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ABSTRACT 

The proposal to fuel a nuclear reactor with a solution 

of uranium in liquid bismuth has led to the investigation of 

the effects of low concentrations of seven metals upon the 

solubility of uranium in bismuth over the temperature range 

400° - 800°C. The solubility is increased by gold at 600°C 

qnd 750°C and by manganese at 750°C. Rhodium increases it 

at 800°C but lowers it at 400°C. Copper lowers it at 600°C 

and silver has no experimentally significant effect. The 

effects of cobalt and nickel were probably measured under 

non-equilibrium conditions and require redetermination. These 

effects have been discussed in terms of a chemical bond theory 

of ternary solutions developed by Alcock and Richardson. This 

theory allows the prediction of the activity coefficient of 

a dilute solute in a binary solvent from thermochemical data 

for the component binary systems, It is obeyed qualitatively 

with few exceptions but its quantitative application is 

limited. The solubility effects of silver, manganese and gold 

can be discussed in terms of this treatment because these 

elements do not alter the activity of uranium in solution and 

therefore their effects on the uranium solubility are 

inversely proportional to their effects on the activity 

coefficient of uranium. There are sufficient thermochemical 

data to permit calculation of the solubility effect of only 

one element, namely gold, and here the value obtained is 



in good agreement with experiment. In order to predict the 

sign of the effects of manganese and silver, heats of 

formation of binary compounds have been estimated. The 

observed effects of these elements seem reasonable in the 

light of these predictions. 
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1. Introduction 

The demand for electricity in Great Britain is doubling 

every ten years. At present most of the generating plant is 

coal-fired. It has been foreseen that eventually other sources 

of energy will be required since insufficient coal will be 

available at an economic price to meet this demand by the 

building of more coal-fired stations. 

Oil is an undesirable long-term alternative on political 

and economic grounds and indigenous sources of energy such as 

water power, shale oil and peat seem capable of little further 

development. Accordingly the government embarked in 1955 upon 

a programme of nuclear power(1)  in which it is proposed to use 

the energy released in the nuclear fission of uranium 255 to 

drive conventional generating machinery. Because of the higher 

capital cost of the nuclear power plant the electricity 

produced from the first nuclear power stations will be more 

expensive than that generated by similarly-sited conventional 

plant. A substantial reduction in cost will be achieved only 

by building smaller reactors. However this involves the use 

of enriched fuel which has to be used sparingly because of its 

high price. 

The liquid metal fuelled reactor (2)  was one of several 

designed to meet these requirements. In one variant it was 

proposed to use the fuel itself as the heat transfer medium 

and to keep fissile investment at a minimum by continuously 



removing fission products. 

Two alternative fuels were proposed for this reactor. The 

first was a suspension of uranium particles in liquid sodium, 

a metal of relatively high capture cross section for thermal 

neutrons but possessing good heat transfer properties. Since 

uranium has a negligibly small solubility in liquid sodium 

subjection of the fuel to thermal gradients within the reactor 

would not cause appreciable particle growth. However the 

density difference might have given rise to particle settling 

and attendant criticality problems. 

The second fuel prowsed was a solution of pure fissile 

uranium in liquid bismuth, uranium solubility over the useful 

temperature range being too low to permit the use of natural 

uranium. Bismuth was chosen because it has a moderately low 

melting point, a high boiling point and therefore over the 

suggested temperature range of operation, a low vapour pressure, 

a low capture cross section for thermal neutrons and moderately 

good heat transfer properties. 

The core of a liquid metal fuelled reactor operating on 

these fuels would be quite small, perhaps several feet in 

diameter. It was proposed to breed fissile material by 

surrounding the core with a solution or suspension of fertile 

material in liquid metal. Such a reactor might breed uranium 

233 from thorium 232 and would be attractive to countries such 

as India and Australia which possess large deposits of thorium-

bearing minerals. 



The design of the bismuth solution fuelled reactor 

presented three technological problems. The first concerned 

the containment of the fuel. A chrome-molybdenum steel was 

selected for the construction of the containment vessel because 

of its adequate strength and reasonable corrosion rate in the 

proposed fuel(3). However the slight solubility of this material 

in liquid bismuth and its high temperature coefficient of 

solubility might have resulted in the penetration of the core 

vessel and blockage of cold parts of the reactor circuit. 

Following experience with boiling mercury heat exchangers, 

attempts were made to inhibit this corrosion by addition of 

zirconium to the liquid fuel(4) 

The second problem concerned the breeder blanket 

surrounding the core. Since appreciable quantities of heat 

would be generated in this it was decided to suspend or 

dissolve the fertile material in a liquid medium. For a 

reactor working on the thorium-uranium cycle, a solution of 

thorium in bismuth would be too dilute to allow an adequate 

rate of breeding and it was proposed to use a suspension of 

thorium-bismuthide intermetallic compound in liquid bismuth. 

However owing to the appreciable variation of thorium solubility 

with temperature marked particle growth occurred when this 

suspension was subjected to a thermal gradient. A dispersion 

of thoria in bismuth was found to be stable under these 

conditions. 

Apart from the zirconium inhibitor the fuel would 
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contain small concentrations of fission products and of 

elements dissolved from the container. It was necessary to 

know the collective effect of these elements upon the 

solubility of uranium in bismuth. Low concentrations of 

some elements might considerably alter it; for instance nickel 

was reported to greatly reduce the solubility so that the 

containing vessel and pipework could not be constructed from 

a nickel-bearing steel. 

As a first step in furthering understanding of bismuth-

uranium fuel solutions it was decided to measure the effects 

of low concentrations of several elements upon the solubility 

of uranium in bismuth over a range of temperature. The 

typical metals copper, silver and gold were selected for 

addition. Transition metals would be present in the fuel 

having been dissolved from the containing vessel and their 

effects might be expected to differ from those of the typical 

metals. Since chromium and iron are only slightly soluble 

in liquid bismuth over the temperature range 400°  - 800°C, 

for experimental convenience manganese, cobalt and nickel 

were selected. Later, the effect of rhodium was measured 

since like gold, which was found to have a considerable effect 

on uranium solubility, it has a high electronegativity value. 
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2. 	Previous'cork. 

2.1 Theoretical Treatments of Liquid Eetallic Solutions. 

Fundamental studies of ternary metallic solutions have 

arisen from two branches of industrial metallurgy. In the 

production of castings evolution of gas upon solidification 

of the metal can give rise to unsoundness. Hydrogen absorbed 

from furnace gases can cause trouble in this way. The 

possibility of lowering hydrogen solubility by making 

additions to the melt has been investigated by measuring the 

solubility of the gas in various molten binary alloys. 

Iron-based ternary solutions have been studied with the 

aim of furthering understanding of the changes occurring in 

the liquid phase during iron-smelting and steel-making 

processes. Here the measurement of thermodynamic quantities 

of the components in solution has enabled the changes observed 

to be explained satisfactorily. 

By contrast other theories of metallic solution, such as 

the various statistical and interaction theories, are as yet 

unable to account satisfactorily for the behaviour of binary 

solutions(5) and therefore their extension to treat ternary 

solutions would be expected to meet with little success. 

Accordingly the review below refers to thermodynamic studies 

only. 

Factors likely to influence solubility in ternary 

solutions have been discussed qualitatively by Turkdogan(6) 
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with particular reference to the effect of various elements 

upon the solubility of carbon and nitrogen in molten iron. 

Apart from the affinities of the various elements in solution 

for one another he expects the ionisation state of the solute 

to be important; far too few experimental data are available 

to assess this. Size factor might also be expected to have an 

influence. Although this has been claimed to control liquid 

binary metallic solubility in certain cases(7)  no such 

correlation has been reported for ternary solutions. 

Valency electron to atom ratio has been found to be a 

significant factor in binary and ternary solid solubility
(8) 

and this might be expected to be so for liquid solutions. 

Following this, an attempt(9) has been made to explain the 

solubility of hydrogen in liquid binary alloys of copper in 

terms of electron concentration. The gas was considered to 

dissociate and to dissolve as separate protons and electrons. 

For a hydrogen solution in equilibrium with the gaseous phase 

one may write 

2 
	

= 11H+  

111.1. 	 &

e

- denoting the chemical potentials of hydrogen, 
-2 

protons and electrons respectively. For a dilute solution 

the protons chemical potential may be expressed as 

11
H+ 

=
H
+0 	RT1n C 
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Here RT has the usual meaning, C is the concentration of 

protons in solution and H+° is their chemical potential 

extrapolated to unity concentration. From both these 

equations it follows that the solubility of hydrogen is given 

by 

 

oxp 

   

This expression implies that if elements increase the chemical 

potential of the electrons without altering appreciably that 

of the protons, the solubility of hydrogen will be lowered 

while elements which lower the chemical potential of the 

electrons would be expected to increase the solubility. 

Himmler found it possible to explain in this way the results 

of Sieverts(10) for the solubility of hydrogen in liquid 

binary copper alloys with the exception that tin ought to 

cause a greater effect than aluminium whereas the reverse is 

observed. 

The variation of the composition of a binary solvent may 

change both the thermodynamic activity (a) and the solubility 

(N) of a solute. Its activity coefficient is defined as the 

ratio: 

Y= a 
N 

The treatments reviewed below are in terms of the quantity. 

Wagner(11) postulated that for metallic solutions 

composed of typical metals ion—ion interactions may be 



14. 

neglected and that their properties may be discussed in terms 

of ion - electron interactions alone. He applied the treatment 

of Himmler to a general case and deduced the rule that if 

solutes 2 and 3 alter the electron to atom ratio of a solvent 

1 in the same sense, then addition of solute 3 will raise the 

activity of 2 in the solution. If 2 and 3 alter the ratio in 

the opposite sense, then addition of 3 will lower the activity 

of 2. For the limiting case in which the concentrations of 

2 and 3 tend to zero the following relation between the 

activity coefficients of these components was deduced: 

141Y2(1) = 	 Y ln ." 3(1) = [ .1ny2(1) 	 '1.ny3(2.)  

a7.53 	a N2 	 -6 ,N2 	c) N
3 

N2'N3''()  

The validity of this equation was confirmed by measuring the 

effect of thallium upon the activity coefficients of each of 

the metals lithium, sodium and potassium in mercury at 25 C. 

Predicted and measured values agreed well. In solutions 

containing a non-metal the assumptions of Wagner given above 

would no longer be expected to apply since components might 

exhibit considerable chemical affinity for one another. 

Chipman(12) deduced an expression for the activity 

coefficient of one component of a multicomponent solution: 

2(1,5,4) = Y2(1) x 

Y 2(1,3) 	Y2(1,4) 

Y 2(1) x 	Y2(1) 

1 
2 
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where T2(1,3,4) is the activity coefficient of the component 

2 in the multicoraponent solution, 1 2(1)  refers to the binary 

1-2 and 12(1 3) is the activity coefficient of 2 in the ternary 
,  

1-2-3 and so on. Here all the activity coefficients are 

considered at infinite dilution of solute but th equation 

forms a useful basis for understanding the behaviour of more 

concentrated solutions. 

An equivalent expression has been deduced by Wagner
(13) 

from a statistical approach: 

lnl 2 (1., 3 ,tr) 
0 N2  Zilny 2(1) + lny 2(1)  

"2 
N3 
 Zln12(1 3) 

)N3 

By introducing the notation 	 °(2ciln ,1) 	E2(1) and defining 

'61\1'2  

the activity coefficients so that Y 	= 1, one may write 
' 2(1)  

for a ternary solution 

In 	 2 ( 3 ) 	 "212(1) 	N312(1,3) 

The first term on the right-hand side arises from the change 

of concentration of 2 in solution brought about by the addition 

of 3. This will of itself cause a change of the value of 

lny 2(1). The second term arises from the interaction of the 

added element with both the solute and the solvent. In this 

notation the equation of Uagner on page 14 becomes 

El(0) = low 
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Chipman and his co-workers have found that E is a convenient 

parameter for describing the effect of small concentrations 

of addition upon the activity coefficient of non-metallic 

solutes in molten iron; 

Alcock and Richardson(14) considered a dilute solution of 

a metal and a non-metal in 'a metallic solvent. They assumed 

that only nearest neighbour interactions between ions need be 

considered, that the solute ions are distributed randomly 

throughout the solvent and that the bond strengths between ions 

do not vary with the composition of the solution: The effect 

of the metallic solute upon the heat of solution of the non-

metallic solute was obtained in terms of binary partial heats: 

 

1-72(1,3)  
N
3 

  

  

= °I 	- A
12(3) 	112(1) - 673(1) 

  

 

3 9 0 

Here 1 is the solvent, 2 is the non-metallic solute and 3 is 

the metallic solute. If the entropy of solution of 2 in 1-3 

can be taken as equal to that of 2 in pure solvent, which is 

reasonable if N3  *0, then 

117.  2(1,3) 

N
3 

-* °  
= AI12(3) - '6112(1) - 61113(1) RT 

Further, if it may be assumed that the entropy of solution 

of the solute, 2, in pure 1 equals that in pure 3, the activity 
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coefficient of the solute at infinite dilution in these two 

solvents may be taken relative to the same standard state. 

Then if solution of 2 in 1 is Raoultian, 

(1) 

= 	lny2(3) 	lnY2(1) 	
lny3  (1) 

2(1,3) 

where E is the parameter defined earlier. 

Alcock and Richardson discuss how the value of E would 

be affected if their assumptions were incorrect. If the 

coordination .number of the non-metallic solute is different 

from that of the other components, the last term in equation 

number (1) must be multiplied by the ratio of the actual 

coordination number to that for random solution. If there is 

preferred. bonding between the solvent and the non-metallic 

solute, 2, addition of 3 will be less effective than calculated 

from equation 1 while if the solutes 2 and 3 bond preferentially 

the effect will be greater. Here the value of E calculated 
N actual. 

from the equation has to be multiplied by f N random' the  

ratio of the actual number of solute-solute bonds to the 

number that would be present in a random solution. 

If only component 2 is dilute, so that N1  N3  =1 

equation (1) may be rewritten thus: 

lny 2(1,3)  = N1ln12(1) N3ln12  ( 3 	Is'ut( 1-3 )  
RT 

(2) 
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If 1 and 3 mix ideally the last term of the right-hand side 

equals zero and the equation reduces to that of Wagner mentioned 

earlier (p.15) 

An equation identical with 2 has been deduced theoretically 

by Darken(15)  from the ternary Gibbs-Duhem equation on the 

assumption that solution is regular. 

A quantitative test of equation 2 has been made by Cheng(16) 

Having measured the activity coefficient of sulphur in dilute 

solution in binary liquid alloys and in their pure components, 

he used the equation to calculate the variation with composition 

of the excess free energy of mixing of the binary solvents. 

Agreement of his values with those available from the 

literature was found to be qualitative but not quantitative, 

For instance the calculated excess free energies of mixing 

silver and copper were several times larger than those deduced 

from the measurements of Edwards and Downing(17)  

However, qualitative use of the theory has been successful 

in explaining the results of Williams and Smith(18)  who report 

the solubility of aluminium in liquid cadmium-bismuth alloys 

as a function of the composition of. the binary solvent. 

Aluminium activity coefficient values are obtained by taking 

the reciprocals of their solubility values since their 

solutions were'saturated with respect to pure aluminium. 

Their curves, shown in figure 1, are similar in shape to 

excess free energy of mixing-composition plots for the cadmium- 

bismuth system deduced by Elliott and Chipman from electromotive 

force measurements. 
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According to Elliott and Chipman the composition at 

which the integral excess free energy of mixing changes sign 

isabout - 0.085 whereas Williams and Smith give it as 

0.4 N 	This discrepancy may arise because the solubility 
SL 

of aluminium in bismuth reported by Williams and Smith is 

erroneously high. Their values for this solubility show 

considerable scatter but no data have been found in the 

literature to confirm this explanation. 

According to equation 2 the activity coefficient of a 

dilute solute (2) in a binary metallic solvent (1-3) depends 

of two factors. The first is the relative strength of the 

bonding between the solute and each component of the solvent. 

Addition of component 3 will tend to raise the solute activity 

coefficient if the solute bonds more strongly with component 

1 than with component 3, and vice versa. The second factor 

is the strength of bonding between the components of the 

binary solvent (1-3). This is reflected in the value of the 

excess free energy of mixing of the 1-3 system. When this' 

is positive 1-3 bonds are relatively weak which will con-

tribute to a decrease in the value of the solute activity 

coefficient. If the 1-3 system has a negative excess free 

energy of mixing the components of the solvent bond 

relatively strongly which will contribute to an increase in 

the value of the solute activity coefficient. When 1 and 3 

mix ideally there is a linear relationship between the 

logarithm of the solute activity coefficient and the 
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FIG. 2. 

CURVE A EXCESS FREE ENERGY OF MIXING 
OF 1-3 NEGATIVE. 

CURVE B EXCESS FREE ENERGY OF MIXING 
OF 1-3 ZERO. 

CURVE C EXCESS FREE ENERGY OF MIXING 
OF 1-3 POSITIVE. 

FIG. 2. VARIATION OF -en 2( WITH EXCESS FREE 
ENERGY OF MIXING OF BINARY SOLVENT 
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composition of the binary solvent. These two factors, whose 

influences are summarized in figure 2, operate sometimes in 

the same sense and sometimes oppose each other, as will be 

shown in the review below. Solubility effects may be deduced 

from this approach if the experimental conditions are such as 

to maintain a constant activity of the solute in the solution, 

when solubility values will be inversely proportional to 

activity coefficient values. In the review which follows, 

this theory is applied qualitatively to data froM the 

literature. Yhen considering systems for which all the 
,6044ctok 
rclative thermochemical data are not available, an idea of 

the relative strengths of the appropriate bonds has been 

gained by inspection of binary phase diagrams, weak bonding 

being indicated by miscibility gaps and strong bonding by 

formation of compounds. 

