b e  ir B\, 

c a l c u l a t e d  us ing  t h e  hard-sphere model ( s e e  Chapter 1 ) .  The exper imenta l  

va lue  s t a y s  remarkably cons t an t  up t o  a  composi t ion of 50 a t .  % Cu, and 

never  becomes ve ry  much lower than  t h e  hard-sphere v a l u e  ( f o r  a  packing 

f r a c t i o n  of q = .45) of .0253. Th i s  behaviour  w i l l  a l s o  be  d i scussed  i n  

t h e  nex t  Sec t ion .  

We n o t e  t h a t  t h e  va lues  of Ks and $ f o r  pu re  Cu and pure  Sn g iven  







i n  Table 5 . 3  d i f f e r  from t h o s e  g iven  i n  Table 5.2.  For Sn t h i s  d i screpancy  

i s  mainly due t o  t h e  dec rease  i n  t h e  v e l o c i t y  of sound and t h e  d e n s i t y  

caused by t h e  l a r g e  tempera ture  d i f f e r e n c e  between t h e  me l t i ng  p o i n t  and 

1 1 0 0 ~ ~ .  For Cu, however, i t  i s  caused by t h e  f a c t  t h a t  t h e  v a l u e s  g iven  

by Watanabe and S a i t o  f o r  t h e  d e n s i t y  and c o e f f i c i e n t  of thermal  expansion 

a r e  lower t han  those  used i n  Table 5.2. The v a l u e s  of K and 5 g iven  i n  
S 

Table 5.3 w i l l  b e  used f o r  comparative purposes only .  

5-1-3 Comparison w i t h  Theor ies  of Compress ib i l i t y  

Now we may a t t empt  t o  u s e  t h e  t h e o r i e s  of S e c t i o n  1-4 t o  e x p l a i n  t h e  

observed composi t ion dependence of t h e  c o m p r e s s i b i l i t y .  It i s  obvious 

t h a t  t h e  Bohm-Staver and Overhauser r e s u l t s  w i l l  no t  g i v e  r easonab le  

agreement w i t h  experiment ,  s i n c e  they  a r e  q u i t e  i n a c c u r a t e  f o r  t h e  pure  

me ta l s  ( s e e  Table  1 . 1 ) .  The next  theory  t o  t r y  i s  t h e  Percus-Yevick 

b i n a r y  mixture  of hard  sphe res  (Equation 1 .69) .  Although t h e  packing 

f r a c t i o n  q is  n o t  known f o r  Cu-Sn a l l o y s ,  we may cons ide r  two cases :  

( a )  Ashcrof t  and Langreth (1967b) g i v e  v a l u e s  of q  = .266 and q = .456 

f o r  pu re  Sn and pure  Cu r e s p e c t i v e l y ,  a t  T = 1 2 0 0 ~ ~ .  I n  t h e  s p i r i t  of 

t h e  Percus-Yevick approximation,  we may l i n e a r l y  i n t e r p o l a t e  f o r  t h e  

N i n t e r m e d i a t e  a l l o y s ,  u s ing  t h e  equa t ion  q = - ( c v l q l  + (1 - c )  v 2 q 2 ) ,  v 
and thereby  e v a l u a t e  Equat ion (1.69).  

(b) We may a d j u s t  q  s o  t h a t  agreement w i t h  experiment i s  ob ta ined  f o r  

f o r  t h e  pure  m e t a l s ,  and then  i n t e r p o l a t e  l i n e a r l y  t o  o b t a i n  i n t e r m e d i a t e  

va lues  of q ,  a s  b e f o r e .  The va lue  q = .461 t h u s  de r ived  i s  wholly un rea l -  
S n  

0 
i s t i c ,  i t  must b e  poin ted  o u t ;  t h e  packing f r a c t i o n  of Sn 900 C above t h e  



mel t ing  p o i n t  can be  no g r e a t e r  t han  . 3 .  

The r e s u l t s  of t h e  c a l c u l a t i o n  f o r  c a s e s  (a )  and (b) a r e  t a b u l a t e d  

i n  Table 5.4,  and p l o t t e d  i n . F i g .  5.4. It can  b e  seen  immediately t h a t  

t h e  agreement w i t h  experiment f o r  bo th  e s t i m a t e s  i s  extremely poor;  even 

i f  t h e  end p o i n t s  a r e  c o r r e c t e d  a s  i n  ( b ) ,  t h e  composi t ion dependence i s  

e n t i r e l y  wrong, t h e r e  be ing  a  minimum i n s t e a d  of a maximum i n  

The only  o t h e r  t heo ry  we have t h e  parameters  t o  e v a l u a t e  i s  t h a t  

of A s c a r e l l i .  H e  g i v e s  t h e  exp res s ion  

where R =  16+ 5 ~zE,(T,')/~T 0 m 

and V and T a r e  t h e  volume and tempera ture  a t  t h e  me l t i ng  p o i n t ,  
m.p. m 

r e s p e c t i v e l y .  One would expec t  t h a t  t h i s  Equat ion needs t o  b e  s l i g h t l y  

c o r r e c t e d  f o r  a l l o y s ;  i n s t e a d  of t h e  term (1+2ri) we write (1+2n) 2 - ~  

(1-n) + (1-n) + 

a s  i n  Equat ion (1.69) .  Using t h e  f a c t  t h a t  pip .y3 = 1 even f o r  pure  Sn,  and thus  Ef(T) Z E (T ) we have f i n a l l y  f m  
I 

We have taken  Tm a s  t h e  l i q u i d u s  tempera ture  of t h e  a l l o y  concerned, 

though, a s  po in t ed  o u t  i n  Sec t ion  1-4, t h i s  cho ice  i s  somewhat a r b i t r a r y .  

