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INTRODUCTION 

The technology of liquid metals is a field which has been greatly 

stimulated by the advancement of the atomic energy program. More informa

tion is probably available about the use of liquid metals as coolants than 

for any other application. However, various metals are also considered for 

use as extraction agents in high temperature reprocessing of reactor fuels, 

as liquid-metal blanket systems, as liquid-metal fuel carriers, and as 

liquid-metal reactor fuels. The last category is the subject of this 

i nvestigation. 

As the interest in nuclear reactors intensifies, many new types of 

fuels are being suggested and tried in order to improve the economics of 

producing nuclear power. Nuclear fuel alloys in the molten state possess 

several attractive properties, such as 1. the ability to release the bulk 

of the volatile fission products, 2. little or no radiation damage, 3-

increased unitization of fuel because of possible higher burn-up, 4. sim

plified fuel handling and lower fabrication costs," and 5- an extra degree 

of reactor stability as a result of the large negative temperature coeffi

cient of reactivity. 

Coupled with the advantages of molten alloys, however, is the poten

tial for corrosion of the container with a resulting loss of fuel. Con

tainment or corrosion by liquid metals is perhaps the most important and 

most difficult problem encountered in their application. The majority of 

the early work concerning the containment problem involved the "trial and 

error'' approach. This method categorized certain metals and alloys as to 

whether they would contain a particular liquid metal at given temperatures 
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for various periods of time (1). Later other investigations were conducted 

to determine the types of interactions, such as dissolution of the solid 

container, intergranular penetration, compound formation, etc., which can 

occur between a liquid metal and a solid container. 

Previous experience with potential liquid-metal reactor fuels has 

shown that the solubility limits and immiscibi1ity of containment materials 

in particular liquid metals are decisive factors for a compatible system. 

The refractory metals and several chromium-molybdenum steels showed the 

best resistance to attack because of their low solubility and immiscibility 

properties. In 1958, another metal, yttrium, was reported to be nearly 

immiscible with liquid uranium (2); therefore it is also of interest. 

An important aspect of developing a liquid-metal fueled reactor 

system is the proper choice of liquid metais. When using uranium liquid-

metal fuels, a number of properties must be considered. Consideration must 

be given to 1. melting points, 2. percentages of fissionable material, 3-

heat transfer properties, 4. vapor pressures, 5. neutron absorption cross 

sections, and 6. corrosiveness at the temperatures of operation. In most 

cases the corrosiveness will dictate a certain alloy over others which may 

have more desirable properties. 

Reactor fuel temperatures are certain to rise as reactor technology 

advances. In today's power reactors, the solid-state nuclear fuel and 

its radioactive fission products are sealed in an envelope. Because this 

structural configuration must remain intact, the reactor temperature is 

limited to values of less than 1000°K. However, by relaxing the require

ment for the absolute containment of fuel and fission products, and by an 

appropriate choice of materials, temperatures of 2000°K or more are being 
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obtained in nuclear-rocket reactor experiments (3). This approach throws 

the door wide open for liquid metals both as coolants and as nuclear fuels. 

On the conservative side, Los Alamos Scientific Laboratory (4, 5) envisages 

maximum fuel to container interface temperatures for a reactor to be in the 

range of 850 to 1000°C. 

The 1133°C melting point of unalloyed uranium is too high for today's 

material technology, but various alloys of uranium have considerably lower 

melting points. Since previous work has been conducted with uranium-

bismuth and other low-percentage uranium alloys (6, 7), investigation of 

the high-percentage uranium alloys is suggested. Suitable uranium-base 

alloys may be found among uranium's lowest melting binary eutectics with 

chromium, manganese, iron, cobalt, and nickel. Table 1 lists the composi

tion and melting points of these eutectic alloys. 

Table 1. Composition and melting point data^ for five uranium eutectic 
a 1loys 

Eutectic 
alloy 

Compos ition 
wt.% 

Eutectic isotherm 
°C 

Known 
compounds 

U-Cr 95.0 % U- 5.0 7o Cr 859 None 

U-Mn 94 % U- 6 % Mn 716 UMn2, UgMn 

U-Fe 89.0 % U-11.0 % Fe 725 UFe^. UgFe 

U-Co 89 % U-11.0 % Co 734 6b 

U-Ni 89.5 % U-10.5 7o Ni 740 7 or more^ 

^Data from References 8, 9. 

'^See Elliott (9) for more information, 

""See Hansen and Anderko (8) for more information. 
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The observed order of increasing corrosiveness to yttrium and the 

refractory metals is U-Cr, U-Mn, U-Fe, U-Co, and U-Ni in accordance with 

ascending group numbers in the Periodic Chart (4, 5, 10), although the 

latter three eutectics appear to be about equally corrosive. The 

advantage of the uranium-chromium eutectic being the least corrosive is 

offset by its higher melting point. However, with a small addition of 

manganese, iron, cobalt, or nickel, it is possible to lower the melting 

point below 800°C. Because of this, U-Cr eutectic has potential as a 

liquid-metal fuel and its corrosion characteristics and liquid-metal 

properties are worthy of evaluation. 
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OBJECT OF T4IS INVESTIGATION 

The purpose of this investigation is to further the understanding of 

the field of liquid-metal corrosion by testing two possible liquid-metal 

reactor fuels, uranium-chromium eutectic and uranium-chromium-îron, in 

containers constructed of yttrium. The study was conducted using nominally 

static, isothermal test capsules as opposed to more expensive liquid-

metal loops. 

The objective of the experimental work was to establish the compati

bility of uranium-chromium eutectic with and without iron additions and 

their interactions with the container metal, yttrium; and to make a 

preliminary study of the ternary eutectic composition in the uranium-

chromium-iron system and a determination of yttrium solubility in the 

uranium-chromium eutectic with time, A further objective was to explain 

the results of the experimental tests in terms of the available theory 

on liquid-metal solutions and the various mechanisms by which liquid-metal 

corrosion can occur. 
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THEORY OF LIdUID-METAL SOLUTIONS 

The feasibility of all applications of liquid metals rest on the 

solubility or insolubility of other metals in the liquid metal of interest. 

Various authors have tried to show some dependence of solubility on such 

factors as the band structure of the solution, the atomic radii of the 

solute and solvent species, the electronegativites, the valencies, and the 

excitation energies of the atoms. Correlations of solubility with the 

Periodic Table both by group number and atomic number, with the solute 

melting points, with miscibi1ity-gap systems and the Hildebrand (11) 

solubility parameters, and with thermodynamic and other properties of the 

pure constituents have been made by numerous authors with some degree of 

success . 

The structure of a dilute liquid-metal solution in most cases is sim

ilar in a broad sense to that of the corresponding solid solution (12). 

The similarity, however, extends only to the immediate region around any 

particular atom. This has been proved fay X-ray diffraction experiments 

which show that metallic elements and solutions melt to form nearly close-

packed arrangements of atoms in the liquid state, even in cases where the 

solid is not close-packed. In metals that are not close-packed such as 

bismuth, the coordination number for the liquid is considerably greater 

than the solid, thus showing the tendency towards a close-packed structure 

in the 1iquid state. 

Although interpretations of X-ray data supporting that liquid metals 

contain aggregates resembling the solid structures are made by various au

thors, Hultgren and Orr (13) argue that these conclusions are questionable 
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in the sense that other hypotheses can explain the data equally well. The 

short-range order that is present is more a result of the metallic bonding 

through the sharing of electrons of nearest neighbors than from any specif

ic crystal lattice. The ordering is present up to distances of about twice 

the interatomic spacings of the solid and rapidly become obscure at dis

tances greater than this. 

Hildebrand and Scott (14, 15) have argued and shown by various experi

ments that the existence of long-range solid-like structures in liquids 

above their melting points are untenable. The transition from a solid to 

a liquid and vice versa is a discontinuous process. Hildebrand and Scott 

argue that a liquid several tenths of a degree above its melting point does 

not show the slighest intimation of what will happen as its temperature 

is lowered. That is, if any "solid-like" structures or "seeds" were pres

ent as postulated by Eyring and Ree (16), the fraction present would 

increase with descending temperature until the liquid solidified and 

long-range ordering again occurred. In 1936 Frenkel (17) also stated 

that "...to our views the liquid state is in all respects intermediate 

between the solid (crystalline) and the gaseous one and can be in princi

ple, connected with them by continuous transitions...". While today's 

theories on liquid solutions follow the reasoning of Hildebrand and Scott 

and Hultgren and Orr; nevertheless, a certain lack of regularity is found 

in solids at temperatures near their melting-points, as if a portion of 

the atoms were "dissolved" in the lattice and a portion of the lattice 

points were vacant. Furthermore, a certain amount of regularity is still 

found by X-ray analysis of liquids as mentioned above, especially near the 

solidification point. 
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The atoms of liquid metals are not vibrating about fixed positions, but 

each is milling around with its Immediate neighbors in essentially a random 

fashion, in fact, this assumption of randomness is a necessary postulate 

for several of the theoretical models used to predict thermodynamic proper

ties and behavior in liquid solutions. Several examples are the ideal-

solution model which obeys Raoult's law, Hildebrand's regular-solution model 

(11, 14), Bernai's molecular theory model (18), and Hardy's sub-regular so

lution model (19). The bonds in a liquid solution are almost the same as 

those in a solid solution but not of a nature to cause much ordering. 

In a pure liquid metal each interior atom is metallically bound to its 

neighboring atoms through a sharing of electrons. The atoms at the surface 

of the metal are similarly bound, but the number of nearest neighbors and 

hence the number of bonds associated with a surface atom are fewer than for 

an interior atom. On the other hand, the strength of the bonds at the 

surface is greater than that of the interior bonds, being proportional to 

the heat of vaporization AH^ divided by the number of bonds. Each atom, 

however, is able to move throughout the liquid medium and possesses a 

rapid thermal motion of a translational nature. The mobility increases 

with temperature. Hence, the number of nearest neighbors is the time-

averaged atomic environment about any given atom within the liquid. 

For a liquid metal which'exhibits a face-centered-cubic (FCC) or a 

hexagonal-close-packed (HCP) structure just prior to melting, the number 

of nearest neighbors should be close to 12, the coordination number for 

the closest-packing type structures. For the body-centered-cubic (BCC) 

structure, the coordination number for the solid is 8. X-ray diffraction 

experiments using the "radial distribution function" (20, 21, 22) reveal 
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no significant differences between the liquid and solid structures of BCC, 

FCC, and HCP metals, although slight changes in the number of nearest 

neighbors and in the distance of spacings are found. Coordination numbers 

for liquid metals vary from approximately 8 to nearly 12 (13, 20, 22) and 

show a nearly closed-packed arrangement. The number of nearest neighbors 

logically decreases with increasing temperature because of the increase in 

the interatomic spacing and loss of any short-range order. 

in like manner, the interior and surface atoms of a solid metal are 

similarly bound, but in this case the motion of the atoms would be limited 

essentially to oscillatory movements. A definite crystal lattice exists 

with long range order, and each atom has a fixed number of nearest neigh

bors except where a crystal defect might be located. Such defects would 

probably be manifested as grain boundaries and vacancies. The presence of 

a liquid metal at the surface will tend to alter the bonding of the sol

id's surface atoms especially near the points of imperfection and start 

the liquid-metal corrosion process. 

Sauerwald ̂ £1- (23) have been able to classify molten binary alloy 

systems into four main groups as a result of a systematic consideration of 

their properties. They have listed the systems as follows: 

1. Systems which exhibit intermetal1ic compounds in the solid phase 

(V Systems). 

2. Systems whose properties show no peculiarities, but can be 

postulated by a mean-value theorem (L Systems). Essentially 

these are ideal solutions. 

3. Systems showing certain segregation tendencies such as miscibility 

gaps (E Systems). 
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4. Intermediate systems which mutually pass from one group into 

another (Z Systems). 

The first three groups of binary solutions are classified as having 

short-range order, statistical species distribution, and short-range 

segregation, respectively. Strong linkages between unlike atoms cause 

preferential short-range order (V Systems) while the absence of the linkage 

leads to a random distribution (L Systems). Segregation tendencies result 

from a preponderance of self-linkages between like atoms (E Systems). Of 

the 789 constitutional diagrams examined, only 23 did not fit satisfac

torily into the systematic classifications. 

Since the systems U-Y and U-Cr-Y investigated in this paper exhibit 

miscibility gaps, the following property values associated with the E Sys

tems should exist: 

1. The phase diagrams exhibit points of inflection at the 

beginning and end of the miscibility gap, 

2. X-ray data reveal short range segregation; i.e., short-range 

ordering of like-groups of atoms. 

3. Surface tensions show strong surface activity. 

4. Viscosities exhibit points of inflection as the solution 

compositions are changed. 

5. The activity of the solutions will show a positive deviation 

from the ideal; i.e., positive deviations from Raoult's law are 

to be expected. 

6. The heat of mixing (AH^.^) will have a positive value in the range 

of +100 to +2000 cal/mole. 

7. The excess entropy (AS*^) will be positive in the range of +0.1 
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to +0.8 cal/mole. 

8. Values for the free energy of mixing (AF^) will be in the range of 

-15 to -1000 cal/mole. 

Entropy, either of melting or as excess entropy, is a function of the 

state of order of the solid state; thus, those systems which exhibit low 

entropies upon melting or when forming a solution exhibit little change in 

order, and liquid state coordination numbers should agree closely with 

those of the solid. Such is the case for pure uranium and yttrium upon 

melting as well as for the miscibility gap systems as shown by Sauerwald 

et al. (23). 

Thermodynamic and solubility data on the uranium-yttrium alloy sys

tem are meager; none could be found on the systems uranium-chromium-

yttrium and uranium-chromium-iron-yttrium. 

A phase diagram for the U-Y system has not been determined to date 

mainly because the miscibility gap extends nearly across the whole 

composition range in both the solid and liquid states. Solubilities of 

yttrium In molten uranium have been reported by Haefling and Daane (2) 

from 1150°C (0,075 wt.%) to 1250°C (0.11 wt.%). Also, metallographic 

evidence of a slight eutectic depression at the uranium-rich end was found. 

The Mound Laboratory (24, 25) evaluated yttrium as a possible contain

er material for viscosity measurements with liquid uranium at 1200°C, but 

found the metal unsuitable because of its slight solubility in uranium. 

The author also Investigated the U-Y system at the Ames Laboratory for 

corrosion and solubility limits at temperatures from 1150 to 1300°C (26). 

Sheinhartz e^ aj.- (27) determined physical and mechanical properties of 

various solid U-Y dispersions by means of powder metallurgy techniques. 
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No compounds were formed and both elements would have segregated if the 

matrix had been heated above the melting point of uranium. Unfortunately, 

these investigators did not determine any thermodynamic properties or 

correlate the U-Y system with available liquid metal solution models. 

Liquid-Metal Solution Models 

Several reliable sources of thermodynamic data on pure uranium and 

yttrium are available (28, 29, 30). If one is willing to draw upon one or 

more of the theoretical models used to predict various thermodynamic prop

erties, it is feasible to estimate some values with a certain degree of 

accuracy. Oriani (3I) in a critique of statistical theory models and inter

action theory models concluded that these existing models are able to give 

the experimentalist some, but very little, qualitative guidance. On the 

other hand, Sundquist (32) in reviewing three models for thermodynamic 

properties of miscibi1ity-gap systems found the model developed by Lumsden 

to give results that are often in excellent agreement with experiment and 

not off by more than 30%—a small error in the theoretical field of thermo

dynamics of liquid-metal solutions. Pratt (33) reached essentially the 

same conclusions about the Lumsden model as well as the sub-regular treat

ment by Hardy (I9). After an examination by computer, Anderson (34) sug

gested that the sub-regular model is most successful for exothermic systems 

while the Lumsden model, which is dependent upon atomic radii, works best 

for endothermic systems. This is so because endothermic systems are usual

ly associated with atomic size disparity. Oriani and Alcock (35) also pre

fer the sub-regular and Lumsden models but state that miscibi1ity-gap sys

tems are consistent with the regular-solution model of HiIdebrand (11). 
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The fact that the systems U-Y and UCr-Y contain liiiscibility gaps 

enables one to treat these systems in a special fashion. As shown by 

Sauerwald e^ aj.. (23) above, these systems have certain unique properties. 

Application of any one of the regular, sub-regular, or Lumsden solution 

models can be made to determine certain necessary thermodynamic properties. 

Since the regular solution model is the easiest to work with and a consid

erable number of predictions are based upon this theory, it will be applied 

to the systems in this investigation. 

First, however, an examination of why systems exhibit immiscibi1ity 

will be made. From the Hume-Rothery rules (21) it can be seen that certain 

conditions must be satisfied in order to form a liquid-metal solution. 

1. The relative sizes of the solute and solvent atoms must be such 

that the solvent lattice will not be unduly strained by the presence of the 

foreign solute atom. This size criterion requires that, for substitutional-

type solution, the relative sizes be nearly the same while interstitial-

type solutions are to be expected if the solute atoms are 15% or more 

smaller than those of the solvent. On the other hand, if the solute atoms 

are more than 15% larger than the solvent atoms, limited solubility and 

miscibility are to be expected. 

2. The lattice structures of the two elements must also be considered 

since the solubility depends on the type of bond formed in solution. Other 

conditions being equal, complete solubility can occur only when the compo

nents have similar crystal structures. 

3. The valency differences play an important part since it was found 

that, other things being equal, a metal of lower valency is more likely to 

dissolve one of higher valency than vice versa. 
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4. Electronegativities which are interrelated with atomic radii and 

valency give an indication of the strength of the bonds between unlike 

atoms. The greater the difference in electronegativities for two elements, 

the larger the heat of formation or strength of bonding (36) . The excess 

entropy of formation, AS*^, also gives a clue to the bonding between like 

and unlike atoms. If is negative, uni ike-atoms form the strongest 

bonds; or if is positive, there is a weaker bonding between solvent 

and solute atoms than between like-atoms. 

For Y-uranium and a-yttrium atoms, the respective atomic diameters (9) 

are 3-02 and 3-556 angstroms, which is a size difference of 18%. On 

this basis little solubility and appreciable immiscibiiity would be expect

ed. Yttrium shows the HCP structure to 1499°C (37) while uranium is BCC 

prior to melting; thus the two crystal structures are significantly dif

ferent to hinder solution formation. Yttrium has a valency of +3, whereas 

uranium has a +4 valence; thus uranium will not dissolve yttrium (Rule 3) 

to any great extent. On the electronegativity scale, uranium and yttrium 

have values of 1.22 and l.Jl (38) respectively, so it would be expected 

that little bonding would occur, and should be positive. 

1mmiscibi1ity in Liquid-Metal Systems 

Hildebrand and Scott (11) have presented a theory which holds for non-

polar liquids that can be applied to systems as a check for immiscibility. 

This formulation has been modified by Mott (39) to apply to metal systems 

by introducing an allowance for the increased energy caused by differences 

in electronegativities. Using the theory suggested, Mott was able to account 

for 426 alloy systems out of 529. The simple Hildebrand rule only accounted 
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for 312 systems out of the 529 total. Some of those that disagree can be 

interpreted in terms of errors in calculation of the energy factors. 

Shimoji (40) explained some of these exceptions by considering the repulsive 

forces as well as the attractive forces in liquid-metal solutions. 

The condition for complete miscibility according to HiIdebrand and 

Scott is given by 

5 + Vg) ( ÔA - 6^)2 < 2RT (1) 

where \l. and y are the molar volumes of components A and B, and ô and Ô 
Ad A B 

are their HiIdebrand solubilitiy parameters defined by 

AE and AH are the energy and heat of vaporization for the pure components, 

R is the gas constant, and T is the absolute temperature. 

Most solubility parameters listed in the literature (11, 39, 41) are 

calculated at 25°C where the value of RT (592 cal/mole) is usually neglect

ed in comparison with AH^, because it is less than the experimental error 

involved in determining Ah^ values. Therefore, the condition for immisci-

bility becomes 

! '"A + V > 2RT. (3) 

Mott modified Equation 3 by including a new term Eg, which represents the 

binding energy, as shown in Equation 4, 

' + Vg) (6^ - _ Eg > 2RT. (4) 

The binding energy. Eg, is the combined energy of all the bonds which can 

form between the two elements. While its value cannot be calculated exact

ly, a first approximation is given by 
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Eg = 23,060 n(X^ - Xg)^ cal/mole. (5) 

where n is the number of bonds per atom, and X^ and Xg are the electro

negativities of the pure elements in electron volts. Rearranging Equation 

4, and substituting Equation 5, one obtains for immiscibility 

Presumably the maximum number of bonds formed by a given metal is 

directly related to its valency, which for the metals in the periodic chart 

varies from 1 to 6. Therefore, as a first approximation if k is greater 

than 6, then immiscibility should be expected and if the value of k is less 

than 1, the metals will be miscible. Mott set the limits k s 6 for some im

miscibi lity and k ̂  2 for complete miscibilit". The upper limit for the 

average number of nearest neighbors is 12; hence, the average maximum num

ber of unlike nearest neighbors is 5, which is another reason for choosing 

this as the maximum number of bonds for Equation 6. For values between 2 

and 6, the incidence of immiscibility depends upon relative atomic sizes. 

Mott also extended his hypothesis briefly to ternary systems and listed 

several examples. To extend the range of miscibility of two metals A and 

B, it is suggested thai: the choice of the third metal C should be such that 

its solubility parameter be preferably in the range of 6^ — ôg or not 

greatly different from either, and the electronegativity X^ should be as 

different as possible from X^ and Xg. On the other hand, to continue 

immiscibility or increase its range, one should try the opposite approach. 

That is, 6^ should differ from the range of 0^ ôg and each value, and X^ 

should be very close to X^ and Xg. 

k = 
i (̂ A + ̂ B) ( - 2RT 

23,060 (X^ - Xg)2 

> n. (6) 
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Before proceeding to analyze the systems studied in this paper via sol

ubility parameters, it is necessary to point out the fact that ô's are usu

ally calculated at 25°C and change slightly with an increase in temperature. 

HiIdebrand and Scott (11) point out, however, that for high melting and 

boiling metals, these changes are relatively slight because of small coeffi

cients of thermal expansion and small changes in heat capacities, as well 

as small values for heats of fusion. For qualitative purposes, the value 

of 6«- 6 for a particular binary system is independent of temperature and 
A B 

much the same for solid and liquid phases. The decrease in Ô is also par

tially overcome by the term Vg) which increases with temperature. 

By examining the various values in Tables 2 and 3, one can analyze the 

systems U-Y, UCr-Y, and UCrFe-Y which were studied in this investigation. 

The U-Fe system is also given for reference. 

Table 2. Tabulation of data used to evaluate k in Equation 6^ 

E1ement Goldschmidt Densi ty Molar Solubility Electro-
diameter volume parameter" negativi ty 

^20° C ^298°K ^298°K X 

A g/cc cc/mole (ca]/cc)2 eV 

Chromi um 2,54 ( 9) 7.19 ( 9) 7.23 114.6 1-56 (38) 

1 ron 2.54 ( 9) 7.86 ( 9) 7.11 118,2 1.64 (38) 

Uranium 3.12 ( 9) 19.07 ( 9) 12,48 100.1 1.22 (38) 

Yttrium 3.606 (37) 4-457 (37) 19.95 71.3 1.11 (38) 

^Numbers in parentheses refer to the references cited in the Bibliog
raphy. 

'^Calculated from data in Reference 28 at 298°K using Equation 1 
and neglecting the value of RT, 
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Table 3 Tabulation of k in Equation 6 usi nq data from Table 2 

System è(V (V 5B'' 5(^4+ Vg)x 

(8A- 8;): 

i(V Ve)* 

»A- SB'' 

23,060 X 

<v s)' 

Mott 
number 

k 

cc/mole cal/cc ca1/mole 

-2RT® 

ca 1 /mo 1 e ca 1 /mo 1 e 
Eq. 6 

U-Cr 9.855 210.3 2,072 -2,789 2,666 -1 .0 

U-Fe 9.795 327-6 3,209 -1,652 4,068 -0.4 

Cr-Y 13.59 1,874.9 25,480 20,619 4,670 4.4 

Fe-Y 13.53 2,199.6 29,761 24,900 6,478 3.8 

U-Y 16.215 829.4 13,449 8,588 279 30.8 

^The value of 2RT (4861 cal/mole) was calculated at 1223°K (950°C), 
the temperature of interest in this investigation. 

If one uses only the simple Hildebrand immiscibi1ity rule (Equation 3), 

it is seen from column 4 of Table 3 that some immiscibi1ity would be 

expected in the Cr-Y, Fe-Y, and U-Y systems at 950*C. in fact, however, 

only the system U-Y exhibits any immiscibi1ity. Phase diagrams are avail

able for the first four systems in Table 3 and are shown in Figures 1, 2, 

3, and 4. 

On the other hand when Mott's modification is taken into account, only 

the system U-Y should be expected to definitely show immiscibi1ity. Both 

the Cr-Y and Fe-Y systems fall within the 2 < k < 6 range, and from Table 2 

it is seen that the atomic size difference is quite appreciable. There

fore, one might expect some immiscibi1ity in the two systems, in Reference 

9 note is made of two investigations where immiscibi1ity was found in the 

Cr-rich end of the Cr-Y system, but other authors listed in the same 
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reference refute this and suggest the e r r o r  is caused by gravity segre

gation which appears to be liquid immiscibi1ity. 

Based on Mott's extension to ternary systems, it is seen from 

Table 2 that addition of chromium or iron to the U-Y system helps immisci

bi lity from the solubility parameter viewpoint (6^ is larger than 6^ or 

ôg) but hinders it on the basis of electronegativity consideration (X^ is 

not close to X o r  X ). Therefore, it is not possible to tell how the 
A B 

systems U-Cr in yttrium and U-Cr-Fe in yttrium might react in view of 

possible liquid-metal corrosion. One item of interest should be pointed 

out, however. Both the U-Cr and U-Fe systems show negative Mott numbers, 

thus indicating that the atoms of these systems form stronger bonds than 

the atoms of the systems Cr-Y and Fe-Y. From this standpoint, additions 

of chromium and iron should tend to alloy with uranium rather than with 

yttrium. 