2.2 The Qualitative Application of the Alcock-Richardson 

Treatment to Data in the Literature 

A wide range of metallic systems is now reviewed. In 

assessing the influence of the two factors governing the value 

of solute activity coefficient heats of mixing of the 1-2 and 

2-3 binary systems, calculated in kilocalories-gm. atom are 

used where possible as a measure of bond strength. In TablesT-- . 

(p. 51-54)the relative strength of bonding of each solute with 

the components of the binary solvent is assessed and the sign 
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Figure 3. 	The activity coefficient of 
oxygen in binary iron alloys. 
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of the deviation of the binary solvent from Raoultian be-

haviour is noted. The expected influence of each factor is 

denoted either by U if it tends to increase the activity 

coefficient of the solute or by D if it tends to lower it. 

The experimentally observed effect is noted for comparison. 

When these factors oppose each other the correlations will be 

discussed to see if it is reasonable to conclude that theoretical 

prediction and experimental observation agree qualitatively. 

2,2.1 Iron-based Ternary Solutions 

2.2.1.1 Fe-0-X 

The data shown in figure 3 are taken from a recent review 

paper(20). 

Strong iron-tungsten interaction seems to cause low 

concentrations of tungsten to increase the activity coefficient 

of oxygen in iron. Further additions of tungsten would be 

expected to cause a marked decrease in lnyie  since tungsten 

and oxygen bond very strongly. Molybdenum also causes a 

slight increase when added at concentrations up to twenty 

atomic percent. Again, on account of strong molybdenum- 

oxygen bonding, a decrease of activity coefficient would 

be expected at higher molybdenum concentrations. 

Platinum and gold were added by Chipman and Floridis 

because the metals both bond weakly with oxygen but interact 

differently with iron, gold-iron having a positive heat of 

mixing and platinum-iron a negative heat of mixing. The 
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results show that at low concentrations of addition the sign 

of the activity coefficient is governed by iron-addition 

bonding. 

Copper is a similar case, Copper and iron bond weakly 

as reflected by the positive heat of mixing of the system and 
0 

this would seem to account for the decrease of lnyre  when small 

amounts of copper are added, 

Some data, not shown in the diagram, are available for 

the effects of other elements. Manganese(21) is reported to 
0 	0 

have no effect upon the value of lnyre  at 1600 C. A decrease 

would be expected since the heats of formation of the aMtimate 

oxides suggest that oxygen has a greater affinity for manganese 

than for iron. The manganese-iron system seems to deviate 

little from Raoultian behaviour at that temperature. 

In experiments in which molten iron was equilibrated 

with solid silica(22) it was observed that as the silicon 

concentration in the liquid phase increased, the oxygen 

concentration decreased. Since the activity of oxygen is 

fixed by the presence of silica, it follows that the activity 

coefficient is increased by silicon. Oxygen bonds more strongly 

with silicon than with iron so that the effect might be 

attributed reasonably to strong silicon-iron bonding. 

It has been calculated(22) that titanium ought to lower 

the activity coefficient of oxygen in iron and experithental 

results are in reasonable agreement. Oxygen bonds more 

strongly with titanium than with iron and this decides the 
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Figure 4. 	The activity coefficient of carbon 
in binary iron alloys. 



27 

0 
sign of the value of lnyre. 

It has been observed that aluminium(22) behaves similarly 

although the actual values measured are in dispute. Again the 
0 

two factors affecting the value of lnYFe  oppose each other. 

It seems that the great affinity of oxygen for aluminium out-

weighs the influence of strong aluminium-iron bonding. 

Carbon is reported(22) to decrease the solubility of 

oxygen in liquid iron at 1600°C, an effect determined in 

experiments in which melts were:Ictuilibrated with C0/002  

mixtures. At any given ratio of pressures, the activity of 

oxygen in the melt is constant and it follows that the activity 

coefficient of oxygen in molten iron is increased by addition 

of carbon, probably because iron-oxygen bonding is stronger 

than carbon-oxygen bonding. 

2.2.1.2 	Fe-C-X 

Figure 4 summarizes the effects of many elements upon 

the activity coefficient of carbon in liquid iron at 160000(23? 

These curves were determined both by equilibration of melts 

with a mixture of gases and by saturation of liquid metal with 

carbon from a graphite container. lny;e  is increased by copper. 

Here of the two opposing factors influencing the activity 

coefficient the effect of very, weak carbon-copper bonding 

predominates. 

The iron-cobalt interaction seems to be responsible for 

the slight increase of lny;e.  upon addition of up to twenty 
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atomic percent of cobalt. The heats of formation of the carbides 

indicate that cobalt-carbon bonding is slightly stronger than 

iron-carbon bonding and the curvature of the plot suggests 

that high concentrations of cobalt would cause a decrease of 

activity coefficient. 

It is thought that the iron-tungsten system shows a 

negative deviation from Raoultian behaviour and that this 

counteracts the effect of strong tungsten-carbon bonding. 

Consequently, 1n)/0  decreases quite slowly as tungsten is 

added. The curve for molybdenum may be explained similarly. 

The affinity of niobium for carbon is so strong that 

iron-niobium bonding has little influence on the value of 

activity coefficient observed. 

Phosphorus decreased the solubility of carbon in iron 

at 1600°C. Since in these experiments the activity of carbon 

is constant it follows that the activity coefficient is in-

creased, which' agrees with the prediction of the theory. 

Aluminium is reported also to decrease the solubility at 

1600°C. Again, at constant carbon activity the effect is in 

accordance with the prediction of the theory. Manganese 

increases the solubility at 1600°C, while silicon decreases 

it. In the latter case, of the two factors, the effect of 

strong iron-silicon bonding apparently determines the sign 

of lny;e. 
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Fe-N-X 

In figures 5 and 6 are summarized the results of experiments 

in which melts were equilibrated with nitrogen at one 

atmosphere pressure(24). The solubility values are therefore 

inversely proportional to nitrogen activity coefficient values. 

Some doubt has been expressed(24) about the accuracy of the 

results for molts containing vanadium and chromium and these 

data should be taken as approximate. 

Silicon lowers the solubility of nitrogen and therefore 

increases its activity coefficient. It is reasonable to 

attribute this to strong iron-silicon bonding since nitrogen 

bonds more strongly with silicon than with iron thus tending 

to lower the nitrogen activity coefficient. 

Copper bonds very weakly with nitrogen and the curve in 

figure 6 shows that this decides the value of activity co-

efficient observed at low copper concentrations. 

It has been mentioned above that the iron-molybdenum 

system has a negative deviation from ideality and this probably 

causes the curvature in the plot for molybdenum in figure 6. 

2.2.1.4 	Fe-S-X 

The data for the influence of several elements are shown 

in figure 7. Since aluminium bonds relatively strongly with 

sulphur the increase of lnie  when small amounts of aluminium 

are added would seem to arise from strong aluminium-iron 

bonding. 



5 	10 151  

-1.6 

% Mn 
-00.8 
0-  1.21 Ni CURVE 
• 2.0 
04.0 c AND P 
0 6.0 
410.0 

• 

33 

0 

Figure 8. 	The activity coefficient of silicon 
in binary iron alloys. 

0.8 

06 

8 0.4 

02 

10 20 30 40 50 60 70 80 
SILICON,c00 

Figure 9. 	The activity coefficient of hydrogen 
in iron-silicon. 



95 	 
34 

1 

9-0 

TITANIUM.  

CO 

0 
V) 

0  13.0 
0 
O 

- 

u_ 
0 
2 

0 

NIOBIUM.  

1 	2 	3 	4 	5 	6 	7 	6 	9 	10 

CONCENTRATION OF TITANIUM OR NIOBIUM (ATOMIC PERCENT) 

FIG 10 SOLUBILITY OF HYDROGEN IN LIQUID IRON-BASED 
ALLOYS AT 1685°C AND 22mm PRESSURE. 



35 

At low copper concentration, weak copper-iron bonding 

causes the decrease of my % observed. 

Strong silicon-iron bonding would seem to bring about 

the increase of the activity coefficient observed in this case. 

2,2.1.5 	Fe-Si-X 

Korber(26) studied the equilibrium between slags and 

molten iron according to the equation: 

Si02 (s) 	+ 2Mn = Si + 2Mn0 (saturated) (solution ) 

From his results the effects of manganese, phosphorus, carbon 

and nickel upon lnyFe
i  have been deduced (Figure 8) and it is 

seen in Table V that predicted and observed effects are in 

qualitative agreement. 

2.2.1.6 Fe-H-X 

The solubility of hydrogen at one atmosphere pressure in 

molten iron-silicon alloys over the temperature range 1550-

165000 has been reported
(27). Here the activity coefficient 

of hydrogen in the liquid phase is inversely proportional to 

the solubility (Figure 9). The curve in this figure is 

similar in shape to the heat of mixing curve for the iron-

silicon system indicating that iron-silicon bonding is the 

governing factor here. 

The effects of niobium and titanium are also reported 

(Figure 10)(28). The decreased activity coefficient in each 
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case arises probably because hydrogen bonds very strongly with 

each added element. 

2.2.2 	The Effect of Thallium upon the Activity Coefficient 

of Alkali Metals in Mercury. 

From a consideration of ion-electron interactions in 

ternary metallic solutions, Wagner(11) deduced the expression: 

= (441-ny \ 

2 

N2, N3 4 0 

To check this he measured the effect of addition of thallium 

on the activity coefficients of each of the alkali metals 

lithium, sodium and potassium in mercury at 25°C by an electro-

motive force method. The results for concentrations of thallium 

up to eight atomic percent are: 

Table VII/' 

Element 2 	alny2 

"Tl 

Li 	17.5 

Na 	20.1 

30.8 

In each case, thallium increases the activity coefficient 

and these results are qualitatively in agreement with the 

predictions of the theory as shown in Table VIII. 

2.2.3 Hydrogen in Non-Ferrous Binary Alloys 

Sieverts(10) reported the solubility of hydrogen in 
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molten binary alloys of copper at 1200°C. Since the pressure 

of hydrogen over the melts in these experiments was maintained 

at one atmosphere the activity coefficient of hydrogen in the 

liquid metal is inversely proportional to the solubility. 

The solubility of hydrogen in each metal added as given below 

in Table X is taken as a measure of the strength of hydrogen—

addition bonding and the factors influencing the activity 

coefficient are listed in Table IX in the usual way. Sieverts 

data are given in figure 11. 

Table X 

Addition 	Solubility of hydrogen in 
cc/100gm of metal at 1200°C 

Pt 	 0.504 

Ni 	 12.1 

Sg. 	 0.19 

Al 	 7.76 

Cu 	 7.33 

A.g 	 0.99 

Au 

The bond strengths of hydrogen with copper and aluminium 

are about equal. The decrease of hydrogen solubility upon 

adding aluminium can be attributed therefore to the strong 

interaction between copper and aluminium which gives rise to 

the negative excess free energy of mixing of that system. 

According to the solubility data in Table X, hydrogen 

bonds more weakly with platinum than with copper. The copper-

platinum system has a negative excess free energy of mixing 
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at 650°C and it is expected to be negative at 1200°C, the 

temperature at which the hydrogen solubility data were obtained. 

The theory predicts therefore that platinum will raise the 

activity coefficient of hydrogen in copper and at constant 

hydrogen activity will lower its solubility. It appears that 

in this case the theory is not obeyed qualitatively. 

It is reasonable to suppose that at 1200°C the effects 

of the positive excess free energy of mixing of the copper-

silver system is outweighed by the effect of the relatively 

weak bonding of hydrogen with silver as compared with copper. 

There are no data to test the correlation between 

experiment and theory in the case of gold. 

Opie and Grant(29)  have reported that both copper and 

silicon reduce the solubility of hydrogen in liquid aluminium 

(Table IX). This result is expected from the theory. Bever 

and Floe(30)  measured hydrogen solubility in copper-tin alloys. 

Again, theory predicts the decrease observed on addition of 

tin (Table IX). 

2.2.4 Carbon in Copper-Manganese and Copper-Nickel Alloys 

The solubility of carbon in copper-manganese and copper-

nickel alloys has been measured at 1260° and 1475°C. The 

logarithm of carbon solubility has been plotted against the 

composition of the binary solvent to give the curves shown 

in figures 12 and 13. Here the solubility values are 

inversely proportional to carbon activity coefficient values 
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since the melts were contained in graphite crucibles. 

Using equation 2 the excess free energy of mixing of 

each binary solvent has been calculated. No data for comparison 

are available for the copper-manganese system but the data for 

the copper-nickel system from calorimetric and electromotive 

force work indicate that the calculated excess free energy of 

mixing is too big by a factor of at least ten. 

For these systems the bond strength of carbon with the 

solvent would be expected to vary considerably with the 

composition of the solvent. Equation 2 has been derived on 

the assumption that this bond strength is independent of sol-

vent composition. Carbon bonds weakly with copper and the 

carbide-formers nickel and manganese would be expected to 

cluster preferentially around the carbon atoms in solution 

so it is understandable that these elements have an effect 

greater than that predicted by the equation. 

The small size of the carbon atom might be expected to 

invalidate the assumption that the coordination number of 

the solute is the same as that of the solvent. However it is 

seen from the review above that the theory is obeyed at least 

qualitatively by solutions of carbon in binary iron systems. 

2.2.5 Aluminium in Low-Melting Point Binary Alloys. 

Williams and Smith(18)  have reported the solubility of 

aluminium in binary alloys containing lead, bismuth, tin, 

cadmium, zinc and mercury. Their results were obtained by 
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a weight-loss technique. From a plot of the logarithm of the 

solubility of aluminium against the composition of the binary 

solvent the excess free energy of mixing of the binary solvents 

has been deduced, using equation 2. Quantitative agreement 

is poor but there is qualitative agreement between these 

values and those available in the literature for all but the 

lead-bismuth system. Here the equation predicts a zero excess 

free energy of mixing while the experimental values are neg-

ative. The results for the aluminium-cadmium-bismuth system 

have been discussed previously. 

2.2.6 Dilute Solutions of Sulphur in Non-Ferrous Binary 

Alloys. 

Alcock(32) measured the activity coefficient of sulphur 

in dilute solution in molten alloys of copper with gold, 

platinum, silicon, iron, cobalt and nickel. By equilibrating 

small beads of these alloys with a controlled mixture of 

hydrogen sulphide and hydrogen the activity of sulphur was 

fixed and the sulphur content of the beads was determined 

by combustion analysis at the end of each experiment. 

The use of radio-sulphur enabled him to measure 

continuously the gas composition in his furnace by counting 

p-emission and by adjustment of the flow-rate thermal 

diffusion effects were eliminated, thus removing one of the 

sources of error to which such a method is susceptible. 

It was found that iron, cobalt and nickel decrease the 
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activity coefficient of sulphur in copper. From the reasoning 

of Wagner silicon might be expected to behave similarly, but 

like platinum and gold it was found to increase the activity 

coefficient. 

These results led Alcock and Richardson to develop their 

chemical bond theory which was further tested by Cheng(16) who 

measured the activity coefficients of sulphur in iron-cobalt, 

iron-nickel, cobalt-nickel, copper-silver and tin-lead and the 

component metals. Using equation 2 he calculated values for the 

excess free energy of mixing of the binary solvents and compared 

these with data given in the review of Kubaschewski and 

Catterall(34). The comparison is made below. 

Fe-NiNNi 
XS,M 

AG-Ternary 

Table XII 
XS,M 

AGBinary Fe-Co NCo 

XS,M 
AGTernary 

XS,M 

Binary 

0.1 0 -50 0.1 -80 

0.2 0 -85 0.2 -120 - 

0.3 0 -110 0.3 -170 -50 

0.4 -83 -120 0.4 -180 - 

0.5 -290 -120 0.5 -210 0 

0.6 -540 - 0.6 --250 - 

0.7 -705 - 0.7 -220 +50 

0.8 -705 0.8 -210 +80 

0.9 -540 - 0.9 -160 - 

XS, XS,M XS,M XS,M 
S.-Pb Npb AGTernary AGBinary Cu-Ag N, Ag AG Ternary '6GBinary 

0.1 +130 +119 0,1 +990 +330 

0.2 +280 +208 0.2 +1610 +575 
0.3 +440 +272 0.3 +2110 +750 
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F.,' n-Pb 	Npb 
XS,M 

6'GTernary 

Table XII (contd) 

XS,IiI 

AGBinary 	Cu-Ag  NAg 

XS,M 
AGTernary 

XS,M 

I\GBinary 

0.4 +580 +314 0.4 +2480 +860 
0.5 +680 +330 0.5 +2670 +910 

0.6 +680 +319 0.6 +2730 +900 
0.7 +610 +285 0.7 +2600 +825 
0.8 +460 +222 0.8 +2100 +670 

0.9 +240 +127 0.9 +1180 +425 

These results suggest that at 1640°C iron-cobalt is approximately 

ideal and iron-nickel is ideal up to about thirty atomic percent 

of nickel and then shows a slight negative departure from 

id.eality. For tin-lead at 600°C the data of Cheng give a 

larger positive excess free energy than that calculated from 

the electromotive force measurements of Chipman on tin-lead-

cadmium alloys. 

It is inferred that this discrepancy arises because of 

some property of sulphur in solution. Equation 2 was examined 

to see which of the assumptions made in its derivation night 

apply to the cadmium solution but not to the sulphur solution. 

It was concluded that because of its greater ionic size sulphur 

would have a higher coordination number in tin-lead than would 

cadmium, the coordination number of which would be similar to 

that of the components of the solvent. Thus variation of the 

composition of the binary solvent would have a greater effect on 

the activity coefficient of sulphur than on 'that of cadmium. 