Once a g a i n  we have two cho ices  of v a l u e s  f o r  t h e  packing f r a c t i o n .  We 

may aga in  u s e  Ashcrof t  and Langre th ' s  f i g u r e s  of qSn = .266 and 



TABLE 5.4. Comparison of Observed k T with Various V B!c 

Theoretical Results 

N - k TK (P-Y*) Hard Sphere , kgT$ (~scarelli) 
V B T  

N (a) ~ 1 ~ 6 . 2 6 6  (b) nSn=.461 nSn=.266 nSn=. 2 34 
C - k T  v B '%exp qCu=. 456 ~,~=.482 qC-,456 nCu=. 492 





'lcu 
= .456, o r  we may a d j u s t  t h e s e  f i g u r e s  t o  g e t  good agreement f o r  pu re  

Sn and pure Cu, g iv ing  0  = .234 and nCu = .492. I n  bo th  c a s e s  w e  i n t e r -  S  n  

p o l a t e  a s  b e f o r e  f o r  t h e  i n t e r m e d i a t e  a l l o y s .  The r e s u l t s  f o r  bo th  c a s e s  

a r e  presented  i n  Table 5.4 and p l o t t e d  i n  F ig .  5.4.  The v a l u e s  of Z and 

E t o  b e  s u b s t i t u t e d  i n t o  (5.2) were found by assuming t h a t  t h e  number of f  

f r e e  e l e c t r o n s  per  atom i n  t h e  a l l o y  v a r i e s  l i n e a r l y  w i t h  composi t ion 

from one t o  f o u r ,  a  hypo thes i s  suppor ted  by t h e  H a l l  e f f e c t  d a t a  of Busch 

and ~ K n t h e r o d t  (1967),  and t h e  o p t i c a l  work of Comins (1972). 

I 

Note t h a t  when w e  u s e  Ashcrof t  and Langre th ' s  packing f r a c t i o n s  

t h e r e  a r e  no a d j u s t a b l e  parameters  i n  t h e  theo ry .  Thus, a l though t h e  

c o m p r e s s i b i l i t y  i s  ove res t ima ted ,  w e  r ega rd  t h e  o v e r a l l  agreement a s  good. 

Note t h a t  indeed f kgT% h a s  a maximum, though i t  i s  d i s p l a c e d  somewhat. 

When rl and 0  a r e  a d j u s t e d  t o  c o r r e c t  t h e  end p o i n t s ,  t h e  o v e r a l l  
Sn Cu 

agreement i s  poorer ;  t h i s  is  caused mainly by t h e  ad jus tment  of 0  . 
Sn 

Ashcrof t  and Langreth o b t a i n  t h e i r  packing f r a c t i o n s  from a n  a n a l y s i s  

of t h e  p a i r  p o t e n t i a l  f u n c t i o n s  they  d e r i v e  du r ing  a  c a l c u l a t i o n  of t h e  

r e s i s t i v i t i e s  of b i n a r y  a l l o y s .  The i r  de r ived  r e s i s t i v i t i e s  a r e  i n  

f a i r l y  good agreement w i t h  experiment.  

The p a r t i a l  succes s  of A s c a r e l l i ' s  approach sugges t s  t h a t  i t  i s  

worth pursuing f u r t h e r ,  u s ing  b e t t e r  e s t i m a t e s  f o r  t h e  packing f r a c t i o n s .  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  f o r  pu re  Sn, t h e  important  term i n  t h e  

A s c a r e l l i  formula (5.2) i s  t h a t  i nvo lv ing  E t h e  hard-sphere c o n t r i b u t i o n  f '  

be ing  r e l a t i v e l y  unimportant ;  w h i l e  t h e  r e v e r s e  i s  t r u e  f o r  pure  Cu. The 

reason  f o r  t h i s  i s  t h a t  t h e  packing f r a c t i o n  i n  Sn a t  1 1 0 0 ~ ~ ,  f a r  above 

t h e  me l t i ng  p o i n t ,  i s  sma l l ,  s o  t h e  hard sphe res  do n o t  i n t e r a c t  a s  much 



a s  i n  Cu, which a t  1 1 0 0 ~ ~  has a  high packing f r a c t i o n ,  because i t  i s  j u s t  

above i t s  me l t ing  p o i n t .  A s  a  l i q u i d  meta l  i s  hea t ed ,  i t  appea r s ,  i n  

g e n e r a l ,  t h a t  t h e  hard-sphere c o n t r i b u t i o n  t o  t h e  c o m p r e s s i b i l i t y  

d iminishes ,  wh i l e  t h e  c o n t r i b u t i o n  due t o  t h e  e l e c t r o n  gas  becomes 

r e l a t i v e l y  more impor tan t .  A t  t empera tures  f a r  enough above t h e  me l t i ng  

p o i n t  i t  would appear  t h a t  Overhauser 's  r e s u l t  (1.58) should g i v e  agreement 

w i t h  experiment .  

We can  a l s o  compare t h e  observed c o m p r e s s i b i l i t i e s  w i t h  those  of a n  

i d e a l  a l l o y  system w i t h  t h e  same atomic volumes f o r  t h e  pu re  me ta l s .  We 

s h a l l  make a n  e x p l i c i t  comparison f o r  K because our  d a t a  f o r  t h i s  
s ' 

q u a n t i t y  a r e  more r e l i a b l e .  We have 

where ' ideal  = N(clvl  + c 2 v 2 ) ,  t h e  molar volume f o r  an  i d e a l  system. Thus, 

i f  t h e  system were i d e a l ,  VK would have a  l i n e a r  dependence on concen- 
s 

t r a t i o n .  I n  t h e  p r e s e n t  a l l o y  system VK is  always s m a l l e r  than  K i d e a l ,  
S S 

except  of cou r se  a t  t h e  end p o i n t s .  Fig.  5.5 shows t h e  f r a c t i o n a l  devi-  

a t i o n  of VK from i d e a l  n i x i n g  a t  1 1 0 0 ~ ~ .  The d a t a  p o i n t s  a t  75, 85 and 
S 

95 a t .  % Cu a r e  t aken  from a  smooth curve  of VK v e r s u s  composi t ion.  S 

Roughly h a l f  of the 28% maximum d e v i a t i o n  from t h e  i d e a l  can be expla ined  

by t h e  d e p a r t u r e  by %6% of t h e  molar volume from i d e a l  mixing (F ig .  5 .1 ) ;  

t h e  remainder of t h e  d e v i a t i o n  comes from t h e  sound v e l o c i t y  i t s e l f .  

1 a K  
S 

Fig.  5 .6 shows t h e  v a r i a t i o n  i n  K E- w i t h  composition. It shows 

as S 

t h e  same anomaly a s  - 
2T ' a t  a  composi t ion %80 a t .  % Cu. Also p l o t t e d  i n  
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Fig. 5.6 are the results of Busch and ~{ntherodt (1967) for the temperature 

coefficient of the resistivity, for these alloys at 1 1 0 0 ~ ~ .  There 

is some controversy about the detailed structure in these results, but 

the similarity of the overall shape of their curve (which is not a matter 
aK 

1 s of controversy) to our results for - 
Ks -3T is obvious, though the departures 

from a smooth curve are in the opposite direction. 