Determining the Solubility of Yttrium 

In very dilute solution, which would be expected for yttrium in 

uranium, U-Cr eutectic, and U-Cr-Fe eutectic at 950°C, all solutes may be 

expected to obey Henry's law. That is, the activity of yttrium as a sol

ute in solution is proportional to its mole fraction in solution 

ay = ky Ny ' (7) 

where ky is the Henry's law constant for yttrium in the liquid solution 

and Ny is the mole fraction of yttrium in solution. In dilute solutions, 

the constant may be considered as independent of solution composition. 

The constant may be identified with the activity coefficient. 
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ay =yY Ny (8) 

Likewise, the activity of yttrium in the solid phase is 

a S  = y s  w s .  ( 9 )  
Y Y Y 

At equilibrium, both activities are the same in both phases; 

°Y = "Y- (1°) 

But, Ny = 1 and ay = 1 assuming no solubility of the liquid in yttrium; 

therefore, the activity of yttrium in the dilute solution is also unity, 

and its activity coefficient is simply the reciprocal of its mole fraction 

(44) 

yj: = "T (for NJ = 1). (i i) 
Y N-

We could also have arrived at Equation 11 by considering 1. the common 

relationship of solubility versus temperature used to fit empirical data; 

i.e., 

In N = 2.3026 log^Q N = A - B/T, 

where N is the atomic or mole fraction of solute in the saturated solution 

at the temperature T°K, and A and B are assumed to be constants; and 2. the 

relationship for dilute solutions from solution theory 

I n  y  a  Y  .  ( 1 3 )  

Haefling ana Daane (2) and Rough and Bauer (42) reported solubilities 

of yttrium (and other rare earths) in uranium from 1150 to 12$0*C. Thus, by 

plotting these solubilities (converted to mole fractions) against reciprocal 

temperature, it is possible to estimate the solubility of yttrium in super

cooled uranium at 950°C. This has been done in Figure 5 with the data by 
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Haefling and Daane (see Table 4). The points do not all fall on a straight 

line because of experimental fluctuations in determining the solubilities. 

Therefore, a least squares treatment of the data was used to obtain the 

best line. This treatment gives In = 0.544 - 9,4l6/T. 

Table 4. Solubility and activity coefficients for yttrium in uranium 

Temp . . Temp. 
1000 
T Solubility 

Activi ty 

coeff i cient 

°C °K wt.% at.% < 
1300 1573 0.6357 (0.162)3 (0.433) (231) 

1250 1523 0.6566 0.15b 

0.114C 
0.401 

0.305 

249 

328 

1225 1498 0.6676 O.I44C 0.385 260 

1200 1473 0.6789 0.118= 0.315 317 

1175 1448 O.69O6 0.086= 0.230 435 

1 150 1423 0.7027 0.075b 0.201 498 

950 1223 0.8177 (0.0292) (0.0781) (1280) 

850 1123 0.8905 (0.00147) (0.0393) (2545) 

data 
^Values in parentheses , 
from haefling and Daane 

are extrapolated 
(2) ; In = 0. 

from a least 
544 - 9,416/T. 

squares fit of 

'^Data from Reference 42 
• 

"-Data from Haef1ing and Daane (2). 

As a further check of the solubility data for yttrium in supercooled 

uranium one can try the method described by Pasternak (45) using effective 

solubility parameters. The method requires the knowledge of the solubility 

of one metal in liquid uranium which does not form intermeta11ic compounds. 
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The data listed by Haefling and Daane for praseodymium in uranium appeared 

to have the best correlation with temperature; hence, these data were used 

for the reference metal (see Table 5)• 

First, the solubility data for praseodymium are plotted as the In Np^ 

versus 1/T on semilog graph paper using a least squares fit. The 

straight line is extended to the limit of 1/T = 0 where the value of 
Pr 

should be a measure of the excels partial molar entropy of mixing ( 

and the entropy of fusion ( . Similarly the slope of this straight 

line gives the partial molar heat of solution ( AHp^) if the heat of fusion 

( AH^) is known. The equation of the straight line is represented by the 

following equation which is derivea in Appenoix A: 

xs 
In = A - & = ASrn + Â Pr _ AĤ  + AHpr ( 14) 

P"" ' R RT 

where is the atomic or mole fraction of praseooymium in the liquid 

uranium solution at temperature T°K, and A and S a r e  constants determined 

by a least-squares fit. By assuming that the volume change on mixing is 

zero (a valid assumption for the rare earth-uranium systems because of the 

slight A-B type interactions), Hildebrand and Scott (11) have shown that 

45^ = \ («A - (15) 

where is tne molal volume of the solute, is the volume fraction of the 

solvent (=1 for dilute solutions), 5^^ is the Hildebrand solubility parameter 

for pure A, and fig is the effective solubility parameter determined from the 

plotted data. With the calculated the solubility equation for the 

second rare earth in uranium is determined by Equations 16 and 17 by sub

stituting the appropriate values for the solute of interest (yttrium), 
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slopel . B = + "a (Sa' (,&) 

A = + ^Pr . (17) 

Figure 5 compares this treatment with the values obtained by Haefling 

and Daane. It is seen that the predicted solubility is too low by a factor 

of more than 10 in the 1200*C range. It must be recalled, however, that 

predicted values are based on the accuracy of the five data points for 

praseodymium listed in Table 5, the assumption that = 0, and the fact 

that praseodymium is a liquid at the five temperatures listed. Actually, 

a better comparison would probably have resulted by using solubility data 

for gadolinium in uranium, but Haefling and Daane list only one value in 

their paper. Gadolinium is perhaps the rare earth which comes closest to 

the chemical properties of yttrium. No other data were found in the 

1i terature. 

Temperature coeffi cient of solubi1i ty 

At equilibrium solid metal A dissolved in liquid metal B can be 

written as 

^(solid) ̂  ̂(in liquid-metal B). 

One can write for the conditions at equilibrium with the solution in its 

standard state (21) 

AF° = -RT In K (19) 

where K, the equilibrium constant for reaction 18, is given in terms of the 

metal solubilities as 
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Table 5. Solubility data for praseodymium în uranium^ 

Temp. 

"C 

Temp. 

°K 

1000 

T 

O^-l 

Solubi1i ty 

wt.% 

Sol ability 

at.% 

Mole fraction 

1150 1423 0.7027 0.22 0.371 0.00371 

1175 1448 0.6906 0.27 0.455 0.00455 

1200 1473 0.6789 0.30 0.506 0.00506 

1225 1498 0.6676 0.32 0.539 0.00539 

1250 1523 0.6566 0.39 0.657 0.00657 

^Data 

11,390/T. 

from Haef1ing and Daane (2); least squares fit: In =2.43 -

sol id 

(20) 

Since the solution is extremely dilute in the systems of inter

est, am ,., = 1 and Equation 19 becomes 
"sol id 

AF® = - RT In a. . (21) 

*(B) 

g 
On a mole fraction basis a is N , the mole fraction of A in solution B. 

(B) 
The temperature coefficient of solubility is simply the rate of change of 

solubility with temperature, but it is usually expressed as 

d(R In Nh RT^ dN? ' 
Temp. Coef. of Sol. — , (22) 

d(1/T) dT 

Hence, Equation 22 becomes 

d(R In N®) d(AFVT) 
— = = AH° (23) 

d(l/T) d(l/T) 
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from the van't Hoff equation. But is the sum of the heat of fusion of 

pure solute A and the partial molar heat of solution at high dilution 

relative to pure liquid A. 

d(R In N^) 
— = AH° = AH + AH„ (24) 

d(l/T) A 

That is, the temperature coefficient of solubility is the slope of the 

g 
curve of In versus 1/T multiplied by the gas constant, R, as in Figure 5 

and Equation 14. Again, it is related to the Hildebrand solubility param

eter through Equation 16. 

Strauss e_t al_. (36, 46, 47) and White (48) have correlated the temper

ature coefficient of solubility and the A intercept (Equation 14) with an 

atomic size factor, S, for various liquid-metal solutions. S is defined 

as the ratio of the solvent radius to the solute radius. The data tend to 

fall on a curve shaped like the small letter "u" with a tail. Minimums 

occur at approximately S = 1.0 and 1.85. As a comparison with Figure 5, 

the Strauss curves predict values of In Np^ = - 4.19 - 5,270/T and In Ny = 

- 5.14 - 4,860/T. These values are too low by a factor of about 10 at 

1200®C. Their slopes do not compare favorably with the corresponding 

experimental plots either. Hence, the Strauss curves do not seem to be 

applicable to these systems. 

Estimati nq the uranium-yttri um system miscibi1ity gap 

The U-Y system exhibits a region of immiscibi1ity across the compo

sition range, but very slight solubilities exist at both ends with an eu-

tectic at the U-rich side. Between these points immiscibi1ity occurs, and 

the question of monotectic limits naturally arises. The extent of these 
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limits will also give a clue to the amount of dissolution corrosion which 

might occur. 

By regular solution theory, it i s  possible to predict the limits 

of immiscibi1ity by a method presented in Lewis and Randall (49)- Since 

the mutual solubilities are quite small for U-Y, the activities of the 

metals are not appreciably different from unity. The activity coefficients 

are calculated from 

1" \ ''b (25) 

where V jg the molar volume of the solute, cp^ is the volume fraction of 
A D 

the solvent, R is the gas constant, a.. 'S the Hildebrand interaction 
An 

parameter expressing deviation from ideal behavior, and is the activity 

coefficient at T°K. The parameter a.« 's estimated from thermodynamic 
Ao 

data for the pure constituents using the solubility parameters and 

'aB=(«a-«b)^ (26) 

The activity coefficients are given by 

B 

Equation 25 is readily derived from the expression for excess free energy 

of mixing, 6F*Î , given by Scatchard (49) as 
mix 

-xs 
A^mix - ̂ AB^B (28) 

where V is the molar volume of the solution and cp^ and are the volume 

fractions of constituents A and B as defined in Equation 29 below. The 

term, AF*Î , is defined as the deviation from Raoult's law and is related 
mix 

to the energy of bonding for A-A, B-B, and A-B bonds. As given, Equation 
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25, is found to be useful for estimated values when experimental data 

are lacking, in addition, it applies to asymmetric systems with unequal 

molar volumes. 

From Table 2 the solubility parameter for U is 100.1 (cal/cc)^, and 

that for Y is 71-3 (cal/cc)2. This gives 81$ .k  cal/cc for a.^ from Equa-
AB 

tion 26. With this value and  = 19-95 cc/mole, the activity coefficient 

for Y in supercooled liquid U at 950°C (assuming that the volume fraction 

of U is unity) from Equation 25 is 906.4. Using Equation 27, we get 0.110 

at.% Y and 99-890 at.% U for the U-rich phase. At the Y-rich end. Equation 

Y 
25 gives = 7O.8 for supercooled liquid uranium. Again with Equation 26, 

Ny = 1.413 at.% U. 

In a series of successive trials, the compositions calculated in a 

previous trial may be used to calculate the volume fractions (Equation 29), 

activity coefficients, and mole fractions in the following trial. 

CP. = ; cpn = —% (29) 
A v N + V N  8  V  N  4 -  V  N  

A A B B  A A B B  

Table 6 lists the limiting compositions of the mutual solubilities as pre

dicted by Equation 25 for several temperatures. The values under the col

umn Ny are compared in Figure 7 with the experimental solubility data 

(Table 4). A least squares fit was used to plot the predicted solubility. 

Estimating yttrium solubility in U-Cr and UCr-Fe eutectics 

The next question which arises is how can yttrium be expected to react 

with U-Cr and UCr-Fe eutectic solutions? To answer this question one must 

again rely on the meager information available in the literature and upon 

the thermodynamic properties of the pure constituents. 
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Te#p. Temp. RT "AB 

(Sy- Sy): 
inyj! R; < Y? 

u 

•c •K c#l/mo1e cal/cc •t.X Mt.X at.% •t.% at.% 

850 1123 2232 829.4 (7.4135)'' 
7.3990 

(1658 ) 
1634 

(0.0603) 
0.0612«= 0.0229 99.939 

(4.6375) 
4.5778 

(103.3 ) 
97.30 

(0.968) 
1.028 98.972 

950 1223 2430 829.4 (6.8095) 
6.7849 

( 906.4) 
884.4 

(0.1103) 
0.1131 0.0423 99.887 

(4.2597) 
4.1779 

( 70.79) 
65.23 

(1.413) 
1.533 98.467 

1050 1323 2629 829.4 (6.2940) 
6.2555 

( 541.3) 
520.9 

(0.1847) 
0.1920 0.0718 99.808 

(3.9372) 
3.8301 

( 51.27) 
46.07 

(1.950) 
2.171 97.829 

1150 1423 2828 829.4 (5.8511) 
5.7944 

( 347.6) 
328.4 

(0.2877) 
0.3045 0.1139 99.696 

(3.6602) 
3.5251 

( 38.87) 
33.96 

(2.573) 
2.945 97.055 

1175 1448 2877 829.4 (5.7515) 
5.6896 

( 314,7) 
295.8 

(0.3175) 
0.3381 0.1265 99.662 

(3.5978) 
3.4554 

( 36.52) 
31.67 

(2.738) 
3.158 96.842 

1200 1473 2927 829.4 (5.6532) 
5.5858 

( 285.2) 
266.6 

(0.3506) 
0.3751 0.1404 99.625 

(3.5364) 
3.3864 

( 34.34) 
29.56 

(2.912) 
3.383 96.617 

1225 1498 2977 829.4 (5.5583) 
5.4850 

( 259.4) 
241.0 

(0.3855) 
0.4149 0.1554 99.585 

(3.4770) 
3.3193 

( 32.36) 
27.64 

(3.090) 
3.618 96.382 

1250 1523 3027 829.4 (5.4665) 
5.3871 

( 236.6) 
218.6 

(0.4226) 
0.4575 0.1714 99.542 

(3.4196) 
3.2540 

( 30.56) 
25.89 

(3.273) 
3.862 96.138 

1300 1573 3126 829.4 (5.2933) 
5.2007 

( 199.0) 
181.4 

(0.5025) 
0.5513 0.2066 99.449 

(3.3113) 
3.1297 

( 27.42) 
22.87 

(3.647) 
4.373 95.627 

'Values for Wy, Vy, and 6^ are found In Table 2. 

''values In parentheses are first trial results with = I ; values below are those obtained after I to 4 successive trials. 

'The nine points fitted to Equation 12 by a least squares treatment yield: In Ny = 0.271 - 8,624/T. 
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From Table 2 and Figure 1 (U-Cr phase diagram) it is seen that both 

Y-uranium and chromium exhibit BCC structures and that the chromium atom 

is about 17% smaller. Chromium should then form a substitutional-type 

solid solution with uranium, and indeed it does. There are no intermeta11ic 

compounds formed; hence A-B bonds are not predominant. Since an eutec-

tic is formed, like atoms have greater attraction than unlike A-B atoms, 

but not to a point of iramiscibi1ity. Positive deviation from Raoult's 

law is thus the case, as it is for most metallic systems. The presence 

of 5-0 wt.% chromium in uranium has little effect on the phase trans

formation temperatures except for the Y — L transition. Sailer et al. 

(50) report a lowering of approximately 10°C for the or g transition 

and about 17°C for the 3 -• Y change. 

Iron also exhibits a BCC structure to about 910°C at which point it 

changes to FCC. The atomic sizes of iron and chromium are very close, but 

the U-Fe system is seen to have two intermeta11ic compounds (Figure 2). 

Thus, the bonding of the A-B atoms is somewhat stronger than either A-A or 

B-B bonds. This is also reflected in the differences in electronegativi

ties; 0.42 eV for U-Fe and 0.34 eV for U-Cr. A eutectic also exists in the 

system. The presence of iron at the U-Cr eutectic composition tends to low

er the melting-point temperature. Sailer e_t (51) report a 1.0 wt.% Fe 

addition to the U-Cr eutectic produces a ternary eutectic melting at 

approximately 757°C. This corresponds to a composition of 94.05 wt.% U-

4.95 wt.% Cr-1.00 wt.% Fe (77-75 at.% U-18.73 at.% Cr-3.52 at.% Fe). 

Although this composition does not exhibit an eutectic structure as seen 

later in the Results and Discussion, the calculations presented on 

the following pages were made using the composition of Sailer et al. 
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The phase diagrams for Cr-Y and Fe-Y (Figures 3 and 4) give one a 

fairly good indication as to what might happen in a liquid-metal corrosion 

system. Both systems exhibit eutectic-type diagrams, but Cr-Y has no 

intermetal1ic compounds whereas the Fe-Y system has four or more. 

Furthermore, the Fe-Y eutectic melts at 900°C, while that of the Cr-Y sys

tem melts at 1240°C. At 950°C, the temperature of interest in this in

vestigation, one might expect Fe-Y compound formation and increased solution 

attack. On the other hand, because the amount of iron present is small 

and two other elements are also present in solution, the amount of cor

rosion which occurs may be less than normally expected. In the Y-rich 

region, the liquidus temperatures of both Cr-Y, and Fe-Y drop gradually 

from the melting point of yttrium to the eutectic points. From this stand

point, chromium and iron are similar with respect to yttrium. 

The liquid characteristics for U-Cr eutectic and supercooled uranium 

towards yttrium should be similar. The presence of 81.6 at.% uranium 

in the matrix should tend to reduce the strength of Cr-Y type bonds. 

Hence, it might be expected that chromium would lower the solubility 

of yttrium. As a basis for comparison, the data on the solubility of 

cerium (a rare earth) in U-Cr eutectic (52) and uranium (2, 52) can be 

analyzed by using activity coefficients. Furthermore, both the U-Cr-Y 

and the U-Cr-Fe-Y systems can also be analyzed by use of Equation 25-

Voigt (52) reported the solubility of cerium in the U-Cr eutectic at 

970°C to be 1.5 wt.% (2,15 at.%). This yields an activity coefficient, 

at 970°C by Equation 27 of 46.5- By plotting the data from Haefling 

and Daane (2) for cerium In uranium as In y versus I/T (Figure 6), the 

activity coefficient for cerium in pure uranium at 970°C can be estimated. 
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A least squares fit of the data yields In Y = 2.266 + 2j406/T from which 

Y at 970°C (I243°K) is found to be 66.8 (Table 7)- Thus the activity 

coefficients of cerium in U-Cr eutectic are taken to be 69.6% of those for 

cerium in pure uranium. 

One would like to be able to compare yttrium in U-Cr with this same 

method by assuming the differences in the solubility of yttrium in uranium 

and U-Cr are similar to those for cerium in uranium and U-Cr. This is not 

a valid assumption because cerium has a +4 valency and a much greater 

temperature coefficient of solubility in uranium (2) than yttrium. 

Cerium is a liquid above 798°C while yttrium is still a solid to 1526°C 

(37). Therefore, since cerium behaves different from yttrium in uranium, 

it would by comparison be expected to act differently in U-Cr too. The 

behavior of the two should be more similar than if a non-rare earth metal 

were compared with yttrium in the two solvents. Use of this correlation 

predicts a solubility of yttrium in U-Cr eutectic of 0.0494 wt.% at 950°C 

as seen from Table 7» This compares with 0.0292 wt.% for yttrium in super

cooled uranium at 950° C (Table 4). 

Using Equation 25 one can analyze the solubility of yttrium in U-Cr 

and in UCr-Fe. To make the analogy requires one to assume that U-Cr and 

UCr-Fe eutectics act as pure components. Since a eutectic composition 

melts congruently, it exhibits characteristics of a compound or pure con

stituent. Hence, values for solubility parameters and molar volumes can be 

estimated by using weighted values of the pure elements. 

The molar volumes for U-Cr and UCr-Fe can be determined from the 

densities and average molecular weights of the eutectics. Reference 53 

lists a density of 17.3 g/cc for U-Cr at room temperature, and a density of 
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Table 7. Activity coefficients and solubility of cerium and yttrium in uranium and U-Cr eutectic 

T emp. Temp. 1000 

- 1  

Solubi1ity 

N 
U 
Ce 

wt.% Ce' 

U 
Ce 

& 
N 

at.% Ce 

Activity coefficients 

r 
u 
Ce 7Y 

^UCr^ 

Solubi1i ty 

NUCr 

at.% wt.% 

1250 1523 0.6566 1.50 2.522 39.7 ( 281.1)C 195.7 0.511 0.226 

1225 1498 0.6676 1.0 1.687 59.3 ( 311.7) 217.0 0.461 0.204 

1200 1473 0.6789 1.15 1.938 51.6 ( 346.7) 24l .4 0.414 0.183 

1175 1448 0.6906 1.25 2.105 47.5 ( 387.1) 269.5 0.371 0.164 

1 150 1423 0.7027 1.16 1.955 51.2 ( 433.8) 302.1 0.331 0.146 

970 1243 0.8045 (0.887) (1.497)^ (66.8)C (1131 ) 787.7 0.127 0.0560 

950 1223 0.8177 (0.859) (1.450) (69.0) (1281 ) 892.0 0.112 0.0494 

850 1123 0.8905 (0.720) (1.217) (82.1) (2543 ) 1770 0.0565 0.0249 

^Data from Haefling and Daane (2). 

''Estimated from = 69.6% 7^: In 7^^*^ = - In = - O.9O6 + 9,4l6/T from data at 970°C 
of Voigt (52) . Y Y 

In 7^^ = 2.266 /2,406/T or In 7^ = - 0.544 + 9,4l6/T (Figure 6) . 
'Values in parentheses are extrapolated from a least squares fit of data by Haefling and Daane: 

w 
Kn 
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HAEFLIN6 a DA A NE (2) TABLE 4 

CALCULATED FROM LEAST SQUARES 
FIT OF DATA BY (2 )  

CALCULATED FROM = 0.696 

5000 

3000 

2000 

In y"=-0 .54+ 9.42(103)  
800 

In yUCr,_ o.g|+ 9.42 (10̂ ) 

X 500 

_ 300 
w 

200 
u. 
li. 
UJ 

8 >-
»- 80 
> 

in = 2 .27+ 2.41 (10^) 
<t 

50 

30 

20 

1250% 1200% II50»C 970°C 950®C 850°C 

0.62 0.66 0.70 0.74 0.78 0.82 0.86 0.90 
lO^/T "K" '  

Figure 6. Activity coefficients (reciprocal mole fractions) of cerium and yttrium in uranium for 

predicting yttrium solubility In uranium-chromium eutectic 
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17-15 g/cc for a U-Cr eutectic that had been cast into iron tubes. Theo

retically, using = 19.07 g/cc, = 7.86 g/cc, and p^^ = 7.!9, one gets 

Pucr ~ 17.6 g/cc and py^r-Fe ~ ̂ 7.4 g/cc assuming no volume change upon 

mixing. McKee (54) lists the density of U-Cr eutectic at 0.985 the theo

retical density, i.e. 17.35 g/cc. Applying this factor to the UCr-Fe 

eutectic yields I7.l4 g/cc. These values will be used because they agree 

very closely with experimental values. The average molecular weight is 

determined by Equation 30, 

• wt.X U Jïcr 5Z2r 
238.03 ^ 51 .996 55.847 

Using the above densities and the average molecular weights, = 11.64 

cc/mole and ^ = 11.48 cc/mole. 
UCrPe 

Solubility parameters can be calculated with Equation 31 using the 

available heats of vaporization (28) and an atomic fraction weighting: 

r .7775 + .1873 + .0352 f 

' L %crFe J ' 

where the value of RT at room temperature (592 cal/mole) is ignored because 

of the uncertainties in the published data for Equation 3I yields 

= iOl.2 (cal/cc)'/^ and = 101.6 (cal/cc)'/^. 

Table 8 lists the results of the calculations using Equation 25 for 

the solubility limits of yttrium in U-Cr and UCr-Fe eutectics at various 

temperatures. Again several successive trials were made to obtain the 

final estimates shown below the parentheses. It is seen from Tables 6 and 

8 that on the basis of thermodynamic data of the pure constituents. 

Equation 25 predicts the following solubilities at 950° C: Y in U, 0.042 
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Table 8. Estimated solubility of yttrium In U-Cr and UCr-1.0 wt.% Fe eutectlcs predicted by Equation 25 

Tetnp. Temp. RT "AB 
(ëy- Gucf)' 

InY^R yllCr 

Y 

„UCr 

Y 
*AB 

^®y" ®UCrFe^ 

I n -yUCrFe yUCrFe 
Y 

uUCrFe 
"Y 

°C °K cal/mole c#l/cc at.% wt.% cal/cc at.% wt.% 

850 1123 2232 894.01 (7.9908)' 
7.9814 

(2954 ) 
2926 

(0.0339) 
0.0342" 

(0.0149) 
0.0151 

918.09 (8.2060) 
8.1982 

(3663 ) 
3634 

(0.0273) 
0.0275C 

(0.0123) 
0.0124 

950 1223 2430 894.01 (7.3397) 
7.3231 

(1540 ) 
1515 

(0.0649) 
0.0660 

(0.0286) 
0.0291 

918.09 (7.5374) 
7.5233 

(1877 ) 
1851 

(0.0533) 
0.0540 

(0.0241) 
0.0244 

1050 1323 2629 894.01 (6.7841) 
6.7571 

( 883.7) 
860.1 

(0.1132) 
0.116 

(0.0499) 
0.0512 

918.09 (6.9669) 
6.9436 

(1061 ) 
1036 

(0.0943) 
0.0965 

(0.0426) 
0.0436 

1150 1423 2828 894.01 (6.3068) 
6.2658 

( 548.3) 
526.3 

(0.1824) 
0.190 

(0.0804) 
0.0837 

918.09 (6.4766) 
6.4408 

( 649.8) 
626.9 

(0.154 ) 
0.160 

(0.0696) 
0.0721 

1200 1473 1927 894.01 (6.0934) 
6.0440 

( 442.9) 
421,6 

(0.2258) 
0.237 

(0.0996) 
0.105 

1250 1523 3027 894.01 (5.8921) 
5.8332 

( 362.2) 
341.5 

(0.2761) 
0.293 

(0.1218) 
0.129 

918.09 (6.0508) 
5.9988 

( 424.5) 
402.9 

(0.236 ) 
0.248 

(0.107 ) 
0.112 

\alues In parentheses are first trial results wlth^^ = I; values below are those obtained after I to 4 successive trials. 