Secondly it has been assumed in deriving the equation 
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that the energy of interaction between solute and solvent ions 

does not vary with the composition of the solvent. Data for 

the appropriate binary systems show that the assumption is 

probably justified for the cadmium solution but some variation 

might be expected for the case of sulphur since the heat of 

reaction of sulphur with tin is about two kilocalories per gm. 

atom greater than that of sulphur with lead. 

2.2.7 	Solution of Uranium in Pure Metals and Alloys 

From a survey of the literature it appears that no 

thermodynamic studies have been made of solutions of uranium 

in binary metallic solvents. The effects of several elements 

on the solubility of uranium in liquid metals are reportedP9-43)  

For the solvents bismuth-nickel and bismuth-zirconium the 

identity is mentioned of the solid. phase in equilibrium with 

the liquid. In neither case it is UBi2 so that the effect 

of these additions upon the uranium activity coefficient 

cannot be inferred from the solubility results and it is not 

possible to check the qualitative applicability of the Alcock- 

Richardson theory to these solutions. 

This can be done however for the recently reported effects 

of some alkali and alkaline earth metals upon the solubility 

of uranium in bismuth(51) 
	

Low concentrations of magnesium, 

sodium, potassium and caesium were found to increase the 

uranium solubility and since the liquid was held in 

equilibrium with solid UBi2  in these experiments each metal 



47 

lowered the uranium activity coefficient. Uranium bonds 

strongly with bismuth with which it forms several compounds, 

but is immiscible with the alkali and alkaline earth metals. 

Application of the theory leads to the suggestion that each 

metal will increase the activity coefficient of uranium in 

solution and therefore at constant uranium activity will 

lower its solubility. This contradiction between experiment 

and theoretical prediction most probably arises becauSe of 

the inability of the theory to treat cases in which the 

solute-solvent bond strength varies very markedly with 

solvent composition. 

The thermodynamics of few uranium binary systems have 

been investigated.(35,36,37,38) The uranium-bismuth system 

is one of these and uranium activity values at 742°C are 

tabulated below. An appraisal of these data is included in 

the discussion of the results of the solubility experiments. 

Table XIII 

The Activity of Uranium in U-Bi Alloys at 742°C 

(1) (2) 

17-4-Bi 1.0 1.0 

UBi+U3Bi4  2.87x10-1  7.1x10-3  

U3Bi4+UBi2  8.71x10-3  2.2x10-3(U3Bi4+U3Bi5) 

6.3x10-4  (U3B15+UBi2) 

UBi2+liquid 2.19x10-3 2.7x10-4 

(1) Cosgar ea, Huck e , Ragone 	(2) Gross,Levi,Lewin 
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Also included here is a review of the determination of 

the liquidus at the bismuth-rich end of the bismuth-uranium 

system. This has been studied by several workers because of 

its technological interest. The solubility of uranium in. 

bismuth has been reported by Hayes and Gordon(44)  and 

subsequently by Bareis(45)  who used a more elegant experimental 

technique. His values for the temperature range 3000-600°C 

were confirmed by Teitel(46) and by Greenwood(47) who extended 

his measurements up to almost 1000°C. All these workers used 

a sampling method. Axon and Cotterill(48)  used differential 

thermal analysis which enabled them to detect the small heat 

change associated with the steep liquidus. Instead of 

chemically analysing their melts, they relied on the initial 

composition and although some loss of bismuth by evaporation 

would be expected at elevated temperature they found none 

deposited inside their experimental furnace. 

Their liquidus is in agreement with previous work up to 

600°C. Above this temperature it is steeper than that of 

Greenwood and at 800°C the two curves differ by 1.5 atomic 

percent. The reason for this discrepancy is not clear. 

Hors recently this liquidus, has been redetermined by 

Schweitzer and Weeks(39)  and Balzhiser(49)  whose data agree 

reasonably with those of Bareis below 600°C and with those 

of Axon and Cotterill at higher temperatures. 
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2.2.8 	Summary 

The treatment by Alcock and Richardson of dilute 

solutions of a non-metal in a binary metallic solvent depends 

upon three assumptions; that solution is random, that the 

coordination numbers of the atomic species are equal and that 

the solute-solvent bond strength is independent of the 

composition of the solvent. From the review above it appears 

that even when the first and second assumptions are invalid 

the theory although not quantitative, is still obeyed 

qualitatively. This seems to be so even for solutions of _ 

small atoms such as carbon, nitrogen and hydrogen which being 

in interstitial solution must have coordination numbers 

differing markedly from those of the components of their 

solvents. Alcock and Richardson have shown that the invalidity 

of their second assumption cannot explain why the theory does 

not apply to the solution of cAtOn  in iron-nickel, since an 
c7PtOn  unrealistically small 	 coordination number has to be 

assumed for calculated activity coefficient data to agree with 

experiment. The most probable cause of qualitative disagreement 

between experiment and theoretical prediction is that the 

theory does not allow for variation of solute-solvent bond 

strength with solvent composition. Attempts are being made 

to modify the theory to treat such cases. 

In its present form this treatment is widely applicable 

qualitatively and seems to be the best theory of ternary 

solutions available. It will be employed therefore in the 
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discussion of the solubility of uranium in bismuth-based 

binary alloys but with two reservations. First, the theory 

may not be qualitatively obeyed when uranium bonds much more 

strongly with one component of the binary solvent than with 

the other; for example when uranium is dissolved in a bismuth-

alkali or alkaline earth solvent, as discussed above. 

Secondly, the theory can be used in discussing solubility 

data only if it can be shown that addition of an element 

leaves the uranium activity in solution unaltered as it will 

if UBi2 is the solid in equilibrium with the liquid phase 

during the sampling experiments. In the discussion section 

such systems are selected by metallographical examination 

of each alloy after sampling and by observing the variation 

of sample composition with temperature. 



Added 	-611 
Element oxide 

kilocal/ 
gm.a.t. 

W 	47 

Co 	30 
Ni 	28 

Pt 	- 

Mo 	44 

Au 	- 
Cu 	13 

Cr 	54 
V 	55 
Fe 	33 
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2able I  

Expected and Observed Effects for Fe-O-X 

Departure Factor Factor Observed 
from 

ideality 
2-3 1-3 Effect 

Fe-X 

-ive D U U 

ideal U - U 

ideal U - U 

-ive U U U 

-ive D U U 

+ive U D D 

+ive U D D 

ideal D - D 

ideal D - D 

D 

Table II  

Expected and Observed Effects for Fe-C-X 

Added 
Element carbide 

kilocal/ 
gin. at. 

Departure 
from 

ideality 

Factor 
2-3 

Factor 
1-3 

Observed 
Effect 

S 7 -ive U U U 
Sn -ive U U U 

Cu +ive U D U 
Ni -2 ideal U - U 
Co -1 ideal D ._ U 

W '4-.5 -ive D U D 
Mo 1.4 -ive D U D 
Cr 4 ideal D - D 
V ideal D - D 
Nip 17 -ive D U D 
Fe -1.4 
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Table III  

Expected and Observed Effects for Fe-N-X 

Added 	- 1-1 
Element nitride 

kilocal/ 
gm.at. 

Departure 
from 

ideality 
Fe-X 

Factor 
2-3 

Factor 
1-3 

Observed 
Effect 

As - U U U 

Ni -0.05 ideal U - U 

Sb U U U 
Co -D.05 ideal U - U 

Sn -ive D U U 

Cu. +ive U D U 
mo 5.5 -ive D U D 
C -ive U U U 
Si 25 -ive D U U 
Ni 11 ideal D - D 
Mn 8 ideal D - D 

Cr 11 ideal D - D 
V 21 ideal D - D 
Fe 0.4 

Table IV 

Expected and Observed Effects for Fe-S-X 

Added 
Element sulphide 

kilocal/ 
gm.at. 

Departure 
from 

ideality 
Fe-X 

Factor Factor 
2-3 	1-3 

Observed 
Effect 

Al 34 -ive D U U 
Si 20 -ive D U U 
C -? -ive U U U 
P -ive U U U 
Ni 8 ideal U _ - 
Cu 6 +ive U D D 
S - D 
Mn 18 ideal - - D 
Fe 18 D 
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Ni 
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Table V 

Expected and Observed Effects for Fe-Si-X 

Added 
	

Departure Factor Factor Observed 

	

Element silicide from 	2--3 	1-3 Effect 
kilocal/ ideality 
gm.at. 	Fe-X 

-ive 
	

U 
	

U 
	

U 

-ive 	U 
	

U 
	

U 

ideal 
	

U 

ideal 
	

D 

a,k obskdstIA  kfieztc 
Table VI 

Added 
Element f 

hydride 
kilocal/ 
gm. at. 

Departure 
from 

ideality 

Fe-X 

Factor 
2-3 

Factor 
1-3 

Observed 
Effect 

Nb 

Ta 

Ti 

Fe 

Si 

22 

22 
-Five 

-ive 
-ive 
-ive 

-ive 

D 

B 

D 

D 

U 

U 

U 

U 

D 

D 

D 

U 
initially 

Table VIII 

Effect of Thallium on Alkali Letals in MercuLy 

Added 
Element 

-LHf 

kilocal/ 
gm.at. 

Departure Factor Factor Observed 
from 	2-3 	1-3 	Effect 

ideality 

Li 
	

ideal 
	

U 
	

U 
Na 
	

ideal 
	

U 
	

U 

K 
	

ideal 
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Hydrogen 

Table IX 

Alloys in Copoer-Based 

.Added Element Departure Factor Factor Observed 
from 

ideality 
2-3 1-3 Effect 

Ni ideal D - D 

Al -ive D U U 

Sn -ive U U U 

Pt -ive U U D 

Au -ive U U 

Ag +ive U D U 

Hydrogen in Al-Based Alloys 

Si 	-ive 	D U U 

Hydrogen in Tin-Copper 

Sn -ive U U U 

Table XI 

Carbon in Copper-Based Alloys  

Added Element 	Departure Factor Factor Observed 
from 	2-3 	1-3 	Effect 

ideality 

Mn 	ideal 

Ni 	ideal 
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3. 	Experimental Method 

3.1 Liquidus Determination 

Liquidus surfaces may be determined by thermal analysis. 

For a steep liquidus a differential technique is required to 

detect the small heat changes involved. If the components 

of an alloy are non-volatile then the composition as made up 

may be taken to define the composition of the liquid at which 

the initial arrest occurs on cooling. When a component is 

volatile or may be lost by oxidation, it is necessary to 

sample the liquid phase for chemical analysis just before 

the initial arrest occurs. 

The method of sampling may be used also. Here an alloy 

is cooled until solid precipitates from the liquid phase. 

After holding at some lower temperature to ensure the. 

attainment of equilibrium a sample of the liquid phase is 

withdrawn for chemical analysis and the procedure is repeated 

at various temperatures. Provided care is taken to avoid 

non-homogeneity in the liquid phase and inclusion of solid 

particles in the samples taken the method is capable of an 

accuracy comparable with that of thermal analysis(43) 

It is particularly suitable for the determination of the 

bismuth-rich liquidus of the bismuth-uranium system because 

the compound UBi2  precipitates from solution in the form of 

platelets which settle out being more dense than liquid 

bismuth. Both these factors reduce the chance of pick-ap 

of solid in the samples taken from the liquid phase and the 
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large surface to volume ratio of the platelets promotes rapid 

attainment of equilibrium after alteration of the temperature of 

a melt. This method was chosen for the solubility studies 

reported here. 

3.2 The Apparatus 

The apparatus is shown in figure 14. Each melt was contained 

in a crucible (A, figure 14) fitted with a funnel to guide 

sampling capsules into the centre of the liquid metal. Both were 

made of graphite of total impurity content 800 ppm which it was 

considered, would not significantly affect the solubility results. 

The crucible was supported within the furnace by a Vitreosil 

thermocouple sheath (B) which contained a platinum/platinum-13% 

rhodium thermocouple. The end of the sheath was drawn down so 

as to ensure good thermal contact between the couple and the 

crucible. No contamination of the thermocouple by silicon was 

expected since the melt temperature rarely exceeded,900°C. The 

calibration of the couple was checked against the melting points 

of pure aluminium, zinc and bismuth and it was found to be 

correct to within 1°C. 

The furnace consisted of a mullite tube (C) wound with 

Kanthal 'A' wire. The centre portion was insulated with Alumina 

powder contained in a drum of aluminium sheet (D) fitted with 

Syndanyo end-plates. A control thermocouple of chromel- 

alumel wire (E) sited adjacent to the midpoint of the furnace 

winding was connected to a Kelvin-Hughes Mark IV Pro- 

portional controller (F) which operated a mercury relay 
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in the mains supply line. The voltage applied to the windings 

was adjusted by means of a variac transformer. 

A survey along the axis of the furnace showed the thermal 

gradient to be symmetrical about the midpoint of the mullite 

tube. Melts were positioned within this gradient so that the 

top of the crucible was hotter than the bottom, thereby 

eliminating convection currents and lessening the chance of 

pick-up of solid particles in the samples of liquid withdrawn. 

It was found that the liquid metal was hotter than the tip of 

the measuring thermocouple and the discrepancy between the 

thermocouple temperature and that of the melt was measured 

using a second couple inserted from above. All temperatures 

of sampling have been corrected according to the table below. 

Measured Temperature Added Correction 

oc CC 

400 4.0 

500 5.5 
600 5.5 
700 6.0 

800 7.0 

A gas lock was fitted (figure 14), the top coupling of which 

could be removed to allow insertion and withdrawal of sampling 

capsules. The furnace could be evacuated to a pressure of 

10-4mm of mercury or filled with purified argon. 

3.3 Argon Purification 

During the greater part of each experimental run the 
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melt was under an atmosphere of argon. The gas used was suppl.~• 

by the British Oxygen Company Limited and an analysis is given 

below. 

Impurity  

N2 

02 

CO2 

H2 

H2O 

Concentration ppm 

500 

5 

5 

5 

0.1 gm/mcJre3 at start 

5 gm/metre3 at end 

of cylinder 

Since uranium forms stable compounds with oxygen and nitrogen 

the argon was passed over calcium chips at 650°C to ensure 

a low partial pressure of these gases within the furnace. 

The bubbler (H) shown in figure 14 maintained the argon at 

a pressure slightly greater than atmospheric so that any 

leakage of gas tended to occur outwards from the apparatus 

Contamination of melts was further reduced by having no 

continuous flow of, argon through the furnace. 

During measurements of the solubility of iron in liquid 

bismuth-zirconium alloys a tube containing zirconium turnings 

was included in the gas purification train in order to lower 

still further the partial pressure of nitrogen in the furnace 

atmosphere and so to reduce the zirconium loss from the melt 

by nitride formation. 
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3.4 Preparation of Bismuth 

The bismuth metal used in this work was supplied by 

Mining and Chemical Products Limited. When investigating 

the suitability of this material for use in a liquid metal 

fuelled reactor, Horsley(52) reported the main impurities to 

be 20 ppm of lead, 50 ppm of cadmium 20 ppm of zinc and 10-20 

ppm of silver and gold and 30 ppm of chlorine. Cadmium and 

zinc bond weakly with uranium and bismuth and loss of these 

impurities would be expected upon heating the melt to high 

temperatures. Calcium has a great affinity for oxygen which 

would lead to the removal of both from solution. It is reason-

able to suppose that the combined effect of the remaining 

impurities upon the solubility of uranium in bismuth is 

negligible. 

Before use in the sampling experiments the bismuth was 

crushed and melted under vacuum in the upper chamber (A) of 

the apparatus shown in figure 15. Hydrogen from the bladder 

was bubbled through the metal for about twenty minutes to 

stir it and to help the scum formed during melting to rise 

to the surface. Then hydrogen was fed into the upper chamber 

while the mould chamber was evacuated. The pressure 

differential forced the liquid metal through the pyrex frit and 

into the mould below to give an ingot of a convenient diameter 

for the making up of melts. 
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3.5 	The Purity of Other Metals 

The uranium used was calcium—reduced metal supplied by 

the U.K.A.E.A. as swarf and as small slugs from which swarf 

was turned as required. 	An analysis of the metal is given 

below. 

Element p.p.m. 

4.5 
B 0.13 

225 

Si 15 

Fe 80 

Al 20 

Mg 5 
Cr 10 

Co 2 

Sn 5 
Ni 2 

Mn 15 

Cd 0.5 

All the metals, the effects of which were to be determined 

were better than 99.9% pure. It was considered that since 

they were added in small amounts any impurities they contained 

would have a negligible effect upon the solubility of uranium 

in bismuth. The copper was of electrolytic grade and was 

99.99% pure. The silver was better than 99.99% pure and was 

supplied by Johnson, Matthey Limited. The gold was the product 

of assay experiments at the Royal School of Mines and was 
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better than 99.99% pure. The manganese was of electrolytic 

grade and was 99.96% pure. The cobalt was better than 99.99% 

pure. 	was,bettr, than 99..99% pure and was kindly 

given by the Mond Nickel Company who also generously loaned 

the rhodium which was better than 99.99% pure. 

3.6 	The Making of Melts 

Uranium was added to alloys in the form of swarf in order 

to promote rapid reaction with bismuth. The swarf was degreased 

with carbon tetrachloride and washed with acetone and water 

before being cleaned with moderately concentrated nitric acid. 

After drying it was stored under carbon tetrachloride while 

the other constituents of the alloy were weighed out. 