5-2 Other Properties of Cu-Sn Alloys 

In an effort to understand more clearly the behaviour of the 

compressibility as a function of composition, we may compare it with 

other physical properties of these alloys which may be more amenable to 

theoretical explanation. We shall find that by doing so we will be in a 

position to sketch the outlines of a theory of the structure of Cu-Sn 

alloys, from which we could, in principle, derive the behaviour of the 

compressibility as a function of composition. While the details of such 

a theory are beyond the scope of this thesis, we shall indicate the 

general lines of the argument, which can also be used to explain the 

calculated composition dependence of the partial structure factors at 

zero-wavevector. 

5-2-1 Correlation of the Compressibility with Other Properties of Cu-Sn ' 

Allovs 

Surveying the other properties of Cu-Sn alloys that have been 

measured, one notices, in general, that if there is unusual behaviour as 

a function of concentration, it is centred on the composition 78 at. % Cu, 

in exactly the same way as the departure of VK from the ideal. We shall 
S 



cons ide r  t h e  en tha lpy  of mixing and t h e  e l e c t r i c a l  r e s i s t i v i t y .  

A p l o t  (Fig.  5.7) of t h e  molar en tha lpy  of mixing AHm (Hultgren 

1963) shows a  s t r i k i n g  s i m i l a r i t y  t o  t h e  p l o t  of t h e  d e p a r t u r e  of VKs 

from t h e  i d e a l  (Fig.  5 .6) .  The p o s i t i o n  of t h e  minimum i s  i d e n t i c a l ,  

and t h e  o v e r a l l  shape of t h e  curve  i s  a l s o  very  s i m i l a r  t o  t h a t  of 

F ig .  5.6.  Note t h a t  f o r  a n  i d e a l  mixture AH = 0, s o  i t  is  reasonab le  
m 

t o  make t h i s  comparison. Kow 

where H i s  t h e  molar en tha lpy  (no te  t h a t  V = (z)S,N,c9 a  f a m i l i a r  thermo- - - - 

dynamic i d e n t i t y ) .  We may w r i t e  

where H 1  and H 2  a r e  t h e  molar e n t h a l p i e s  of t h e  pu re  s p e c i e s .  Th i s  

Equation i s  i n  f a c t  t h e  d e f i n i t i o n  of AH . Taking t h e  second d e r i v a t i v e  
m 

of Equat ion (5 .5 ) ,  we g e t  

a 
Thus t h e  s i m i l a r i t y  of F igs .  5.6 and 5.7 sugges t s  t h a t  -2(AH ) 'i. AHm, 

ap m 

a s  a  f u n c t i o n  of composi t ion.  Indeed, i t  is  ve ry  r easonab le  t h a t  t h e  

d e p a r t u r e  of H from t h e  i d e a l  should be r e f l e c t e d  i n  t h e  d e p a r t u r e  of i ts  

second d e r i v a t i v e  w i t h  r e s p e c t  t o  p re s su re  from t h e  i d e a l .  A good g e n e r a l  





rule-of-thumb f o r  me ta l s  i s  t h a t  t h e  c o m p r e s s i b i l i t y  d e c r e a s e s  a s  t h e  

cohes ive  energy i n c r e a s e s ,  and t h e  n e g a t i v e  en tha lpy  of mixing of t h e s e  

a l l o y s  i n d i c a t e s  an  i n c r e a s e  i n  cohes ive  energy g r e a t e r  t han  one would 

expec t  from i d e a l  mixing; hence we s e e  a  dec rease  i n  c o m p r e s s i b i l i t y  

below t h a t  of a n  i d e a l  mixture.  

Now cons ide r  t h e  composi t ion dependence of t h e  r e s i s t i v i t y  of Cu-Sn 

a l l o y s  (Fig.  5 .8,  t aken  from R o l l  and Motz 1957).  The r e s i s t i v i t y  h a s  a  

maximum a t  Q76 a t .  % Cu, which c o r r e l a t e s  w e l l  w i t h  t h e  p o s i t i o n  of t h e  

minima i n  F igs .  5.6 and 5.7. Busch and ~ : n t h e r o d t  (1967) d i s c u s s  t h e  

behaviour  of t h e  r e s i s t i v i t y  i n  t h i s  and s e v e r a l  similar a l l o y  systems. 

They a r e  a b l e . t o  make t h e  g e n e r a l  s t a t emen t  t h a t  a  r e s i s t a n c e  maximum, 

accompanied by a minimum i n  t h e  tempera ture  c o e f f i c i e n t  of r e s i s t i v i t y ,  

occurs  a t  a  c o n c e n t r a t i o n  such t h a t  t h e  p o s i t i o n  k of t h e  Fermi s u r f a c e  
f  

of t h e  f r e e  e l e c t r o n s  i s  halfway out  t o  t h e  f i r s t  peak i n  t h e  e f f e c t i v e  

s t r u c t u r e  f a c t o r ,  l o c a t e d  a t  q = k . I n  a s o l i d  me ta l ,  t h i s  i s  where 
P 

t h e  Fermi s u r f a c e  would f i l l  t h e  f i r s t  B r i l l o u i n  zone. I n  pure  l i q u i d  

me ta l s  t h i s  c o n d i t i o n  (2k = k ) i s  used (Chapter 1 )  t o  e x p l a i n  t h e  h igh  
f P 

r e s i s t i v i t i e s  and n e g a t i v e  tempera ture  c o e f f i c i e n t s  of r e s i s t i v i t y  of 

t h e  d i v a l e n t  me ta l s .  Busch and ~ { n t h e r o d t  u s e  a  c o n s t a n t  v a l u e  f o r  k  
P 

f o r  Cu-Sn a l l o y s ,  t aken  from Enderby e t  a l .  (1966); i t  corresponds t o  

t h e  p o s i t i o n  of t h e  f i r s t  peak i n  a  (q)  a t  55 a t .  % Cu. I n  a c t u a l  
CuSn 

f a c t  t h i s  peak p o s i t i o n  may s h i f t  somewhat w i t h  composi t ion.  Throop and 