''The points fitted to Equation 12 by a least squares treatment yield; In = 0.189 - 9,18I/T. 

'^The points fitted to Equation 12 by a least squares treatment yield: In Ny^^Fe ^ 0.171 - 9,406/T. 

*jo 
00 
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wt.%; Y in U-Cr, 0.029 wt.%; and Y in UCr-Fe, 0.024 wt.%. Equation 25 

thus predicts the solubility of yttrium in uranium to be less than in 

either U-Cr or UCr-Fe. This contradicts the solubility predicted from a 

comparison with cerium in Table from which it is seen that the solubility 

of yttrium in U-Cr eutectic is higher than in pure uranium. 

Comparison of the various methods of estimating yttrium solubility in 

the three solvents, uranium, U-Cr, and UCr-Fe, is shown in Figure 7-

Equation 25 shows the closest approximation to the actual values for 

yttrium in uranium. Since no published values are available for U-Cr and 

U-Cr-Fe eutectics, no comparison can be made for these systems. 

It is surprising that the slope of the least squares treatment of the 

data by Haefling and Daane for yttrium in uranium agrees so closely with 

that predicted by Equation 25 and the comparison using cerium. This indi

cates that both methods are probably useful in predicting solubilities 

reasonably close to actual values. On the other hand, the predictions by 

Strauss et aj_. (46, 47) and Pasternak (45) are not accurate enough to be 

of much use for the systems mentioned here. As seen in the Results and 

Discussion, the solubility of yttrium in uranium was found to be less than 

in U-Cr eutectic at the same temperature. Thus, it would appear that 

the use of the cerium comparison is the most accurate method to predict 

the solubility of yttrium in U-Cr. This method is still based upon exper

imental data, however, and can only be used for comparison with U-Cr, 

whereas Equation 25 predicts the solubilities for all three systems with 

a fair degree of accuracy on the basis of thermodynamic data of the pure 

constituents alone. 



www.manaraa.com

40 

10 -2 

.005 P 

OOata from Table 4: Y in U 

AData by Eq. 25: Table 6: Y in U 

8,620/T 

yData by Eq. 25: Table 8: Y in UCr 

In N^Cr . 0.19 - 9.180/T — 
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Figure 7- Comparison of yttrium solubility in uranium, uranium-chromium 
eutectic, and uranium-chromium-1.0 wt.% iron as predicted 

experimentally and theoretically 
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CORROSION BY LIQUID METALS 

The process of liquid-metal corrosion, although by no means a phenome

non completely understood, can be simply defined as any interaction between 

a solid and a molten metal. It is generally agreed that there is no accom

panying transfer of electrons as in the case of electrochemical corrosion. 

Often a weight gain or loss of the solid is associated with this inter

action. For the purposes of this paper, the solid will be considered a 

metal in the form of a capsule as opposed to a metal coupon immersed in a 

liquid metal. Although liquid-metal corrosion is a poorly understood 

process, it is possible to classify the various types of corrosion phenome

na which have been observed (1 ,  55 ,  56 ,  57 ,  58) .  

Liquid-Metal Corrosion Mechanisms 

Liquid-metal corrosion occurs because of a thermodynamic imbalance at 

the interface between the liquid and solid metals. The driving force for 

the reaction is the tendency for the chemical potentials of the liquid metal 

and the solid metal to equilibrate. In any practical system, this is an 

impossibility in the strict sense of definition; thus, transfer of mass by 

several possible mechanisms is achieved. These types of interactions can 

be classified as follows; 

A. Dissolution of the solid metal into the liquid metal. 

B. Intermeta11ic compound formation by alloying between the liquid 

metal and the solid metal. 

C. Inward diffusion or intergranular penetration of the solid metal 

by the liquid metal. 

D. Impurity reactions. 
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E. Dissimilar metal or concentration-gradient mass transfer. 

F. Temperature-gradient mass transfer. 

Corrosion can occur as a combination of one or more of tiie above 

mechanisms and becomes even more complicated if either the liquid metal or 

the solid metal is an alloy. Each of these corrosion interactions will be 

discussed in detail in the following paragraphs. Greater detail will be 

presented on the first three types since these were the only ones of con

cern in this investigation. The last three mechanisms are more important 

when studies involve dynamic conditions or different liquid-metal systems. 

Examples and photomicrographs of each type of interaction listed above are 

given in other references (6, 55, 57) and are not repeated here. 

D i ssoluti on of the solid meta 1 into the liquid meta 1 

For a two-component system of pure metals, the dissolution of solid 

metal (A) by liquid metal (B) can be represented by the reactions 

where represents the dilute liquid solution of solid metal in liquid 

metal without the formation of intermediate phases. At constant temperature 

the process continues until the chemical potential of A is equivalent in 

both the solid and liquid phases. The rate of dissolution is governed by 

the solution rate at the solid-liquid interface and by the diffusion rate 

of the solute away from this stagnant boundary layer. Either of these steps 

can be the controlling factor as illustrated in Figure 8 (59)- Diffusion-

controlled liquid-metal corrosion (A) is observed in the vast majority of 

cases for metal systems as well as for aqueous and organic dissolution. On 

or 

A (solid metal) ^ A (in liquid-metal B) 

A + B ^ A(g) 

(32a) 

(32b) 
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(A) (B) 

LIQUID BOUNDARY 
LAYER 

LIQUID 
Hg 

SOLID 
Fe 

SLOW RATE-
DETERMINING STEP 

FAST STEP 

LIQUID BOUNDARY 
LAYER 

LIQUID 
No 

SOLID 
Fe 

SLOW RATE-
DETERMINING STEP 

FAST STEP 

DIFFUSION - CONTROLLED 
CORROSION 

SOLUTION - CONTROLLED 
CORROSION 

Figure 8. Dissolution of a solid metal into a liquid metal 

the other hand, the solution-limited case (B) is rather rare. Epstein (59) 

lists the corrosion of iron by mercury to be Type A and the corrosion of 

iron by liquid sodium as Type B. Room temperature mercury passed over 

wetted iron attains its equilibrium solubility C^lppm) In a few seconds 

while iron in liquid sodium was found to require 2 hours or more to attain 

a saturated solution at 400®C. A third case exists where neither solution 

nor diffusion controls the dissolution; that is, the case where both proc

esses occur at about the same rate. Such a situation has not been reported 

in the literature to the author's knowledge for any liquid-metal system. 
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The solution rate at the solid-liquid interface is dependent in part 

upon the solubility and the coefficient of solubility of the solid metal 

in the liquid metal. An atom of the solid metal dissolves in the liquid 

metal by breaking bonds with its neighbor like-atoms and forming new bonds 

with liquid-metal atoms. The amount of corrosion caused by this process 

could easily be predicted if adequate solubility data were always available 

and other variables could be held constant. Unfortunately, such information 

is lacking for most liquid-metal systems, and the magnitude and temperature 

coefficients of solubilities of solid metals in liquid metals cannot be 

predicted with accuracy by the present theories for liquid metals (60). 

However, static isothermal tests are usually sufficient for determining the 

extent of dissolutive attack for liquid-metal systems which exhibit this 

type of corrosion. 

The diffusion rate from the solid-liquid interface, through the 

stagnant boundary layer and into the main body of liquid depends on the 

diffusion coefficient D. Diffusion occurs on an atomic scale and hence 

is governed by the structure of the liquid-metal solution. A number of 

theories on diffusion in liquids have been postulated, and several are 

presented in Appendix B of this paper. 

Dissolution theory The kinetics of dissolution of a solid metal 

into a liquid-metal solution involves two rate processes: the rate at 

which atoms pass from the solid metal surface into the liquid layer 

immediately adjacent to the solid and the rate at which atoms diffuse 

from this stagnant interface layer into the bulk of the liquid. Noyes 

and Whitney were the first to present an expression for the rate of 
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solution of a solid in a liquid. The formulation may be derived in the 

following manner (6l) . 

The rate of solution of the solid metal into the adjacent liquid 

layer can be expressed by the term where visa frequency factor, 

ng = the number of solid atoms per unit area of the solid surface, and 

A = the solid-liquid interface area. Opposing this is the rate of deposi

tion of dissolved solid atoms back onto the solid surface from the adjacent 

liquid layer. This latter rate is assumed to be proportional to the inter

face surface area. A, and the concentration of the adjacent liquid layer. 

The net rate of solid-atom transfer to the liquid per second, therefore, is 

g i ven by 

^ = vn^A - kgHA, (33) 

where n = the concentration of solute in the solution (atoms/cc) and kg = 

the proportionality solution-rate constant. When the solution becomes 

dN 
saturated, the net rate — = 0; thus 

v^s = k^n^, (34) 

where n^ = the saturation concentration of solute atoms (atoms/cc). if V = 

the volume of the solution (cm^), then N = nV where n = the concentration 

of the solute in the bulk of the solution (atoms/cc). From Equations 33 

and 34, 

= ksA(n^ - n) (35a). 

or 
dn _ kcA, . 
dT ' i-<"o - ") • (35b) 
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Integrating Equation 35b, with n = 0 at t = 0 and n = n^ at any time t, 

produces 

nj. = n^[l - Exp(-kgAt/V)] atoms/cc-sec. (36) 

One can also derive an expression in terms of a weight loss per unit 

time. The differential of Equation 36 is 

dn n k A 
ExpL-k^At/V] atoms/cc-sec. 

Multiplying both sides by MV/Ng, where M = the molecular weight of the . 

adro's nu 

(g/sec) for solution. 

solute and is Avogadro's number, gives the mass rate per unit time 

, n k AM 

yY " — Expi-kgAt/Vj g/sec. (38) 
o 

Since m = p^Ax, where p^= the density of the solute (g/cc) and x is the 

thickness (cm) of the layer of solid removed by dissolution, a measure of 

the rate of attack is ' ~ ~ 

n k M 
~ ° ̂ ExpL-k^At/Vj cm/sec. (39) 

' s o 

This readily integrates to Equation 40 assuming x = 0 at t = 0, 

n MV , . 
\ - Exp(-k.At/V)] cm. 

s o 

The second process in the over-all rate of dissolution is the diffusion 

of solute atoms across the stagnant boundary layer of "effective" thickness 

g as illustrated in Figure 9. In some cases (see Part B of this Section), 

compounds form in the liquid-metal solution, but still without altering the 

diffusion step. 
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H SATURATED 
LAYER OF 

THICKNESS 

8 

Vcc  OF L IQUID-

METAL SOLUTION 
CONTAINING n ATOMS 
PER cc 

Figure 9. Representation of stagnant boundary layer of thickness Q 

According to Pick's law, the number of atoms dN diffusing through the 

boundary layer in time dt across an area A (cm^) is proportional to the 

concentration gradient or 

dN = - DA^t 
QZ 

(41) 

where the proportionality constant D, is termed the diffusion coefficient 

(cmf/sec). Since n = N/V and ̂  ^, where n' is the concentration of 

solute atoms in the diffusion layer. 

^ = M 

If one assumes D to be independent of n, then Equation 41 yields, 

upon integration with n = 0 at t = 0, 

2 = ,n_X-

(42) 

At n -n. (43) 
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or = n'[] - Exp(-DAt/Vo)] - ^2^4) 

At the surface of the solid metal, the solution and diffusion rates are 

equal, thus combining Equation 35b and Equation 42 gives 

M („o-n') (n'-n). (45) 

Hence, 

kg + (n/n̂ )(D/6) 

'o + (D /6)  (46) 

When the rate of passage of solid atoms into the diffusion layer is 

relatively fast, »D/Ô ; then n' n^, that is, the concentration of 

solute atoms in the diffusion layer approaches the saturation value so that 

the net rate of dissolution is controlled by the diffusion process (Fig

ure 8a). If the rate of solution of solid atoms into the diffusion layer is 

relatively slow, k^ « D/g, and n' - n. Under that condition, the diffu

sion layer does not exist, and one has solution-control led dissolution 

(Figure 8b). 

Eliminating n' from Equations 45 and 46 results in a general expression 

for the net rate of dissolution, 

dn - n) 

which integrates to 

dt V[1 + kg(ô/D)] 

n k At 

* V[l + k^(6/D)] 

or n^ = n^jl - Exp[-(k^At/V]/[l + k^ô/D)]|. (48b) 
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This equation reduces to Equation 44 when » D/Ô or the rate-

controlling step is diffusion through the boundary layer, and to Equation 

36 when kg « D/Ô or the rate-controlling step is solution of the atoms 

across the solid-liquid interface. 

As mentioned earlier in this Section if kg D/g, then neither step 

is rate-controlling and the general expression for n^ applies (Equation 

48b). This case has not been observed for liquid metal dissolution. Using 

a dissolution-rate constant, a. Equation 48b reduces to 

n^ = ng[l - Exp(- aAt/V)], (49) 

where # = kg (Solution-controlled), (50) 

or a = D/6 (Diffusion-controlled). (5^) 

The techniques for determining n^, the saturation concentration, are 

well known and described in many sources. The experimental determination 

of a is usually accomplished by measuring n^ as a function of time at 

constant temperature. The slope of the curve obtained from a plot of 

log - n_)] versus t is a {A/\l) . The terms n^ and n^ can represent 

any appropriate measure of concentration, such as atoms/cc, g/cc, ppm, etc., 

as long as the two are consistent. 

Dissolution can occur under two conditions: 1. the static case where 

the body of liquid metal in contact with the solid metal is quiescent and 

2. the dynamic case where there exists a relative velocity, v, between the 

bulk of the liquid metal and the solid metal surface. Under dynamic-

conditions it is usually easy to determine which step in the dissolution 

process is rate controlling. Epstein (62) and others have observed that 

in solution-controlled dissolution, the dissolution rate constants were 
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independent of velocity; but for diffusion-controlled dissolution, a 

increased with velocity, usually linearly (62, 63, 64, 65). 

The static case of dissolution presents more of a problem to determine 

which step is rate controlling. The dissolution-rate constant is usually 

found to be temperature dependent according to an Arrhenius-type expression 

a = o^ExpC-AE/RT], (52) 

where AE can be taken as the over-all activation energy for the dissolu

tion process. The slope of a plot of In 0? versus 1/T yields an experimen

tal- value for AE which can be compared with relative values of solid-liquid 

interfacial tension, if such data exist for the systems of interest. This 

follows if the activation energy for dissolution is regarded as a measure 

of the energy barrier to a solid-metal atom passing from the bulk of the 

solid through the interface into the liquid metal, and if the interfacial 

tension is assumed to be a measure of this energy barrier. Because values 

for interfacial tensions are scarce for liquid-metal systems, it is probably 

easier to determine if the dissolution process is diffusion controlled for 

the static test case. 

For the latter situation, ct = D/g, and usually 6 is found to be 

independent of temperature whereas D is not. Therefore, by knowing D and 

a at various temperatures, a comparison of 6 with temperature should yield 

almost constant values. Epstein (62) shows a to be given by a two param

eter equation of the form 

In Of = a - b/T, (53) 

which is equivalent to Equation 52. Ward and Taylor (64) found a to be 

independent of temperature, but their data were taken at two temperatures 
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only 50°C apart. Hence, their conclusion was not well corroborated. 

it is possible to arrange Equation 49 to yield an expression independ

ent of a. A, and V, which is obeyed for all dissolution data at any tem

perature and under static or dynamic conditions (64). Let n^ = (x)(no) 

where x is any fraction less than unity, and t^ = the time for n^ of 

Equation 49 to reach the concentration n^. Therefore, by Equation 49 

= n^fl - Exp(-QAt^/V)] = xn^ (54) 

and 

1 - X = Exp(-a At^/V). (55) 

Taking the natural log of both sides, one can solve for 

aA/V = -(l/t^)ln(l - x). (56) 

Substituting Equation 56 into Equation 49 with n^ = n^/x yields 

= (i/x)|l - Exp[(t/t^)ln(l -x)]|. (57) 

Being independent of geometry. Equation 57 as a general expression 

can be used to extrapolate concentration-time relationships from limited 

experimental data. 

Corrosion engineers usually express the results of experimentation in 

terms of a corrosion rate 

R = AW/At (g/cmZ-sec), (58) 

where 6 W is the total change in weight of a specimen of area A exposed to 

the liquid metal for a time t. AW can also be thought of as the weight 

of solute in solution that contacted area A of solid metal. A mass balance 

with Equation 49 shows that 

AW =» -n[V, (59) 
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the minus sign indicating a weight loss of solid metal. Thus, 

R = -(n^\//At)[l - Exp(-aAt/V)] g/cm^-sec. (60) 

if the corrosion experiment is carried out to saturation; that is, t» 

V/( aA), then Equation 60 reduces to 

R = -(n^V/At). 

Up to this point, details about the diffusion coefficient, D, have not 

been mentioned. It has seen that for both static and dynamic dissolution 

processes that are diffusion-controlled, the dissolution-rate constant, 

ot, is equal to D/Ô. Almost all liquid-metal systems studied from a 

dissolution standpoint are found to be diffusion controlled (66); hence the 

need to determine D. 

The diffusion of molecules and ions in aqueous or organic solvents has 

been studied extensively for many years. In the case of liquid metals, 

however, there is a deficiency of information on diffusion coefficients. 

This is caused by the experimental difficulties encountered in determining 

liquid-metal diffusivities and by a lack of reliable theories to account 

for the phenomenon of liquid diffusion. 

In papers on diffusion in liquid metals, Pasternak and Olander (67) 

have compared two methods of determining mutual diffusion coefficients in 

dilute solutions. The first method is a modification of Eyring's absolute-

rate theory, and the second is an application of the principle of corres

ponding states by Thomaes and Itterbeek (68). The absolute-rate method 

requires only pure component viscosity and density data which are usually 

available or which can be estimated by various correlations where data are 

lacking (69, 70). The corresponding-states method, on the other hand. 
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requires partial molar heat of mixing data, which may not be available for 

the systems of interest. This is certainly the case for the Y-UCr and 

Y-UCrFe systems. The accuracy of both methods is about the same, and since 

the method based on absolute-rate theory requires only pure component data, 

it is the simpler of the two methods and can be applied to more systems. 

Hence, this method will be used in this investigation to calculate the 

diffusion coefficients for the systems of concern. This has been done in 

Appendix B. 

It must be noted here in closing on dissolution theory that when 

the solid-metal container is an alloy, the over-all dissolution process 

becomes considerably more complicated. Each alloy constituent will ex

hibit a different solubility and a different coefficient of solubility 

in the liquid metal. Likewise, the diffusion coefficients for each ele

ment in the liquid-metal solution will be different and each element of 

the alloy will be seeking an equilibrium value. Further complications 

are involved when intermetal1ic compounds are formed between the liquid 

metal and one or more of the alloy constituents, as discussed in the 

next section. 

Intermetal1ic compound formation 

Type A liquid-metal corrosion consists of solution of the solid 

metal into the liquid metal followed by diffusion of the solute atoms 

across a stagnant boundary layer of thickness 6 into the main body of the 

liquid metal. No other reactions occurred in the dissolution process 

and only two species were present. 
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In Type B corrosion considered here, dissolution corrosion must first 

appear followed by a reaction leading to one or more intermetal1ic compounds 

at the interface region. A reaction for this type of liquid-metal corrosion 

can be represented by the following equation: 

A (solid metal) + B (liquid-metal) ^ A^By (62) 

where A^By is an intermetal1ic compound consisting of x atomic parts of A 

and y atomic parts of B. Metallographic examination. X-ray diffraction 

analysis, and hardness testing are three methods of determining intermetal-

•lic compound formation. In addition, phase diagram information is often 

available (8, 9)• 

For continued corrosion to occur by this process, the solution of A 

atoms into B must proceed followed by diffusion through the intermetallie 

compound layers. Likewise, liquid-metal B atoms must diffuse from the 

bulk of the liquid through the compound layers in order to cause solute 

atoms to dissolve. Usually the diffusion coefficients will be different 

for the two processes. 

Here again, the rate of growth of the compound layers is governed 

either by the solution rate or by the diffusion processes. If solution 

controlled, the rate of growth (thickness) of the intermediate phases will 

be very slow until the liquid solution has progressed well towards 

equilibrium, at which time the thickness increase will be governed by the 

reaction rate of compound formation. If the growth of the compound layers 

is controlled purely by diffusion, as is usually the case (71), the in

crease in thickness should follow a parabolic law, 

= k't (63) 
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where x is the thickness of the intermetal1ic phase after time t and k' is 

the parabolic rate constant at the temperature of interest. It is assumed 

that the layer is coherent and does not tend to break up and float away 

from the interface region. 

It is important to note that when pure metals are involved, inter-

metallic compound formation must continue until one phase (either A or B) 

has disappeared as dictated by the phase rule. Thus equilibrium can not 

be obtained in a binary system undergoing Type B corrosion unless diffusion 

through the intermetal1ic phases is halted by some physical barrier. Since 

diffusion is a rather slow process, intermediate phases of constant compo

sition might possibly furnish the necessary barrier. At best, however, 

the diffusion process would probably continue at an infinitesimal rate. 

The amount of the original solid metal which goes into true solution 

in the liquid metal will naturally depend upon the volume of liquid present 

(see Type A corrosion) but the growth rate of the intermetal1ic phases 

should be independent (or nearly so) of this volume (71). 

Because a true equilibrium cannot be obtained in systems which form 

intermetallie compounds, these systems are unlikely to be of interest in 

circumstances demanding a very high corrosion resistance. Even if the 

intermetallie compounds form coherent layers in the interface region, 

reduced corrosion attack still continues because of diffusion through the 

layers. The formation of intermetallie compounds is usually associated 

with appreciable solubility of the solid in the liquid metal. Unfortu

nately there is no satisfactory theory from which the formation of inter-

metallic compounds can be predicted. 
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Sauerwald et. ̂ . (23) classified systems of binary alloys which exhibit 

intermetal1ic compounds (V systems) as a special group, just as they did 

the miscibility gap systems discussed earlier. The "V systems" show strong 

linkages between unlike atoms which cause preferential short range order. 

As expected this group of systems exhibits peculiarities in thermodynamic 

and other physio-chemical properties. When atoms of elements in V systems 

have only slight affinities, their behavior approach those of the L systems 

(systems showing no peculiarities). The following properties are character

istic of intermetallie (V) systems: 

1. The phase diagram should exhibit congruent intermetal1ic compounds. 

2. The heat of mixing ( 'S large and exothermic, ranging from 

-500 to > -10,000 cal/mole. 

3. The excess entropy ( AS*^) is positive and varies from 0 to 3-0 

cal/mole °K. 

4. The free energy of mixing ( Ap^ix) is large and ranges from -1500 

to 9000 cal/mole. 

5- The activity of these systems shows a negative deviation f rom the 

i dea1. 

6. X-ray data show short range ordering. 

7. A change in volume is to be expected of up to 30% upon mixing. 

8. Viscosities values will show extremes and points of inflection as 

the system composition changes. 

in this investigation only the Fe-Y system exhibits compound formation 

(Figure 4). Iron also forms two întermeta11ic phases with uranium 

(Figure 2), which tends to limit the extent of possible formation of 
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Fe-Y compounds. A quaternary system such as UCrFe in yttrium is greatly 

complicated from this standpoint. It is possible that diffusion barriers 

might be formed as mentioned above. 

In almost all cases the intermeta!1ic compounds formed in Type B 

corrosion have higher melting points than liquid metal B. Thus the layer 

formed adjacent to solid metal A will be a solid at the temperature of 

i nterest. 

In all systems the liquid has a certain solubility in the solid, and 

no matter how slight there must always be some diffusion into the solid 

with the subsequent formation of a solid solution (just as in Type A corro

sion). However, the term "intermediate phase" is not applied to a solid 

solution whether compounds are formed below the original surface or not. 

This type of inward diffusion, it if does not occur along grain boundaries, 

involves only several atomic layers. Diffusion along grain boundaries can 

proceed to a much greater depth and will be discussed under Type C corro

sion. In most systems investigated with high corrosion resistance, the 

solid solubility is usually very slight and signs of a solid solution are 

not generally detectable (71). 

From the correlation by Mott (39) it is seen that when k<2, bonding 

between A-B atoms is stronger than between A-A or B-B pairs. This is 

exactly what happens when intermeta11ic phases are formed, A-B type bonds 

predominate. According to Pauling (72), the differences in electronegativ

ities for two elements is an indication of the strength of bonding between 

the two: the larger the electronegativity difference, the stronger the 

bond. Of the four elements of concern in this study (Table 2), iron and 

yttrium have the largest electronegativity difference (0.53 eV). From this 
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viewpoint some intermeta11ic phase formation would be expected, but one must 

also look at the large differences in atomic diameter (2.54 A for iron 

versus 3-606 A. for yttrium) and the solubility parameters (118.2 for iron 

vs. 71-3 for yttrium). These latter two factors tend to override the 

formation of an intermediate phase. Mott's value of k from Table 3 for 

Fe-Y is 3-8 whereas k for U-Cr, which exhibits no intermediate phases, is 

-1.0. U-Fe, which has two intermetal1ic compounds, has a k = -0.4. As seen 

in Figure 4, the four Y-Fe compounds which are possible occur on the iron-

rich side of the phase diagram probably because of the large atomic size 

difference. Thus a predominance of iron is necessary before compound 

formation can occur. In the UCr-l.O wt.% Fe system of interest in this 

study, yttrium atoms available for reaction would outnumber the amount of 

iron present. Hence, little intermetallie compound formation should be 

found in the UCrFe-Y system. 

The use of an alloy container with one or more constituents which can 

form intermetallie compounds with the liquid metal again complicates the 

situation. Exactly what might happen cannot be predicted by theory and 

even phase diagram information may be of little help. Instead of increasing 

corrosion an alloy might show higher corrosion resistance than any of its 

pure constituents. 