Usually a quantity of uranium was weighed out which was 

sufficient to exceed by sore 2-3 atomic percent the binary 

solubility of uranium in bismuth at the highest temperature 

of sampling. The crucible containing uranium with the other 

constituents on top was mounted in the furnace which was 

evacuated to a pressure of 10-4mm of mercury. Alloys ware 

made up as quickly as possible to keep oxidation of the 

uranium swarf to a minimum. 

The alloy was heated to about 300°C at which temperature 

the bismuth was molten. After outgassing, the furnace was 

flushed twice with argon. The melt was then heated under 

argon to a temperature usually well above the highest sampling 
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FIG.16. MAKING OF SAMPLING CAPSULE. 
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temperature. After twenty-four hours it was cooled to the 

initial sampling temperature which was maintained for a further 

twenty-four hours before the first sample was withdrawn. 

3.7 The Sampling of iAelts 

Each melt was taken through a cooling and heating cycle 

starting at the highest temperature of sampling. felts were 

sampled at either 800°, 600°and 400°C or 750°, 600° and 450°C 

after about twenty hours had been allowed at each temperature 

for the attainment of equilibrium. Continuous recording of the 

thermocouple temperature throughout two experimental runs 

showed that thermal equilibrium was attained within two hours 

of altering the melt temperature. The controller then kept 

the temperature within ± 2°C of the desired setting. Previous 

experiments on the thorium-bismuth and uranium-bismuth systems 

had shown that equilibrium was attained between solid and liquid 

phases within a further twenty hours. At each temperature one 

sample was withdrawn on the cooling cycle and two on the 

heating cycle. Agreement between the analyses of these samples 

confirmed that equilibrium had been obtained. 

The sampling apparatus consisted of a small capsule of 

Vitreosil fused to the end of a clear Vitreosil tube. 

Capsules were made as follows, the sequence being shown in 

figure 16. A Vitreosil tube of standard wall thickness and 

internal diameter 41= was sealed at one end. A small piece 

of graphite filter of thirty microns pore size was filed to 
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the shape of a cylinder approximately 0,3 cm. long and 0.2 cm 

in diameter. This was placed inside the tube at a distance 

of 3 cm. from the sealed end. The tube was heated in an oxy- 

coal gas flame and drawn down to grip the graphite firmly, 

good contact being ensured by pressing the Vitreosil onto 

the filter with a pair of tongs. The capsule was completed 

by making a neck on both sides of the filter and drawing the 

open end. to a fine point, the tip of which was broken off to 

leave a narrow-bore tube some 2 cm. long. The capsule was 

fused to the end of a 90 cm. length of 4 mm. o.d. Vitreosil 

tubing. 

With the stopcock closed, the top coupling of the apparatus 

was removed to allow the capsule-bearing tube to be inserted 

end away from the capsule first, through the Wilson Seal. 

Sufficient of this tube was drawn through the seal to allow 

the replacement of the coupling on the apparatus. The gas- 

lock was twice evacuated and flushed with argon before being 

filled a third time with the gas. The stop-cock was opened 

to allow the capsule to be lowered until its tip was just 

above the surface of the melt where it remained until the 

melt temperature had again become steady. 

The temperature of the thermocouple was recorded and 

the whole apparatus was evacuated to about 50 microns 

pressure, the tip of the capsule was pushed beneath the melt 

surface and after closing off the vacuum pump argon was 

admitted quickly through the leak valve. The gas pressure 
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forced liquid metal into the capsule which was withdrawn at 

once into the gas-lock for cooling and the stopcock was closed. 

Since bismuth expands on freezing the capsules usually 

cracked. Only in very few cases was this catastrophic. 

Usually the cracked fragments of Vitreosil remained attached 

to the bismuth. 

Each capsule was cooled to room temperature and removed 

from the gas-lock which was then re-evacuated and flushed with 

argon. The stopcock was opened and the furnace temperature 

altered in preparation for the withdrawal of the next sample. 

The capsule was broken off the end of the tube to which 

it was fused. The section containing the filter was broken 

off and any bismuth condensed on the outside of the capsule 

or beads of metal exuded during solidification were removed 

with a camel-hair brush and the capsule was weighed to 0.5 mgm. 

It was necessary to complete weighings immediately after 

removal of each capsule from the apparatus because bismuth-

rich bismuth-uranium alloys have been found to oxidise rapidly 

in the air(53). The rate of oxidation is a function of the 

relative humidity and the reaction is thought to be 

UBi2 + 2H20 = UO2 + 2Bi + 2H2 

Then the intermetallic compound present in the duplex 

structure of such an alloy oxidises the resultant volume 

increase leads ultimately to disintegration of the specimen. 
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Figure 17. Unetched section of a 
uranium—bismuth alloy 
showing partially oxidised 
platelets of UBi2. 	x170 
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Partly oxidised UBi2  has been observed in some of the micro-

structures examined in the work reported here. Figure 17 shows 

uranium oxide and bismuth which have formed from UBi2 crystals. 

A black film formed on the capsules when the liquid was 

sampled at temperatures greater than 600°C due to the reduction 

of silica by uranium in solution(54). It remained on the 

Vitreosil after solution of the sample in nitric acid but could 

be dissolved by adding a drop of 40% hydrofluoric acid. 

	

3.8 	Analysis of Samples 

Analysis was not done by the author on account of the 

need to develop methods for these alloys. Some early samples 

containing manganese were analysed by Murphy who employed an 

anion exchange resin to separate the ionic species present. 

Uranium was estimated by titration against standard ceric 

sulphate solution and manganese absorptiometrically as 

permanganate. Later samples were analysed by High whose 

methods are given in Appendix I. 

	

3.9 	Accuracy 

The accuracy of the chemical analyses is estimated to be 

+ 5%. Because the crucibles were mounted in a thermal 

gradient to avoid convection stirring of the melts and so to 

lessen the chance of inclusion of particles of solid in the 

samples removed the melt temperature was always higher than 
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that of the thermocouple in its base. With an additional 

thermocouple this difference was measured at various temperatures. 

Both couples were correct to within ± 1°C so that the difference 

between their readings is known to ± 1.4°C. This therefore 

is the accuracy to which the melt temperature is known. 

3.10 Metallographical Examination 

All residual ingots were examined metallographically. 

Usual techniques of section preparation were employed. 

Abrasion on progressively finer grades of silicon carbide 

paper was followed by polishing with two grades of diamond 

pastel 5-1511 and 0.111. White Spirit was used as the lub-

ricant to retard oxidation. Uranium-bearing phases usually 

etched in the air or were visible because of a relief affect 

as in the case of the hard phase observed in melt 35. 

Examination under polarized light revealed which phases were 

anisotropic in structure. Examination was conducted at 

magnifications up to 1000 X in order to examine ternary 

eutectic structures. 

Specimens were stored in a vacuum dessicator containing 

phosphorus pentoxide but even so repreparation was usually 

necessary if later examination of the structure was desired. 

The macrostructures of all the ingots were photographed on 

a Vickers Microscope at a magnification of approximately 

times 3. 
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4.1. The Data 

Table XIV 

Addition 

Initial Compositions of Melts 

Atomic Percentages 
Bi 	U 	X 

Melt 
No. 

Weights of Metals Taken 
in gms. 

Bi 	U 	ii 

26 64.0 6.0 92.39 7.74 - 
33 78.0 5.4 94.36 5. '73 - 

Copper 20 

lr 

24 
39 

63.0 
75.5 

4.0 
6.0 

0.31 
0.24 

93.39 
92.57 

5.20 
6.46 

1.50 
0.97 

41 65.0 6.0 0.2 91.64 7.43 0.93 

Silver 16 71.0 7.0 0.71 90.42 7.83 1.75 
If  19 70.0 7.0 0.35 91.11 8.08 0.88 

36 70.0 6.0 1.1 90.44 6.81 2.76 

Gold 31 72.9 5.0 3.68 93.69 5.64 0.93 
37 70.8 6.1 1.96 90.49 o.85 2.66 

If  40 70.0 6.3 1.33 90.91 7.27 1.83 

Manganese 1 60.0 3.0 0.3 94.10 4.13 1.79 
if  4 5.0 17.0 0.7 80.90 16.14. 2.88 

5 72.9 5.6 0.7 90.58 6.10 3.31 
rr 12 69.1 7.0 0.13 91.24 8.05 0.65 
rr 14 66.0 7.0 0.6? 88.4 8.02 3.41 
If 17 

18 78.0 7.0 0.075 92.40 7.30 0.34 rr 23 66.0 '+.0 0.19 93.90 5.00 1.00 
If  30 69.0 4.0 0.4 93.20 4.70 2.10 

Cobalt 32 68.0 5.0 0.19 93.07 6.01 0.92 
35 73.0 6.0 0.53 90.68 6.54 2.77 

Nickel 22 66.0 4.3 0.33 93.00 5.30 1.70 
38 70.0 4.5 0.46 92.60 5.20 2.20 

Rhodium 34 67.0 6.0 1.0 90.20 7.09 2.74 
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Table XIV  (cont)  

	

Addition Melt Sample Temp. of 	1goo 	Composition 
No. 	No. sampling 	T 	(atomic c/c) 

oc  

Copper 	20 1 	768 	0.9606 93.22 '1-.341 2.439 

	

2 	613 	1.129 97.315 1.122 1.563 

	

3 	457 	1.370 	98. ?29 0.226 1.045 

	

4 	46? 	1.351 98.736 0.253 1.011 

	

7 	622 	1.117 96.802 1.249 1.949 

	

8 	773 	0.9650 92.575 4.348 3.077 

	

5 	467 	1.351 98.360 0.304 1.337 

	

6 	624 	1.115 96.288 1.569 2.143 

	

9 	774 	0.9551 92.228 5.066 2. '706 

il 	24 	1 	80? 	0.9259 9.549 4.879 1.572 

	

2 	606 	1.138 97.4.30 1.264 1.306 

	

3 	404 	1.477 99.371 0.105 0.524 

	

5 	'+04 	1.477 99.297 0.114 0.589 

	

6 	606 	1.138 97.443 1.219 1.338 

	

8 	807 	0.9259 92.791 5.400 1.809 

	

4 	404 	1.477 99.294 0.149 0.557 

	

7 	606 	1.138 97.810 1.241 0.949 

	

9 	807 	0.9259 92.744 5.277 1.979 

It 	39 1 	749 	0.977 93.473 3.454 3.073 

	

2 	602 	1.142 96.620 1.047 2.333 

	

3 	452 	1.378 95.541 0.213 4.246 

	

4 	449 	1.378 96.749 0.224 3.027 

	

6 	597 	1.149 96.253 1.000 2.747 

	

8 	752 	0.975 92.662 3.416 3.922 

41 	1 	750 	0.977 95.260 3.723 1.017 

	

2 	600 	1.146 98.200 1.112 0.688 

	

3 	450 	1.382 99.254 0.254 0.492 

	

4 	450 	1.382 99.319 0.254 0.427 

	

6 	600 	1.146 98.223 1.121 0.656 

	

8 	750 	0.977 95.263 3.714 1.083 

Bi 	U 	X 
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Table XIV (conti 

	

Addition Melt Sample Temp. of 	boo 	Composition 
No. 	No. sampling 	T 	(atomic %) 

,-, 1 /4, 	 Bi 	U 	X 
Silver 	16 1 	758 	0.961 95.091 2.791 2.118 

	

2 	634 	1.103 96.401 1.675 1.924 

	

3 	466 	1.353 97.923 0.234 1.843 

	

4 	478 	1.332 92.846 0.205 1.849 

	

6 	670 	1.060 96.324 2.151 1.525 

	

9 	169 	0.9597 96.580 1.649 1.771 
II 	19 1 	754 	0.9740 95.015 3.899 1.086 

	

2 	623 	1.116 97.855 1.429 0.716 

	

3 	1-59 	1.366 98.632 0.288 1,080 

	

5 	461 	1.362 98.539 0.323 1.138 

	

7 	616 	1.125 97.627 1.502 3.871 

	

9 	/85 	0.964 94.515 4.322 1.163 
r 

	

0 	611 	1.131 98.703 1.446 0.851 

	

8 	/77 	0.952 94.217 4.967 0.816 
it 	36 1 	802 	0.931 92.289 5.281 2.430 

	

2 	601 	1.142 96.243 1.567 2.190 

	

3 	399 	1.489 96.803 0.199 2.998 

	

4 	400 	1.487 96.865 0.173 2.942 

	

6 	600 	1.146 96.234 1.198 2.568 

	

8 	801 	0.931 91.786 5.592 2.622 

	

7 	600 	1.14-6 95.928 1.162 2.910 

Gold 	31 	1 	801 	0.931 95.414 3.617 0.969 

	

2 	599 	1.147 97.535 1.425 1.040 

	

3 	400 	1.487 99.053 0.184 0.763 

	

4 	4-10 	1.485 99.088 0.202 0.710 

	

7 	599 	1.147 97.409 1.434 1.157 

	

8 	800 	0.932 93.403 5.519 1.078 
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Table XIV (cont)  

	

Addition Melt Sample Temp. of 	1000 	Composition 

No. 	No. sampling 	T 	(atomic %) 
00 	Bi 	U 	X 

Gold 	40 	1 	753 	0.975 94.342 4.326 1.332 

	

2 	599 	1.146 97.557 1.487 0.956 

	

3 	449 	1.383 99.006 0.316 0.678 

	

4 	450 	1.382 99.108 c1,246 0.646 

	

6 	601 	1.143 97.443 1.601 0.956 

	

8 	750 	0.977 94.549 4.343 1.108 

	

9 	752 	0.976 94.334 4.557 1.109 

	

Manganese 17 1 	779 	0.951 91.295 5.523 3.182 

	

2 	618 	1.122 94.745 1.65+ 3.601 

	

3 	465 	1.355 95.724 0.358 3.918 

4 	473 	1.340 95.682 0.401 3.917 

	

6 	618 	1.122 94.762 1.648 3.590 

	

8 	775 	0.954 92.150 4.526 3.324 

	

7 	772 	0.957 91.607 4.740 3.653 

1r 	18 1 	781 	0.949 95.611 4.290 0.099 

	

2 	617 	1.124 98.337 1.538 0.125 

	

3 	475 	1.337 99.413 0.439 0.148 

4 	470 	1.346 99.407 0.448 0.145 

	

6 	614 	1.127 98.474 1.393 0.133 

	

9 	777 	0.952 95.982 4.796 0.122 

	

23 1 	806 	0.926 94.771 4.391 0.838 

	

2 	606 	1.138 97.497 1.369 1.134 

	

3 	401 	1.484 98.780 0.165 1.055 

	

5 	401 	1.484 98.731 0.174 1.095 

	

6 	610 	1.133 97.370 1.421 1.209 

	

8 	405 	1.475 98.851 0.166 0.983 

	

30 4 	606 	1.13/ 96.316 1.435 2.249 

	

5 	751 	0.976 93.515 4.412 2.073 
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Table XIV (cont)  

Addition Melt Sample Temp. of 
No. No. sampling 

)C 

10oo 	Composition 
fi 	(atomic %) 

Bi 	U 	X 

	

Manganese 30 	7 	752 	0.975 92.963 4.482 2.555 

8 	611 	1.131 96.179 1.497 2.324 

9 	454 	1.374 97.165 0.331 2.504 

10 	455 	1.373 97.296 0.311 2.393 

Cobalt 	32 	1 	800 	0.931 96.369 3.563 0.068 

2 	601 	1.146 99.084 0.388 0.028 

4 	400 	1.487 99.84 0.114 0.015 

5 	400 	1.+8? 99.860 0.132 0.008 

7 	600 	1.146 99.020 0.923 0.057 

9 	804 	0.929 95.747 4.05 0.203 

	

35 	1 	800 	0.931 95.811 3.794 0.395 

2 	600 	1.146 98.982 0.994 0.024 

3 	400 	1.487 99.985 0.015 0.00035 

4 	400 	1.487 99.985 0.015 0.00035 

6 	600 	1.146 98.992 0.967 0.0415 

8 	800 	0.931 95.588 4.163 0.249 

Nickel 	22 	1 	605 	1.139 99.069 0.799 0.132 

2 	505 	1.285 99.591 0.360 0.049 

3 	355 	1.592 99.915 0.085 	- 

4 	357 	1.587 99.939 0.061 	- 

5 	507 	1.282 99.609 0.325 0.066 

6 	605 	1.139 99.005 0.817 0.178 

	

38 	1 	602 	1.142 99.206 0.641 0.153 

2 	499 	1.296 99.690 0.228 0.082 

3 	353 	1.606 99.899 0.065 0.036 

4 	353 	1.696 99.936 0.042 0.032 

6 	499 	1.296 99.779 0.132 0.089 

8 	602 	1.142 99.185 0.658 0.157 
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Table XIV_iCop.O.  

	

Addition Melt Sample Temp. of 	loan 	Composition 
No. 	No. sampling 	T 	(atomic %) 

°C 	Bi 	U 	X 

	

Rhodium 34 1 	800 	0.932 93.600 3.861 2.539 

	

2 	600 	1.146 98.436 1.096 0.468 

	

3 	400 	1.487 99.348 0.474 0.178 

	

4 	400 	1.487 98.332 0.491 0.177 

	

7 	600 	1.146 98.163 1.330 0.587 

	

9 	800 	0.932 94.284 3.956 1.760 

None 

	

33 1 	807 	0.926 95.298 4.702 

	

2 	601 	1.142 98.821 1.179 

	

3 	398 	1.491 99.868 0.132 

	

4 	398 	1.491 99.859 0.141 

	

6 	601 	1.142 98.849 1.151 

	

9 	 801 	0.932 94.701 5.299 

WAN 
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4.2 	An Appraisal of the Data 

The data presented in the tables have now to be 

examined to establish that they are equilibrium measurements. 