Bearman (1964),  f o r  example, show t h a t  t h e  main p e r i o d i c i t y  of g ( r ) ,  
ij 

which corresponds t o  t h e  p o s i t i o n  of t h e  main peak i n  a  ( q ) ,  changes ij 

slowly wi th  composi t ion i n  b ina ry  mixtures  of hard  s p h e r e s ,  accord ing  t o  





t h e i r  Percus-Yevick c a l c u l a t i o n .  However, a s  a f i r s t  approximation,  t h e  

assumption t h a t  t h e  f i r s t  peak i n  a (q) is  s t a t i o n a r y  w i l l  s u f f i c e .  
i j  

Using Faber and Ziman's theory  (Chapter l ) ,  Ashcrof t  and Langreth 

(1967b) were a b l e  roughly t o  f i t  t h e  exper imenta l  r e s i s t i v i t y  d a t a  f o r  

Cu-Sn a l l o y s .  They s t a r t e d  w i t h  a p p r o p r i a t e  p seudopo ten t i a l s  f o r  t h e  

i o n s  (which, however, n e g l e c t  t h e  d-e lec t rons  of t h e  Cu i o n s ) ,  from 

which they  der ived  ion-ion i n t e r a c t i o n  p o t e n t i a l s  and hence e f f e c t i v e  

hard-sphere r a d i i  and packing f r a c t i o n s .  They used t h e s e  parameters  t o  

e v a l u a t e  t h e  Percus-Yevick hard-sphere s t r u c t u r e  f a c t o r s ,  which they  then  

employed, t oge the r  w i t h  t h e i r  p seudopo ten t i a l s ,  i n  t h e  Faber-Ziman 

formula (Equations (1.13) and (1 .23) ) .  Examination of t h e s e  Equat ions 

r e v e a l s  t h a t  i n  f a c t  t h e  r e s i s t i v i t y  w i l l  most probably b e  a maximum 

t h e  composition a t  which I u (2k ) 1 * i s  l a r g e s t  , because  of t h e  weight ing  f 

f a c t o r  p r o p o r t i o n a l  t o  qa i n  t h e  in t eg rand  of Equat ion (1.13).  Now 

I u ( ~ )  1 i s  a weighted sum of t h e  p a r t i a l  s t r u c t u r e  f a c t o r s  (Equat ion 

(1 .23) ) ,  and thus  when 2k i s  equa l  t o  t h e  p o s i t i o n  of t h e  main peak i n  
f 

one o r  o t h e r  of t h e s e  p a r t i a l  s t r u c t u r e  f a c t o r s ,  we expec t  an  i n c r e a s e  i n  

t h e  r e s i s t i v i t y .  The exper imenta l  evidence,  such a s  it is (Enderby e t  

a l .  1966; North and Wagner 1970),  sugges t s  v e r y  s t r o n g l y  t h a t  t h e  major 

peaks i n  a (q) and a (q)  a r e  c l o s e  t o  each o t h e r  and of l a r g e r  CuCu CuSn 

ampli tude than  t h a t  i n  aSnSn(q); t hus  we may expec t  a r e s i s t i v i t y  maximum 

f o r  2kf = k where k i s  t h e  p o s i t i o n  of t h e  main maximum i n  a (q)  
P P cucu 

and a ( q ) ,  i n  agreement w i t h  t h e  f i n d i n g s  of Busch and ~ { n t h e r o d t .  
CuSn 



Measurerncnts of t h e  t h r e e  p a r t i a l  s t r u c t u r e  f a c t o r s  over  t h e  e n t i r e  

composi t ion range  do n o t  y e t  e x i s t ,  u n f o r t u n a t e l y .  However, t h e  t o t a l  

X-ray i n t e n s i t y  f u n c t i o n  I ( q )  has  been measured f o r  s e v e r a l  d i f f e r e n t  

composi t ions,  by North and Wagner (1970).  This  q u a n t i t y  ( s ee  Equation 

(1.20)) is  ve ry  s i m i l a r  t o  I u ( ~ )  I*, b u t  t h e  p a r t i a l  s t r u c t u r e  f a c t o r s  

a r e  weighted d i f f e r e n t l y .  However, we may suppose t h a t  t h e  p o s i t i o n  of 

t h e  main peak of I ( q ) / I O  is  t h e  same a s  t h e  peak i n  I u ( ~ )  I*, s o  t h a t  i t s  

p o s i t i o n  r e l a t i v e  t o  2k should c o r r e l a t e  w i t h  t h e  r e s i s t i v i t y .  I n  
f  

Fig.  5.8 we show t h e  v a l u e s  of k  12 t aken  from North and Wagner's work, 
P 

and t h e  v a l u e  of k as a f u n c t i o n  of composi t ion.  I n  o r d e r  t o  c a l c u l a t e  
f 

k we assumed t h a t  ( a )  t h e  f r e e - e l e c t r o n  model i s  v a l i d ,  and (b)  t h e  f 

number of f r e e  e l e c t r o n s  t h a t  each atom of Cu o r  Sn b r i n g s  w i t h  i t  i n t o  

t h e  a l l o y  i s  equa l  t o  i t s  normal v a l u e ,  one f o r  Cu and f o u r  f o r  Sn; t hus  

t h e  average  number of f r e e  e l e c t r o n s  p e r  atom v a r i e s  l i n e a r l y  w i th  com- 

p o s i t i o n  from one t o  f o u r .  The l a t t e r  assumption i s  supported by t h e  H a l l  

e f f e c t  measurements of Busch and G h t h e r o d t  (1967),  and by t h e  o p t i c a l  

measurements of Comins (1972),  who f i t t e d  t h e  Drude expres s ion  f o r  t h e  

o p t i c a l  c o n d u c t i v i t y  t o  h i s  observed r e s u l t s  and thereby  de r ived  a n  

e f f e c t i v e  e l e c t r o n  p e r  atom r a t i o .  

The f r u i t  of t h e s e  l abour s  i s  t h e  s t r i k i n g  agreement between t h e  

composi t ions a t  which t h e  r e s i s t i v i t y  is  a maximum f o r  Cu-Sn a l l o y s  and 

a t  which k 12  = kf (Fig.  5.8). Reca l l i ng  t h a t  t h i s  composition i s  a l s o  
P 

t h a t  a t  which t h e  d e v i a t i o n s  i n  t h e  c o m p r e s s i b i l i t y  and t h e  h e a t  of 

mixing from t h e  i d e a l  a r e  maximal, i t  appears  r ea sonab le  t o  sugges t  t h a t  

t h e s e  d e v i a t i o n s  may b e  expla ined  i n  terms of t h e  r e l a t i o n s h i p  of t h e  



p o s i t i o n  of t h e  Fcrmi s u r f a c e  t o  t h e  f i r s t  peak i n  t h e  s t r u c t u r e  f a c t o r s .  