An alloy which exhibits intermetallie compounds among its own constit

uents may show better corrosion resistance towards the liquid metal (with 

which it does not form compounds) than the pure constituents do. Weeks and 

Gurinsky (73) cite such cases for lead in alloys with intermetallie com

pounds. Alloys in which no compound formation occurred showed relatively 
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lower resistance to mass transfer. In general, however, if the liquid 

metal forms a compound with one of the alloy constituents, corrosion 

attack of a noticeable degree would be expected. Whether it would be 

enough to prohibit the alloy's use for a container could only be 

determined by actual experimentation. 

In summary. Type B corrosion attack occurs through the formation of 

new solid intermetal1ic phases between the liquid and solid metals. This 

corrosion is also accompanied by dissolution and diffusion processes. When 

solubility in the liquid is high, the increase in thickness of the interned 

iate layers is delayed until the liquid approaches its equilibrium solubil

ity. Subsequently, new phases become thicker because of diffusion of solid 

and liquid atoms through them. The rate of growth usually decreases with 

time. A consequence of this type of corrosion, barring the interruption of 

diffusion, is that attack must continue until either the solid or liquid 

has completely transferred to a new phase. In particular instances, the 

intermetal1ic phases are not coherent but tend to break away forming a 

suspension. This results in an increased rate of corrosion attack. If a 

solid alloy contacts the liquid metal, the situation becomes more compli

cated although less attack could possibly occur. Only experimental tests 

will give the answer to what to expect. 

Interqranular pénétra t i on of the solid meta 1 

When liquid-metal atoms are capable of penetrating the boundaries 

between individual grains of a solid metal, any of three possibilities can 

occur: 1. The liquid-metal atoms can penetrate the entire thickness of 

the solid. 2. Dissolution attack can occur between the grains which will 
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enlarge the boundary area and produce further attack. 3- Dissolution 

occurs followed by the formation of intermetal1ic compounds between grains. 

All three processes involve diffusion of liquid-metal atoms from the bulk 

of the liquid into the solid-metal grain boundaries. Stress corrosion 

occurs in the same manner for stressed solid metals by causing embrittle-

ment along the grain boundaries. 

If a metal is heated several hundred degrees above room temperature, 

the surface regions intersected by grain boundaries will attain an equi

librium structure by surface diffusion. At the site of each grain boundary 

a slight groove is formed as shown in Figure 10; this phenomenon is referred 

to as thermal grooving (74). The surface tensions, Y, soon reach 

VAPOR OF METAL 

GRAIN-
BOUNDARY 

(a)  (b)  
Figure 10. Thermal grooving of metal surfaces at elevated temperatures 

equilibrium and by Smith's equation (75) 

Cos e/2 = (64a) 

or cos e/2 = YGg/2Y;L (64b) 

where Ygg is the surface tension (interfacial energy) of the grain boundary, 

Ygy is the solid-vapor surface tension, and Yç, is the solid-liquid surface 
SL 

tension when the surface is contacted by a liquid metal. The angle, 0, is 
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referred to as the dihedral angle or the groove angle. Likewise, when a 

metal surface is exposed to a liquid metal at elevated temperatures, similar 

thermal grooving may occur, but the groove angle is usually smaller and may 

be zero. This is represented in Figure 11. 

GRAIN ^ 
BOUNDARY 

(a)  (b)  

Figure 11. Schematic presentation of surface tension effects in grain 
boundary penetration 

In the example illustrated in Figure lib, the groove angle 8 > 0°, so 

that "Ygg < by Equation 64, and the surface tensions are in equilib

rium. Such a configuration creats a stable liquid-solid geometry, and the 

liquid will not penetrate the grain boundary. If however, 0=0°, then 

Ygg ̂  ̂^sL' surface tension equilibrium is not attainable. Thus, the 

liquid penetrates the grain boundaries and destroys the adhesion between 

grains. This is the case for complete grain-boundary filming by the liquid. 

The above two examples are actually observed in the Cu-Pb and Cu-Bi 

systems, respectively. Molten lead at 900°C does not embrittle copper, but 

bismuth at the same temperature rapidly penetrates the copper grain bounda

ries and destroys its mechanical strength. This type of attack is easily 

detected by tensile testing or bending tests. Figures 12a and 12b, drawn 
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from photomicrographs of Smith (75), show that for Cu-Pb the groove angle 

Is stable (~60°); but for Cu-Bl the groove angle Is approximately zero, and 

grain boundary penetration occurs. 

( a )  ( b )  

Figure 12. Grain boundary grooves for (a) Pb + Cu and (b) BÎ + Cu 

A third case Is Illustrated In Figure 13 where 

GRAIN A \ 

SL 

GRAIN B 

iRAIN Tgb 

<1.6, 
GB 

Figure 13. Intergranular penetration Into a triple grain Intersection 
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Under these conditions, the liquid metal can penetrate triple grain 

intersections and diffuse through the metal by flowing along these 

channels (76). As Yg|_ approaches Ygg, the stable liquid-phase geometry 

progresses through the channel configuration to a complete boundary film 

penetration requires that must be greater than 1.6Ygg-

The dihedral angle is of primary importance in connection with the 

penetration of a liquid metal into a solid metal. If the solid metal is 

slightly soluble in the liquid, it will dissolve most rapidly at the grain 

boundaries. When 0 is greater than zero, penetration will cease as soon 

as the groove angle is reached, and further dissolution attack must oc-.ur 

under conditions that sustain this angle, if, however, the dihedral 

angle is zero, intergranular penetration proceeds continuously and the 

liquid metal is carried in by capillary action. This results in a prying 

apart of the grains and inexorable disintegration of the solid. Such 

action is intensified when a stress is present; in fact, a tensile stress 

can probably cause penetration even when S is somewhat greater than zero. 

If the surface tensions of the pure constituents of a liquid-metal 

corrosion system are known or can be estimated, it is possible to predict 

theoretically if grain-boundary penetration will occur. Good (74) gives 

the following equation relating the three surface tensions: 

at 2Y ^ Y (Figure 12b). Thus, to prevent this type of intergranular 
SL GB GB 

(66) 

where 

i 

(67) 
[(v,)3 + (v,)̂ ]: ' 

% ! ~5~9 
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is the surface tension of the liquid metal in contact with its vapor, 

and and V2 are the molar volumes of the pure constituents at the tempera

ture of interest. Using Equation 64b the dihedral angle 9 can be calculated 

if Ygg is known for the solid metal of interest. Otherwise, actual measure

ments of the angle from microstructure are necessary. There is apparently 

no theory applicable for the calculation of YQB> which must be determined 

experimentally. Since Y is not known for yttrium. It is not possible to 
GB 

calculate a value for the dihedral angle 9 and thereby determine if grain-

boundary penetration occurs without measuring Y experimentally. Also Ysy 

for yttrium has not been determined and the method of Grosse (77, 78, 79) 

is not applicable for solid-vapor surface tensions. A fair approximation 

of Ygy, however, can be made by assuming Y^^ ~ for supercooled yttrium 

at 950°C and using Equation 66 and Crosse's method to obtain Y^^- Yg^^ can 

also be estimated from Equation 68 as shown by Weeks (80). 

When there is a large difference in atom size or if the two metals are 

immiscible. Smith states that the interfacial tension, Y^j^» can easily exceed 

half of that for Y • Such is the case for uranium and yttrium; hence grain 
GB 

boundary penetration would not be expected for this system. 

Weeks (80) has related Yg|^ to the partial molar enthalpy, AH, associ

ated with the transition of atoms from, the pure solid into liquid solution 

by Equation 71, 

AH/YS L  % K V/d, (68) 

where V is the molar volume and d is the closest approach of atoms for the 

solute. The value of AH is calculated from the solubility curve after a 

method by Kleppa and Weil (81) as shown for the U-Y system in Appendix A. 
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According to Weeks, a low value of AH (<10 Kcal/mole) may be associated 

with grain-boundary penetration. From Figure 5 AH for yttrium in uranium 

is 18.7 Kcal/mole, or considerably above that where penetration should 

occur. 

Once the liquid metal has penetrated the grain boundary the processes 

of dissolution and/or diffusion will occur unless suitable impurities 

capable of lowering the surface energy Y^g are segregated in the grain 

boundaries. The specific case of diffusion in grain boundaries has been 

adequately handled with mathematical models using Fick's law by Fisher, 

by Whipple, and by Suzuoka (82). Details will not be presented here 

because the equations and derivations are rather involved but are found 

in References 82 and 83. 

If grain-boundary attack occurs, there are several possible ways to 

alter the surface energies attributing to the penetration. One can try to 

increase the solid-liquid interface tension, by impurity additions to 

the liquid metal. Those impurities which lower surface energy will tend to 

segregate to the surface by Gibbs Adsorption isotherm (76) and possibly 

block entrance of the liquid metal into the grain boundaries. However, if 

a given liquid metal composition must be maintained, this method can not be 

used, and the only variable which can be changed is Ygg- By adding certain 

impurities to the solid-metal matrix, it may be possible to lower the grain-

boundary surface tension such that 

2 YSL > '-6 (69) 

Upon the addition of such impurities, Ygg is lowered or impurity particles 

precipitate in the grain boundaries to block intergranular penetration as 

shown in Figure 14. The precipitate particle B creates two new surfaces 
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(I80-Ô/2) 

'•GB- 2''AB<=°®I 

Figure 14. Schematic presentation of surface tension effects with grain 
boundary precipitates 

each with a unit surface tension of Y^g < Y^g. Thus, if 

^ \b' (7°) 

the precipitate prevents liquid penetration by a "blocking" effect. 

For a given solute, the tendency for grain-boundary segregation is 

given by the degree of lattice solubility of the solute in a given solvent. 

Large solubility produces only slight segregation because of the ease of 

accommodating a solute atom at a lattice boundary imperfection. But, 

elements which exhibit low solubility will tend toward large equilibrium 

segregations (84). In the case of yttrium, the elements carbon, nitrogen, 

and oxygen all form one or more intermeta11ic phases, but nitrogen is 

apparently the least soluble of the three, ~ 600 ppm at 1525*0 (6). There

fore, if intergranular attack occurs in yttrium with the liquid-metals 

studied in this investigation, nitrogen additions to the yttrium matrix 

should tend to reduce Ygg. 

Eldred (71) states that the solid-metal grain boundaries are usually 

unwetted when the mutual solubility of the solid and liquid is low. 
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because tends to be high for these systems. Such is the case with the 

metals studied in this investigation; therefore little, if any, intergranular 

penetration is to be expected. 

In summary, intergranular corrosion attack can be expected to occur 

whenever the grain-boundary interfacial energy, Vgg, is greater than twice 

the solid-liquid interfacial energy, (in the case of a triple grain 

intersection, 1.6 Ygg need be only greater than 2 Once penetration 

occurs, the process of dissolution and/or diffusion continues with the 

possibility of forming intermetal1ic phases in the boundaries. In some 

cases, such as zinc in molybdenum, the liquid metal will simply diffuse 

through the grain boundaries causing little structural damage (26). If 

surface tensions for the solid, liquid, and grain boundaries are known, 

the dihedral angle can be estimated, thus predicting whether penetration 

will occur. In general, systems exhibiting very low mutual solubilities 

will not be expected to undergo intergranular penetration. 

Impuri tv control led corrosion 

In any given corrosion system involving even the purest of metals, 

there will always be the presence of some impurity atoms in both the liquid 

and solid metals. In most cases the metallic impurities are of little 

concern unless present in significant amounts, whereas the non-metallic 

impurities such as carbon, oxygen, and nitrogen can play an important roll 

in the over-all performance of the system. The impurity reactions are 

probably the least understood of the various types of corrosion mechanisms. 

For alkali metals these impurities, especially oxygen, have an important 

and often dominating influence on corrosion processes. In other metallic 
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important. Sometimes the whole mode of attack can be changed because of 

the effect of the impurity on the surface tensions (grain-boundary attack) 

or because of the activity of the impurity. 

Depending on the particular system of concern, impurities can either 

increase or inhibit corrosion. For alkali metals, the presence of oxygen 

usually accelerates corrosion (85), but with liquid lead the rate is 

decreased (57)- In some systems additions of titanium or zirconium will 

tend to form protective carbide, nitride, and oxide layers which inhibit 

dissolution or intergranular penetration. These additions are especially 

helpful in preventing corrosion by liquid bismuth (73)-

Both uranium and yttrium have large affinities for oxygen, nitrogen, 

and carbon. Oxygen is particularly difficult to remove as an impurity 

because the solubility is so high. Thus in any U-Y system, the oxygen 

will be an interstitial impurity which will redistribute itself between 

the metals by partitioning to achieve equilibrium. Formation of an 

oxide film on the interface at elevated temperatures is highly unlikely 

because of the increased solubilities of oxygen in both metals. Nitrogen, 

hydrogen, and carbon are less soluble than oxygen and will also tend to 

redistribute themselves between the two metals; all four impurities form 

at least one or more compounds with the two metals. Thus, the formation of 

a film at the interface is improbable. Because uranium, yttrium, titanium, 

and zirconium have similar affinities for these impurities the latter two 

metals will not be helpful as corrosion inhibitors. 

One possible corrosion inhibitor is a layer of carbide on the inner 

surfaces of yttrium. Los Alamos Scientific Laboratory has had considerable 
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success in containing molten plutonium fuels in tantalum by this means 

(76, 86). Also, the Ames Laboratory had some degree of success in the 

mid 1950's with tantalum carbide layers in preventing corrosion attack 

by the U-Cr eutectic (87, 88). 

in conclusion, the presence of impurities in the liquid and solid 

metals may give rise to Type D corrosion attack. Oxygen is usually the 

impurity of special interest, but others such as carbon, hydrogen, and 

nitrogen may produce similar effects. Metallic impurities are usually 

not of a corrosion-controlling nature unless present in significant 

amounts. Systems which can form a layer at the solid-liquid interface 

may increase corrosion, especially if it is non-coherent, breaks up, 

and passes into the liquid. On the other hand, inhibitive films may be 

formed which protect the solid surface from attack that might otherwise 

occur by direct contact with the liquid metal. 

Dissimilar-meta1 mass transfer 

When two or more solid metals or alloys are contacted by the same 

liquid metal, the liquid metal may act as a carrier for transporting atoms 

from one solid metal to the surface of the other solid metal. This 

type of mass transfer typically occurs by dissolution of the one solid by 

the liquid metal followed by a second interaction between the dissolved 

metal with the second solid metal to form an intermetal1ic compound. 

Considerable transfer may occur even though the individual solubilities of 

the two solid metals in the liquid are quite small. This type of corrosion 

does not require a dynamic system or a temperature gradient but may occur 

in a static, isothermal test involving a metal coupon suspended in a 
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capsule of a different metal. Experimentally the migration through the 

liquid metal has generally been in one direction only. 

The driving force for this process is simply the thermodynamic 

requirement that the chemical potential (partial molar free energy) of each 

element be in equilibrium in all phases that are in contact. Both tempera

ture and the solubilities of the two metals will affect the rate of reaction 

and extent of mass transfer. Even if intermetal1ic compounds are not formed 

in the ternary system, alloying will occur to make both solid-metal surfaces 

equivalent alloys. Sometimes a dissolved metal inhibitor such as titanium 

or zirconium will deposit on the surface of one of the solid metals. 

This type of mass transfer also occurs with the non-metallic impurities 

when both solid metals or alloys are essentially insoluble in the liquid 

metal. Gettering of oxygen, nitrogen, carbon, and hydrogen in the alkali 

metals, or bismuth and lead containing titanium or zirconium are classic ex

amples. Titanium or zirconium additions are sometimes deemed advisable in 

order to prevent the exchange of non-metallic impurities which could cause 

embrittlement, decarburization, etc. of one of the solid metals or alloys. 

As now envisioned by Los Alamos Scientific Laboratory and others (89)> 

molten fuel in a reactor core would be encapsulated in long circular fuel 

pins approximately ̂ -inch in diameter. Except for additions of possible in

hibitor elements, this type of mass transfer will not be an initial problem, 

since there will only be one containment metal in contact with the liquid 

fuel. The accumulation of fission products, however, will provide the 

presence of dissimilar metals that can not be avoided. Deposit of the fis

sion products will undoubtedly occur at the interface between the container 

and the fuel causing possible corrosion or a reduction in the over-all 
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heat transfer coefficient. This becomes the subject of an investigation 

outside the realm of this study. 

The process of dissimilar-metal mass transfer consists of the dissolu

tion of one solid metal, transfer by diffusion-convection through the liq

uid metal to the surface of a second metal, and subsequent interdiffusion 

or reaction. The process is most likely to be controlled by the diffusion 

or reaction at the second metal surface because the layer growth rate is 

slow compared to the initial rate of solution of the first solid metal. 

Temperature and the degree of solubility are the two important variables 

which determine the rate of mass transfer. 

Temperature-gradient mass transfer 

Temperature-gradient mass transfer occurs in a solid metal-liquid 

metal system as a result of a temperature difference between two points 

of the system. The liquid metal can be held static or circulated in a loop. 

In either case the driving force is the temperature differential and the 

fact that the solubility of the solid metal is temperature dependent. If 

a material could be found which had a zero temperature coefficient of 

solubility, it would be immune to mass transfer of this type. 

The mechanism of temperature-gradient mass transfer is illustrated in 

Figure 15 for the case of a dynamic loop with a hot leg and a cold leg. 

For alloys, one constituent may be selectively removed by dissolution attack 

and diffuse into the circulating steam. In most cases the rate of diffusion 

of the solid metal through the stagnant boundary layer and into the main 

stream of flow will be the controlling rate for mass transfer. Of course, 

large temperature differences and large temperature coefficients of 
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solubility result in increased transfer rates of the solid to the cold 

portion of the system. 

Mass transfer because of a thermal gradient is usually the most damag

ing type of liquid-metal corrosion to occur, if the metals and conditions 

are right. Even though the solubility of the container metal in the liquid 

metal may be extremely small, over a period of time large amounts of the 

solid can be transformed. Long before any weakening of the container could 

result, the solid transferred would have begun to form a plug, reducing and 

eventually stopping flow in a dynamic system. Prevention of this plugging, 

through proper selection of materials, corrosion inhibitors, or perhaps 

continuous corrosion product removal. Is of great importance in the suc

cessful operation of a liquid-metal system, 

Epstein (62, 90) has used a heat-transfer analogy to derive equations 

for temperature-gradient mass transfer in a closed loop. His early equation 

for diffusion-controlled mass transfer from the hot leg is given by 

0.023 (D/d) (vd/y)°'G (y/D)^'^ (^) AT, (71) 
dT 

diffusion coefficient (cm^/sec) of the solute in the liquid 
metal at temperature T°C, 

inside diameter of the loop tubing (cm), 

flow velocity in loop (cm/sec), 

kinematic viscosity (cm^/sec) of the liquid at T°C, 

solubility of solute in the liquid metal at T°C, 

temperature differental (°C) in the circuit, and 

average slope of the equilibrium solubility at the mean 
loop temperature. 

where D = 

d = 

V = 

V = 

S° 

AT 

dS° 

dT 
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AND PLUG FORMATION 

Figure 15. Mechanism of temperature-gradient mass transfer 

if the mass transfer is solution controlled, the flow rate is finite, 

and ÙT Is small, 

Rt = Q!(S°^ - (72) 

where a Is again the dissolution-rate constant. 

Epstein's more recent equation (90) for temperature-gradient mass 

transfer which is diffusion-controlled or solution-controlled Is given by 
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' - (i!L„ /i/aj Exp[-(ta^/vd)x], (73) 
n V 

2 
where R^(x) = corrosion rate (g/cm sec) at a distance x cm from the 

beginning of the hot zone, 

= solubility of solute (g/cc) at the hot zone temperature 

Sg = solubility of solute (g/cc) at the cold zone temperature 

= hot zone dissolution-rate constant (cm/sec), 

Ct^ = cold zone dissolution-rate constant (cm/sec), 

d = loop tubing diameter (cm), and 

V = flow velocity (cm/sec). 

Equation 73 'S valid for larger ^J's which have long, essentially 

isothermal areas at both the hot and cold sections of the loop. The 

mechanism of mass transfer in this case, whether it is diffusion or solu

tion-controlled, and how oxygen or other impurities influence the system, 

enter into this Equation only insofar as they influence a. Thus, a = 

(Equation $0) for solution-controlled mass transfer, or Q. = D/Ô (Equation 

51) for diffusion-controlled mass transfer. 

The boundary layer thickness 6 has been found to be dependent upon 

velocity and viscosity (60, 64, 65, 66). Ward and Taylor (64) proposed 

that 6 a (v/v)" (74) 

where n = 0.5 for laminar flow and 0.2 for turbulent flow. in their 

experiments, however, the values of n were not substantiated, instead, 

n was found to be unity. Various authors (66) report different values 

of n, ranging from O.5 to 1. 
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In diffusion-controlled temperature-gradient mass transfer, the 

corrosion rate should be independent of the velocity v, and indeed, this 

has been verified experimentally (62). 

As mentioned previously under Type E corrosion, the envisioned 

core of a liquid-metal fueled reactor would consist of a number of long 

cylindrical fuel pins. The fuel would be essentially static except for 

convection currents produced by temperature gradients along the length of 

the core. Because the fuel pins will be approximately 3/8 to 1/2 inch in 

diameter, the convective currents will be somewhat retarded, but not enough 

to inhibit thermal-gradient mass transfer. Undoubtedly, any corrosion 

occurring will be diffusion-controlled, characteristic of most liquid-metal 

systems. With v essentially zero, the boundary layer thickness, 5, will be 

constant since it is assumed to be independent of temperature (65) or 

nearly so (91) for diffusion-controlled processes. If the convective 

velocity v can be determined, the mass transfer rate can be determined from 

Equations 71 or 73. 

In summary, thermal-gradient mass transfer will occur in a liquid metal 

system regardless of the geometry whenever a temperature differential exists 

between two points of the system. The equilibrium concentration of the 

container metal will be higher in the hotter regions than in the cooler 

regions, and the resulting concentration gradient will allow transport to 

occur. When the concentration of the solute exceeds its solubility in the 

cold region, precipitation will take place. The net effect is a continuous 

transport of material to the cooler regions. Metals which exhibit low 

mass-transfer rates are those which have very small temperature coefficients 

of solubility or which are insoluble in the liquid metal. In the case of 
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mass transfer caused by impurities such as oxygen, inhibitors which remove 

the impurities are often very successful in reducing corrosion. In liquid-

metal systems requiring temperature differences, thermal-gradient mass 

transfer can be the most damaging because plugs are sometimes formed which 

restrict circulation. 

Factors Affecting Liquid-Metal Corrosion 

In the discussion of the six types of corrosion mechanisms which can 

occur in liquid-metal systems, it is seen that in every case dissolution of 

the solid metal into the liquid metal occurs before any of the other types 

of corrosion can proceed. Thus, the over-all corrosion of a system is a 

combination of Type A and one or more of the other types. Liquid-metal 

corrosion becomes even more complex because there are so many variables 

which may affect it. Below are listed the principal factors affecting 

liquid-metal corrosion: 

1. Temperature 

2. Temperature gradient 

3. Cyclic temperature fluctuation 

4. Surface area to volume ratio 

5. Purities of the liquid and solid metals 

6. Flow velocity 

7. Surface condition of the container metal 

8. The number of metals in contact with the same liquid metal 

9. Metallurgical condition of the container metal. 

The use of alloys for both containers and liquid metals again creates 

additional problems. Indeed, liquid-metal corrosion phenomena are often 



www.manaraa.com

77 

complex problems. For this reason, further data on solubilities of single 

components, multicomponent effects, temperature coefficients of solubility, 

thermodynamic properties, and kinetics of dissolution and precipitation of 

solid metals are needed. Better analytical techniques for determining 

impurity concentrations are also needed in order to correlate their effects 

upon the various corrosion processes. 
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REVIEW OF THE LITERATURE 

Uranium-Chromiurn-Iron Phase Studies 

Molten uranium and uranium alloys, especially the U-Cr eutectic alloy, 

have long been of interest as possible fuels or blanket materials in 

nuclear reactors. In the early 1950's it was realized that the corrosion 

encountered at the high temperatures necessary to maintain pure uranium in 

the molten state (>1133°C) was more severe than any available metal or 

alloy could handle. Therefore, attention was focused on the alloys of 

uranium which melted at much lower temperatures where the corrosion problems 

would be less harsh. For almost a decade the solution of up to 10 wt.% 

uranium in bismuth was considered as a possible liquid-metal fuel. 

At the same time the high uranium content alloys of chromium, 

manganese, iron, cobalt, and nickel were also considered as possible solid 

and liquid fuels. Sailer et of Battel le Memorial Institute considered 

several of these and other alloys for possible solid-fuel element material 

(92). Their work finally settled on the U-5 wt.% Cr eutectic alloy because 

of its castability and excellent physical properties (93, 9^)- As a result 

of adding impurities for grain refinements and improvements in various 

physical properties, it was found that additions of manganese, iron, or 

nickel lowered the liquidus and solidus temperatures (51). The experi

menters were interested in the effects of these impurities on the melting 

points, allotropie transformation temperatures, ductility, and other proper

ties. These studies were important because the proposed U-Cr fuel elements 

were to be fabricated by casting around iron and various stainless steel 

coolant tubes . 
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As a result of a general investigation of iron additions to the U-Cr 

eutectic. Sailer e_t (51) noted the presence of a ternary eutectic at 

1.0 wt.% iron melting at approximately 760°C. In fact, U. S. Patent 

2,735,761 (95) and British Patent 816,603 (96) were issued for the ternary 

alloy containing approximately Sk wt.% U-5 wt.% Cr-1 wt.% Fe melting at 

760*C. However, no liquid-metal corrosion studies were conducted with any 

of the alloys. A separate study was undertaken to investigate the ternary 

eutectic point in the U-Cr-Fe system because a previous test at the Ames 

Laboratory in 1954 (97) and several thermal analyses conducted by the author 

contradicted the presence of a ternary eutectic at the patented composition. 

These tests indicated that the composition was an incongruent alloy with 

a molten range of over 70°C. 