As described above, three samples were taken from each melt 

at each sampling temperature, one during the cooling cycle 

and two during the heating cycle. Agreement between the 

analyses of these samples within the experimental error 

confirms that the measurements were made under equilibrium 

conditions. 

A further check upon the data is provided by comparison 

with the few data reported in the literature - these are 

for the uranium-bismuth system and for the ternary systems 

with copper and nickel. Also if it is assumed that the 

addition of a small amount of the varied element has little 

effect upon the solubility of uranium in bismuth and that 

the varied element is not removed from the liquid phase by 

precipitation during cooling, it is possible to estimate 

approximately how its concentration in solution varies during 

the course of a sampling experiment. 

Examination of the data reveals that the temperatures 

at which duplicate samples were taken do not always agree 

within the experimental error. This is particularly so for 

the earlier melts_during the sampling of which the temper-

ature of the sampling furnace was controlled manually. 

Consequently it is difficult to confirm that equilibrium 

conditions were obtained. An attempt has been made however 
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to compare such analyses by plotting the logarithm of the 

solute concentration against the reciprocal of the sampling 

temperature, in degrees absolute, to give a straight line at 

very low solute concentrations. Application of the Clausius-

Clapeyron equation to the case of depression of the melting 

point of a pure metal A by addition of a second metal B 

shows that such a straight-line relationship is to be expected. 

If there is no solid solution of B in A, the lowering of the 

melting point is given by dT, where 

sol = RT2 dinNA 

If this expression is integrated, then 

Lsol + C = 1nNA 
RT 

where NA is the solubility of A in the liquid phase as defined 

by the liquidus of the binary system. Lsol is the heat of 

solution of A in the liquid and C is a constant, T is the 

temperature in degrees absolute and R is the gas constant. 

The heat of solution of B in A may be deduced from the slope 

1 of the plot of 1nNA  against T. 

It has been noted for many systems(55) that at 

concentrations of solute above about one atomic percent the 

experimental plot deviates increasingly from a straight line. 

dT 
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An attempt to correct for this has been made by Freedman and 

Nowick(56)  in their consideration of binary solid solutions. 

Instead of plotting the logarithm of the atomic concentration 

of A in solution, they plotted the function 1nNAcor  against 

1 where 
1nNA 1nNAcor 
1-2NA  

Reasonably straight line plots were obtained up to some three 

atomic percent of solute. The effect of this correction upon 

a semi-logarithmic plot of the solubility of uranium in 

bismuth is shown in figure 18 where curve A is uncorrected 

and curve B is corrected in the way just described. 

The solubility data reported here have been corrected in 

this way and are plotted in figures 19-37. A measure of the 

accuracy of the determinations is given in figure 19,vhere the 

experimental points are plotted as small squares, the size of 

each being calculated from the estimated errors of ± 5cio in 

the chemical analyses and ±2°C in the temperature measurements. 

For each melt separate curves are drawn for uranium and the 

varied element. Generally the curves are linear except when 

metallographical evidence indicates that the liquidus 

examined is not a primary surface. 

4.2.1 	The Bismuth-Uranium System 

The data for this system are shown in figure 19. The 

points lie on a straight line except that for dip one, which 
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is low. Since the analysis is not in error, the quoted vale 

being the average of several determinations on separate 

aliquots, dip one cannot be an equilibrium determination. 

The most likely explanation is that the melt was sampled 

before reaction between the uranium and the bismuth was com-

plete. Although the melt was at 800°C for forty-eight hours 

before the first sample was taken it was not initially heated 

above that temperature and then cooled to precipitate UBi2  

in the form of platelets. The agreement between duplicates 

confirms the attainment of equilibrium at 600° and 400°C. 

From the maximum and minimum possible slopes of the 

line in figure 19 the heat of solution of UBi2  in liquid 
4-141o0 

bismuth is deduced to be 10,400 calories per gm.mol. which 

is in fair agreement with the value of 11,200 calories per 

gm.mol. quoted by Greenwood(F)  

4.2.2. 	The Bismuth-Uranium-Copper System 

Results for melt 20 are shown in figure 20. Considering 

first the uranium values, those for samples 5,6 and 9 are 

all higher than the rest which lie on a good straight line. 

The reason for the discrepancy here may lie in the analysis 

because samples 5,6 and 9 were analysed some time after the 

remainder. 

The copper values show a scatter well outside that 

attributable to errors in temperature measurement and analysis. 

It may be that the lack of stirring of the melts and the 
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FIG. 20. SOLUBILITY OF URANIUM IN BISMUTH-COPPER. 
(CORRECTED PLOT FOR MELT 20) 

LO
G

A
R

IT
H

M
  O
F
 U
R

A
N

IU
M

 

0.1 
0-9 	1.0 	11 	1.2 	1.3 	1.4 

RECIPROCAL OF TEMPERATURE 
1000 

1.5 

LO
G

A
R

IT
H

M
 O

F 
C

O
P

P
ER

 



84 

100 100.0 
750 600 450 

A COPPER. 

>-: 

m 
-J 
0 
V) 

z 
4 cr 

0 
LA. 

I- 
EE 
4 
0
0 

  1.0 
_J 

10.0 — 

ct 

IL 
 

U 
sL 
0 

—0.1 9 

01 
0.9 	10 	1.1 	1.2 	1.3 	1.4 

	
1.5 

RECIPROCAL OF TEMPERATURE —9.- 
1000  

.T 

FIG.21. SOLUBILITY OF URANIUM IN BISMUTH- COPPER. 
(CORRECTED PLOT FOR MELT 24) 



LO
G

AR
I T

H
M

  O
F
 U

R
A

N
IU

M
 S

O
LU

B
IL

IT
Y.

  

1 

100'0 

10.0 

01 
0.9 	1.0 	1.1 	1.2 	1.3 	1'4 

RECIPROCAL OF TEMPERATURE 
1000  

T 

1.0 

1.5 

m 
1 0 'D -J 

0 
V) 

Cr 
a_ 
a_ 
0 

u_ 
0 
2 

CE 

01 o 
.J 

10-0 
85 

F1G.22. SOLUBILITY OF URANIUM IN BISMUTH -COPPER. 
(CORRECTED PLOT FOR MELT 39) 



10.0 

Fa 
10'0- -J 

0 
V) 

2 

z 

0 
I 

9 1.0- 

86 

750 	600 	 450 

0 URANIUM. 

8 COPPER. 

100.0 

0.1 	 
0.9 1.5 1.0 	1.1 	1.2 	1.3 	1.4 

RECIPROCAL OF TEMPERATURE --Am-
1000 

T 

FIG.23. SOLUBILITY OF URANIUM IN BISMUTH-COPPER. 
(CORRECTED PLOT FOR MELT 41) 



87 

presence of the massive plates of uranium bismuthide seen 

in a section of the residual ingot resulted in uneven 

distribution of copper in the liquid phase. 

Results from melt 24 are shown in figure 21. Duplicate 

uranium values agree well except at 40000. The value for 

dip 4 lies above the best straight line drawn through the 

uranium values and this may be due to inclusion of uranium-

bearing solid in the sample taken. 

Of the copper values, those for samples 2 and 7 disagree 

by more than the experimental error, as do those for samples 

1,8 and 9. This scatter is random and so does not imply non-

equilibrium conditions during sampling. Rather some other 

cause of error is suggested and this may be another indication 

of the need for stirring of melts. It is noted that the line 

drawn through the copper values in figure 21 has approximately 

the same slope as that for copper values from melt 20. 

In figure 22 the uranium values for duplicates from melt 

39 agree but the copper values for the pairs of samples 2 @nd 

6 and 3 and 4 disagree by an amount many times the experimental 

error. The melt initially contained more copper than melt 20 

and the change of copper concentration with temperature is 

quite different in the two melts. The high copper concentration 

in the samples taken at 45000 could be due to the presence 

of solid copper suspended in the liquid phase, a suggestion 

supported by the fact that the densities of copper and liquid 

bismuth are similar. 
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Figure 24. 	Unetched section of heavily oxidised and 
xitrided residual ingot of melt 16. x26 
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The results for the last copper melt, 41, are shown in 

figure 23. Here the uranium values for duplicate samples 

are in good agreement while only copper values for dips 3 

and 4 differ by more than the experimental error. It is 

noted from the macrostructure of the 'residual ingot that 

this melt contains relatively much less UBI2  than earlier 

melts, suggesting again that the previously noted scatter of 

copper values may well reflect the need for stirring during 

sampling experiments. 

4.2.3 	The Bismuth-Uranium-Silver System 

The results obtained from melt 16 are not plotted. 

They showed a great scatter and concentrations of uranium in 

the later samples were extremely low.. The reason was found 

to be severe oxidation of the melt due to spent calcium in 

the gas purification train of the apparatus. Figure 24 is 

a photomicrograph of the residual ingot, showing the presence 

of large quantities of a dark phase, probably uranium oxide, 

suspended in solution. Very little UBi2  was seen in the 

structure. 

Figure 25 shows results for melt 19. Uranium values 

lie on a straight line but the silver values show considerable 

scatter, disagreement between analyses of duplicate samples 

at each sampling temperature being greater than can be accounted 

for by errors in analysis and temperature measurement. Since 

silver was estimated gravimetrically and several determinations 
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were made for each sample, this scatter cannot be attributed 

to the analysis. It may be again that the scatter reflects 

the need for stirring of melts prior to sampling. The macro- 

structure of the residual ingot shows the presence of a high 

concentration of plates of intermetallic compound. 

Results from molt 36 which contained a slightly higher 

silver concentration than melt 19 are plotted in figure 26. 

Of the uranium values those for the pairs of samples 2 and 6 

and 3 and 4 disagree respectively by amounts greater than can 

be accounted for by analytical and temperature measurement 

errors. Values for samples 2 and 3 lie above the line drawn 

through the uranium values in figure 26, a discrepancy which 

could be attributed to inclusion of solid in the samples 

taken. Silver analyses of samples taken at 800° and 40000 

lie close to the line for silver drawn in figure 26. The reason 

for the scatter about this line of values for samples 2, 6 

and 7 is not known. 

Metallography of the residual ingots of melts containing 

silver reveals the presence only of UBi2  platelets, bismuth 

arid silver-bismuth eutectic. Upon cooling the melt, 

precipitation of UBi2  would reduce the volume of the liquid 

phase and so increase the concentration of silver in it. 

The variation of the silver concentration in the liquid 

phase of an alloy during a sampling experiment has been 

estimated, assuming that all the silver remains in the_ 

liquid phase and that addition of low concentrations of silver 
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does not significantly alter the solubility of uranium in 

bismuth. The calculated concentrations of uranium and silver 

have been corrected in the manner suggested by Freedman and 

Nowick and the slope of the semi-logarithmic plot for silver 

has been found to be very similar to that observed experimentally.. 

4.2.4 The Bismuth-Uranium-Gold System 

Data for melt 31 are plotted in figure 27. The uranium 

values lie on a straight line with the exception of that for 

sample 1. It is concluded that the liquid phase was un-

saturated with uranium at 800°C, the highest sampling 

temperature. This is shown by the close agreement between 

the initial composition of the melt and that of the first 

sample taken and is confirmed by the high length to breadth 

ratio of the UBi2 platelets observed in the microstructure 

of the residual ingot. 

Accordingly the uranium values at 800°C are disregarded. 

The gold values for duplicate samples agree within the 

experimental error. 

The values for a second melt, no. 40. are shown in figure 

28. A straight line can be constructed ti. rough the uranium 

values only if the value for sample 4 is taken to be 

erroneously low, which it is unlikely to be. If dip 4 is 

an equilibrium value then the uranium values no longer lie 

on a straight-line plot... The implications of this are dis-

cussed later. The plot of the gold values for this melt is 
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however linear. The reason for the discrepancy between 

the values for dips 1 and 8 is not known. 

4.2.5 	The Bismuth—Uranium—Manganese System 

Figure 29 showing the results for melt 17 illustrates 

well the usefulness of the method used here for assessing 

the agreement between duplicate samples taken at slightly 

differing temperatures. The plots of both the manganese 

and the uranium values are linear. 

Values for melt 18 which contained a low concentration 

of manganese are shown in figure 30. The analyses of 

duplicate samples agree within the experimental error, with 

the exception of the manganese.values for dips 1 and 9. 

The reason for this is not known. 

Results for melt 23 are shown in figure 31. The uranium 

value for the only sample withdrawn at 800°C lies below the 

best straight line drawn through the uranium values. This 

is disregarded because the initial composition of the melt 

and the small number of plates of intermetallic compound seen 

in the residual ingot indicate that the liquid phase was 

unsaturated with uranium at this temperature. Since no UBi2  

had precipitated at this temperature the low manganese 

concentration in the liquid phase is expected. 

Figure 32 shows results for melt 30. All the values for 

duplicate samples agree except for the manganese values for 

samples 5 and 7, the reason being unknown. 
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4.2.6 	The Bismuth-Uranium-Cobalt System 

Results for melt 32 are shown in figure 33. Here the 

uranium values for duplicate samples agree within the 

experimental error. Cobalt values for samples taken on the 

cooling cycles are much lower than those for samples taken on 

the heating cycle and therefore it cannot be assumed that 

the liquid was sampled under equilibrium conditions. 

Duplicate uranium values for melt 35 agree well but 

the semi-logarithmic plot is not linear (figure 34). Of the 

cobalt values only those at 400°C agree within the experimental 

error. The disagreement between values for samples 1 and 

8 and 2 and 6 respectively could be due to the inclusion 

of cobalt-bearing solid in these samples. The metallographical 

examination of the residual ingot suggests that equilibrium 

was not attained during the sampling experiments and this 

matter is discussed below. 

4.2.7 	The Bismuth-Uranium-Nickel System 

The uranium values for samples taken from melt 22 are 

shown in figure 35. They all lie on a straight line with 

the exception of the value for sample 3, the uranium 

concentration in which might be erroneously high due to 

inclusion of some uranium-bearing solid. The nickel values 

for samples taken on the cooling cycle lie below those for 

samples taken on the heating cycle indicating that the 

measurements were not made under equilibrium conditions. 
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The nickel concentrations in samples 3 and 4 which were 

taken at 350°C were too low to be estimated. 

Values obtained from melt 38 are plotted in figure 36. 

The nickel values for samples 1 and 8 and 2 and 6 agree 

within the experimental error while the disagreement between 

values for samples 3 and 4 is just outside the experimental 

error. However the disagreement between the uranium values 

suggests non-equilibrium conditions during sampling. This 

matter, together with metallographical evidence, is discussed 

further below. 

4.2.8 The Bismuth-Uranium-Rhodium System 

Of the rhodium values (figure 37) those for samples 2 

and 7 and 1 and 9 disagree by more than the experimental 

error, the latter pair by a large amount. The semi-

logarithmic plots for rhodium and the uranium are non-linear, 

the implications of which will be discussed below. 

4.2.9 	Conclusions. 

It is concluded that most of the results obtained from 

melts containing copper, silver, gold, manganese and rhodium 

are equilibrium measurements but that melts containing cobalt 

and nickel were probably sampled under non-equilibrium con-

ditions. 
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5. 	Deductions from the Data 

5.1 	The Nature of the Liquidus in Each System 

The Phase Rule, originally deduced by Willard Gibbs 

was expressed in its familiar form by Roozeboom 

P + F = C + 2 

Here F is the number of phases in a system, a phase being any 

homogeneous and physically distinct part of a system which 

is separated from other parts of the system by definite 

bounding surfaces. C is the number of components of the 

system; that is the smallest number of independently variable 

constituents by means of which the composition of each phase 

present can be expressed. F is the number of degrees of 

freedom of the system. That is the number of variable factors 

such as temperature, pressure and concentration, which have 

to be fixed in order that the condition of a system at 

equilibrium may be completely defined. For metallic systems 

it is usually justifiable to assume that the pressure is con-

stant since at moderate temperatures most metals have a 

negligible vapour pressure. The phase rule can then be written 

in its reduced form: 

P + F = C + 1 

For a ternary system the number of components is three and 

therefore the reduced phase rule becomes 

P + F = 4 
The cooling of a ternary alloy is now considered. At 

a sufficiently high temperature the system will consist of 
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a single liquid phase possessing three degrees of freedom. 

In the three-dimensional phase diagram this state is represented 

by a volume. When at a lower temperature the number of 

phases increases to two, one liquid and one solid, the system 

possesses two degrees of freedom, a state represented in the 

phase diagram by the liquidus surface. If at a lower 

temperature a second solid phase is present so that the system 

consists of three phases then it possesses one degree of 

freedom, a state which corresponds to a curve in the phase 

diagram. At the temperature at which final solidification 

occurs three solid phases will be in equilibrium with the 

liquid phase. Here the system possesses no degree of freedom, 

a state which is represented in the phase diagram by a point. 

A ternary phase diagram may be drawn conveniently on a 

two-dimensional triangular plot, each corner of which 

represents one component in the pure state. On this an alloy 

is represented by a point. On cooling an alloy which 

possesses at least two degrees of freedom, implying that the 

liquid is in equilibrium with at least one solid phase, the 

change with temperature of the composition of the liquid phase 

will be represented by a curve called the crystallization path, 

traced on the plot. 

If, over the temperature range through which the alloy 

is cooled the liquid remains in equilibrium with a single 

stoichiometric compound the crystallization path is defined 

by the straight line joining the points representing the 
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composition of the compound and that of the alloy, produced. 

If a solid solution is precipitated the crystallization 

path is a curve, reflecting the loss from the liquid phase 

of the component coming out in solid solution. The crystall-

ization path alters direction abruptly when there is a change 

in the number of phases present. For example, if the alloy 

is cooled to a temperature at which the number of solid phases 

in equilibrium with the liquid increases from one to two. 