Before we make more comments on t h i s  i d e a ,  we s h a l l  p r e s e n t  f u r t h e r  new 

exper imenta l  d a t a  on t h e  s t r u c t u r e  of Cu-Sn a l l o y s .  

5-2-2 The P a r t i a l  S t r u c t u r e  F a c t o r s  a t  Zero-Wavevector For Cu-Sn Al loys  

Using ou r  measured va lues  of t h e  sound v e l o c i t y ,  t h e  d e n s i t y  d a t a  of 

Bornemann and Sauerwald, and t h e  a c t i v i t y  d a t a  of  Alcock e t  a l .  (1969) w e  

have c a l c u l a t e d  t h e  p a r t i a l  s t r u c t u r e  f a c t o r s  a t  zero-wavevector, w i t h  

t h e  a i d  of Equat ions (1.39) .  These a r e  p l o t t e d  i n  F ig .  5.9. The dashed 

curves  i n d i c a t e  t h e  composi t ion dependence of t h e  p a r t i a l  s t r u c t u r e  

f a c t o r s  f o r  a n  i d e a l  a l l o y  which h a s  t h e  p a r t i a l  molar volumes of pure  

Sn and pu re  Cu (which volumes, of cou r se ,  do n o t  change w i t h  composi t ion.  

i n  an  i d e a l  system).  The e s t ima ted  e r r o r  i n  t h e  cu rves  f o r  t h e  r e a l  

a l l o y s  i s  %lo%; thus  t h e  d e v i a t i o n  from t h e  i d e a l  curve  of a f o r  
cucu 

c  5 , 2  i s  n o t  s i g n i f i c a n t .  It can  b e  seen  a t  once t h a t  t h e  Cu-Sn a l l o y  

system behaves i n  a  n e a r l y  i d e a l  way up t o  40 a t .  % Cu. This  i s  sur-  

p r i s i n g  i n  view of t h e  f a c t  t h a t  t h e  range of i d e a l  behaviour  f o r  such 

a s imp le  system a s  Na-K i s  much sma l l e r  (McAlister and Turner 1972). 

S ince  t h e  p a r t i a l  s t r u c t u r e  f a c t o r s  a r e  r e l a t e d  t o  t h e  p a r t i a l  

r a d i a l  d i s t r i b u t i o n  f u n c t i o n s ,  we a r e  now a b l e  t o  say  something about  t h e  

atomic arrangements  i n  t h e  a l l o y .  Depar tures  from i d e a l  behaviour  i n  

a (0)  r e p r e s e n t  t h e  e f f e c t s  of p r e f e r e n t i a l  grouping of t h e  two s p e c i e s .  
i j 

To show t h i s  e x p l i c i t l y ,  we r e w r i t e  a  ( 0 ) :  i j 





g . ( r )  i s  de f ined  i n  such a  way t h a t  t h e  number n ( r )  of atoms of 
IJ i j 

s p e c i e s  j a t  a  d i s t a n c e  r from an  atom of s p e c i e s  i a t  t h e  o r i g i n  i s  

given by 

Now cons ider  t h e  q u a n t i t y  

m,  can c l e a r l y  b e  seen  t o  b e  equa l  t o  t h e  d i f f e r e n c e  between t h e  t o t a l  
J 

number of j atoms surrounding a n  i atom and t h e  t o t a l  number of j atoms 

surrounding a j atom. We could c a l l  N t h e  t o t a l  co-ord ina t ion  number 
i j 

f o r  spec i e s  j around a n  atom of s p e c i e s  i; then  A N .  r e p r e s e n t s  t h e  
J 

d i f f e r e n c e  i n  t o t a l  coo rd ina t ion  numbers, t h a t  is, t h e  e x t e n t  t o  which 

j atoms p r e f e r  t o  group round an  i atom r a t h e r  t han  a  j atom. Even i n  

an i d e a l  a l l o y  AN.  # 0, u n l e s s  t h e  atomic volumes of t h e ' c o n s t i t u e n t s  
J 

a r e  equal ,  because  t h e r e  i s  an  excluded volume e f f e c t ,  which means t h a t ,  

i f  t h e  i atoms a r e  b igge r  than  t h e  j atoms, fewer j atoms can b e  grouped 

round an  i atom than  about  a  j atom, f o r  a g iven  sample volume V. It 

can be e a s i l y  shown us ing  t h i s  reasoning  t h a t  i n  a n  i d e a l  a l l o y ,  
c  . N  

AN = (v,  - v 2 ) ,  where v l  and v2 a r e  t h e  atomic volumes of t h e  
j 

i n d i v i d u a l  s p e c i e s .  Th i s  r e s u l t  i s  i n  agreement w i t h  t h a t  ob ta ined  from 

Equation (1.53) .  Note t h a t  AN - - c (ai j  (0) - a j  (0)  1. 
j J 

Now t h e  q u e s t i o n  a r i s e s :  where a r e  t h e  a d d i t i o n a l  atoms ( r ep re sen ted  

by AN. )  l oca t ed?  The exper imenta l  r e s u l t s  f o r  any a l l o y  system i n d i c a t e  
J 



t h a t  g  ( r )  -+ 1 w i t h i n  about  10  atomic d i ame te r s ,  and thus  f o r  l a r g e r  
i j 

r a d i i  than  t h i s  t h e r e  can be  no cont ' r ibu t ion  t o  t h e  va lue  of t h e  i n t e g r a l  i n  

Equation (5 .9) .  Hence t h e  d i f f e r e n c e  i n  t h e  g i j ( r ) ' s  f o r  sma l l  r ( t h a t  i s ,  

t h e  d i f f e r e n c e  i n  t h e  s h o r t  range o r d e r  surrounding t h e  atoms of t h e  

d i f f e r e n t  s p e c i e s )  provides  t h e  e n t i r e  e f f e c t .  