Corrosion by Uranium Alloys 

Actual liquid-metal corrosion experiments with the U-Cr eutectic in 

the molten state were first conducted at the Ames Laboratory. From 1953 

to 1955 investigators ran a series of preliminary tests with the eutectic 

in then available tantalum (~99-8% pure), niobium and several tantalum and 

niobium alloys (98, 99). Pure tantalum showed the best corrosion resist

ance, but intermeta11ic compounds of both niobium and tantalum (NbCr^ and 

T a C r ^ )  w e r e  f o r m e d  w h i c h  c a u s e d  c a p s u l e  f a i l u r e .  A d d i t i o n s  o f  1 . 0  w t . v  

iron or manganese to the U-Cr eutectic were also made and the two alloys 

were tested in tantalum and zirconium containers (97)- Tests were con

ducted at 850°C until the alloys penetrated the 0.005 inch wall capsules; 

30 days for tantalum and 21 days for zirconium. This rate was essentially 

that observed for the pure eutectic at 900°C. The liquidus and solidus 



www.manaraa.com

80 

temperatures for the UCr-l.0 wt./o Fe alloy (supposedly a ternary eutectic 

(51) melting at 757°C) were found to be 841° and 776°C, respectively. 

In an agitated thermal-gradient capsule test run at temperatures of 

900° and 1000°C, the observed penetration rate for pure U-Cr in tantalum 

was 0.010 inch in 14 days (97). This was about twice the rate observed in 

static, isothermal tests. The most severe corrosion occurred at the 

1000°C end. A similar test with a 0.3 wt.% silicon addition at 950°C to 

1050®C underwent a corrosion rate of 0.003 inch per day (87) compared 

to the above test of 0.007 inch per day at 900-1000°C. 

These same investigators (87, 88, 100) also tried carbide coatings on 

molybdenum, niobium, tantalum, titanium, vanadium, and zirconium of 0,001 

inch thickness for tests with pure uranium and the U-Cr eutectic. Only 

tantalum crucibles with a TaC^ coating proved to be promising as a container 

for U-Cr. A 2000 hour test at 1100°C was successful and no evidence of 

corrosion attack was discovered by microscopic examination (100). Tests 

with pure uranium at 1200 to 1300°C were unsuccessful. Other tests with 

the eutectics, U-Fe, U-Mn, and U-Ni, were also unsuccessful in niobium, 

molybdenum, tantalum, zirconium, and thorium at 800°C. Of the five metals, 

tantalum showed the best resistance to corrosion. 

Yttrium, when it first became available in large quantities in 1957, 

was found to be immiscible with uranium (2). This naturally lead to a 

series of tests with the various uranium-rich eutectics in yttrium capsules. 

Fisher and Fullhart (7) and Cash and Fisher (1Q list data on a number of 

tests conducted with U-Cr, U-Fe, and U-Mn in niobium, tantalum, and yttrium. 

The only system completely free of corrosion attack was U-Cr in yttrium. 

The longest test lasted 2991 hours at 900°C supposedly without any signs of 



www.manaraa.com

81 

Figure 16. Uranium-chromium eutectic—yttrium interface, 120X (static 
test: 1100 hours at 900°C) 

corrosion attack. Isothermal, static, and dynamic tests were conducted. 

Test capsules were examined microscopically, but apparently no solubility 

or spectrographic analyses were taken. Figure 16 shows a raicrophotograph 

of the interface from one of the test capsules. 

Two yttrium loops were also constructed at the Ames Laboratory and 

operated with circulating U-Cr eutectic; however, both failed. There was 

no detectable mass transfer or intergranular attack of the yttrium in 

either case. The first loop operated for 250 hours at temperatures up to 

1000*C, but the second loop failed after 12 hours with temperatures up to 

1100°C. Yttrium sections of the latter loop were found to contain over 

1000 ppm of copper impurity. Since copper forms an eutectic with yttrium 

melting at 760°C (9), the failure was subsequently blamed upon the copper 

impurity. Copper had been used as the jacket material when the yttrium 

tubing was extruded. Even though the copper liner was removed by pickling 

in a solution of 50% HNO^ - 50% HF, enough copper had probably been 
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at elevated temperatures. 

The U-Mn eutectic in both tantalum and yttrium up to 925"C showed 

some signs of attack after tests of 250 to 500 hours, but the capsules had 

not failed. The U-Fe eutectic was more corrosive and failed in both con

tainers in less than 200 hours at 900°C. 

Los Alamos Scientific Laboratory in a search for capsule materials 

for U-Pu-Mn, U-Pu-Fe, and Pu-Co-Ce alloys also considered yttrium and 

tantalum (4, 5). Tests were conducted on the U-Mn and U-Fe eutectics 

with and without plutonium additions. No tests were conducted with the 

U-Cr eutectic, however. Yttrium containers underwent dissolution attack 

with U-Mn at 85O, 900, and 950°C and dissolution and intergranular attack 

with U-Fe at 850°C. The presence of plutonium tended to reduce the amount 

of attack. The degree of attack was about the same after 1000 hours as it 

was after 200 hours for U-Mn in yttrium at 850°C. There was a similar, but 

more marked intensification at 900 and 950°C at the meniscus level. The 

increased attack where the circulation of a part of the fuel with the bulk 

of the fuel is inhibited (meniscus) may be related to the fact that the 

Y-Mn system exhibits an eutectic at 25.2 wt.% Mn melting at 878°C as well 

as several intermeta 11 ic compounds (IOI ) . This might set a maximum tempera

ture for containing U-Mn in yttrium althougn the attack at 950°C is not 

catostrophic (4,10). Plutonium additions appeared to inhibit attack at the 

meniscus. The U-Fe eutectic in yttrium at 850°C for 1000 hours was about 

twice as corrosive as similar tests with U-Mn. 

Tantalum was used to contain the ternary U-Pu-Mn in a 200 hour test at 

950°C; dissolution attack occurred to a depth of 0,0008 inch (5). With a 
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carbide layer, tantalum suffered 0.0015 inch of intergranular attack with U-

Mn at llOO'C for 210 hours. No dissolution was observed in this test (102). 

Corrosion tests on Ta-0.1% W alloys with yttrium additions involving 

the Pu-Fe fuel revealed a considerable improvement in the corrosion 

resistance as a result of the yttrium additions (103). The yttrium tends 

to segregate in the grain boundaries and inhibits intergranular penetration. 

Carburization of tantalum also seemed to retard corrosion by both Pu-Fe and 

Pu-Co—Ce. 

Davis et aj_. (104) have studied the design of a liquid-metal fuel 

reactor using U-Fe eutectic. They reported that Knolls Atomic Power 

Laboratory has contained U-Fe in vanadium capsules at 900°C with little 

evidence of corrosion. Experimental data on these tests were not given, 

but it seems unlikely that vanadium would be adequate because the Fe-V 

system exhibits an intermeta11ic compound. No other information on U-Fe 

in vanadium was found in the literature. 

Additional container materials for containment of U-Cr and other high 

content uranium alloys have been suggested and investigated by Powell (105). 

Tests from 860°C up to 950°C with capsules made from 95 wt.% U-5 wt.% Nb 

and 90 wt.% U-10 wt.% Nb were successfully run with the U-Cr eutectic for 

periods up to one month. As essential element of these capsules, however, 

is the oxide layer (UO2 and U^Og) separat.ng the capsule material from the 

molten eutectic. This oxide layer must be built up before the actual 

containment can be effected by passing oxygen over the surfaces for several 

minutes at 400°C. Powell concludes that the U-Ni eutectic severely attacks 

the U-5 wt.% Nb capsules, even at 800°C. in addition, thermal cycling 

causes a breakdown of the oxide layer. 
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EXPERIMENTAL PROCEDURE 

There are two general experimental methods for determining the 

corrosion of solid metals by liquid metals: static tests and dynamic tests. 

Static tests are usually conducted under isothermal conditions or as nearly 

so as possible. They involve capsules or a pot of the liquid metal in 

which coupons are suspended. Dynamic tests consist of agitating the liquid 

metal past the solid metal surface as with rocker type tests, spinner tests 

in a molten pot of liquid, or a circulating loop. Rocker tests are run 

either isothermally or under a temperature gradient, while spinner tests 

are done isothermally and loop tests use a temperature gradient. 

Static, isothermal tests were enp 1oyed in this investigation because 

they are useful in cases where the solubilities of the systems to be tested 

are not known. They are sufficient to determine dissolution attack, inter-

granular attack, and intermetal1ic compound formation. Actually only 

dissolution attack is to be expected from the U-Cr eutectic in yttrium, 

while possibly the other two corrosion mechanisms may be present with the 

U-Cr-Fe system in yttrium. It has already been shown that intergranular 

penetration is unlikely when the solubility is extremely low (71) and there 

is a large atomic size difference (75). The static systems were not only 

inexpensive and easier to fabricate than dynamic systems but also allowed 

closer control of important variables which affect corrosion. 

Static tests are excellent for providing a means of eliminating 

corrosive systems and can also be quite a good method for selection of 

desirable systems. In the present day envisaged design of a liquid-metal 

fuel reactor, the core would consist of long cylindrical fuel pins as in the 
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by convection under the temperature gradient present. Static tests are 

therefore selective for such a system and were used extensively in deter

mining suitable containers for the Pu-Fe and Pu-Co-Ce fuels used in LAMPRE 

I and II (4, 5, 106). This is not to say that dynamic tests need not be 

employed for a full evaluation of a particular system. Only an in-pi le 

test under neutron irradiation and actual expected conditions can give 

complete answers. 

Much of the important corrosion work in liquid metals is empirical. 

Theoretical models for predicting solubilities, as well as other physical 

parameters which enter into the analysis of corrosion processes, are so 

poor that they are virtually useless (107) • There is essentially no alter

native to direct experimental measurement. Many workers in this field 

seriously doubt whether it is possible to formulate general laws of 

behavior for liquid-metal systems (107). 

Corrosion Tests Procedure 

In all tests of this investigation except those for the solubility 

runs, the molten fuel was in contact with only one container material in 

order to avoid interactions discussed under Type E corrosion attack. 

Coupon specimens were not used, and thus only In terac t ions between the 

inner capsule surface and the liquid fuel were possible. 

Tantalum capsules were used for differential thermal analyses because 

of the ease of fabricating the special thermocouple well, while yttrium was 

employed for the regular corrosion test runs. The tantalum and yttrium 

capsules were prepared by cutting off two-inch lengths of high-purity 
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annealed stock tubing with a silicon carbide cut-off wheel. For tantalum, 

the tubing was 0-75 inch O.D. with 0.030 inch wall thickness. Caps for the 

tubing ends were punched from 0.030 inch tantalum sheet with a specially 

designed die which produced a cup 0.690 inch in diameter about 7/32 inch 

high. The bottom caps were drilled to accommodate a 5/32 inch O.D. tanta

lum tube, 1/2 inch in length, sealed over at the top end (Figure 20). This 

thermocouple well was welded into the cap by an electron-beam welder, as 

described below. 

The yttrium tubing was 0.800 inch O.D. with O.O5O inch thick walls. 

End caps were punched from 0.040 inch high-purity sheet at 7/8 inch diam

eter and subsequently turned down to 0.735 inch diameter on a lathe. The 

capsule ends were recessed with a O.O5O inch lip, O.jUO inch in diameter 

to support the end caps and provide a ridge of metal which fused to the 

cap during welding. 

The surfaces of the tantalum capsules were left in the "as received" 

condition except for cleaning. The inner yttrium surfaces, however, were 

polished to a smooth finish with 6OO grit silicon carbide abrasive cloth. 

The capsules and end caps were thoroughly cleaned in acetone with an 

ultrasonic cleaner and air dried on absorbent tissue. The bottom caps were 

welded in place first using a Sciaky Electron-Beam welder (E.B.). Each weld 

was then carefully checked for faults under a magnifying glass and tested 

on a Veeco helium leak detector. Leaky capsules were rewelded or rejected. 

Each capsule and lid were carefully weighed before and after insertion of 

the test sample. Enough sample was added to fill the capsule half full when 

in the molten state. The capsule was then evacuated and backfilled with 

argon; the top lid was put in place under argon, and the whole capsule was 
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welding, the top lid was examined carefully for possible cracks or inclu

sions. It was not possible to leak check this weld; thus the top of the 

capsule was always the last weld completed. Since the liquid metal was not 

expected to contact this area except by vapor or a climbing action, fail

ures caused by faulty welds would be minimized. Figure 17 is a photograph 

showing the tubing, end cap, weld, and cleaned inside surface of an yttrium 

capsule. 

The yttrium capsules were next sealed in three-inch capsules of 3/4 

inch, schedule 40 Inconel 600 pipe for protection against oxidation at high 

temperatures. These welds were also accomplished in the E. B. welder. End 

caps for the Inconel pipe were prepared from 7/8 inch solid rod cut into 

1/8 inch disks. The ends were prepared in the same manner as for yttrium 

capsules. The Inconel welds were also inspected as previously described. 

Because yttrium readily combines with the nickel present in Inconel, the 

capsules were first wrapped in 0.002 inch tantalum foil to prevent direct 

contact with the Inconel surfaces. A typical test capsule arrangement is 

shown in Figure 18. The vacuum produced by the E. B. welder between the 

yttrium capsules and the inconel sheath was sufficient to protect them from 

oxidation. 

Preparation of the liquid alloys consisted of either separate arc melt

ing beforehand or of adding the desired weight of individual constituents 

to the capsule, sealing, and induction melting. In most instances the 

alloys were prepared in electric-arc vacuum melters first as buttons which 

were turned over and remelted several times before finally melting into 

"fingers". 
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Figure 17- Yttrium capsule showing weld, cap, and inside surface 

Figure 18. Uranium-chromium slug with yttrium capsule, tantalum foil, and 
Inconel sheath 



www.manaraa.com

89 

After the sealed Inconel capsules were carefully inspected, they were 

placed in preheated electrical muffle furnaces for the corrosion tests. 

Figure 19 shows the furnace bank used. The furnace temperatures were 

measured by chrome 1-alumel thermocouples placed inside the furnaces, and 

each temperature was recorded on a six-point Honeywell strip-chart recorder. 

The furnace temperatures were controlled by individual powerstats which 

controlled the power input to each furnace. A constant voltage transformer 

was used to eliminate the normal voltage fluctuations and supply electrical 

power to the variable powerstats. This method of furnace control supplied 

a continuous source of heat which maintained essentially a constant tempera

ture. Variations were less than ± 2^C for test periods up to 3000 hours, 

and they were gradual over a period of hours and not like the frequent ± 5 

to lO^C cycling of an on-off controller. In some systems, it is found that 

constant temperature cycling has a considerable effect on corrosion rates 

(57) . 

After completion of certain test periods, the Inconel capsules were 

removed and water quenched in order to maintain the solution state and 

avoid possible precipitation. The Inconel end cap was removed with a lathe 

and the yttrium removed. The capsule was then cut in half axially on the 

cut-off wheel for examination and specimen preparation. 

Differential Thermal Analyses 

The melting-point determinations were conducted in tantalum capsules 

with a thermocouple well as shown in Figure 20. Induction melting of the 

constituents directly in the tantalum capsules was done frequently for 

these tests, although a number of alloy samples were prepared by electric-
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Figure 19. Furnace bank showing rotary apparatus, control panel, and 
constant voltage transformer 

Figure 20. Tantalum capsules with thermocouple well, insulator, and 
molybdenum standard capsule for melting-point determinations 
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arc vacuum melting. As a standard reference, a molybdenum holding capsule 

(Figures 20 and 21) was used to contain the tantalum melting-point capsules. 

The Molybdenum in turn was supported by a 2 inch diameter tantalum cup. Two 

calibrated chrome1-alumel thermocouples were used; one for the molybdenum 

reference and one for the tantalum capsule well temperature. Using a Leeds-

Northrup Model K-3 potentiometer, measurements of the tantalum well tempera

tures were made whenever a transformation occurred. This was determined by 

using a two-pen Honeywell strip-chart recorder which Indicated the well 

temperature and the differential temperature between the molybdenum and the 

tantalum. The determinations were made In the large Inconel bomb shown in 

Figure 21 In an atmosphere of hélium. In each run the thermocouple contact

ing the top of the tantalum well actually supported the capsule thereby 

assuring a good thermal contact. Heating and cooling rates were obtained 

In a vertical electric muffle furnace using a programmed controller. Linear 

rates from 60 to 300 degrees per hour were employed. 

Figure 21. Inconel bomb used for differential thermal analysas 
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Solubility Tests Procedure 

In order to determine the dissolution rate constant, oi, it was 

necessary to obtain a plot of yttrium concentration in the bulk of the 

liquid-metal fuel versus time. Yttrium concentration data from analytical 

and radiochemical analyses were obtained by two separate series of 

solubi1ity tests. 

Radioactive tracer technique 

Yttrium tabs, which were irradiated approximately 20 minutes in a 

thermal neutron flux of 4 x 10^^ neutrons/cm^-sec, were equilibrated with 

the U-Cr eutectic at 950°C for periods from 10 minutes to 24 hours. These 

tests were conducted in a specially designed 360* rotary capsule holder 

which is inserted in one of the muffle furnaces as shown in Figure 19 

(Furnace No. 4). This device holds two capsules near the center of the 

heated zone of the furnace about 10 inches from the front opening. A 

chromel-alumel thermocouple was attached to the side of each capsule holder 

for accurate temperature monitoring. Each capsule was held in place by an 

Inconel slide wire, which allowed instantaneous release of the capsules 

into a water bath in front of the furnace for quenching. The capsules were 

kept in a vertical position during quenching by two vertical pieces of pipe 

immersed in the water bath. 

In these tests 2.065 inch long by 0.625 inch I.D. graphite crucibles 

with tight fitting caps were used to contain the eutectic alloy. The 

yttrium tabs were placed in a 5/32 inch deep slot in the top graphite lid. 

The graphite, in turn, was sealed in Inconel sheaths in the E. B. welder. 

The yttrium tabs were 0.032 inch thick by 0.250 inch wide by O.656 inch 
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long. When positioned in the graphite caps, 0.500 inch of the tab length 

was exposed above the slot. This provided a surface area of 1.87 cm^ for 

contact with 50.00 grams of the eutectic or a surface to volume ratio of 

S/V = 0.65 cm ^. 

After the Inconel capsules with the graphite crucibles were sealed, 

they were placed singly in the 360° rotary device and subsequently put into 

the preheated furnace in a vertical position with the yttrium tab on top. 

When the capsule temperature stabilized at 950°C (45 to 60 minutes), the 

capsule was inverted to allow the eutectic to contact the yttrium tab and 

begin the testing period. The capsule was rotated through a 270° arc at 

three cycles per minute using a reversible, variable-speed, DC motor. At 

the end of the test period, the yttrium tab was again rotated to the top. 

One minute was allowed for the U-Cr to settle to the bottom of the graphite 

before the capsule was quenched. The graphite capsule was removed and 

broken apart to obtain the equilibrated sample. The surface scum was re

moved on a lathe, and the slug was then sliced into three or four pieces 

for radioactive separation. This analysis procedure is explained later. 

Analytical ana lys i s techn ique 

This method of determining yttrium concentration in the bulk of the 

U-Cr eutectic was chosen when difficulties were encountered in getting the 

true yttrium-90 activity from the samples run with radioactive yttrium tabs. 

The procedure for these tests consisted of preparing 16 regular yttrium 

capsules for solubility runs in the 360" rotary furnace. The capsules were 

the same as those used for the corrosion tests. 
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The surface area of each capsule was calculated from the inner 

dimensions and then enough previously arc-melted eutectic was readied to 

make the surface to volume ratio S/V =.5-50 cm~'. This amounted to filling 

the capsule approximately one-half full with the alloy. These capsules 

were subsequently placed in the proper length Inconel sheaths to fit in the 

360° rotary apparatus. 

Since in these tests the molten alloy would be in contact with the 

yttrium surfaces as soon as the melting-point temperature was reached, it 

was important to reach the test temperature and start counting the time of 

the test period as quickly as possible. To accomplish a standard procedure, 

a number of blank runs were tried to become familiar with the over-all test 

operation. 

First, the Inconel sheath and its enclosed capsule were ggeheated to 

860 ± 2°C in a separate furnace for about 30 minutes. The 360° rotary 

holder in turn was preheated to approximately 975°C in Furnace No. 4. At a 

given time, the rotary apparatus was quickly removed from the furnace and 

the preheated sample transferred to its holder. The rotary apparatus was 

then returned to the furnace and the powerstat adjusted to its test temper

ature setting. This procedure took less than 15 seconds to complete. 

Timing of the test period and the beginning of 360° rotation commenced two 

minutes after the capsule holder temperature reached the test temperature. 

Thus, four to five minutes after placing the rotary apparatus in the 

furnace, timing of the capsule test duration started. This additional time 

should have allowed the alloy to reach the test temperature at about the 

time rotation and timing were started. Since Inconel is a rather poor heat 

conductor, it was felt the extra time of two minutes was necessary for the 
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U-Cr eutectic to reach the test temperature. In all cases, the outer 

Income! capsule temperature as indicated by the thermocouple in the 

capsule holder increased approximately 10°C above the test temperature 

during this interval, but rapidly decreased to the test temperature 

when rotation was started. 

About 15 seconds before the end of the test duration, the capsule was 

rotated to a vertical position and the chain removed so that quenching 

could be rapidly effected at the end of the timing. Tests were conducted 

at 900, 950, 1000, 1050, and 1100°C for times from 3 minutes to 120 minutes. 

Rotation was maintained at 3 rpm, with two turns in a clockwise direction 

before reversing to a counter-clockwise direction for two revolutions. 

This was done with a timer and a relay hooked to the DC rotary motor to 

prevent twisting of the thermocouple lead wires to the temperature recorder. 

After each capsule was tested, the yttrium capsule was removed and 

sectioned axially on a cut-off wheel. A sample of approximately five grams 

was cut from the bulk of the eutectic, well away from the wall. These 

samples were then sent to Analytical Services for determination of the 

yttrium impurity. 

Methods of Capsule Examination 

Several methods of analysis were used to evaluate the type of corrosion 

and the corrosion products of each capsule. These included analytical 

analyses for yttrium in the U-Cr and U-Cr-Fe liquid metals, spectrographic 

analyses for any uranium, chromium, or iron in the yttrium, microprobe anal

yses, and metallographic and visual analyses to determine the amounts and 

mechanisms of corrosion. The combined results of all of these analyses were 
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considered in making conclusions about the corrosion tests. 

Spectroqraphic analysis 

Samples from the bulk of the liquid metal were analyzed spectrographic-

ally to determine the presence of yttrium before analytical analyses were 

made. Filings from the outer capsule surfaces were checked for uranium, 

chromium, or iron penetration through the grain boundaries. 

Analytical analysis 

Samples of the liquid-metal fuel in the capsules were analyzed for 

yttrium content after the corrosion tests. The sample was taken from the 

bulk metal at a distance from the capsule wall. The purpose of this test 

was to determine the amount of capsule metal in solution as a function 

of test duration and temperature. 

Radioactive tracer analysis 

The U-Cr eutectic slices were first dissolved in 3N HCl followed by 

the addition of 6N HNO^ and heated until the uranium had dissolved. 

Using 3 gram samples, yttrium carrier was added. The yttrium was precipi

tated from solution with HF after which it was scavenged four times with 

thorium and eerie iodate to remove thorium daughter products. The re

maining yttrium was precipitated as yttrium oxalate which was weighed and 

counted for the yttrium-90 P. The count rate was corrected to 100% yield 

by the use of a standard sample irradiated with the original tab. 

Visual analysis 

Simple visual inspection of the samples after sectioning and during 

preparation of the samples for analysis was particularly informative as a 
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qualitative test evaluation. Information noted visually included a check 

for swelling, possible oxidation, the presence of any residues, the presence 

of any condensate on the walls of the vapor region, and points at which 

corrosion attack was most-Likely to occur. A check of the meniscus was 

always made in order to note whether or not wetting of the capsule walls had 

occurred and to see if the liquid metal also showed any tendency to climb 

the walls and completely cover the available surface area. 

Metallographic ana lys is 

Probably the most informative single analysis was metallography. Sec

tions of the corrosion capsule were polished and etched for microscopic 

examination. The yttrium wall adjacent to both the liquid and vapor region 

was etched to detect any changes in grain structure or any grain boundary 

penetration by the liquid metal. The formation of any intermeta11ic com

pounds or any dissolution attack of the yttrium wall could also be detected. 

Microprobe analysis 

Microprobe analyses were conducted on a number of corrosion test samples 

and melting-point samples as a further check on analytical, spectrographic, 

and metallographic analyses, informational data on grain boundaries, 

interface regions, and element distributions were obtained. The presence 

of various possible elements was confirmed or denied in a number of instances. 

Several photographs were obtained from oscillograph traces which will be 

presented later. 

Materials 

High-purity metals were used in all of the corrosion tests in order to 
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minimize the effect which any impurity might have on corrosion. Care was 

taken to remove all surface films from the metals before encapsulation to 

ensure high-purity samples. 

Urani um 

The uranium used in this investigation was 99-9% pure obtained from the 

National Lead Company of Ohio in the form of cylinders 1-3/8 inch in diameter 

by 4 inches long, weighing about 1.8 Kg. The analysis furnished by the 

supplier was an average of 21 regular production derbies. The results are 

shown in Table 9. 

Table 9. Chemical analysis of uranium 

Element Average Range 

ppm ppm 

C 30 5-100 

N 55 10-650 

Cr 24 10- 50 

Cu 8 1- 15 

Fe 100 39-168 

Mg 61 8-800 

Mn 11 6- 20 

Ni 56 f
 

o
 

Si 31 15- 70 
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Chromi um 

The chromium used for making the U-Cr eutectic was 99-997% pure crystal 

bar stock obtained from the Chromailoy Corporation. A typical analysis of 

the metal as well as an Ames Laboratory spectrographic analysis is given in 

Table 10. 