The crystallization paths for the melts sampled in the 

uranium solubility study may give evidence of the number and 

the composition of the phases in equilibrium with the liquid 

in the bismuth-rich corner of each ternary system investigated. 

The Arrhenius plots in figures 18-37 show that the systems 

examined here are of two kinds. In those for which the 

concentration of the varied element decreases with temperature, 

systems with copper, gold, cobalt, nickel and rhodium, the 

liquid phase is in equilibrium with a ternary compound or 

with two solid phases. For systems in which the concentration 

of the varied element increases with decrease of temperature, 

those with silver and manganese, it is probable that the 

liquid is in equilibrium with a bismuth-uranium compound. 

Metallography of the residual ingots reveals the number 

of phases precipitated on cooling. If a single phase is 

precipitated it is either a ternary compound or a solid 

solution of varied element in UBi2' The presence of two 

phases in a eutectic or peritectic structure indicates that 
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during cooling of the alloys the liquid composition followed 

a binary valley in the liquidus. Useful deductions are 

possible from the number, relative abundance and oxidation 

behaviour of the solid phases observed in each system. In 

general, unknown phases have not been identified since in 

order to discuss the solubility results in terms of the Alcock- 

Richardson theory it is necessary only to select those systems 

in which the liquid sampled is in equilibrium with the 

compound UBi2. This phase is identified by comparison with 

the structure of uranium-bismuth alloys and its presence is 

confirmed by construction of crystallization paths. 

Application of conventional methods of identification 

to the unknown phases observed would be difficult on account 

of their rapid rate of oxidation in the atmosphere. However, 

one phase, observed in the system with nickel, was examined 

by electron microprobe analysis. Since no correction was 

applied for self-absorption and scatter from the bismuth 

matrix surrounding the particle analysed the composition 

obtained is not considered reliable. 

5.1.1 	The Bismuth-Uranium-Copper System 

The Arrhenius plots of the data (figures 20, 21 and 23) 

show that the copper concentration in the liquid phase falls 

with decrease of temperature. This suggests precipitation 

of either a single ternary phase or of two phases concurrently. 

The latter suggestion implies that the composition of the 
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Figure 38. Silver—bismuth eutectic seen in an 
unetched section of a residual ingot. 

x150 

Figure 39. Section of residual ingot of melt 31. 
Unetched. 	 x3 
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liquid is following a binary valley in the liquidus which 

would give rise to a characteristic microstructure in the 

residual ingots and to coincidence of the crystallization 

paths for the various alloys, at least over part of their 

length. Since neither is observed a ternary phase must be 

precipitated on cooling. 

The metallographical examination of the residual ingots 

reveals the presence of bismuth, uranium bismuthide and some 

fine copper particles. These were rendered clearly visible 

by staining with hydrogen sulphide gas. A stain observed 

around each particle may reflect a region of high copper 

concentration in solid solution in the surrounding bismuth. 

The presence of a few such particles close to the top surface 

of the residual ingots suggests that they may be part of 

a eutectic structure formed upon final solidification of 

the melt, and it is unlikely that they are the cause of the 

loss of copper from the liquid phase observed upon cooling 

in the sampling range. Therefore it is probable that the 

copper is in solid solution in the uranium bismuthide, a 

suggestion supported by the shape of the crystallization 

paths which curve towards the uranium-bismuth axis as the 

temperature falls and are non-coincident despite the slight 

difference of concentration of copper in the several melts. 

In this system it seems that over the temperature range 400° 

- 800°C the liquid phase is in equilibrium with a solid 

solution of copper in UBi2. 
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5.1,2 	The Bismuth-Uranium-Silver System 

The Arrhenius plots of the data indicate that the silver 

concentration in the liquid rises slightly as the temperature 

falls from 800° to 400°C, the scatter of silver values 

possibly being due to the lack of stirring in the melts. 

Metallographical examination of the residual ingots of melts 

19 and 36 shows the phases present to be bismuth, uranium 

bismuthide and silver in a eutectic structure with bismuth 

(figure 38). The crystallization path for melt 19 confirms 

that uranium bismuthide is in equilibrium with the liquid 

phase over the temperature range 400°-800°C. It is observed 

that the initial composition of melt 36 lies on the silver-

rich side of a line through the results and the composition 

of uranium-bismuthide. This loss of silver prior to sampling 

may have occurred by evaporation since the vapour pressure 

of silver at temperatures approaching 1000°C is appreciable 

and the appropriate phase diagrams indicate that silver bonds 

weakly with uranium and bismuth. It is concluded that over 

the range of compositions and temperatures investigated, the 

liquid phase in this system is in equilibrium with uranium 

bismuthide only, 

	

5.1.3 	The Bismuth-Uranium-Gold System 

The Arrhenius plot for melt 31 (figure 27) suggests 

that at the highest temperature of sampling the liquid phase 

was unsaturated with respect to uranium, a fact which is 
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Figure 40. Unetched section of residual ingot, 
melt 31, showing UBi2  and unknown 
phase. 	 x50 

Figure 414 Unknown phase and UBi2  seen in 

unetched section of residual ingot 
of melt 41. 	x150 
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confirmed by the close agreement between the initial com-

position of the melt and the composition of the final sample. 

Further evidence in support of this is provided by the 

appearance of the residual ingot (figure 39) in which all the 

uranium bismuthide is in the form of platelets of high length 

to breadth ratio suggesting that the uranium was entirely in 

solution at 800°C, the highest temperature attained by the 

melt. The plot of the uranium values for melt 40 (figure 

28) is not linear. This must be a real effect since duplicate 

values agree well at all the sampling temperatures. The 

crystallization path shows an abrupt change of direction 

at some temperature between 750°C and 600°C. It is con-

cluded that above this temperature the liquid phase is in 

equilibrium with UBi2  and below it with this and a second 

phase. 

An unknown phase was observed together with uranium 

bismuthide in the residual ingots of melts 31 and 40. In 

figures 40 and 41 it is seen to have precipitated on the 

uranium bismuthide platelets. In a freshly prepared section 

this phase is light-blue in colour and is observed to oxidise 

rapidly. Its abundance and rapid Oxidation suggest that 

it is a ternary compound. .Since it does not completely 

envelop the UBi2  platelets on which it has formed the mode 

of precipitation of this unknown phase is probably due to 

epitaxy rather than to a peritectic reaction. 
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It is concluded that in the system with gold the liquid 

at 750°C is in equilibrium with uranium bismuthide while at 

some temperature between this and 600°C, a phase change 

occurs, the liquid then being in equilibrium with both uranium 

bismuthide and an unknown ternary compound. Upon further 

cooling the composition of the liquid must follow a binary 

valley in the liquidus. 

A discrepancy is noted between the initial composition 

of melt 40 and that of the first sample, withdrawn at 750°C, 

which indicates a loss of gold prior to sampling. Gold has 

a low vapour pressure at elevated temperatures and the 

appropriate phase diagram shows that it bonds strongly with 

uranium so that gold is unlikely to be lost readily from the 

melt under equilibrium conditions. 

However a few small gold beads were observed on the 

underside of the funnel which fitted onto the crucible 

containing the melt. It is possible that while the melt 

was heating under vacuum just after insertion into the 

furnace the molten bismuth first dissolved the gold before 

the bismuth—uranium reaction had proceeded far. Under these 

conditions the melt might have behaved like a binary gold—

bismuth alloy and since the heat of mixing of this system 

is positive some gold might have been lost by evaporation 

under vacuum. 
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Figure 42. Eutectic structure observed in 
alloys with manganese. Unetched. 

x200 

Figure 43. Phase of unknown composition 
(light, at bottom) seen in 
unetched section of alloy with 
cobalt. 	x150 
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5.1.4 The Bismuth-Uranium-Manganese System 

As shown in the appropriate Arrhenius plots, for all 

but one of the melts containing manganese, the manganese 

concentration in the liquid phase rises with decrease of 

temperature. The exception is melt 23, for which the manganese 

concentration appears to he independent of temperature. 

Because at the highest sampling temperature this melt was 

unsaturated with uranium, on cooling to the lowest sampling 

temperature the volume of the liquid phase in this melt must 

have been reduced far less than in other melts by the 

precipitation of UBi2. 

The crystallization paths for the alloys all indicate 

that UBi2 is the phase in equilibrium with the liquid over 

the temperature range 4000-800°C. Some loss of manganes 

prior to sampling is apparent when the initial. compositions 

of melts are compared with those of the first samples with- 

drawn. This is attributable to evaporation, possibly before 

the complete reaction of the bismuth with the uranium. 

The metallographic examination of the residual ingots 

of melts with manganese confirms that the liquid at sampling 

temperatures is in equilibrium with uranium bismuthide. 

A eutectic of bismuth and manganese bismuthide was also 

seen (figure 42). 

5.1.5 	The Bismuth-Uranium--Cobalt System 

It is concluded above that the effect of cobalt on 
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the solubility of uranium in bismuth has probably been det-

ermined under non-equilibrium conditions. The nature of 

the liquidus of this system cannot be inferred therefore 

from the sampling results but the metallographical examination 

of the residual ingots will be discussed. 

The residual ingot of melt 32, initially containing 

about one atomic percent of cobalt, appears at low magnif-

ication to contain only uranium bismuthide platelets in a 

matrix of bismuth. At high magnification however small 

quantities of a light-blue phase were seen in the form of 

equi-axed particles. In melt 35, which contained initially 

about three atomic percent cobalt, this phase is found mainly 

in the aggregate at the bottom of the crucible (figure 43), 

where it is surrounded by a layer of uranium bismuthide. It 

was suspected that this phase might be cobalt powder which 

had not reacted with the other components of the alloy. 

However micro-hardness measurements showed that it was con-

siderably harder than the powder used in making up the alloy. 

This fact and its relative abundance in the structure suggest 

that it is a ternary phase. 

It appears probable that in this system the liquid phase 

is in equilibrium with ni2  alone only at very low cobalt 

concentrations. The dip results might be expected therefore 

to define a binary valley in-the liquidus surface and this 

ought to be checked by further experiments in which longer 

times are allowed at temperature before sampling. 
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Figure 44. Freshly prepared unetched section 
of residual ingot of melt 22, 
which contained nickel. 	x2i 

Figure 45, Light—grey nickel—bearing phase 
surrounded by UBi2, seen in a 

section of melt 22 after some 
oxidation in the atmosphere. 	x150 
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5.1.6 	The Bismuth-Uranium-Nickel System 

Although it cannot be assumed that the effect of nickel 

upon the solubility of uranium in bismuth has been measured 

under equilibrium conditions the metallographical examination 

of the residual ingots will be discussed. 

Both the ingots have a three-layer structure. At the 

bottom of each crucible is a layer of uranium bismuthide 

particles better defined for melt 22 than for melt 38 (figure 

44). Since these are equi-axed they remained undissolved 

when the melts were heated to 800°C, the highest temperature 

they attained. Above this is a layer of duplex particles 

each consisting of UBi2  formed around a light-grey equi-axed 

particle (figure 45). Presumably these were precipitated 

upon cooling the melts from 800°C to 600°C, the highest 

temperature of sampling, At the top of each melt is a layer 

of UBi2 platelets, which would have formed on cooling from 

600°C. 

Although it cannot be assumed that the measurements 

for this system were made under equilibrium conditions, it 

is certain that nickel concentration in the liquid phase.  

decreased with temperature. Nickel was suspected to be 

present in the light-grey phase of unknown composition and 

its presence there was confirmed by electron microprobe 

analysis. The experiment was rendered difficult by the 

small size of the specimen required by the machine and the 

rapid rate of oxidation of the phase under examination. No 
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Figure 46. 	Macro-structure of Melt 34, which 
contained rhodium. Unetched. x3 

Figure 47. Duplex particles in the residual 
ingot of the alloy containing 
thodium after exposure to the 
atmosphere for a few minutes. 	x50 
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corrections to the measurements were made for self-absorption 

or scatter of x-rays from the matrix surrounding the particle 

examined. Consequently the composition obtained, U2Ni9Bi20  

cannot be considered reliable. However the measurements 

confirm that the compound is a ternary rich in bismuth, as is 

indicated by its abundance in an alloy containing only three 

atomic percent of nickel. 

It is probable that between 600° and 350°C in these alloys 

the composition of the liquid followed a binary valley in 

the liquidus. It would be desirable to confirm this by 

repeating the sampling experiments, allowing a much longer 

time at temperature before the commencement of sampling. It 

seems that the duplex particles observed in the micro-

structures arise by epitaxy rather than a peritectic reaction 

because the UBi2 does not completely envelop the light-grey 

phase and there is a distinct boundary between the two. 

5.1.7 The Bismuth-Uranium-Rhodium System 

The Arrhenius plot for the only melt containing rhodium 

sampled during these studies showed that the rhodium content 

of the liquid phase decreased with temperature, the plots for 

both uranium and rhodium being non-linear. It is not known 

whether the change of slope of the plot occurs above or below 

600°C. The crystallization path for the alloys suggests 

that on cooling from 800°C to 400°C either a ternary compound 

is being precipitated or that two phases are coming down 
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together, 

The metallography reveals that the structure of the 

residual ingot is quite unlike those previously examined 

(figure 46). In a freshly prepared section the small platelets 

and particles are observed to be light-blue in colour. 

However, standing in the air for a short while results in 

selective oxidation revealing that many particles have a 

duplex structure - the outer layer oxidizing more rapidly 

than the inner part (figure 47). This structure is typically 

peritectic in appearance and it is suggested that a peri-

tectic change co=ences on cooling to some temperature between 

800° and 400°C. Neither phase reqembles uranium bismuthide. 

A ternary eutectic was also observed at high magnification. 

It seems that above the peritectic temperature the liquid 

is in equilibrium with the slowly oxidising phase which is 

probably a ternary compound. It is hoped to identify these 

phases by use of the electron microprobe analyser. 

5.1.8 	Summary 

Over the range of temperatures and compositions 

investigated the liquid phases in the system with silver 

and manganese are in equilibrium only with UBi2. In the 

system with gold at 750°C the liquid phase is in equilibrium 

with only UBi2  but with this and an unknown, probably ternary 

phase, at lower temperature. In the system with copper the 

liquid phase is in equilibrium with a solid solution of 
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copper in UBi2. In the system with rhodium at the highest 

sampling temperature the liquid is in equilibrium with a 

single unknown phase and at lower temperatures with this and 

a second unknown phase produced peritectically from it. 

It appears that the results for the systems with cobalt 

and nickel were not obtained under equilibrium conditions 

but it seems probable from metallography that at least over 

part of the temperature range investigated the liquid phase 

in each system is in equilibrium with two solid phases, one 

of these being UBi2  and the other of unknown composition. 

5.2 	The Effect of Each Element upon the Solubility of 

Uranium in Bismuth. 

In order to compare the results for each system it has 

been necessary to obtain solubility values at three temper-

atures, usually 450°, 600°, and 750°C, by interpolation from 

the graphs used in the assessment of the reliability of the 

experimental data. Two attempts have been made to interpolate 

these solubilities. The first involved obtaining an exact 

solution for Tux of the expression used by Freedman and Nowick 

to obtain straight line semi-logarithmic plots of solubility 

against the reciprocal of absolute temperature. The 

expression is: 

logioNx  
loglo Tex 

corrected 	1-2Nx  

If the quantity log io  N, is denoted by P and the expression is 
"Com1LIAL4L 
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differentiated a quadratic in Nx  is obtained. 

dP 	- 2N dPdP 	2P = 1  
dNx 	dNx 	Nx 

This may be rewritten 

dP 	2  

dNx 
N  x 	Nx dNx 

(IF 	

\ 
- 2P

/ 
 + 1 = 0 2  

and the roots are given by 
dP \ 2 	dP 

,1 	dNx 	- 4 Aux  )(P+2,) + 4P
2 

"- 
 ± I — 

(  
- 2P  

4 12  
dNx 

The calculation of values of Nx from the interpolated values 

of Nx corrected involves the evaluation of the quantity 
1L 
dNx 

only obtainable graphically from a plot of P vs Nx. The 

experimental data for each melt provide only three points on 

this curve. While  the gradient may be measured fairly 

accurately near the centre of the curve, estimations of 

the slope near either end are open to very large errors and 

accordingly this method was discarded. 

The second approach involves obtaining an approximate 

solution to the equation, which may be rewritten 

1  
1-.2N 

N 	xcorrected/ 
xcorrected 	X  

If an approximate solution is given by: 

(.7 Nx 	dNx  
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1 

N' = N x 	xcorrected 

1+2Nx corrected - (3) 

the error in the value obtained is Nx - Nx 

 

1 )corrected 

 

 

1+2Nx 
Nx 	

(1-2Nx) 

corrected 
= 	Nx corrected 

Expressed fractionally the error is 

1 

(1-2Nx) N xcorrected 

(2Nx - 2Nx 	+ 4NxNx  
corrected  

1 + 2N 
Nx 

	

	
xcorrected 

corrected 

corrected 

 

 

1 

and the actual error is therefore 

(2N - 2N 	+ 4N N xcorrected X Xcorrected 
1 + 2Nx corrected 

Nxcorrected 	
Nx corrected 

A better approximation to the solution of the equation is 

therefore 
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rNX-2NX c 	
+4NXNX 

orr. 
 
corr. 

1+2Nx corrected 
+ N xcorrected corrected 

  

1 

corrected 
N =N X Xcorrected 

By applying this cxpreeeion to the uranium solubility data 

reported in Section 4.1. it has been shown to give values 

of 	 ' Nx to within ± (2, 
from values of N 	less than 

xcorrected 
or equal to ").015. Values of 	are obtained to within 

± 1% if the coefficient of Nx 	
in the denominator of 

corrected 

equation 3 is put equal to 2.5 when Nx 	lies between 
corrected 

0.015 and 0.020 or equal to 3.0 when Ny 	lies between 
'corrected 

0.020 and 0.030. 