I n  t h e  c a s e  of a  r e a l  a l l o y  system t h e r e  may b e  a d d i t i o n a l  grouping 

beymd t h a t  caused by t h e  excluded volume e f f e c t .  To s e p a r a t e  t h e s e  

e f f e c t s  we have c a l c u l a t e d  

1 av N 
(where 6 E y (%IN = - (vlO- v d  f o r  an  i d e a l  system) f o r  Cu-Sn a l l o y s ,  v 
us ing  t h e  d e f i n i t i o n  of AN' 

j ' 

and our  p rev ious  r e s u l t s  f o r  t h e  a  ( 0 ) ' s .  For a n  i d e a l  system AN! = 0. 
ij J 

The r e s u l t s  f o r  AN' and ANkn a r e  shown i n  F i g .  5.10. It i s  immediately 
Cu 

obvious t h a t  t h e  Cu atoms p r e f e r  t o  group around Sn atoms than  about  each 

o t h e r ,  and Sn atoms p r e f e r  t o  group around Cu atoms than  about  e a c h ' o t h e r ,  

p a r t i c u l a r l y  a t  c e r t a i n  composi t ions.  We s h a l l  d i s c u s s  t h e  s i g n i f i c a n c e  

of t h e s e  r e s u l t s  i n  t h e  next  S e c t i o n ,  i n  an  a t t empt  t o  formula te  a  model 

t o  d e s c r i b e  t h e  Cu-Sn a l l o y  system. 





5-2-3 The Structure of Cu-Sn Alloys: Speculative Remarks 

We shall construct our model from two basic experimental facts. 

(i) There is an intermetallic compound in the solid alloy system at 

75 at. % Cu, with h.c.p. crystal structure and chemical composition 

Cu3Sn (see the phase diagram, Fig. 5.11, taken from Hansen 1958). 

(ii) The Fermi wavevector, kf, is equal to k /2, where k is the 
P P 

position of the main peak in the effective structure factor, at 76 at. % Cu 

(rig. 5.8). The experimental evidence we might hope to explain, at 

least qualitatively, is the behaviour, as a function of composition, of: 

(a) the resistivity (already explained qualitatively using fact (ii) by 

Busch and ~ h h e r o d t  (1967)), (b) the enthalpy of mixing, (c) the 

molar volume, 

co-ordination 

(d) the compressibility, and (e) the differential 

numbers AN . 
j 

The assumptions constituting this model are: 

(1) The total energy of the alloy can be written as 

where E is the purely electronic energy, E f the ionic energy and EI - e 

the ion-electron interaction energy. 

(2) The electronic energy E varies smoothly with composition from pure e 

Cu to pure Sn. 



F i g .  5.11. Pilase Diagram f o r  CU-SII A l l o y s  !1?3~~sen 1958) 



(3 )  The i o n i c  energy E i s  p r i m a r i l y  r e s p o n s i b l e  f o r  s t r u c t u r a l  changes 
I 

i n  t h e  a l l o y  a s  a  f u n c t i o n  of composition. 

( 4 )  The i o n i c  energy may be w r i t t e n  i n  terms of pa i rwi se  a d d i t i v e  ion- 

i o n  i n t e r a c t i o n  p o t e n t i a l s  @. ( r ) .  
lj 

Then we have 

where 1 r e f e r s  t o  Cu and 2 r e f e r s  t o  Sn. Consider now ( f o r  example),  t h e  

f i r s t  i n t e g r a l  i n  Equat ion (5.13).  The g e n e r a l  forms of @ ( r )  and g ( r )  a r e  - - - .- 

sketched i n  F ig .  5.12. The e s s e n t i a l  p o i n t s  t o  n o t i c e  a r e  t hese :  

(a )  g l  1 ( r )  has  a  p e r i o d i c i t y  ( a f t e r  t h e  i n i t i a l  peak) of 2, where k i s  
k 
P P 

t h e  p o s i t i o n  of t h e  f i r s t  peak i n  a l l ( q ) .  Th i s  r e s u l t  i s  mathematical ly  

implied by t h e  f a c t  t h a t  t h i s  peak i n  a ( q )  is always narrow and of much 

l a r g e r  magnitude than  t h e  r e s t  of t h e  curve ,  s o  t h a t  i t  dominates t h e  

p e r i o d i c i t y  of t h e  F o u r i e r  t ransform of a ( q ) ,  t h a t  is ,  g ( r ) .  The exper i -  

menta l ly  measured a ( q )  and g ( r )  f o r  pure  A 1  ( F e s s l e r  e t  a l .  1966) confirm 

t h i s  conclus ion .  

(b) Q l l ( r )  

o s c i l l a t o r y  

f a c e  (March 

2 ~ r  
has  a n  o s c i l l a t o r y  t a i l ,  of per iod  - f o r  l a r g e  r .  This  

2kf 
behaviour  i s  a s s o c i a t e d  w i t h  t h e  sharpness  of t h e  Fermi sur -  

1968) which p e r s i s t s  even i n  a  l i q u i d  me ta l ,  t h e  atomic d i s -  

o rde r  b l u r r i n g  t h e  Fermi s u r f a c e  only by a  few pe rcen t  (Chan 1971).  The 

o s c i l l a t i o n s  a r e  d i r e c t l y  r e l a t e d  t o  t h e  well-known F r i e d e l  o s c i l l a t i o n s  

i n  t h e  e l e c t r o n  d e n s i t y  around a  p o s i t i v e  charge  i n  a meta l .  A t  what 



F i g .  5 .12.  T y p i c a l  forms f o r  g ( r )  and  + ( r )  i n  l i q u i d  metals. 



27T 
va lues  of r t h e  o s c i l l a t i o n s  develop e x a c t l y  t h e  per iod  - 

2kf 
is u n c e r t a i n ;  

bu t  c a l c u l a t i o n s  by Gupta ( p r i v a t e  communication) u s ing  r e a l i s t i c  i o n i c  

2n pseudopo ten t i a l s  i n d i c a t e  t h a t  t h e  p e r i o d i c i t y  i s  c l o s e  t o  - even i n  
2kf 

t h e  f i r s t  o s c i l l a t i o n  of $ ( r ) ,  a s  i n d i c a t e d  i n  F ig .  5.12. 