Table 10. Chemical and spectrographic analyses of chromium 

Element Supplier analysis 

ppm 

Ames Laboratory 
spectrograph!c 

analysis 

0 2 

H 0.3 

N 1 -9 

C 10 

AI 1 ___a 

Ca 2 —  —  —  

Cu 0.1 

Fe 11 Faint Trace 

Mg 2 —  — —  

Mn 0.1 —  — —  

Ni 1 —  —  —  

Si 10 — 

V 1 

® means impurity level was too low to be detected. 
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I ron 

Electrolytic melting stock iron was obtained from the Glidden Company 

with a purity of 99.940%, in the form of brittle sheet 1/16 to 1/8 inch in 

thickness. The typical impurities for this grade of iron as given by the 

supplier are shown in Table 11. 

Table 11. Chemical analysis of electrolytic iron 

Element Suppliers analysis 

wt.% 

Element Suppliers analysis 

wt.% 

A1 <0.001 Mo <0.004 

Be <0.0005 Ni 0.001 

Ca <0.001 N 0.0005̂  

C 0.002 0 0.0143 

Cr 0.001 Si 0.003 

Co 0.0010 Ta <0.001 

Cu 0.004 Sn <0.003 

H 0.00103 W <0.001 

Pb <0.001 V <0.001 

Mg <0.0005 Zn <0.001 

Mn 0.0015 Zr <0.001 

^Ames Laboratory vacuum fusion analysis. 

Yttrium 

The yttrium used in the investigation was extruded from Ames Laboratory 

production Billet No. 345 as tubing of 0.85 inch O.D. by 0.65 Inch I.D. A 

special graphite lubricant was used instead of a copper jacket (108). 
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Metallographic examination of several cross sections of the extruded tubing 

revealed an oxide layer of 0.005 to 0.010 inch thick on the outer surfaces 

and a 0.001 to 0.004 inch layer on the inner surfaces. Both layers were 

subsequently removed when the capsules were finished on a lathe to 0.800 

inch O.D. by 0.695 inch I.D. 

Before extruding, the larger six-inch diameter billet was doubly 

electron- l  beam mel ted into four 2^ inch diameter billets to further remove 

fluorides and oxygen . Table 12 lists the major impurities of the billet 

before it was electron-beam melted. 

Table 12. Ames Laboratory analysis of yttrium b 11 let No. 345 

Element Impurity level Element Impurity level 

ppm ppm 

0 690̂  Ni < 1 

F eiga.b Ca < 10 

C 286 Mg < 13 

N 103 Si <150 

Cu 25 Ti <500 

Fe 157 Zr < 50 

®Both values lowered as a result of electron-beam melting. 

^Fluoride content probably <100 ppm after electron-beam melting. 

Tantalum 

High-purity tantalum tubing was purchased from the National Research 

Corporation at 99-97% purity for melting-point capsules and other corrosion 
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tests. The six-foot lengths of tubing were 0-750 inch O.D. with 0.030 inch 

wall thickness. The impurities present are listed below in Table 13. 

Table 13- Chemical analysis of tantalum tubing 

Element Suppliers analysis 

ppm 

Element Suppliers analysis 

ppm 

0 13 Mo 39 

N 33 Nb 130 

C 8 Ni 1 

AI <10 Si 10 

Cr < 1 Ti < 5 

Cu < 1 W 51 

Fe < 5 Ta balance 
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RESULTS AND DISCUSSION 

The results of each of the three studies—U-Cr-Fe eutectic investiga

tion, solubility tests, and corrosion tests—will be presented individually 

under separate headings. Where appropriate, tables and figures with 

photomicrographs are shown for easy reference. 

Uranium-Chromium-1ron Phase Studies 

Table 14 lists the results of the differential thermal analyses run 

by the author as a part of this investigation. Various compositions in 

the uranium-rich end of the ternary system were tested including additions 

of iron from 0.02 to 10.0 wt.% to the base U-Cr eutectic. It is seen 

that the samples at 1.0 wt.% iron (No's 0040 and 0254) exhibit average 

solidus and liquidus temperatures of 765 and 834.5*C, respectively. 

This is clearly not the eutectic composition. This was also confirmed 

by microscopic examination of the samples as seen later in several 

photomicrographs (Figure 24c). 

A plot of the thermal data using various iron additions to the 

U-Cr eutectic from 0 to 10.0 wt.% iron is shown in Figure 22. This partial 

phase diagram indicates the ternary eutectic to be near the 2.5 wt.% 

iron addition. This composition corresponds to point A on the tentative 

ternary phase diagram in Figure 23 which is a polythermal projection of 

the liquidus surface of the region under investigation. Here, Ej and E^ 

are the pure U-Cr and U-Fe eutectic compositions, respectively. The 

dashed lines running from points A and B on the diagram represent approxi

mate binary eutectic valleys leading from the binary eutectic compositions 
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Table 14. Differential thermal analyses data^ for uranium-chromium 
eutectic and uranlum-chromium-iron alloys 

Sample Nominal composition (wt.%) Transformation temperatures ("C) 
No. 

U  C r  F e  c i ; - * 3 3 ~ * Y  S o d i d u s  L i q u i d u s  

0007 95-00 5-OOb — — 661 758 870 872 
0008 94.97 5.03b — — 662 757 870 871 
0009 94.82 5.18b 661 757 870 872 
0012 95.00 5.00 — — 662 759 871 874 
0255 95-00 5.00 662 758 869 872 

0038 94.98 5.00 0.02 655 755 863 871 
0251 94.98 5.00 0.02 655 753 863 872 
0252 94.76 4.99 0.25 654 750 766 863 

0039 94.52 4.98 0.50 653 750 765 855 
0253 94.52 4.98 0.50 652 750 765 855 

0041 94.29 4.96 0.75 651 750 765 852 
0040 94.05 4.95 1 .00 653 750 765 834 

0254 94.05 4.95 1 .00 654 750 765 835 
0019 93.91 4.94 1.15 651 750 765 835 
0042 93-81 4.94 1.25 654 750 765 835 

0017 93.58 4.92 1.50 654 750 766 816 
0256 92.62 4.88 2.50 653 750 765 767 
0053 92.15 4.85 3.00 661 750 765 768 
0054 91 -44 4.81 3.75 None 750 765 768 
0257 90.25 4.75 5.00 None None 748 755 

0258 85.50 4.50 10.00 None None 736 746 
0051 96.50 1 .00 2.50 654 750 765 795 
0031 91.08 1.88 7.04 None None 724 752 
0035 92.38 2.62 5.00 None None 746 761 
0052 95.00 2.50 2.50 655 750 765 765.6 

^Average values taken from two or more runs. 

^Chromium content determined by chemical analysis. 
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to the ternary eutectic composition. The lines are shown linearly, 

although in actuality they probably curve slightly changing inflection 

once or twice before reaching the ternary point. A similar dashed line 

is also drawn to the composition of the 1iquidus valley on the Cr-Fe 

side of the diagram (22 wt.% Cr), 

The three areas labeled "o^', "P", and "Y" in Figure 23 are primary 

phase fields. These primary phase fields are separated by the eutectic 

curves or binary valleys. A primary phase field is that volume of a 

temperature-composition prism for a three-component system in which one 

solid is in equilibrium with the melt. A binary valley is the line of 

intersection of two adjacent primary phase fields along which the two 

solids of the adjacent primary phase fields are in equilibrium with the 

melt- At the ternary eutectic point, the three solid phases and the melt 

are in equi1ibrium. 

Point B on the ternary diagram corresponds to the composition for 

Sample 0052. Again linear dashed lines are drawn from the point to 

Ep Eg, and E^ representing proposed binary valleys. This composition 

exhibits the closest approach to the ternary eutectic composition of 

all the alloys run (Table 14) as evidenced by both thermal analysis and 

microscopic examination (Figure 24f). Although Sample 0256 displayed 

a aear eutectic composition by thermal analysis, metallographic examina

tion did not corroborate this finding (Figure Zke) .  

According to Ricci (109), the three binary eutectic curves meeting 

at point E must intersect in such a way that the angle between adjacent 

curves is not greater than 180°C. Thus in Figure 25, configurations (a) 
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U 

Figure 23- Proposed ternary phase diagram of the uranium-chromiurn-iron 
system (tentative) 
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Figure 24. Microstuctures of uranium-chromium eutectic and u jnium-
chromîum-iron alloys (as electropolished in 3% perchloric) 

a. Sample C-5: U-Cr eutectic (250X) 

b. Sample C-2; U-Cr-0.25 wt.% Fe (250X) 

c. Sample C-4: U-Cr-1.00 wt.% Fe (250X) 

d. Sample C-8: U-Cr-lO.O wt.% Fe (250X) 

e. Sample C-6: U-Cr-2.50 wt.% Fe (250X) 

f. Sample 0052: U-2.5 wt.% Cr-2.5 wt.% Fe (IgOX) 
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and (b) are possible but that of (c) is impossible. 

(0 

Figure 25. Possible (a and b) and impossible (c) intersections of binary 
eutectic curves on a ternary eutectic phase diagram 

Referring again to Figure 23 in light of Figure 25, Point B might 

be an impossibility. If it is assumed that the two binary valleys E^B 

and EgB are nearly linear, the eutectic point would have to lie on the 

right side of the straight line joining E^ and E^. Points A and C 

fulfill this requirement. The other contingency, of course, is that 

Figure 25b applies. This is a distinct possibility since the ternary 

eutectic point E has a melting point (765 °C) between E^ (859°C) and 

Eg (725®C). If the binary valleys E^B and E^B are not linear but curve 

appropriately, then Point B is still credible. Without further investi

gation, various possibilities can only be speculated. Based on the 

preliminary data from Table 14, the ternary eutectic point lies close 

to the line AB. Thermal analyses and microscopic examinations show 

the eutectic to be close to point B. 
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The photomicrographs shown in Figure 24 illustrate the microstructure 

of six of the U-Cr-Fe alloys. The pure U-Cr eutectic is shown in view (a). 

A comparison of (c) with (a) and (b) shows the eutectic structure present 

is still primary U-Cr eutectic, whereas the surrounding areas contain a 

nearly uniform distribution of U-Cr-Fe solid solution. The U-Cr eutectic 

regions were shown to be deficient in iron by microprobe analysis. View (d) 

shows the microstructure of the 10 wt.% iron addition to the U-Cr eutectic. 

Beyond about 3-75 wt.% iron the allotropie forms of uranium disappear and 

are supplanted by U^Fe and UFe2, in that order. The 10 wt.% iron alloy is 

largely that of the two compounds and chromium, iron tends to distribute 

itself quite uniformly with the uranium present, but the chromium tends to 

segregate for alloys above about 2.5 wt.% iron. This was borne out in 

microprobe analyses of the various U-Cr-Fe alloys. A vivid illustration of 

chromium rejection is seen in the sequence of photomicrographs shown in 

Figure 26. 

Figure 26a is a photomicrograph of the area considered in the UCr-2.5 

wt.% Fe alloy. From the series of photomicrographs in Figure 24 one might 

think that the needles in Figure 26a are basically U^Fe, but the chromium 

image obtained from the microprobe (Figure 26c) shows an accumulation of 

chromium at the needles. The uranium and iron distributions tend to be 

fairly uniform. A semi-quantitative analysis of the needles by the micro-

probe showed their composition to be approximately 84 wt.% U, 12 wt.% Cr, 

and 4 wt.% Fe. The composition of the region between needles was shown to 

be about 95 wt.% U, 4 wt.% Fe, and 0.8 wt.% Cr, or roughly that of the 

UgFe compound. 
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Fi gure 26. Photomicrographs of uranium-chromium-2.5 wt.% iron micro-
structure analyzed by electron microprobe: Sample 246 (200X) 

a. Photomicrograph of the area scanned oy electron beam 

b. Oscilloscope picture of iron image from microprobe show

ing iron distribution 

c. Oscilloscope picture of chromium image from microprobe: 
note concentration of chromium in needles 

d. Oscilloscope picture of uranium image showing uniform 
uranium distribution 
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it is somewhat surprising that the chromium is rejected from solution 

on cooling since the Cr-Fe system forms a complete series of solid solutions 

and the iron and chromium atoms have similar sizes and electronegativites. 

it is, perhaps, the electronic structures which cause the chromium to be 

rejected because uranium forms two intermetallic compounds with iron but 

none with chromium. 

The allotropie transformation temperatures of the U-Cr eutectic are 

not greatly affected by the addition of iron. Heating data show a decrease 

of approximately 8°C for the a? p and p Y transformations for iron 

additions above 0.25 wt.%. At about 3-75 wt.% iron and above the trans

formations disappear as shown in Figure 22. 

The results of this auxilliary investigation have shown the ternary 

eutectic point to be near the composition of 95 wt.% U-2.5 wt.% Cr-2.5 wt.% 

Fe melting at 7^5°C. This is in contradiction to the literature reported 

value (51, 95, 96) at 9^ wt.% U-5 wt.% Cr-I wt.% Fe melting at 760°C. 

The pure U-Cr eutectic composition at 95 wt.% U-5 wt.% Cr was found to melt 

at approximately 870*C, whereas the literature (42) lists a value of 859 -

10°C for the melting point. 

Corrosion Tests Results 

Corros i on by uran i um-chromi um eutect i c 

The main purpose of the over-all investigation was to determine the 

corrosive effect of iron additions to the base U-Cr eutectic alloy contained 

in yttrium containers. In order to determine these effects it was necessary 

to know the effect of pure U-Cr eutectic on the yttrium alone. This was 

accomplished by testing a series of yttrium capsules containing the U-Cr 
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eutectic for various durations in an isothermal furnace at 950°C. A total 

of 22 capsules were investigated including three tests conducted by Fisher 

and Fullhart (7) earlier at the Ames Laboratory. Table 15 is a tabulation 

of these capsule tests and best summarizes their results. Figures 27, 28, 

and 29 show various photomicrographs of the samples. In most cases, the 

area at the interface between the yttrium and U-Cr eutectic is reproduced. 

All tests except Samples 279B, 263, and 264 were run as nominally 

static, isothermal tests. The three exceptions were run isothermally in 

the 360° rotary apparatus in Furnace No. 4 shown in Figure 19. 

In actuality it was impossible to maintain the static capsules at the 

same temperature from top to bottom. A difference of 1° to possibly 2 or 

3°C existed along the length of the capsules which were placed vertically 

in the furnace. The inside muffle furnace dimensions are 7i inches wide by 

Si inches high by 15 inches deep. Nichrome resistance wire is wrapped on 

the outside of this shell to maintain the temperature as nearly uniform as 

possible for this type of design. In an experiment conducted several years 

ago, the author found temperature differentials between the ends of a four-

inch Inconel capsule of 0.5 to 3.0°C at various locations in the back-half 

of the furnace. Such temperature differentials are great enough to cause 

significant density differences which give rise to convective agitation of 

the melt. Eldred (71) calculated that a difference of as little as 10 ̂ g/cc 

in density between the top and bottom of the melt are enough to cause con

vective currents. It is a well-known fact that the dissolution rate is much 

greater for an agitated specimen than for an ideally static one. Hence, 

an increased degree of corrosion attack would be expected at the meniscus. 

The over-all effect is that a V-form capsule results, enhanced by the fact 
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Table IS. Results of isothermal yttrium capsule tests with uranium-chromium eutectic^ 

Sample Temp. Length S/V Type of 
number of test ratio corrosion 

C hours cm -I 

Depth of 
corrosion 

<h 
inches 

Yttrium in 
solution 

ppm 

279B^ 950 0.05 

150 950 1.0 

261 950 50 

262 950 175 

263® 950 175 

264® 950 175 

245 950 300 

162 950 504 

165 950 504 

163 950 988 

164 950 988 

166 950 1500 

167 950 1500 

168 950 2000 

>69 950 2000 

161 950 3000 

5.50 slight 
dissolution 

3-15 dissolution 

< 0.0001 

0.0007 

2.86 dissolution Top 0.0024 
& Si-Y cmpd ° Bot 0.0010 

2.82 " 

7.47 dissolution 

7.49 

2.70 

2.79 

2.68 

2.67 

2.69 

2.68 

2.69 

2.69 

2.68 

2.88 

Top 0.0028 
Bot 0.001 

0.0007 

0.0012 

dissolution Top 0.0020 
& Si-Y cmpd Bot 0.0017 

" Top 0.002 

Bot 0.0017 

" Top 0.0042 
Bot 0.001 

" Top 0.0078 
Bot 0.0043 

" Top 0.0109 
Bot 0.0055 

" Top 0.0028 
Bot 0.001 

" Top 0.0118 

Bot 0.0025 

" Top 0.0138 
Bot 0.0044 

Top 0.0164 

Bot 0.0042 

dissolution Top 0.0049 

Bot 0.0038 

226^ Standard reference sample 
structure. 

271 Meniscus turned up. Thin 

probe analysis at 8OOX. 

734 Meniscus turned up slight 
visible. Thin oxide coat 

U-Cr wet capsule wall onl' 
near Interface. Si>-Y gld 

686 ̂ Y surfaces cleaned before 
thermal grooving. Also s 

618 Y capsule oxidized in air 

cant difference from No. 

568 Meniscus was almost flat. 
Y ppt. along Interface an 

Meniscus turned up. Some 

539 Meniscus turned up. Firs 
but about the same distar 

Meniscus turned up. Si-Y 
increased attack very not 

Meniscus turned up. Y pf 
SI-Y present at the bottc 

Meniscus turned up. Con: 
Y ppt. near meniscus. Tl 

Meniscus turned up. Si-I 

— Meniscus turned up. SI-1 
clusters of Si-Y. Y ppt 

Meniscus turned up. Si-1 
eus. Y ppt. floating ne< 

458 Meniscus almost flat—tui 
other capsules near botti 

®AII capsules were run 

''Corrosion penetration 

^Yttrium present as an 

as nominally static tests except Samples 279B, 263, and 264, which were d' 

listed is the maximum measured along the sectioned capsules' interfaces, 

impurity in the uranium before testing was determined to be 113 and 204 p| 
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Remarks 

srd reference sample. See Fig. 27a. Note uniform interface and characteristic U-Cr eutectic micro-
ture. 

eus turned up. Thin layer of oxide coating present. Very slight dissolution attack discerned by micro

analysis at 800x. 

eus turned up slightly. Increased dissolution attack at meniscus. See Fig. 27b where Si-Y globules are 
le. Thin oxide coating present at interface in certain places. Bottom has Si-Y along most of interface. 

)#et capsule wall only in certain places at meniscus. Y ppt. collected at the meniscus and along the walls 

interface. Sl»-Y globules also present along interface. See Fig. 29d. 

faces cleaned before test—compare with No. 264. Fig. 27c shows typical Y grain-boundary structure and 
al grooving. Also see Fig. 29c. Y ppt. visible under microscopic examination. 

sule oxidized in air at 250"C before test. Inner and outer surfaces were bright after test. No signifi-
difference from No. 263. Y ppt. and a few Si-Y globules present under microscopic examination. 

eus was almost flat. Attack along interface nearly equal at top and bottom. Very few Si-Y globules present. 

. along Interface and floating at meniscus (Fig. 31a) . 

eus turned up. Some Y ppt. near interface. Several Si-Y globules present but much less than in No. 165. 

eus turned up. First signs of large amounts of Si-Y globules—rather randomly spaced along the interface, 

bout the same distance into the U-Cr. See Fig. 27d. Some pure Y ppt. visible. 

eus turned up. SI-Y globules all along interface. Y ppt. along interface and floating at the meniscus. 

ased attack very noticeable at meniscus. See Fig. 27e showing Y and Si-Y globules. 

eus turned up. Y ppt. floating at U-Cr surface. Again increased attack at meniscus. Considerably less 

present at the bottom of these samples. 

eus turned up. Considerably less corrosion noticed for this sainple and also much less Si-Y present. Some 

. near meniscus. Thermal grooving of Y noticeable. 

eus turned up. Si-Y globules abundantly present. Always increased attack near groupings of Si-Y globules. 

eus turned up. Si-Y globules are further from interface with time. Fig. 27f shows increased attack near 

ers of Si-Y. Y ppt. at meniscus and near top at the interface. 

eus turned up. Si-Y globules are further from interface in top samples.. Always increased attack at menis-
Y ppt. floating near surface. See FIg.'s 29a, 29b, and 29c showing microprobe verification of Si. 

eus almost flat—turned up in some places, down in others. Less attack near meniscus, but about the same as 
capsules near bottom. Si is absent in both top and bottom samples. See Fig. 28a. Y ppt. at surface. 

d 264, which were dynamic tests rotated 360°. 

suIes' interfaces. 

to be 113 and 204 ppm from chemical analysis of two separate samples. 



www.manaraa.com

117 

Table IS (Continued) 

Sample 

number 

Temp. 

"C 

Length 
of test 

hours 

S/V 
ratio 

cm-' 

Type of 
corrosion 

Depth of 
corrosion 

<b 

inches 

Yttrium in 
solution 

ppm 

170 950 3000 2.68 dissolution 

S- Si-Y capd 

Top 

Bot 

0.0157 
0.0044 

•s- Meniscus turned up. Si 

deep attacic right at me 

146d 960 360 __e Top 
Bot 

0.0017 
0.0012 

— Meniscus turned down, 
interface. No Si near 

148^ 925 2000 3.9 I I  0.0019 — Meniscus turned up and 
interface. See Fig. 28 

14/" 950 3000 2.7 I I  Top 
Bot 

0.0079 
0.0110 

— Meniscus turned up. A 
No. 170. Jagged attack 

259*" 1200 60 2.6 I I  Top 
Bot 

0.0016 

0.0007 
1,412 Meniscus turned up. Se 

U-rich eutectic with Y 

260 1200 60 2.7 I I  Top 
Bot 

0.0032 
0.0029 

2,138 Meniscus turned up. Se 

tuite uniform attack as 

''Samples 146, 148, and 147 are actual samples run by Fullhart (7, 10). 

^Capsule shape precludes estimation of surface area to volume ratio. 

fSample 259 contained pure uranium as a comparison test of corrosiveness with the U-Cr eutectic 
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Remarks 

turned up. Sl-Y coinpound again present giving increased attacic. Y ppt. at meniscus. Fig. 28b shows 

icic right at meniscus. 

turned down. SI-Y globules are present in very slight amount. Y ppt. visible at meniscus and along 
>. No Si near bottom (Fig. 28c). 

turned up and down. Only 3/16 inch depth of U-Cr in machined Y capsule. Si-Y globules present ail along 

s. See Fig. 28d. Several areas of increased attack near Y ppt. floating at surface. 

turned up. A few Sl-Y globules visible. Considerable Y ppt. and Si-Y floating near meniscus—more than 
Jagged attack on top, but uniform at bottom (Fig. 28e). 

turned up. Several Sl-Y globules. Y ppt. floating at surface. Little attack compared to No. 260. 

itectic with Y similar to that in Fig. 28f. Some Y grain boundaries transverse width of capsule wall. 

turned up. Several Si-Y globules present. Y ppt. at meniscus. U-rich Y eutectic visible (Fig. 28f). 
form attack as compared to 950*C samples. 

i U-Cr eutectic used in Sample 260. 
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that the density of yttrium is much less than the U-Cr eutectic. 

The differences in density of the melt not only arises from the 

temperature differential present but also because of the difference In 

composition (more solid metal in solution near the meniscus than near the 

bottom). The temperature difference is also increased as a result of the 

positive heat of solution, characteristic of partially immiscible systems 

such as yttrium—U-Cr. On this basis, then, it is not surprising thac each 

of the static capsules listed in Table 15 shows more severe corros ion and a 

deeper penetration near the meniscus because of the increased agitation at 

the surface. Examples are shown in Figures 27b and 28b. Figure 30 is a 

dual plot of the penetration observed at the meniscus and at the bottom of 

the static test capsules with time. Some of the points are rather dispersed 

in nature, but the over-all effect of the corrosion is evident. Since only 

the maximum penetration and not an average amount is plotted, such a 

statistical distribution is to be expected. If the tests had all been 

conducted dynamically, the curves would probably have been more uniform and 

the amount of corrosion considerably less. 

The dynamic capsules, on the other hand, did not exhibit this effect 

and underwent considerably less corrosion attack although their surface to 

volume ratios were higher than the static capsules, in essence tiic siatic 

tests conducted in this investigation were a more severe test of yttrium 

as a container material than the isothermal dynamic tests. 