Using this expression liquidus points for the systems 

with copper, silver, and manganese at 750°C, 600°C and 450°C 

have been deduced from experimental data to an estimated 

accuracy of ± 5 percent. 

Figure 48 shows that a concentration of 1.5 atomic per-

cent of copper decreases the solubility of uranium in bismuth 

at 600°C and that the effect at 750° and 450°C is not 

experimentally significant. Balzhiser(49) has measured the 

effect of copper on the solubility of uranium in bismuth at 

600°C up to a copper concentration of 2.3 atomic percent and 

his results agree to within 10 percent with those reported 
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here. However he reports the solubility of uranium in bismuth 

at 600°C as 1.36 atomic percent while it has been determined 

in the work reported here as 1.165 ± 5%. Balzhiser only 

determined one liquidus point from each of his melts and it is 

not possible to deduce crystallization paths from his results 

in order to confirm that in the system with copper the liquid 

phase is in equilibrium with a solid solution of copper in UBi2. 

From figure 49 it is seen that up to a concentration of 

three atomic percent silver has no experimentally significant 

effect upon the solubility of uranium in bismuth at 750°, 600° 

or 450°C although it appears that the effect might be significant 

at higher silver concentrations. 

Figure 50 shows that gold causes a significant increase 

of uranium solubility at 750° and 600° but not at 450°C. 

The liquidus for the system with manganese is shown in 

figure 51. Here.within the experimental error manganese has 

no effect upon the solubility of uranium in bismuth at 450° 

and 600°C although at the latter temperature there is an 

increase almost sufficient to be experimentally significant. 

About two atomic percent of manganese at 750°C causes a 

significant increase in uranium solubility but at 3.5 atomic 

percent the increase is not significant. From the trend of 

the liquidus curves at the three temperatures it is expected 

that manganese concentrations greater than 3.5 atomic percent 

would significantly increase the uranium solubility at 750°C 

and it would be desirable to confirm this experimentally. 
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It is probable that both cobalt and nickel lower the 

solubility of uranium in bismuth although since it cannot be 

assumed that the measurements were made under equilibrium 

conditions their quantitative effects are not known. The 

effect of nickel agrees with that reported by American workers.(40  

Addition of rhodium significantly lowered the uranium 

solubility in bismuth at 800°C, had no effect at 600°C and 

increased it at 400°C. 

These findings are sutmarised in Table XV below. 

Table XV 

Interpolated Solubility Values  

Added 	Melt. Temp. 	Uranium Conc. 	Conc. of Added 
error 	Element Element No. °C 	 error 
limits 	limits 

33 	750 0.03815 0.04006 
0.03624 

600 0.01165 0.01223 
0.01107 

450 0.002579 0.002708 
0.002450 

Copper 	20 	750 0.03761 0,03949 0.0236 0.02478 

	

0.03573 	0.02242 
600 0.01003 0.01053 0.01567 0.01645 

	

0.009529 	0.01489 
450 0.002616 0.002747 0.00915 0.009608 

	

0.002485 	0.008693 

Copper 	24 	750 0.03660 0.03844 0.01567 0.01645 

	

0.03477 	0.01489 
600 0.01064 0.01117 0.01076 0.011298 

	

0.010108 	0.010222 
450 0.002162 0.002?70 9.00689 0.006546 

	

0.002054 	0.007235 



Added 	Melt 
Element No. 

Table XV (conti 

Temp. 	Uranium Conc. 
'C 
	

error 	Element 
limits 

error 
limits 

Conc. of Added 
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Copper 

Silver 

41 	750 0.03723 

600 0.01121 

450 0.00254 

19 	750 0.039/2 

600 0.01198 

450 0.00272 

0.03909 
0.03537 
0.010'65 
0.01177 
0.002667 
0.002413 

0.04171 
0.03773 
0.01258 
0.1138 
0.00286 
0.00259 

0.01017 

0.00656 

0.00427 

0.01064 

0.01084 

0.01198 

0.01068 
0.009662 
0.006888 
0.006232 
0.004464 
0.004057 

0.01117 
0.01011 
0.01138 
0.01030 
0.01258 
0.01138 

Silver 	36 	750 

600 

450 

Gold 	40 	750 

600 

450 

Manganese 17 750 

600 

450 

18 	750 

600 

450  

0.03843 

0.01198 

0.00393 

0.04326 

0.01487 

0.00246 

0.0414 

0.01267 

0.003101 

0.03884 

0.01276 

0.00330  

0.04035 
0.03651 
0.01258 
0.01138 
0.003248 
0.002938 

0.04542 
0.04109 
0.01561 
0.01413 
0.00258 
0.00234 

0.04320 
0.03908 
0.01330 
0.01204 
0.003256 
0.002946 

0.04078 
0.03690 
0.01340 
0.01212 
0.003465 
0.003135  

0.02606 

0.02568 

0.02864 

0.01332 

0.00956 

0.00646 

0.03467 

0.03740 

0.04039 

0.001197 

0.001323 

0.00151  

0.02736 
0.02476 
0.02696 
0.02440 
0.03007 
0.02721 

0.01399 
0.01265 
0.010038 
0.009082 
0.00678 
0.00614 

0.03640 
0.03294 
0.03927 
0.03553 
0.04241 
0.03837 

0.001257 
0.001137 
0.001389 
0.001257 
0.001586 
0.001435 



137 

Table XV (cont)  

Added 	Melt Temp. 	Uranium Conc. 	Conc. of Added 
Element No. °C 	error 	Element error 

limits 	limits 

Manganese 23 750 

600 0.01259 0.01522 0.01144 0.01201 

	

0.01196 	0.01087 
450 0.00315 0.003308 0.01012 0.01063 

	

0.002993 	0.009614 

Manganese 30 	750 0.04412 0.04630 0.02073 0.02178 

	

0.04193 	0.01972 
600 0.01335 0.01402 0.02355 0.0245 

	

0.01268 	0.02237 
450 0.003093 0.003248 0.02466 0.02589 

	

0.002938 	0.02343 
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5.3 	Discussion of the Solubility Results in Terms of the 

Alcock-Richardson Theory. 

It has been concluded that the Alcock-Richardson treatment 

of ternary solutions seems to be the best available and that 

it is widely applicable in a qualitative form. The uranium 

solubility 'data can be discussed in terms of this treatment 

only if it can be shown that the activity of uranium in the 

liquid phase in the ternary system equals that in the uranium- 

bismuth system at the same temperature. This will be so if 

the solubility measurements were made when the liquid phase 

was in equilibrium with solid UBi2. Such systems have been 

selected by construction of crystallization paths and by 

metallographical examination of residual ingots. It is possible 

therefore to discuss in terms of the theory the effects upon 

the solubility of uranium in bismuth of silver, gold and 

manganese and possibly cobalt and nickel. 

Silver has no effect on the solubility, gold and manganese 

increase it while cobalt and nickel probably decrease it. 

Accordingly the activity coefficierA of uranium in bismuth 

is unaltered by silver, lowered by manganese and gold and is 

probably raised by cobalt and nickel. It will now be seen 

if these are the effects predicted by the theory. 

For the system with silver the two factors which 

determine the activity coefficient of uranium oppose each 

other. Since the uranium-silver system contains a large 

miscibility gap uranium bonds very much more weakly with 
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silver than with bismuth. This will tend to raise the 

uranium activity coefficient in the liquid phase of the ternary 

system. The silver-bismuth system has a positive heat of 

mixing which will tend to lower the uranium activity co- 

efficient. It is reasonable to suppose that at low 

concentrations of silver the effects of these two factors 

balance so that the uranium activity coefficient in solution 

is unaltered. Low concentrations of silver would be expected 

to have less effect than predicted by the theory because 

silver and uranium bond weakly in solution. High concentrations 

however might be expected to increase the uranium activity 

coefficient and therefore at constant uranium activity to 

lower its solubility. 

Gold is the only element whose effect on the solubility 

of uranium in liquid bismuth can be quantitatively predicted 

from the theory, since the thermodynamics of all the con- 

stituent binary systems have been investigated. The effect 

of a low concentration of gold upon the uranium solubility 

in bismuth has been measured at 750°C and the experimental 

value will be compared with one calculated by use of equation 

2. 

The uranium-gold system has been investigated by 

Grieveson(36) who measured the gold vapour pressure over the 

system at 150000 and calculated uranium activity values by 

a Gibbs-Duhem integration. 	From his data a value for the 

activity coefficient of uranium in gold at infinite dilution 
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is obtained of 

YAu 1773°K 	lx10-2 

If it is assumed that dilute solutions of uranium in gold 

obey the regular approximation then a value for the activity 

coefficient of uranium in gold at 742°C (1015°K) can be 

calculated as follows 

RT1lny1 	RT2lny2 

YAu 1015°K = 	3.16x10-4  

The excess free energy of mixing of the gold-bismuth system 

is positive(34) and this will contribute to a lowering of the 

uranium activity coefficient in the ternary system. From the 

calorimetric measurements of Kleppa a value for the excess 

free energy of mixing at 750°C and NAu=0.01 is obtained of 

about 20 calories per gm.atom positive. 

It has been mentioned on page 47 that two groups of 

workers have investigated the thermodynamics of the bismuth-

uranium system. In order to obtain activity data from their 

measurements Gross,Levi and Lewin used values of the 

dissociation constant of bimolecular bismuth in the vapour 

phase reported by Yoshiyamac57) 	Their data for the 

composition range UBi2-liquid, which is of interest here, 

showed considerable scatter and they assumed a bismuth act-

ivity value here of 0.955 at 742°C from which by a Gibbs- 
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Duhem integration a uranium activity value was obtained of 

2.7x10-4. The present work gives a uranium solubility in 

bismuth at 742°C of Nu=0.0385 so that a value of uranium 

activity coefficient is obtained of 

Y
u 
Bi 742°C = 7.01x10-3 

Substituting numerical values in equation 2 we now obtain 

AGxsp(Bi-Au) 
. 	. log,-yu 	= N (Bi-Au) 	BIlog  10yu  Bl NAul°510' Au - RT 

The effect of a gold concentration of 0.013-0.014 N on the 

uranium solubility at 750°C was measured in the experiments 

so the equation becomes: 

k 	=0.987xlog10(7.01x10-3)+0.0131ob0.lo0.16x10-4) logi-yu, Bi-Au) 

20  
= 7.8147 	2x1023 

and. 	Bi-Au = 6.53x10-3 

It was concluded that addition of gold does not alter the 

activity of uranium in bismuth at 750°C. From the data of 

Gross, Levi and Lewin a uranium activity value at 750°C is 

obtained of 

a  Bi-Au = 2.7x10-4  

Therefore the calculated value of the solubility of uranium 

in the liquid phase of the ternary system is:- 
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2.7x10-4 
Nu 6.53x10-3 

= 0.0414 

which agrees reasonably well with the experimentally observed 

value of 

, Nu 750°C 	0,0433-+  57. 

This estimation will now be repeated using activity 

data for the uranium bismuth system obtained by Cosgarea, 

Hucke and Ragone.(38)  These workers determined the activity 

of bismuth in uranium-bismuth alloys over the temperature 

range 745°-842°C by an optical absorption technique. Since 

the ground state electrons in monatomic bismuth absorb light 
0 

of wavelength 3067 A and the electron band head in diatomic 
0 

bismuth absorbs light of wavelength 2731 A the concentrations 

of the species may be estimated independently. Absorption 

by the Bit  molecules was found to obey the Lambert-Beer Law 

and the lowering of the vapour pressure of this specie was 

taken as a measure of the activity of bismuth in the con-

densed phase. Uranium activity values were deduced by a 

Gibbs-Duhem integration and partial and integral thermodynamic 

quantities were calculated.. It was found that Henry's Law 

was obeyed by solutions of less than two atomic percent 

uranium and that these did not obey regular approximation. 

Taking now the uranium activity at 742°C in the ni2  -

liquid region reported by these workers 

Au (Bi)7420c = 2.19x10-3 
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the calculation of the solubility of uranium in bismuth-gold 

at 750°C will be repeated. The activity coefficient of 

uranium in the binary uranium-bismuth system at 742°C using 

the solubility of N = 0.0385 is 

Yu(Bi) 742°C = 5.69x10
-2 

 

Equation 2 now gives the activity coefficient of uranium in 

the ternary solution as follows: 

loa10Yu(Bi-Au) = 0.987xlogio(5.69x10 2) +  10(3' ) + 0.01 	16x10-4) 
-'  

1 
102.3 

= 7.7157 

Yuk /Bi-Au) 5.196x10-2  

and using the value above for the activity of uranium in the 

UBi2-liquid composition range, a solubility value is obtained 

of 

Nu(Bi-Au) = 0.0422 

Examination of the two determinations of the thermodynamics 

of the uranium-bismuth system reveals that neither is 

completely satisfactory. Gross, Levi and Lewin claimed that 

their data indicated the existence of a compound U3
.3i

5 
the 

presence of which in the phase diagram has not been confirmed 

by other workers. Also in the urani=-bismuthide-.bismuth .com- 

position region of the system, bismuth activity values were 
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estimated since the experimental data showed a considerable 

scatter. On the other hand the solubility of uranium in 

bismuth at 750°C deduced from the activity data of Cosgarea 

and others is considerably greater than that obtained from 

thermal analysis and sampling experiments. Discussion with 

one of the authors(49) has failed to reveal the reason for 

this discrepancy which cannot fail to cast doubt on this 

activity determination. 

There is adequate reason therefore for a redetermination 

of the thermodynamics of the system, preferably by a method 

not requiring a knowledge of the molecular state of bismuth 

in the vapour phase. The torsion cell method used by Pratt (58) 

would be suitable. Here the volatile component of an alloy 

is evaporated through diametrically opposed holes in a 

heated cell suspended from a torsion wire and the vapour 

pressure is calculated from the cell deflection and the 

weight loss in a known time. 

In the case of manganese the bismuth-manganese system 

contains one compound so that bismuth-manganese bonding will 

contribute to an increase of uranium activity coefficient 

in the ternary system. However the influence of the second 

factor, the relative strength of bonding of uranium with 

the components of the solvent, cannot be assessed. Uranium 

forms compounds with both manganese and bismuth, no thermo- 

dynamic data are available for the uranium-manganese system 

and it is not possible to estimate bond strengths by 
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inspection of these binary diagrams. 

Accordingly attempts have been made to estimate the heat 

of formation of a manganese-uranium compound and also of com-

pounds of uranium with cobalt and nickel and of bismuth with 

manganese and nickel. No estimation is necessary for the 

bismuth-cobalt system in which there is a miscibility gap 

inferring that bonding is weak. 

Of the methods given in the literature(59) the first 

tried is the so-called Method of Homologous Series, which is 

of value since it makes no assumptions about the kind of 

inter-atomic bonding in a compound but relies solely on 

empirical correlations between heats of formation and certain 

physical properties of intermetallic phases. For example, a 

correlation has been noted between the heat of formation and 

the volume contraction upon compound formation, the latter 

quantity being given by the expression 

100 (MV-L(AV)) 
AV = 	1,-(AV) 

where MV is the molar volume of the compound, defined as 

its molecular weight divided by its density and AV is a 

quantity similarly defined for the elements. Phase densities 

have been calculated according to the expression: 

1.66 x 	mass  

P V 

mass is the total mass per unit of the compound structure 

in atomic mass units. V is the unit structure volume in 
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A: Compounds in which the bonding is of various types have 

been found to obey this rule from which a very rough estimation 

of the heat of formation of a compound may be made provided 

that its crystal structure is known. Values of AV for those 

Laves phases for which the heats of formation are available 

(Table XVI) are plotted in figure 52 and heats of formation 

of UMr2'  UNi2 and UCo2 have been interpolated. This ' 

procedure has been applied also to the Nickel Arsenide phases 

to deduce heats of formation of MnBi and NiBi (Table XVII 

and figure 53). 

A similar correlation between the A-B distance of closest 

approach in the crystal structure of the compound and its 

heat of formation is found to apply to Laves phases having 

the C-15 structure. In figure 54 the parameter dAB is 
AB  

plotted against heat of formation. rA and rB are the atomic 

radii in the pure components in the twelve-fold coordination 

state. From the curve the heats of formation of UMn2  and 

UCo2 are predicted to be about 11-12 kilocalories per gm. 

atom. Since UNi2 has a C-1.4 structure and data are not 

available to construct a similar curve for compounds of this 

type it is not possible to estimate its heat of formation in 

this way. 

It has been observed(60) that the heats of formation of 

the Nickel Arsenide phases are proportional to the axial 

ratios of their crystal structures. This relationship is 

demonstrated in figure 55, from which rough estimations are 
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made of the heats of formation of MnNi and NiBi of about 

6.5 ± 3.5, and 5 ± 2 kilocalories per gm, atom respectively. 

Other methods require a knowledge of the type of bonding 

within the phases whose heats of formation have to be estim-

ated. In the Nickel Arsenide structures MnBi and NiBi it 

is thought that bonding is both homopolar and metallicc61)  

UMn,, UCo2 and UNi2 are all Laves phases in which the atoms 

have a high coordination number. Since the only factor common 

to all such phases is a radius ratio of 	= 1.225 it seems 

that bonding is probably mainly metallic in these compounds. 