A s  a  r e s u l t  of t h e s e  c o n s i d e r a t i o n s ,  t h e  i n t e g r a n d s  i n  Equat ion (5.13) 

a r e  products  of two o s c i l l a t o r y  f u n c t i o n s  of d i f f e r e n t  p e r i o d s ,  i n  g e n e r a l  

(mu l t ip l i ed  by a  term dependent on r which ensu res  convergence of t h e  

i n t e g r a l s ) .  Thus t h e  v a l u e s  of t h e  i n t e g r a l s  w i l l  b e  r a p i d l y  va ry ing  

around composi t ions which e q u a l i s e  t h e s e  p e r i o d i c i t i e s .  Phase matching 

i s  provided by t h e  f a c t  t h a t  t h e  f i r s t  peak i n  g ( r )  must c o i n c i d e  w i t h  

t h e  main minimum i n  $ ( r ) .  The v a l u e  of t h e s e  i n t e g r a l s  w i l l  b e  a minimum, 

27T 2lT 
and hence E w i l l  b e  a minimum, when - = - I i . e .  k  = k  12 ,  t h e  same 

2kf k '  
P f P  

cond i t i on  t h a t  we noted  be fo re  i n  connec t ion  w i t h  t h e  r e s i s t i v i t y .  The 

a l l o y  i s  most t i g h t l y  bound when t h e  e l e c t r o n s  a t  t h e  Fermi s u r f a c e  

i n t e r a c t  most s t r o n g l y  wi th  t h e  i o n s ;  and t h i s  a l s o  maximises t h e  resis- 

t i v i t y .  An analogous r e s u l t  i n  s o l i d  a l l o y s  i s  provided by t h e  Hume- 

Rothery r u l e s  (Hume-Rothery e t  a l .  1969).  These imply t h a t  i n  a  s o l i d  

a l l o y  i t  i s  e n e r g e t i c a l l y  favourable  t o  p u t  a s  many gaps ( i n  t h e  e l e c t r o n  

d i s p e r s i o n  curves)  a t  t h e  Fermi s u r f a c e  a s  p o s s i b l e .  Thus a l l o y s  t a k e  up 

c r y s t a l  s t r u c t u r e s ,  sometimes by t h e  format ion  of long  per iod  s u p e r l a t t i c e s  

(Sato and Toth 1963, brought t o  our  a t t e n t i o n  by P ro fes so r  A .  A r r o t t )  such 

t h a t  t h i s  e f f e c t  i s  achieved.  Again, s t r o n g  i n t e r a c t i o n  of Fermi s u r f a c e  

e l e c t r o n s  wi th  t h e  i o n s  lowers t h e  energy of t h e  meta l .  

Now we can  s e e  why t h e r e  i s  a  minimum i n  t h e  h e a t  of mixing of Cu-Sn 

a l l o y s  a t  t h e  composi t ion where k = k  12.  The i o n i c  energy,  and hence t h e  
f P  

t o t a l  energy,  i s  minimised he re .  Assumption (3) j u s t i f i e s  t h i s  



explanation. Furthermore, we can also explain the change in volume on 

mixing. At compositions near where k = k 1 2 ,  the alloy can lose energy - 
f P 

by changing its density in such a way as to approach the k = k / 2  con- . - 
f P  

dition; thus there will be a volume contraction in the alloy, centred on - r -  . - 

- . . -  this composition. This contraction is additional to the small contraction - - -  - 

normally expected (Wood 1968) for mixtures of hard spheres of unequal 

diameters. 

The result of tighter binding is to make the liquid stiffer; thus 

the compressibility is decreased. The maximum decrease in compressibility . . . . .- - . . - 

(below the ideal case) will naturally occur when the binding is tightest, - ~ - .. . . . . - .  - .  

that is, where the heat of mixing is a minimum, and where k = k /2.  
f P 

Thus, using only experimental fact (ii) (see the beginning of this 

Section) we have qualitatively explained the data (a), (b), (c) and (d). 

We must still find an explanation for (e), the behaviour of AN! as a 
J 

function of composition. 

Using the work of North and Wagner (1970) we may estimate where in 

the liquid the additional atoms, implied by the departure of  AN^^ and 
AN' from the ideal, are located. North and Wagner assume composition- 
Sn 

independence of the partial structure factors in order to calculate the 

partial radial distribution functions g (r) from their X-ray measurements. 
ij 

They give a co-ordination number p defined by p =J?vrzg (r)dr, 
ij ' ij i j 

where r2 is the position of the first minimum in g (r). The value for i j 

is 9, while pCuCu - - 
'~n~n '~u~n 

= 13. Thus in the nearest neighbour shell 

of a Cu atom there are roughly four more Sn atoms than in that of an Sn 

atom. This is in fair agreement with the maximum value of three for 



AN;, 
we obtain for c = .95. 

so that the difference between 

with our maximum value of AN' 
Cu 

Furthermore, in pure liquid Cu , P ~ u ~ u  = 12, 

' ~ u ~ n  
and p (pure Cu) is 1, in agreement 

cucu 

for c = .78.  Thus it is reasonable to 

assume that most of the extra atoms AN' are located in the nearest neigh- 
j 

bour shell of the atom to which we are referring. 

Making this assumption, we may explain the values of ANt and AN;& by 
Cu 

the use of fact (i), that the solid'alloy has an h.c.p. intermetallic 

compound Cu3Sn. An h.c.p. structure has the co-ordination number 12. 

Each Sn atom is surrounded by 12 Cu nearest neighbours. We explain the 

changes in AN' and AN;, by asserting that the liquid alloy takes advantage 
Cu 

of this favourable packing at the CusSn composition, and changes its 

structure. It becomes favourable for Cu ions to be surrounded by Sn ions, 

and vice versa. The liquid takes up an arrangement similar to the h.c.p. 

lattice in the solid; though this structure cannot extend more than about 

two atomic diameters. The force requiring close packing is provided by 

the tighter binding at this composition, as discussed previously. 

By combining these structural considerations with the energy con- 

siderations mentioned earlier, we believe that a full quantitative 

theory of Cu-Sn alloys can be developed, which could be used to improve 

the Ascarelli-type calculation presented in Section 5-1-3, I 

5-3 The Hall Effect controversy 

There is a controversy about the behaviour of Sn atoms in solution 

in Cu. Enderby et al. (1967) claim, from their Hall effect measurements, 

that Sn behaves like a divalent metal when dissolved in Cu. We cannot 



entirely rule out this possibility. However, an Ascarelli-type calculation 

using this effective electron density would give even 

N 2 ZEf 
experiment for - k TK since the term - - V B T '  

in the 
15 kgT 

poorer agreement \?it11 

denominator of 

N 
Equation (5.2) would be reduced, increasing the deduced value of - k TI$. V B 

The measurements of Busch and ~Gntherodt (1967) and Comins (1972), 

both of which are in agreement with the theory that each Sn atom contributes 

four free electrons to the alloy, disagree with the conclusions of Enderby 

et al., in any case. 