The liquid-metal corrosion attack occurring in this series of tests 

consisted of dissolution attack which was further complicated by inter-

metallic compound formation between impurity silicon and the yttrium. The 

silicon impurity was discovered by microprobe analyses on a number of 
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Figure 27. Phocomicrographs of interface regions for ytcrium corrosion 
test samples with uranium-chromium eutectic (as electro-
polished in 3% perchloric) 

a. Sample 2796, 0.05 hours; note smooch interface of standard 
test sample for corrosion tes: series i.250X) 

b. Sample 261, 50 hours: near meniscus snowing several Si-Y 
globules and yttrium ppt. (250X) 

c. Sample '263, 175 hours—dynamic test: showing typical grain 
boundaries and groove angle (250X) 

d. Sample 165, 504 hours; line of Si-Y globules (250X) 

e. Sample 163, OSS nours: Si-Y globules and yCtriL^ ppt. are 

visible (25Gx)  

f. Sample 168, 2000 hours: increased aitack near cluster of 

Si-Y globules at boLtom (150 a )  
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Figure 28. Photomicrographs of interface regions for yttrium corrosion 
test samples with uranium-chromium eutectic (as electro-
polished in 3% perchloric) 

a. Sample l6l, 3000 hours: note absence of Si-Y globules and 
wavy interface characteristic of dissolution attack (near 
bottom, 25OX) 

b. Sample I70, 3000 hours: Si-Y globules and yttrium ppt. 
present at meniscus—note sharp attack (I5OX) 

c. Sample 146, 360 hours at 960°C: Si-Y compound at inter
face near meniscus (25OX) 

d. Sample 148, 2000 hours at 925°C: line of Si-Y globules 
with needle-like structure (bottom, 200X) 

e. Sample 147, 3000 hours: large chunks of yttrium near 
meniscus level (lOOX) 

f. Sample 260, 60 hours at 1200®C: yttrium ppt. near meniscus; 
note U-rich yttrium eutectic microstructure (Xmas tree) in 
upper left corner (250X) 
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Figure 29. Photomicrographs of interface regions for yttrium corrosion 
test samples with uranium-chromium eutectic 

a. Sample 169, 2000 hours: sample current image obtained from 
oscilloscope of microprobe analyzer showing yttrium, U-Cr, 
and line of Si-Y compound (400X) 

b. Sample I69,  same area as view (a); silicon image obtained 
from oscilloscope of microprobe analyzer showing presence 

of silicon (400X) 

c. Sample I69,  same area as view (a): yttrium image obtained 
from oscilloscope of microprobe analyzer showing two dis
tinct regions of yttrium (400X) 

d. Sample 169, 2000 hours: typical yttrium grain microstruc
ture and groove angles; note blip of yttrium unattacked 
extending to line of Si-Y (lOOX, as electropolished) 

e. Sample 262, 175 hours; note U-Cr fingers extending into 
yttrium; globules in bulk of U-Cr are excess chromium cry
stals (400X, as electropolished) 

f. Sample I69,  2000 hours: yttrium finger engulfed by U-Cr; 
method of attack preceded by that shown in view (e) 
above (250X, as electropolished) 

g. Sample 170, 3000 hours: yttrium finger remains unattacked 
and extends to original interface at line of Si-Y globules 
(I5OX, as electropolished) 
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Figure 30. Maximum penetration 
at 950°C 

depth of yttrium walls by the uranium-chromium eutectic with time 
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corrosion specimens. The source of the silicon was t raced to the final 

polishing of the yttrium surfaces with 600 grit silicon carbide (SiC) 

abrasive paper. Since all capsules including those run by Fisher and 

Fullhart) were polished with SiC paper, metallographic evidence of 

silicon was found in nearly all capsules. Only the dynamic tests and 

Samples 150 and l6l of the static tests were free of the silicon-yttrium 

(Si-Y) compound globules under microscopic examination, although silicon 

was undoubtedly present. Yttrium is a rather soft metal and easily becomes 

embedded with polishing grit even for metallographic preparation. In fact, 

it was almost impossible to prepare a satisfactory specimen by mechanical 

means alone. Hence, most specimens were electropolished in a 3% perchloric 

acid-methanol solution at 60 volts for one minute. This produced a 

smooth finish for photographing at 500X magnification. Some particles of 

SiC were still trapped in the microstructure, however, as a result of the 

initial preparation of the specimens for electropolishing. This grit 

appears as black spots in several photomicrographs. 

The presence of silicon is shown in Figure 29b as the silicon image 

obtained from the microprobe oscilloscope. The composition of the Si-Y 

compound was approximately the same in all specimens examined: 22 wt.% Si-

75 wt.% Y + 2%. This composition corresponds roughly to SiY, a compound 

of 24.0 wt.% silicon. There are four compounds in the silicon-yttrium 

system, however, and the Si-Y globules present in the corrosion samples 

could be a combination of these four. 

The first signs of silicon impurity were evident in Sample 261 

(Figure 27b). Sample 162 run for 504 hours had just a few globules, but 

Sample 165 also run for 504 hours had significantly more present. The 
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amount of Si-Y increased with test duration in all capsules except Sample 

161 run for 3000 hours. Silicon grit was probably significantly absent 

from this capsule when the test commenced. It should be pointed out that 

the presence of silicon impurity greatly increased the amount of dissolution 

attack and penetration of the wall. This can be accounted for since once 

the yttrium had gone into solution in the diffusion band of thickness 6, 

it was free to react with the silicon present at the interface. The 

reaction would thus continue until the original silicon disappeared. 

Actually the silicon was initially present as SiC particles, but since 

rare earths and yttrium readily react to form carbides at elevated tempera

tures, a complex reaction probably occurred which resulted in the Si-Y 

compound. The fact that silicon impurity greatly increases the amount of 

corrosion is vividly illustrated by comparing Samples I6I and I66, which 

were free or nearly free of the Si-Y globules, with the other static 

capsules tests in Table I5. Dissolution attack still occurred in these 

samples but to a much slighter extent ana considerably less penetration 

was noted for correspondingly equivalent tests. 

In comparing the capsules run for various times it was noted that the 

distance between the Si-Y globules and the interface increased with time. 

However, there was little tendency for the globules to migrate into the 

bulk of the melt. In fact, the globules were always found along the inter

face and never in the bulk of the U-Cr nor floating at the meniscus. 

The reason the distance increased with time is that the yttrium wall thick

ness decreased with time. In almost all cases where the Si-Y globules were 

strung along beside the interface, their position corresponded to the 

original inner surface of the yttrium. That is, the globules tended to 
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remain stationary while the yttrium wall suffered dissolutive attack. In 

the top specimens examined, the Si-Y tended to be spread out because of the 

increased attack and thermal agitation. 

Increased regions of dissolution attack were always noted wherever a 

cluster of Si-Y globules were present. An example of this is shown in 

Figure 27f for Sample 168. These regions were especially prevalent in the 

bottom corners of the corrosion specimens where the bottom cap and side 

wall met. More silicon was probably present here initially per unit vol

ume of the U-Cr eutectic. Figures 28c, 27d, 29d, and 29g show how the 

distance between the Si-Y globules and the interface changed with increas

ing test duration from 360 to 3000 hours. 

Another peculiarity noted in a number of the samples is illustrated in 

Figure 29d where for no apparent reason a small portion of the yttrium is 

left essentially unattacked. This is shown as a little peak reaching to 

the line of Si-Y globules and actually contacting them. This same phe

nomenon is seen again in Figures 27f and 29g. 

Sample 263 and 264 were dynamic tests run for 175 hours. Capsule 264 

was oxidized in air at 250°C for several hours before charging and sealing. 

Capsule 263 was cleaned with 600 grit SiC paper just before charging and 

sealing. After the test period both capsules were bright and shiny and 

looked the same, inside and outside. A few Si-Y globules were noticed for 

Sample 264 which suffered slightly more penetration of the wall. Refer

ring to the free energies of formation (110) for the various oxides in

volved in the system, it is seen that Y^O^ is the least stable at 950®C 

when compared to UO^, U^Og, UO^, and Ta^O^. Hence, uranium on the inside 

and tantalum foil on the outside tend to getter the oxygen away from the 
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yttrium. This is the reason all of the yttrium capsules looked shiny, 

both inside and outside after testing. Thus, after a short period of time 

Sample 264 essentially acted no differently than Number 263. 

Sample 150 run for 1.0 hour had a thin oxide coating (<0.0003 inch) 

at numerous places along the interface between the yttrium and U-Cr. 

Sample 261 (50 hours) also had several regions where an oxide film was 

visible. Further oxide films were not detected on longer duration tests 

or even the standard reference sample (No. 2 79B) . The dissolution attack 

was less in the oxide regions indicating that if a stable oxide film 

could be maintained, reouced corrosion attack would undoubtedly occur. 

Retaining such an oxide film over long test durations, however, would be 

rather difficult because of uranium's gettering properties. Theoretically, 

the uranium atoms could continue to react with the yttrium oxide until all 

the oxygen had converted to the most stable uranium oxide at the tempera

ture of concern. 

Figures 29e, f, and g of three specimens with increasing test periods 

show the mechanism of the dissolution attack. in Figure 29e it is seen 

that there are several areas in which a pit or finger of U-Cr has penetrated 

as much as 0.001 inches into the yttrium wall. (The particles adjacent to 

the interface in Figure 29e are Si-Y globules, but the phase in the bulk of 

the U-Cr microstructure is primary chromium which precipitated from the 

chromium-rich solution upon freezing). When two of these fingers are close 

together at the interface, they tend to eventually come together as 

illustrated in Figure 29f, (also Figures 28b, e, and f), encircling a chunk 

of yttrium and breaking it away from the main body of the wall without 

completely dissolving it. The chunk of yttrium then tends to float to the 
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meniscus as seen in Figure 27e or react with the silicon impurity present to 

form a line of Si-Y globules (Figure 29g). 

This phenomenon occurred in most of the samples suffering considerable 

attack (>0.005 inches penetration). It is a mechanism different from true 

dissolution attack where corrosion occurs on an atomic basis. It is not a 

combination of intergranular attack since the fingers occur within the 

grains, not at the grain boundaries (Figure 29d). In fact, intergranular 

attack was not found in any of the tests (more on this later). The reason 

for this type of corrosion is unknown. Perhaps it is the result of energy 

gradients within or on the surface of individual yttrium grains leading to 

a type of crystal facet development described by Brasunas (55) for other 

corrosion systems. Or, it could be caused by localized spots of impurity 

which form low melting alloys with the U-Cr eutectic. The presence of the 

silicon impurity might even be responsible. 

While some of the chunks present in the samples were formed in this 

manner, others are probably the result of yttrium precipitating out of 

solution during the test anc at the end when the capsules were quenched. 

This is undoubtedly true for most of the globules at the meniscus. In one 

test conducted by the author as a part of another investigation (I il), a 

layer of yttrium had actually covered the whole meniscus area of uranium 

contained in an yttrium capsule at 1300*C. This could only have formed by 

yttrium precipitate fusing together with time and as the capsule cooled. 

The phenomenon of thermal grooving described in the theoretical section 

on intergranular attack was observed in a number of the metallographic 

specimens. Examples of this and the dihedral angles typical of the various 

specimens are shown in Figures 27c and 29d. The yttrium adjacent to the 
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interface in these and other photomicrographs was stained during electro-

polishing—making it somewhat difficult to see the exact interface. The 

staining was thought to occur because the yttrium surface was not on the 

same plane as the U-Cr, but slightly lower. This also accounts for the 

reason some photomicrographs are not in focus throughout. It is noted 

that the dihedral angle is considerably greater than 0° or even 90°. This 

fact coupled with the spectrographic results and AH = 18.7 Kcal/mole for the 

U-Y system from Equation 68 shows that intergranu1ar corrosion attack did 

not occur. Yttrium grain boundaries analyzed by the electron microprobe 

did not show any signs of uranium or chromium, although aluminum oxide 

from mechanical polishing was easily recognized. Spectrographic tests of 

outer yttrium filings did not reveal any uranium lines whereas no signifi

cant change in the chromium already present in yttrium could be detected. 

The samples run by Fisher and Fullhart (7) are listed in Table 15 as 

Samples 146, 147, and 148. Here again Si-Y globules were detected micro

scopically in all three meta 1lographic specimens (Figures 28c, d, and e). 

The amount of penetration on the long term samples (147 and l48) differed 

substantially: 0.0019 inch for Number 148 (2000 hours) and 0.0110 

inch for Number 147 (3000 hours). However this can be explained as a result 

of little or no thermal agitation present in Sample l48. Only 3/16 inch 

depth of U-Cr eutectic was present in the capsule; thus the test was nearly 

isothermal and essentially static. On the other hand. Sample 147 con

tained about one inch depth of U-Cr and was seen to undergo 0.0110 inch of 

penetration. This amount is less than that noticed for Sample 170 but more 

than Sample 161 both run for 3000 hours. All three of these samples 
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exhibited the dissolution of large chunks of yttrium, characteristic of the 

other tests. Yttrium precipitate was also observed floating at the meniscus. 

To compare the corrosiveness of U-Cr eutectic with pure uranium in 

yttrium containers. Samples 259 and 260 were run. Both capsules were run 

at 1200°C for 60 hours as static, isothermal tests. The increased attack 

at the meniscus noticeable in the other tests was not nearly as severe in 

these tests. The corrosion was more uniform although large chunks of 

yttrium were observed near the interface (Figure 28f). Both samples 

exhibited an uranium-rich yttrium eutectic microstructure—seen as the dark 

finger-like structure in the upper left corner of Figure 28f. The experi

mental solubilities of yttrium in uranium and U-Cr eutectic at 1200*C were 

14|2 and 2138 ppm, respectively. Equation 25 predicts values of 1404 and 

1046 for uranium and U-Cr eutectic, respectively. Again, using the com

parison with cerium from Table 7, the yttrium solubilities should be 1078 

ppm and 1830 for uranium and U-Cr, respectively. Haefling and Daane (2) got 

a value 1180 ppm for yttrium in uranium. Equation 25 predicts a value 

surprisingly close to that obtained with sample 259, but it is also low by 

a factor of two for U-Cr eutectic. Comparison with cerium shows the proper 

trend—yttrium solubility higher in U-Cr than uranium, but the values are 

somewhat low. Yet, this comparison, based on actual experimental results, 

comes the closest to predicting actual over-all solubility. 

In another investigation conducted by the author (ill) on the com

patibility of molten uranium with yttrium containers at 1150°C and above, 

tests have been conducted for periods up to 700 hours at 1300^C without 

capsule failure. In fact, little difference in the degree of attack has 

been noted between those tests and the tests in this investigation. At 
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1300°C the largest problem has been the elimination of temperature gradients 

which cause increased attack at the meniscus. It is evident from the study 

of the U-Y system that the dissolution of yttrium in uranium is less 

severe than the dissolution of yttrium in the U-Cr eutectic in this 

investigation. Hence, the chromium addition to uranium increases the 

amount of liquid-metal corrosion. 

Contrary to data published in the literature the system of U-Cr eutec

tic in yttrium does undergo Jiquid-metal corrosion attack. The corrosion 

mechanism is the dissolution of yttrium metal by solution and diffusion. 

In this study the corrosion mechanisw was followed by intermetalHc com

pound formation with silicon impurity unknowningly introduced as SiC grit 

from polishing paper. However, even without the silicon impurity yttrium 

would still suffer dissolutive attack, but not at the rate found in this 

study. The achievement of a truly static, isothermal test was not possible 

in the tests conducted. Such conditions are essentially impossible to ob

tain (63, 71); hence increased attack was always noted at the meniscus level 

because of thermal agitation. As a result of the solubility tests it was 

found that the U-Cr eutectic quickly becomes saturated (2 hours) with ap

proximately 760 ppm yttrium after which time attack continues by a thermal-

gradient mass transfer mechanism whereby yttrium being the lighter constitu

ent tends to float to the meniscus. Another dissolutive mechanism was also 

noticed where large chunks of yttrium (< 0,001 inches wide) were observed 

being engulfed by the melt. Yttrium is more soluble in U-Cr eutectic than 

pure uranium and appropriately suffers a larger degree of dissolutive at

tack. The opposite trend was predicted theoretically by Equation 25, but 

correlation with experimental results on cerium in uranium and U-Cr eutectic 
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predicts uranium to be less corrosive. A thermal-gradient system incor

porating U-Cr eutectic in an yttrium loop would undergo considerable mass 

transfer with time. Had the two yttrium loops fabricated at the Ames 

Laboratory (see Review of the Literature) been successful in circulating 

the U-Cr, plugging would undoubtedly have occurred within several hundred 

hours because of the large temperature coefficient of solubility for 

yttrium in U-Cr eutectic. 

Corros ion by uranium-chromium-i ron a 11oys 

In the previous subsection it was shown that the U-Cr eutectic is 

more corrosive than pure uranium at 1200°C when sealed in yttrium 

capsules. In turn the presence of iron in the U-Cr eutectic increases 

the amount of corrosion further. 

Table 16 lists the results of the static capsule tests run with iron 

additions of 0.02 to 10.0 wt.% to the base U-Cr eutectic. Figure 31 shows 

several photomicrographs at the interface areas of some of the capsules. 

Since all the tests in this series were run for 300 hours, the effect 

of iron concentration on the amount of corrosion which occurs is easy 

to compare. Figure 32 illustrates this effect as measured near the 

meniscus and bottom of each capsule tested. The initial trend indicated 

a gradual increase in penetration depth with additions up to about 4 

wt.% iron. Above this amount the penetration begins increasing more 

rapidly until at 10 wt.% iron the average maximum penetration is about 

double that at 4 wt.%. This is also typified in Sample Number 276 

run with pure uranium-11.0 wt.% iron eutectic for only 60 hours 
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Table 16. Results of static. isothermal yttrium capsule tests at 950°C with uranium-chromium-iron alloys' 

Sample 
number 

Iron added 
to U-Cr 

wt.% 

S/V 
ratio 

cm-1 

Type of 

corrosion 
Depth of 

corrosion 
<b 

inches 

Yttrium in 
solution 

ppm 

245 0 2.70 dissolution 
6- Si-Y cmpd 

Top 
Bot 

0.0020 
0.0017 

568 Meniscus was almost flat. Attack 
Y ppt. along interface and floatin 

241 0.02 2.74 n Top 
Bot 

0.0033 
0.0028 

— Meniscus almost flat. Corrosion a 
interface. Y ppt. at surface, but 

251 0.02 2.75 ti Top. 
Bot 

0.0025 
0.0017 

-- Meniscus turned down slightly but 
face. Y ppt. floating near surfac 

242 0.25 2.74 I I  Top 
Bot 

0.0035 
0.0025 

— Meniscus turned down slightly but 
face. Y ppt. floating at meniscus 

252 0.25 2.74 I I  Top 
Bot 

0.0038 
0.0024 

— Meniscus turned up. Most severe a 
surface. 

243 0.50 2.76 I I  Top 
Bot 

0.0026 
0.0029 

— Meniscus turned up. Attack simila 
Fig. 31c shows typical interface a 

253 0.50 2.73 I I  Top 
Bot 

0.0036 
0.0028 

— Meniscus turned up. Si-Y globules 
into Y walls near bottom as seen i 

244 1.0 2.78 Top 
Bot 

0.0021 
0.0023 

1,128 Meniscus turned up. More Y ppt. a 
where Si-Y globules are present. 

254 1.0 2.75 Top 
Bot 

0.0024 
0.0025 

— Meniscus turned down but alloy wet 
along length of wall. Si-Y globul 

246 2.5 2.77 Top 
Bot 

0.0054 
0.0021 

1,036 Meniscus turned up. Most severe a 
scarce especially at botto». Also 

256 2.5 2.74 I I  Top 
Bot 

0.0057 
0.0036 

— Meniscus almost flat, but alloy we 
face in Y microstructure (Fig. 3le 

247 5.0 2.79 I I  Top 
Bot 

0.0063 
0.0037 

— Meniscus turned up. Fractures vis 
face (Fig. 31f). Regions of engul 

257 5.0 2.76 ft Top 
Bot 

0.0064 
0.0032 

— Meniscus turned up In some areas, 
rather scarce near bottom. Somewh 

248 10.0 2.75 11 Top 
Bot 

0.0092 
0.0083 

— Meniscus turned up. Numerous frac 
along interface somewhat randomly 

258 10.0 2.75 Top 
Hid 
Bot 

0.0120 
0.0136 
0.0081 

11,400 Meniscus wet walls. Fractures vis 
ules. One area of increased attac 

276^ 11.0 4.34 dissolution > 0.050 — Massive dissolution and possibly c 
almost consumed by the corrosion. 

^A11 tests except 276 were conducted for 300 hours. 

^Corrosion penetration listed is the maximum measured along the sectioned capsules' interfaces. 

'^Sample 276 was run at SSCC for 60 hours with U-11.0 wt.% Fe eutectic to check the compatibility be 
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Remarks 

nost flat. Attack along interface nearly equal at top and bottom. Very few Si-Y globules present, 
terface and floating at meniscus (Fig. 3la). 

flat. Corrosion attack near meniscus about the same as at bottom. A few globules visible adjacent to 
>t. at surface, but only several globules along interface. 

down slightly but alloy wet walls. More attack at meniscus. Several Si-Y globules present along inter-
loating near surface; Fig. 31b—black particles in melt are Y ppt. at meniscus. 

down slightly but alloy wet walls. Increased attack at meniscus. Several Si-Y globules along inter-
loating at meniscus and some also along interface independent of Si. 

up. Host severe attack at the meniscus. Only a few Si-Y globules along interface. Y ppt. at 

up. Attack similar up and down the interface. Very few Si-Y globules. Y ppt. again at the surface, 
typical interface and dihedral angles. 

up. Si-Y globules very scarce. Y ppt. at meniscus and along interface. U-Cr fingers projecting 
ir bottom as seen in Fig. 29d. 

up. More Y ppt. along interface than previous capsules. One area near bottom with increased attack 
jles are present. Y ppt. at meniscus. 

down but alloy wet walls. Attack at top was greatest somewhat below meniscus. Attack about the same 
wall. Si-Y globules present at the interface and Y ppt. floating at the surface (Fig. 31d). 

up. Most severe attack at meniscus. Y ppt. floating in thin layer at surface. Si-Y globules rather 
ly at bottom. Also reduced attack at bottom. 

flat, but alloy wet walls. Most severe attack at meniscus. Areas where alloy is engulfed below inter-

structure (Fig. 31e) . Y ppt. layer at surface. Si-Y globules along Interface. 

up. Fractures visible in alloy Indicating brittleness. Si-Y golbules and Y ppt. strung along inter-
. Regions of engulfed alloy (see discussion). 

up In some areas, down in others. Fractures visible. Si-Y globules and Y ppt. abundant near top but 
ear bottom. Some^at less attack at bottom. Alloy engulfed near top. 

up. Numerous fractures in alloy. Large layer of Y ppt. at surface. Si-Y globules and Y ppt. strung 
somewhat randomly rather than tied together. Slightly more attack at meniscus. Y ppt. in alloy bulk. 

lis. Fractures visible. More attack at meniscus. Y ppt. at surface and along walls with Si-Y glob-
of Increased attack near cluster of SI-Y near middle. Y ppt. in bulk of the alloy. 

tion and possibly compound formation caused capsule failure. Walls were completely penetrated and 
by the corrosion. Alloying occurred with the Inconel sheath. Specimens were not analyzed. 

s' Interfaces. 

he compatibility between yttrium and U-Fe alone without chromium present. 
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Figure 31- Photomicrographs of interface regions for yttrium corrosion 
test samples with uranium-chromium-iron alloys (as electro-
polished in 3% perchloric) 

a. Sample 24$, U-Cr eutectic: comparison sample for U-Cr-Fe 
corrosion series; black spots are yttrium ppt. discolored 
from electropolishing (250X) 

b. Sample 251, U-Cr-0.02 wt.% Fe; meniscus region showing 
yttrium ppt., groove angle, and excess chromium in liquid-
metal bulk (25OX) 

c. Sample 243, U-Cr-0.50 wt.% Fe; meniscus region—note groove 
angles and increased attack (250X) 

d. Sample 254, U-Cr-1-00 wt.% Fe: meniscus region showing 
yttrium chunks and increased attack (250X) 

e. Sample 256, U-Cr-2.50 wt.% Fe; note regions of engulfed 
alloy; yttrium has probably precipitated from solution upon 
cooling (250X) 

f. Sample 247, U-Cr-5.00 wt.% Fe: Si-Y globules in U-Cr-Fe 
bulk indicating original interface position (250X) 
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Figure 32. Maximum penetration depth of yttrium wall by uranium-chromIum-iron alloys after 300 hours 
at 950°C 
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at 950°C which completely penetrated the O.O5O inch wall thickness. The 

presence of chromium reduces this devastating type of corrosion. 

The principal corrosion mechanism was dissolution attack although 

some intermetal1ic-compound formation occurred between the yttrium and 

silicon impurity present as a residue from polishing the inner surfaces 

with 600 grit SiC paper. This compound formation was more prevalent in 

the higher wt.% iron tests equaling the amounts in the 2000 and 3000 hour 

tests with U-Cr eutectic (Table 15). 

In all of the metal lographic specimens examined, only several cluster 

areas were found where a gathering of Si-Y globules had caused increased 

attack. Normally the globules were strung along the interface. Their 

composition was approximately 20 to 24 wt.% Si-75 wt.% Y. Gathering of 

globules in the bottom corners as noted for the U-Cr tests was not found. 

The most severe attack again occurred at the meniscus level because 

of the thermal gradient and effects of solution discussed previously. 

Yttrium precipitate was visible at the surface of each capsule. This 

increased with iron concentration indicating increased dissolution attack. 

There was no metallographic, spectrographic, or microprobe evidence of 

intergranular penetration. Typical yttrium grain boundary structures are 

seen in Figures 31b, c, d, and e. The dihedral angles are seen to be 

appreciably greater than 90", and thermal grooving which was expected is 

also noticeable. The presence of intermetal1ic compounds between iron and 

yttrium, although possible (Figure 4), was not detected. Usually any 

compound of this nature which forms with a constituent of the fuel alloy 

will form an adherent layer at the interface. None are detectable in the 

photomicrographs of Figure 31, either as an adherent layer or as globules 
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except for Si-Y globules. The microprobe also corroborated this finding. 

Difficulty was encountered in the analytical separation of dissolved 

yttrium from the U-Cr-Fe alloys, because of the presence of the iron. 

Hence, only three determinations were made. These values represent the 

approximate equilibrium solubility of yttrium in the U-Cr-Fe alloys 

at 950°C. A 10 fold increase (11,400 ppm) is noted for the 10 wt.% 

iron sample over that for the 2.50 wt.% sample (1,036 ppm). As a compari

son the U-Cr sample (No. 245) had only 568 ppm yttrium. The difference 

between the 1.0 wt.% and 2.50 wt.% samples (92 ppm) is probably not 

significant because of the difficulty in determining yttrium concentra

tions. Both samples at 1.0 wt.% iron suffered less corrosion attack than 

their adjacent composition samples, but not a significant amount. 

In Figure 3le the phenomenon of engulfment by the U-Cr-Fe is seen for 

Sample 256. In this instance a line of U-Cr-Fe is shown below the inter

face. Surprisingly it appears as if the U-Cr-Fe has slipped under the in

terface since several needle-like structures are seen projecting through the 

interface into the line of U-Cr-Fe globules below the yttrium surface. 

This may be the result of yttrium (possibly with silicon) precipitating out 

of solution and attaching to the wall upon cooling. In the process some U-

Cr-Fe alloy becomes engulfed within the yttrium. If this, indeed happens, 

the yttrium probably starts attaching to the wall before the U-Cr-Fe 

alloy becomes completely solidified. This entrainment was especially 

noticeable in the 2.5 and 5.0 wt. % iron samples, but was absent in the 

10.0 wt.% sample. It could be associated with the samples containing a 

large amount of Si-Y close to the interface, whereas in the 10.0 wt.% 

samples the globules were further from the interface and could not attach 
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so readily to the wall. The statement that the globules may have been mol

ten is upheld by their rounded shape—nearly spherical for small globules. 