Kubaschewski has postulated(62) that in such compounds the 

increased average coordination of the components with respect 

to their pure states results in a lowering of heat content 

and therefore gives rise to the heat of formation. He 

assumed that bonding between like atoms occurred up to a 

distance Of 2r and between unlike atoms up to a distance 

of 17(rAB  +r_ ) from a reference atom. Effective coordination 

'numbers were calculated as follows: 

- 

	

* 	
= 	

v.' 2r  A 0 
	+ 	. -7.?' rA-ErB  c  

	

CA 	_ 
1.--/  dA A 	4  ' dAB AB 

when dAe,2rA and dAf<-(rA+rB) and as follows when dA'.2rA and 

dAB7(rA+rB) 

C A 

2r A -d A  
A A 

-; -1  (-1 )2r
A 

v47(TA-1-rB) 	dAB CA + ; 	CAB /-/W7-1) (rA  + rE) 
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Generally accepted atomic radii were used in these calculations. 

The hexagonal and cubic close-packed metals retained a 

coordination number of twelve but that of body-centred cubic 

metals was slightly greater than this. The effective co- 
0 

ordination number of a-uranium with an atomic radius of 1.55 A 

and a rhombohedral structure was found to be 12.4. Heats of 

formation were calculated according to the expression 

-  A = Hi, 
) NA LA(CA*Alloy - CA*Metal) + NBB(cB*Alloy CB

* 
 Metal  

C
A
*Metal 	

CB*Metal 

Here LA and LB are the latent heats of sublimation of the 

components and NA and NB are their atom fractions in the 

compound. The accuracy of values obtained in this way was 

reckoned to be ± 1000 calories per gm. atom and fair agreement 

between experimentally determined and calculated heats was 

observed for many compounds of this type, None of these 

however contained uranium. 

Before using this treatment to estimate the heats of 

formation of the uranium-containing Laves phases of interest 

here it was decided to estimate the heat of formation of UAl 2' 
the only uranium-containing phase of this kind for which the 

(35) heat has been measured; 	Such a check was thought to be 

advisable since the chemical behaviour of uranium is often 

anomalous. The method of Kubaschewski gave a value of +4 

kilocalories per gm. atom whereas the experimental value is 
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-7 kilocalories per gm. atom. 

It was thought that in the UA12  structure bonding between 

atoms might occur at distances greater than A-  times the sum of 

the atomic radii. Following a comment by Kubaschewski in his 

paper the heat calculation was repeated assuming an atom to 

bond with others up to a distance from it of 2.05 x the sum 

of the atomic radii. A heat of formation was now obtained of 

-6 kilocalories per gm. atom which is in fair agreement with 

experiment. 

Accordingly the heats of formation of UMn2  and UCo2  were 

estimated in this way. UNi2  is not isostructural with these 

compounds and in order to obtain a measure of nickel-uranium 

bond strength, the heat of formation of UNi5 was estimated. 

Like the compounds with manganese and cobalt, this has a 

C-15 type of structure and its composition corresponds to a 

maximum in the liquidus curve of the uranium-nickel phase 

diagram; there is no maximum corresponding to the composition 

UNi2. 

The values obtained by the several methods reviewed here 

are tabulated below. 
Table XVIII  

Heats of Formation (kilocalories per giE. atom).  

Method 	AV dAB Kubaschewski :.range 

Compound 	rA+rB  

1116n2 21 12 8 8-21 

UCo2 26 12 9 9-16 
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Method 	AV dAB Kubaschewski Range 

Compound 	rA+rB  

	

UNi2 	19 12 	11(UNi5) 11-19 

Axial Ratio 

	

MnBi 	3-10 	4-12 

	

NiBi 	3-8 	6-10 

The heats of formation of these isostructural uranium 

compounds might be expected to increase with melting point. 

The melting points of UMn2  is 1120°C, that of UCo2  is 1170°C 

and that of UNi
5 
is 1305°C. The results in column 4 show 

the correlation expected. The lack of any such trend for 

the values in columns 1, 2 and 3 could be accounted for by 

the considerable error involved in these estimations. 

From the two thermodynamic investigations of the uranium-

bismuth system the heat of formation of UBi2  has been 

deduced to be 3.5 - 6 kilocalories per gm. atom negative. It 

follows from Table XVIII that uranium bonds more strongly 

with the transition metals than with bismuth. 

It is concluded that for the system with manganese 

the two factors influencing the value of the uranium activity 

coefficient in solution oppose each other. It is reasonable 

to suppose that at 450°C and 600°C the effects of these 

balance so that within the experimental error the uranium 

activity coefficient is unchanged. At higher temperatures 

and manganese concentrations a decreased uranium activity 
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coefficient would be expected and from the solubility results 

this is seen to occur at 750°C. 

For the system with nickel it is probable that over the 

composition range investigated, the liquid phase is in 

equilibrium with UBi2  and a ternary compound. Although its 

precise effect cannot be deduced from the present experimental 

results nickel is known to decrease the solubility of uranium 

in bismuth, so that it increases the activity coefficient 

of uranium in solution. The estimated heats of formation show 

that for this system the factors controlling the uranium act- 

ivity coefficient act in opposition and it is possible that 

at low nickel concentrations the effect of strong nickel-bismuth 

bonding will predominate. 

It is probable that cobalt also raises the uranium 

activity coefficient in solution. However estimated bond 

strengths suggest that both the factors influencing the 

uranium activity coefficient in solution tend to lower it 

and at constant activity an increased uranium solubility 

is therefore expected. This may be another system which 

disobeys the theory qualitatively but discussion cannot 

be taken further until the effect of cobalt upon the uranium 

solubility has been redetermined and preferably more is known 

of the thermodynamics of the uranium-cobalt system. 
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6. 	Conclusions 

The effects have been investigated of low concentrations 

of seven metals upon the solubility of uranium in liquid bis-

muth over the temperature range 400° - 800°C. The solubility 

is increased by gold at 600°C and 750°C and by manganese at 

750°C. Rhodium increases it at 800°C but lowers it at 400°C. 

Copper lowers it at 600°C and silver has no experimentally 

significant effect. The effects of cobalt and nickel were 

probably measured under non-equilibrium conditions and so 

require redetermination. 

It is concluded from metallographical work and the 

construction of crystallization paths for the alloys sampled 

that the uranium activity in solution is altered by copper 

because the liquid phase is in equilibrium with a solid 

solution of copper in uranium bismuthide and by rhodium, 

unidentified compounds being in equilibrium with the liquid 

phase in this system. Silver, manganese and gold at 750°C 

do not alter the uranium activity. 

The solubility effects of these three elements have 

been discussed in terms of a theory develo2ed by Alcock and 

Richardson which for the case of a dilute solute dissolved in 

a binary solvent allows the variation of the solute activity 

coefficient with the solvent composition to be obtained 

from a knowledge of the thermodynamics of the component binary 

systems. If an element does not alter the activity of • 

uranium in bismuth its effect on the uranium solubility can 
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be predicted since activity coefficient values are then 

inversely proportional to solubility values. In spite of 

the assumptions made in deriving it the predicted effect 

of gold upon the solubility of uranium in bismuth at 75000 

is in good quantitative agreement with experiment. Qualitative 

prediction of the effects of the other elements is possible 

only when estimated heats of formation of uranium and bismuth 

binary compounds are used as a measure of the mutual affinities 

of the component elements. The experimental results for 

silver, manganese and nickel seem reasonable in the light of 

these predictions but the probable effect of cobalt does 

not. It cannot be decided if this system disobeys the theory 

qualitatively until the effect of cobalt has been redetermined 

and the thermochemical data for the binary systMs have become 

available. 

It is now unlikely that a liquid metal fuelled reactor 

will be built. However because of their excellent heat transfer 

properties liquid metals are employed as fast reactor coolants 

and so remain of considerable interest in the field of atomic 

energy. Apart from their scientific interest the principles 

discussed above may be of use in the consideration of the 

problems of such systems. 
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7. 	Suggestions for Further Work 

The scatter of some of the solubility results may be 

due to a lack of stirring of the melts sampled. If further 

solubility determinations were made this scatter might be 

reduced by making provision for occasionally stirring the 

melts. Also the error in temperature measurements would 

be reduced if the sampling device incorporated a thermocouple 

for measurement of the liquid temperature during sampling. 

Errors in the determination of sample composition would be 

reduced only by estimating uranium in a different way since 

the spectrophotometric method used here is incapable under 

these conditions of an accuracy better than ±5 percent. 

Titration against ceric sulphate solution would give a value 

to within one percent but it would involve the development of 

methods of separating the other elements present. 

Results for the system with silver suggest that higher 

silver concentrations might cause a decrease ,in uranium 

solubility. Higher manganese concentrations might be expected 

to increase the solubility both at 600°C and 750°C. Apart from 

checking these suggestions a redetermination of the cobalt 

and nickel effects is desirable, with longer times allowed 

at temperature before sampling to ensure equilibrium 

conditions. 

Several phases of unknown composition were observed during 

the metallographical examination of residual ingots of alloys 

with gold, cobalt, nickel and rhodium and for the sake of 
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completeness identification of these would be desirable. 

Usual methods of determination of phase composition are 

unlikely to be successful because of the difficulty of particle 

extraction; the duplex structure of some and their rapid rate 

of oxidation in the atmosphere. 

In using the x-ray microanalyser to identify these 

compounds it would be necessary to apply corrections for 

the self-absorption of x-rays by the specimen. The composition 

of the uranium-bismuth-nickel compound reported above was 

deduced from uncorrected measurements and so is not considered 

to be reliable. 

The need for a redetermination of the thermodynamics 

of the uranium-bismuth system has been outlined. In addition 

examination of the thermodynamics of other uranium binary 

systems would be desirable. Any determination based on 

vapour pressure measurements would require verification, 

preferably by liquid metal calorimetry. However if this 

were not possible a rough check would be provided by aqueous 

calorimetry which would furnish heat values to within a 

kilocalorie or so. 
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Appendix I. 

Analysis of Samples 

Each sample was dissolved in moderately concentrated 

nitric acid, the solution was boiled to remove excess nitrous 

fumes and diluted with water, care being taken to maintain 

sufficient acidity to prevent precipitation of bismuth oxy-

salts. The fragments of the capsule were separated, dried 

and weighed and the weight of metal in the sample, generally 

about three to four grammes, was obtained by difference. 

	

1. 	The Estimation of Uranium 

Early samples containing manganese, i  were analysed by 

Murphy who extended the method of Milner and Edwards,(63)  

employing an anion exchange resin to separate the ionic species 

present, Uranium in the eluate was reduced to the tetravalent 

state by passage through a lead column and then titrated 

against a standard ceric sulphate solution with ferroin as 

the indicator. 

This method is lengthy. High used a rapid spectrophoto-

metric method in which the uranium is estimated as its yellow-

coloured thiocyanate complex.(64)  Most bismuth was removed 

previously as volatile bismuth tribromide and the determination 

was made at a wavelength of 390m4 at which the residual bismuth 

did not interfere. 

	

2, 	The Estimation of Copper (64)  

Of the two methods of estimation of copper used, the 
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first employed the colour of the cuprammonium complex. Since 

this forms only in alkaline solutions the precipitation of 

bismuth oxy-salts had to be prevented by complexing bismuth 

with tartaric acid. Absorption was measured at 625mp, and 

the presence of small amounts of uranium and bismuth did not 

interfere in the determination. 

In the second method the coloured compound of copper 

with diethyldithiocarbamate was used. Interference by uranium 

was avoided by complexing it with citrate ions. Results 

obtained by both methods agreed well. 

3. The Estimation of Silver.(64)  

Silver was estimated gravimetrically because it has 

been found that the presence of bismuth obscures the end 

point in volumetric determinations. Hydrochloric acid was 

added drop by drop to an aliquot of sample solution, care 

being taken again to maintain sufficient acidity to avoid 

precipitation of bismuth oxy-salts. The precipitate was 

dried and weighed. 

4. The Estimation of Gold.(64)  

Gold was estimated spectrophotometrically as its 

purple-coloured colloid. To an aliquot containing about 

200 microgrammes of gold hydrochloric acid was added, followP(1 

by stannous chloride solution. The absorption was measured 

at 500mil after standing for twenty minutes to ensure complete 
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reduction. 

5. The Estimation of Manganese(64)  

The manganese present in an aliquot was oxidised to 

permanganate by sodium bismuthate, excess of which was filtered 

off. The manganese content was estimated by titrating against 

a standard solution of ferrous ammonium sulphate. 

6. The Estimation of Cobalt(64)  

Cobalt could be estimated as its complex with a-nitroso R-
-naphthol but it was more convenient to use its complex with 

thiocyanate since it was found that uranium and cobalt could 

be determined in the same solution. After volatilisation 

of most bismuth as tribromide the residue was taken up in 

hydrochloric acid and potassium thiocyanate and acetone added. 

Uranium was estimated from the absorption at 390mli and cobalt 

from that at 600m11. 

7. The Estimation of Nickel(64)  

Nickel was estimated by absorption at 450mp, by its 

dimethylglyoxir,ae. complex. Bromine water was added to oxidise 

the nickel, and bismuth left after the volatilisation was 

complexed with tartaric acid. Since the colour of the 

dimethylglyoxime complex is not stable the determination was 

completed within ten minutes of its formation. 



170 

8. 	The Estimation of Rhodium(64)  

An aliquot of sample solution was treated with hydrobromic 

acid. The residue from this treatment was taken up in hydro- 

chloric acid and stannous chloride solution was added, 

Rhodium was estimated by absorption of light at 520m p, by a 

red-coloured compound of unknown chemical composition.(65)  

By a differential reading technique allowance was made for 

the interference caused in this determination by uranium. 
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Appendix II 

The Effect of Zirconium upon the Solubility of Iron in Bismuth 

While the uranium solubility studies were in progress 

Wilson and Graham reported some solubility results for iron 

in liquid bismuth-zirconium alloys.(66)  In their tests samples 

of steels were held in contact with liquid bismuth and bismuth-

zirconium alloy at 500°C for varying times up to 24 hours 

before separation of the liquid phase for analysis. The iron 

content in pure bismuth levelled off after a short time at 

about 25 ppm which is roughly the accepted solubility of iron 

in bismuth at 550°C. In the presence of 200 ppm of zirconium 

however, the curve appeared to level off at 10 ppm of iron 

and it was suggested that zirconium might have lowered the 

equilibrium iron solubility: This was contrary to the effect 

of zirconium on the solubility of Armco Iron in liquid bismuth 

as reported by American workers.(67)  

Inspection of the appropriate binary phase diagrams 

shows that bismuth and zirconium bond strongly and iron bonds 

more strongly with zirconium than with bismuth. Since the 

two factors controlling the iron activity coefficient act in 

opposition the effect of low concentrations of zirconium upon 

it cannot be predicted. High concentrations would be expected 

to decrease it and therefore at constant iron activity would 

increase the solubility. 

In order to check the measurements of Vilson and Graham 
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the apparatus used in the uranium solubility studies was 

modified. Liquid bismuth was held in a crucible of MOVA I 

steel, one of the materials used by Wilson and Graham in their 

experiments. So that little zirconium would be lost from 

melts by chemical reaction with the furnace atmosphere a 

heated tube of zirconium turnings was included in the gas 

purification train of the apparatus. 

In the first experiment the solubility of iron in pure 

bismuth was measured. The results are shown in the figure 

and are in agreement with previous work. 	- 

A crucible was pretreated with an alloy of bismuth- 400 

ppm zirconium at 500°C for three days following the procedure 

of Graham and Wilson and this was then filled with a fresh 

charge of the bismuth-zirconium alloy, inserted into the 

furnace and sampled in the usual way. The results of this 

second experiment are also shown in the figure. 

The variation of iron concentration with sample number 

suggests that these results are non-equilibrium but in all 

cases the iron solubility is greater than that in the binary. 

It seems likely therefore that zirconium increases the iron 

solubility. 

The results of Wilson and Graham may be interpreted 

as showing that zirconium reduces the rate of solution of 

iron in bismuth in the following way.. During pretreatment, 

a film comprised mainly of iron-zirconium intermetallic 

compound is formed on the surface of the MOVA I steel 
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crucible. At the commencement of a test the liquid bismuth 

at first saturates rapidly with iron in equilibrium with iron- 

zirconium compound. This however is unstable with respect to 

zirconium. nitride and nitrogen dissolved in the steel diffuses 

to the solid-liquid interface where the iron-zirconium compound 

decomposes and zirconium nitride is formed. The solubility 

of iron then rises slowly towards its equilibrium value with 

respect to the steel, the nitride layer at the interface 

acting as a diffusion barrier. 

The role of nitrogen in the inhibition of mass transfer 

of iron has been confirmed by Horsley(68)  who enclosed a mass 

transfer loop containing bismuth and zirconium in an 

atmosphere of dry ammonia. It is thought that the ammonia 

dissociated at the outside surface of the lo-T and that 

nitrogen atoms diffused through the steel to the inner 

surface where they combined with zirconium to form a co- 

herent layer of nitride which was observed when the loop was 

sectioned at the end of the experiment. Some pitting of 

the steel tube occurred where the nitrogen content of the 

steel would be expected to be low, for example near particles 

of A14N3. 
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Appendix Table I 

Composition of Samples  

Nominal 
Zirconium 
Content 

Melt 
No. 

Temp. of 	1 	Analysis of Samples 
sampling 	T 	Zirconium 	Iron 

°C 	ppm 	ppm 

None 15 	465 	1.355 	<25 	3 

54-4 	1.222 	 8 

668 	1.062 	,t 	73 

778 	0.951 	 177 

782 	0.949 	 167 

677 	1.052 	. 	90 

565 	1.192 	It 	 27 

467 	 1.351 	if 	4 

500 	21 	401 	1.484 	475 	18 

499 	1.294 	470 	17 

597 	1.150 	475 	49 

599 	1.146 	530 	67 

499 	1.294 	480 	34 
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