CHAPTER 6 

SUMMARY 

To summarise this experiment and the subsequent analysis: 

(i) The phenomenon of the generation of electromagnetic waves at a 

metal surface by acoustic waves in the presence of a static magnetic 

field was observed up to temperatures of 1 4 0 0 ~ ~  in Cu-Sn alloys. 

This supports the theory of Turner et al. (1969), which contains no 

temperature-dependent parameters. 

(ii) This phenomenon has been used as the basis of very accurate measure- 

ments of the velocity of sound in liquid metals. 

(iii) The velocity of sound was measured in nine liquid alloys of copper 

0 
and tin, and in the pure metals, at temperatures ranging from 250 C 

to 1 4 0 0 ~ ~ .  

(iv) The conlpressibilities of these alloys were evaluated using the 

experimental sound velocity data, and the data of previous workers 

for the density and specific heat. The observed compressibilities 

of the alloys were then compared with values derived, from various 

theories. A theory patterned after that of Ascarelli (1968) gave 

best agreement. 
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(v) The p a r t i n l  s t r u c t u r e  f a c t o r s  a t  zero wavevector of Cu-Sn a l l o y s  

were c a l c u l a t e d  using t h e  theory of Bhatia  and Thornton (1970), 

t oge the r  wi th  our compress ib i l i t y  d a t a  and t h e  a c t i v i t y  and d e n s i t y  

d a t a  of previous  workers. These s t r u c t u r e  f a c t o r s  show a  cons ide rab le  

depa r tu re  from i d e a l  behaviour, f o r  a l l o y s  wi th  a  h igh  concen t ra t ion  

of cc ?per .  

( v i )  A q u a l i t a t i v e  explanat ion  of t h e  bulk p r o p e r t i e s  of Cu-Sn a l l o y s  

was advanced. The anomalous behaviour a t  h igh  Cu concen t ra t ions  i s  

caused by t h e  proximity of 2k t o  k a t  t h e s e  concen t ra t ions ,  where 
f P  

k i s  t h e  Fermi wavevector and k is  t h e  p o s i t i o n  of t h e  major peak 
f P 

i n  t h e  e f f e c t i v e  s t r u c t u r e  f a c t o r .  



APPENDIX A 

THE CONNECTION BETWEEN BIWTIA AND THORNTON'S CORRELATION FUNCTIONS 

AT ZERO-WAVEVECTOR AND THE THERE!ODYNAMICS OF ALLOY MIXING 

To demonstrate this connection, we must use the properties of the 

grand canonical ensemble. In a fixed volume V with variable numbers N1 

and N2 of particles of species 1 and 2 respectively, connected to a 

thermal and particle reservoir, we may write the grand canonical proba- 

bility function as (Tolman 1962, for example) 

where l$iis an eigenvalue of the energy of the system, and ~2 are the 

chemical potentials of species 1 and 2, and C2 is the grand potential. 

P(N1,N2,11) is the probability of finding Nl particles of species 1 and N2 

particles of species 2 at an energy %. Normalization demands 

where the sum extends over all possible values of N1, Np and M. To.obtain 

the fluctuations in N1 and N2, caused by fluctuations in ~1 and p2 the 

following trick is employed. Taking the partial derivative with respect 

to p1, holding V, T and p2 constant, of both sides of (A.2), gives 



Now a most important property of P ( N 1 , N 2 , P 1 )  is that if X is any thermo- 

dynamic quantity, its average, ?, is given by 

(A. 3) and ( ~ . 4 )  give 

that is, 

Now we take the partial derivative of both sides of (A.3) with respect to . . . - .  

~ 2 ,  holding V, T and y l  constant: 

Using (A.4) and (A.5) in (A.6), 

Similarly, - 
(A. 7b) 



Equations (1.35) may be rewritten, for q = 0 

(A. 7c) 

To express the right-hand sides of (A.9) in measurable quantities, we need 

where y '  is the chemical potential of the other 

species to a quantity dependent on T, P, c and N = N 1  + N2, since these 

are the quantities usually held fixed in an experiment. First of all, 

(A. 10) 

Using the chain rule for (%) , for example, changing variables from 
T,V,112 

(T,v,N1,~2) to (T,V,Ni ,N2) 



Defining 

it is easy to show that similarly 

(A. 12) 

(A. 13) 

and 

Now using the chain rule again on e l l  changing variables from (T,V,N1,N2) 
to (T,P,Nl,N2), say, gives 

where we have used the fact that 



(A. 15) 

and equated the second partial derivatives of G with respect to p and N 1 ,  

and vice-versa, to get 

d &N)TN,,NI tz 1 = F ) ~ ~ ~  
I P PJN. 

(A. 16) 
I /  t 

= v, 
v is the partial atomic volume of species i in the mixture; in a mole of i 

mixture Nv is the partial molar volume. Except where stated explicitly, i 

from now on in this Section we use molar quantities only, which greatly 

simplifies matters. Now note in (A.14) that 

where J$ is the isothermal compressibility. Hence, from (A.14) 

Similarly 

where 

(A. 17) 

(A. 18) 



Now for constant T and P the Gibbs-Duhem relation gives 

and 

Since c = - N1 , we have 
N1+N2 

(A. 19) 

(A. 20) 

and hence, after some manipulation, using (A.10), (A.13), (A.18) and (A.20) 

(A. 21) 

Now a l l  must be transformed from the variables (T,P,Nl,N2) to variables 

(T,P,N,c). The most convenient way of doing this is to use a relationship 

between the activity a and the chemical potential pi. a is defined by 
i i 

(A. 22) 



Here p.(o) is the chemical potential of pure species i at the same 
1 

temperature and pressure (see Hatsopoulos and Keenan 1965). To complete 

the definition we require 

(A. 23) - - . .. . 

where p (c.) is the partial vapour pressure of the species i at a concen- i 1 

tration, c, and p (0) is the vapour pressure of pure species i. At low 
i 

pressures, when the vapours can be treated as ideal gases, we may write 

(A. 2 4 )  

Thus 

'" = &) Tp,Nl 
(A. 25) 

? - . .  - -  

. . 
Combining (A.18), (A.21) and (A.25)  with Equations ( A . 9 ) ,  we obtain finally . . - 



Here we have written 7/iev1 = - 
These results, in a slightly different form, were first derived by Bhatia 

and Thornton. They are exact. 
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