In all the tests with uranium fuels, the precipitate was hampered from 

floating to the surface of the melt by the high viscosity of the molten 

alloys (calculated to be approximately 4.95 centipoise for U-Cr and 4.12 

centipoise for U-Cr-Fe at 950°C—rather high values for liquid metals). 

The results of this phase of the investigation have shown that iron 

increases the rate of corrosion attack to yttrium when added to the U-Cr 

eutectic. Increasing the amount of iron increases the rate of attack. The 

mechanism of corrosion was dissolution attack complicated by intermeta11ic 

compound formation with silicon impurity unsuspectingly introduced from 

SiC polishing paper. No compounds of iron-yttrium were detected although 

four or more exist in the system. Intergranular penetration was not 

detected by spectrographic and microprobe analyses. Thermal agitation 

from a finite temperature gradient caused generally increased attack at 

the meniscus level. Pure U-Fe eutectic is very corrosive to yttrium, where

as the presence of chromium greatly reduces the corrosion attack. Yttrium 

solubility increases from about 760 ppm in pure U-Cr to over 1.1 wt.% for 

the 10 wt.% iron alloy. Theoretically, Equation 25 predicts an opposite 

trend with a value of 244 ppm for the 1.0 wt.% iron alloy as compared to 

1128 ppm found experimentally. No other known experimental data are 

available for comparison. 

Solubility Test Results 

in order to determine the theoretical amount of dissolution attack 

expected with U-Cr eutectic in yttrium it was necessary to obtain a plot 
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of yttrium in solution versus time. The data were obtained by equilibra

ting U-Cr in yttrium capsules for various times and in turn analyzing the 

melt for yttrium concentration. Since iron greatly interfers with the 

determination of yttrium in U-Cr-Fe alloys^, a solubility study 

was not conducted with the ternary eutectic. Based on the present 

corrosion test results, however, the dissolution-rate constant, or, would 

be greater than that for U-Cr eutectic alone. 

The analytical values obtained for the various test temperatures and 

times are shown in Table 17. A plot of the data is illustrated in Figure 

33- Since the U-Cr had some yttrium present as an impurity before testing, 

the time was corrected to allow for this. As corrected, the curve corres

ponds to Equation 47 with a = 0.0138 cm/min and n^ = 760 ppm, where it was 

assumed n^ = 0 at t = 0. Without time correction the integration leading 

to Equation 47 would yield 

= 760 [1 - 0.792 Exp(-0.0758t)] ppm. (75) 

Table 18 lists the values obtained from the solubility tests using the 

radioactive tracer technique. This method was abandoned after conducting 

only eight tests because the carrier and separation processes took 10 to 12 

days to accomplish before the yttrium-90 activity of the samples could be 

measured. Furthermore, the graphite crucibles greatly interfered with the 

dissolution of yttrium by the U-Cr as seen by comparing Sample 277 (which 

was run in a tantalum capsule) with Samples 268, 269, and 274. All four 

tests were run for 60 minutes at 950°C. 

V. W. Sea lock, Ames Laboratory, Ames, Iowa. Determination of yttrium 
concentrations in U-Cr-Fe alloys. Private communication. 1968. 
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Table 17- Analytical solubility values obtained from the solubility test 
runs® .. 

Sample 
Number^ 

Temperature 
°C  °K  

IO3/T 
o^-l 

Test duration 
mi nutes 

Yttrium concentration 
ppm 

Blank 0 204 
Blank 0 113 
279 B 950 3 226 
285 950 3 212 
286 950 6 248 

289 950 10 489 
287 950 18 721 
288 950 1223 0.8177 30 466 
280 950 45 740 

291 950 60 344 
292 950 60 755 
290 950 90 697 
284 950 120 772 

2 78 900 1173 0.8525 30 266 
283 1000 1273 0.7856 30 930 
281 1050 1323 0.7559 30 1144 
282 1100 1373 0.7283 30 890 

^The surface to volume ratio for all samples was 5-50 cm~^. 

''All test capsules were rotated 360° at 3-0 rpm which corresponds to 
a U-Cr velocity of approximately 0.66 cm/sec along the midline of the 
capsule wall. 

The values in Table 18 yield only a partial exponential curve, but 

the initial approximate slope gives a value of or » 0.001 cm/min. This • 

is low by a factor of about 15 in comparison with a obtained by the 

analytical method. When the values determined in the graphite crucibles 

are weighted according to what might be expected from the results of 

the tantalum capsule, a» 0.017 cm/min which is more in line with the 

value determined by the analytical method. The value of «determined 
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Figure 33. Yttrium concentration in uranium-chromium eutectic at 950*C with time 
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by the radioactive tracer technique is also in error because this method 

does not account for the original yttrium present as impurity in the U-Cr 

( % 160 ppm). Hence, the slope determined is not the true initial slope 

for the curve. 

Table 18. Yttrium solubility in U-Cr eutectic at 950°C by the radio
active tracer techniaue^ 

Sample 
Number^ 

Test duration 
mi nutes 

Yttrium concentration^ 
ppm 

Weighted yttrium^ 
concentration 

271 10 0.3 5.4 
270 30 6.5 116.7 
268 60 8.4 149.5 
269 60 9.7 172.6 
21k 60 11.1 198.1 

277 60 173.4® 173.4 
272 240 20.0 356.9 
275 1440 259.7 

^The surface to volume ratio was 0.65 cm"^ for all samples. 

'^All test capsules were cycled 270°; one cycle each 25 seconds. 

^Yttrium concentration listed accounts only for yttrium which went 
into solution during the test and not for any yttrium originally present 
as impurity in the U-Cr eutectic. 

"^Values determined by weighting original concentration values on the 
basis of the results of the 60 minute tantalum capsule using the average 
concentration value obtained with the 3 graphite crucibles at 60 minutes; 
weighting factor = 17.85. 

®Sample 277 was run in a tantalum capsule whereas the other tests 
were conducted in graphite crucibles. 

Comparison of Sample 277 with the analytical solubility tests can be 

made using Figure 33. Based on S/V = 0.65 cm~^ for Sample 277 and S/V = 

5.5 cm ^ for the analytical tests. Sample 277 should have accumulated 
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yttrium into solution about 5-5/0.65 = 8.46 times slower than a correspond

ing 60 minute analytical test. This corresponds to a 60/8.46 = 7.1 minute 

value on Figure 33. Using the corrected time curve and adding the average 

initial yttrium concentration to Sample 277 yields 158 + 174 = 332 ppm 

which corresponds very closely to the value of 320 ppm obtained from the 

curve. Thus, the two methods seem to give reproducible results if 

tantalum holding capsules are used for the radioactive tracer method. 

A curve of the reduced concentration (n^./nj^) against the reduced 

time (t/tx) is shown in Figure 34 which was plotted from the data in 

Table 19. This curve follows from Equation 57 where x = 0.8, n^ = 608 ppm, 

and t^ = 21.2 minutes. Because this expression is independent of 

geometry and test conditions, one can extrapolate from the curve complete 

concentration-time data for other temperatures from limited experimental 

data. Provided the equilibrium concentration and time required to reach 

saturation are known, one can obtain a fairly precise concentration-time 

relationship for the system in question. 

The above knowledge could be used to determine the relationship of 

the dissolution-rate constant with temperature, if the time to reach the 

saturation concentration n^ were known. This was only determined for 950°C 

in this study, so the reduced curve can not be used. However, ûf can be 

determined from the results of the 30 minute tests listed in Table 17, 

and a knowledge of n^ at each temperature. The saturation concentration 

is determined from Figure 35 by extrapolating from the values at 950°C 

and 1200®C obtained in this study: 760 ppm and 2138 ppm (Sample 260), 

respectively. Comparison of the curve obtained in this manner is also 
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Figure 34. Reduced concentration-time curve for the system of yttrium in 
uranium-chromium eutectic 
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made with the solubility predicted by Equation 25 (already seen to be too 

low) and that by the correlation with cerium in uranium and U-Cr eutectic 

from Table 7 (apparently more in line with actual values). 

Table 19. Reduced data for yttrium in U-Cr eutectic at 950°C^ 

Measured Corrected Concentration Reduced Reduced Theoretical 

t i me time time concentration reduced conc. 

^m tc "t ^c^^x "t/nx '"t^"x'^heor. 

mi nutes minutes ppm 

-3 0 0  0 0 0 
0 3 113 0.142 0.186 0.255 
0 3 204 0.142 0.336 0.255 

3 6 226 0.283 0.372 0.457 

3 1 212 0.283 0.349 0.457 
6 9 248 0.425 0.408 0.619 
10 13 489 0.613 0.804 0.784 
18 21 721 0.991 1.186 0.996 
30 33 466 1.557 0,766 1.148 

45 48 740 2.264 1.217 1.217 
60 63 755 2.972 1 .242 1 .240 

90 93 697 4.387 1.146 1 .249 
120 • 123 772 5-802 1 .270 1 .250 

^Reduced data calculated for x = 0.8, n^ = 608 ppm, and t^ = 21.2 

mi nutes. 

^Determined from Equation 5-

Using the values for n^ obtained at 30 minutes (33 minutes—corrected 

time) from Table 17, cs? was calculated using Equation 4$. Table 20 and 

Figure 36 show the results of these calculations. Because of the variance 

in the five experimental values, the semilog plot was rather indefinite; 

however, the slope of the best straight line through the points yields 

an activation energy of AE ̂  33 Kcal/raole. This value, is probably high 

for several reasons. First, the values at 900, 950, and llOO^c are low. 
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This can be seen from Figure 33 where for t = 33 minutes, = 698 ppm at 

950°C compared to 466 ppm obtained for the 30 minute test listed in Table 

20. The values at 900 and I100°C should also be correspondingly higher. 

The Ct's determined at 900 and 950°C fall quite close to the best straight 

line obtained for a = Exp [-^E/RTl. Second, the value for aE = 17-3 

Kcai/moie obtained from the dashed line through the two points shown In 

Figure 36 agrees more closely with the partial molar enthalpy determined 

from the solubility curve for yttrium in U-Cr (Table 22). 

Table 20. Calculation of dissolution constant O. for yttrium in U-Cr from 
Equation 49 

Temperature lOOO n. 
a 
n Corrected Di ssolution 

T 
L 

time constant^ 

°C °K °K~'- - ppm ppm mi n cm/mi n 

900 1173 0.8525 226 586 33-0 0.00333 
(0.01019)^ 

950 1223 0.8177 466 ̂  
(698)d 

700 
760 

33.0 
33.0 

0.00523 
(0.07381)® 

1000 1273 0.7856 930 965 33-0 

C
O

 
C

O
 

0
 0

 

0
 0

 

1050 1323 0.7559 i i44 1204 33.0 0.01652 
(0.02367) 

1100 1373 0.7283 890 1478 33.0 0.00509 
(0.03010) 

^Extrapolated from Figure 35: in (ppm) = 12.73 ~ 7^53/T' 

b -1 
Calculated from solubility test series with S/V = 5.50cm 

^Values in parentheses correspond to dashed line in Figure 36: 
a = 17.29 Exp [-17,300/RT]. Solid line gives u = 4.54 Exp[-33,000/RT]. 

*^\/alue obtained from Figure 3 3  at t = 3 3 - 0  minutes. 

^Calculated using n^ = 698 ppm. 
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Figure 36. Dissolution-rate constant variance with temperature as 
determined in this study 
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The activation energies obtained from Appendix B and Equation 52 can 

be compared with one another as well as with values obtained from the 

solubility equations presented earlier. Comparison of interfacial surface 

tensions calculated from /\H and Equation 68 can also be made with those 

calculated by Good's method (Equation 66). These comparisons are best 

portrayed in tabular form in Tables 21 and 22. 

Table 21. Estimated surface tensions and surface free energies at 950°C 

System Surface 
tension 

ergs/cm^ 

Surface 
free energy 

< 

KcaT/mole 

0.15 ah^ 

Kcal/mole 

Y 831.3 13.8 15.0 

U 1482.8 18.2 18.0 

UCr 1482.3d 17.3 17.2 

UCrFe 1482.0^ 17.2 17.1 

^Calculated by the approximate method of Grosse (77j 78) using a 
general relationship relating the critical temperature and surface tension. 

^Calculated from F = 2.20 (V^)^'^^'y cal/mol e (78, 79) where is 
the molar volume at the^temperature of concern. 

''Calculated using F^ ~0.T5 AH (79) at 950*C for cubic or tetra
gonal metals. ^ ^ 

^Values for the eutectic alloys were calculated assuming the surface 
tensions vary linearly with the mole fractions of the constituents: 

= 1480.0 ergs/cm^ and = 1531.8 ergs/cm^. 
Fe 

The 

were all 

surface tensions and surface free energies 

calculated for the liquid state at 950°C. 

1isted in Table 21 

The value for yttrium 
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2 

Table 22. Comparison of activation energies and calculated surface tensions 

System Diffusion Dissolution Partial molar interfacial interfacia) 
activation activation enthalpy, tension tension 

energy- energy 

Kcal/mole Kcal/mole Kcal/mole ergs/cm^ ergs/cm 

Y in U 7.16 — 17.1 (Table 6) 1,236 107.0 
18.7 (Table 4) 1,351 

Y in UCr 6.36 33.0 14.8 (This 1,067 110.4 
Study) 

(17.3) 18.2 (Table 8) 1,316 
18.8 (Table 7) 1,351 

Y in UCrFe 6.14 — 18.7 (Table 8) 1,349 111.4 

^Activation energy determined by absolute-rate method in Appendix B. 

^Activation energy determined from slope of curves in Figure 36; 
parentheses' value is for dashed curve. 

''Slope of solubility curves is equal to - AH/R (81). 

interfacial tensions calculated from Equation 68 (80) using at 
950°C and d = 3-558 angstroms for yttrium. 

• 2 
(831.3 ergs/cm ) is lower than normal for solids and is undoubtedly incor

rect as predicted by Grosse's method (77, 78). This method is, in fact, 

not valid for calculating solid-vapor surface tensions, which must be 

determined experimentally, because of the discontinuity in the surface 

tension at the melting point. The surface free energies in column 3 are 

calculated from these values and compared with those obtained from the heats 

of vaporization at 950®C. These compare favorably except for yttrium. The 

values in column 2 of Table 21 were used to calculate the interfacial 

^A. v. Grosse, Philadelphia, Penn. Estimating surface tensions. 
Private communication. 1968. 
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surface tensions, YgL-» Equation 66 for the systems in Table 22 (last 

column only). The values predicted by Equation 66 are low as compared to 

the values obtained in column 5 from the partial molar enthalpy, aH. In 

2 
general, interfacial surface tensions, range up to 400 ergs/cm for 

liquid metal—solid metal systems^; therefore, the predictions of by 

the method of Weeks are probably too high. 

Whenever Ygg > grain-boundary penetration would be expected. 

The values of are not determined experimentally but must be calculated 

from the measured dihedral angle, 0, and 7^^ via Equation 64b. The di

hedral angle measured on a number of the solubility capsules was always 

120° or more. With 0 = 120° and the two values for in Table 22 for 

2 2 
yttrium in U-Cr-Fe, = 111.4 ergs/cm or 7^ = 1349 ergs/cm from 

uD uO 

Equation 64b. The latter value of 7^^ is higher than normal for metals 
bo 

and would possibly allow intergranular attack. Since no grain-boundary 

penetration was noted in any of the tests with U-Cr or U-Cr-Fe, the true 

7_ for yttrium must be low. 
bo 

The value for 7^^^ is quite temperature dependent decreasing with 

rising temperature as evidenced by the values reported in the literature 

for various liquid-metal systems. For example, the Cu-Bi system at 400°C 

2 2 
has a measured 7^^^ = 1250 ergs/cm (80), while at 900°C 7g|^ = 100 ergs/cm 

(74). Based on data of other systems at high temperatures, it would seem 

that Good's expression (Equation 66) is more in line with actual experi

mental values than that by Weeks (Equation 68). However, because experi

mental data on surface tensions for liquid metals are so lacking in the 

^J. D. Verhoeven, Ames Laboratory, Ames, Iowa. Interfacial surface 
tensions. Private communication. 1968 
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literature, the author wiHl not praise or condemn any one equation, but 

only present both results. 

Referring again to Table 11, values for the activation energies and 

partial molar enthalpy can be discussed. The diffusion activation energies 

are low when compared to the values in columns 3 and 4_, but this does not 

mean they are wrong. They should agree only if It is assumed that the 

energy values are a measure of the barrier to an yttrium atom passing from 

the solid phase into the bulk of the liquid metal. While this apparently 

holds for the over-all dissolution process (the parantheses' value is 

believed to be the more accurate), the diffusion itself—from a theoreti

cal standpoint—requires less energy. This has a bearing on whether the 

dissolution process is solution- or diffusion-controlled as discussed 

shortl y. 

The partial molar enthalpies calculated from the slope of the theo

retical and experimental solubility curves compare favorably. Although 

Equation 25 gives values too low for U-Cr and U-Cr-Fe, the slope or 

temperature coefficient of solubility is predicted with a fair degree 

of accuracy. 

if the over-all process of dissolution is controlled by diffusion 

through the stagnant boundary layer, then or is related to D/Ô by Equation 

51. it is generally agreed by many liquid-metal corrosion investigators 

that Ô is independent of temperature (62, 63). Trying this criterion 

with the values for D calculated in Appendix B and a from Table 20 for 

yttrium in U-Cr yields the following equation: 

6 = D/a = 60(0 /a )Exp[(17.3 - 6.4)/RT] = 1.03(10"^)Exp[10.9/RT]. (76) 



www.manaraa.com

156 

At 9 5 0 " C ,  Ô would equal 0.093 cm (O.O37 Inches) or about what is to be 

expected for the boundary layer (if such exists) as compared to other 

liquid-metal systems (63). Clearly 0 in Equation 76 is not independent 

of temperature. This fact, coupled with the low energy of activation for 

the diffusion process, suggests that the dissolution process is solution-

controlled and the stagnant boundary layer is non-existent because diffu

sion occurs much faster than solution. This may seem somewhat surprising 

because the viscosities involved are some of the highest known for liquid 

metal s. 

One might tend to believe a diffusion process would be retarded be

cause of the relationship between j, and D. Indeed, the larger the vis-

cosity, the smaller the diffusion coefficient. Hov/ever, in this case, the 

large atomic size differences and small differences in electro-negativities 

result in a slow solution process. This is also seen from the solubility 

test results where it was seen to take nearly two hours at 950°C to reach 

the equilibrium solubility value (Figure 33) as compared to liquid mercury 

in contact with iron which reaches saturation in just a few seconds (62). 

(See Figure 8). 
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CONCLUSIONS 

The investigation presented in this paper has consisted of four main 

studies; 1. preliminary determination of the ternary eutectic point in 

the uranium-chromium-iron system; 2. solubility tests to determine the 

dissolution-rate constant, Of, for yttrium in the uranium-chromium eutectic; 

3. liquid-metal corrosion tests with the uranium-chromium eutectic in 

yttrium; and 4. tests with iron additions to the uranium-chromium eutectic 

to determine its effects on the corrosion phenomenon. 

A preliminary investigation to determine the ternary eutectic point 

in the uranium-chromium-iron system has shown that the eutectic exists 

close to the composition of 95.0 wt.% U-2.5 wt.% Cr-2.5 wt.% Fe and melts 

at 765°C. This is contrary to published results by Sailer ̂  aj.- (51) 

who obtained U.S. Patent 2,735,761 (95) and U.K.. Patent 816,603 (96) 

on the supposed ternary composition of 94.0 wt.% U-5.0 wt.% Cr-l.O wt.% 

Fe melting at 760°C- Differential thermal analyses conducted as part of 

this investigation on several alloy samples at the latter composition 

showed an incongruous alloy with approximate solidus and liquidus tempera

tures of 765 and 834°C, respectively. These findings are also corroborated 

by an earlier test conducted at the Ames Laboratory (97). 

Results of this study showed the dissolution constant for yttrium in 

U-Cr eutectic equal to 0.0138 cm/minute at 950°C corresponding approxi

mately to the equation a = 17-29 Exp [-17,300/RT] cm/min for temperatures 

from 900 to 1200°C. The diffusion coefficients calculated in Appendix B 

for the same system are given by D = 29.58 (10~^) Exp [-6,355/RT] cm^/sec. 

The activation energy for dissolution is nearly three times greater than 
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the activation energy for diffusion; hence, the over-all dissolution process 

is solution-controlled» 

The dissolution activation energy compares well with the partial molar 

enthalpies, aH, obtained experimentally and by theoretical means (Table 22). 

However, comparison of the interfacial tension, from AH by an 

approximate method of Weeks (80) shows poor comparison with calculated 

by Good's Equation [Equation 66, (74)]. Good's correlation appears to 

be more accurate since Equation 66 predicts values in line with those 

determined experimentally for liquid-metal systems. The interfacial 

surface tensions should only show agreement if it is assumed to be a 

measure of the activation energy barrier for an atom to pass from the bulk 

of the solid metal through the interface into solution. 

The experimental equilibrium solubility of yttrium in U-Cr eutectic . 

was found to be given by In (ppm) = 12.73 - 7453/T°K over the 900 

to 1200°C temperature range. The dissolution of yttrium by U-Cr eutectic 

at 950°C was found to agree to an equation of the form n^ (ppm) = 760(1 -

Exp[-0. 0138 ( S/ V ) t]] with t in minutes and S/V in cm '. This corresponds 

2 
to a corrosion rate of 1.66 mg/cm /hour. 

The reduced concentration-time curve (Figure 34) can be used to 

calculate complete dissolution versus time data for the yttrium in U-Cr 

system at other temperatures provided the saturation solubility and the 

time to reach saturation are known. For a given system, the reduced con

centrations and times will conform to the curve shown. Most of the liquid-

metal corrosion tests were conducted as nominally static isothermal tests, 

although a true static, isothermal state was not achieved. Temperature 

gradients of from 1 to 3°C along the capsule lengths generated small 
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convective currents which were further enhanced to a slight extent by 

concentration differences. This effect manifested itself as increased 

corrosion attack near the meniscus in all longei—term static tests. Under 

ideal conditions the maximum penetration depth for the static capsules 

-1 
with an approximate S/V ratio = 2.7 cm should have been about 0.0001 inch 

at 950°C. That iSj the ideal situation would conform to Equations 40 or 

kS in which the liquid-metal would reach saturation solubility in a short 

period of time (a few hours) and thereafter suffer no further corrosion 

attack. In reality, however, practical systems do not involve ideal 

situations, and the results of the corrosion tests of this investigation 

illustrate vividly what would happen under temperature gradients in the 

core of the liquid-metal fueled reactor of the type proposed by Los Alamos 

Scientific Laboratory. If a loop system were involved with a temperature 

differential of only 50°C the corrosion rate at a mean loop temperature 

of 950°C would be approximately 2.6 mg/cm^/hr which would eventually cause 

pi uggi ng. 

The corrosion tests of this investigation showed that yttrium alone 

is not a worthy long-time containment metal for U-Cr eutectic at 950°C 

and above. Although most of the capsule tests in this investigation suffered 

increased attack because of the silicon impurity unintentionally introduced, 

yttrium capsules without the impurity would have still undergone enough 

dissolution attack to disqualify yttrium for use in a liquid-metal fueled 

reactor. These results are contrary to those found in the literature (7) 

where it is stated, "It can be concluded that the interaction, if any, 

between these two phases [yttrium and U-Cr eutectic] is insignificant." 

Iron additions to the base U-Cr eutectic not only lower the liquidus 

and soli dus temperatures but also increase the amount of corrosion attack. 
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While alloys with iron additions up to about 1.0 wt.% were only slightly 

more corrosive, the larger additions (2.5 to 10.0 wt.% iron) greatly 

increased the amount of penetration. Chromium plays an important role in 

limiting the amount of corrosion since a test with U-ll-O wt.% Fe eutectic 

in yttrium failed in less than 60 hours at 950°C whereas two UCr-10.0 wt.% 

Fe test samples did not fail after 300 hours. However, the addition of 

chromium to uranium increases the corrosion expected as does the addition 

of iron. The U-Cr-Fe eutectic existing around U-2.5 wt.% Cr-2.5 wt.% Fe 

is slightly more corrosive in nature than the U-5 wt.% Cr Eutectic alone with 

an equilibrium solubility of approximately 1000-1100 ppm yttrium as compared 

to 760 ppm yttrium for the U-Cr eutectic. No evidence of intergranular 

penetration or intermetal1ic compound formation was found in either series 

of tests. This agrees with the theoretical predictions. 

The inexpensive and nominally static,  isothermal capsule tests 

employed in this investigation were a more severe test of yttr ium for 

containment of molten U-Cr and U-Cr-Fe al loys than an ideal isothermal,  

static or dynamic system would have been. Furthermore, they made it possible 

to predict what should happen with a more expensive circulating loop 

operating under a thermal gradient. 
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RECOMMENDATIONS FOR FURTHER STUDY 

Several items which came to light during the course of this investi

gation are worthy of further study. The following are listed. 

1. The investigation of the ternary eutectic in the uranium-chromium-

iron system was only a preliminary study. Although the ternary eutectic 

was found to lie close to the line AB in Figure 23, the exact composition 

could be determined by one or both of the following methods: a) a zone-

melting technique accurate to 0.1 wt.% or better as explained by Yue and 

Clark (112) for complex metal systems; and b) a differential thermal analy

sis method using various alloy compositions suitably located on isopleths 

of a ternary phase diagram as described by Rhines (113)- Ricci (109) also 

gives a rigorous treatment of ternary systems. 

2. Determination of the dissolution-rate constant should be made for 

the U-Cr and U-Cr-Fe eutectics over a range of temperatures. The best 

procedure would probably be the radioactive tracer technique described 

earlier. The uncertainty involved in the analytical procedure is consid

erably greater. Tantalum capsules should be used because of the graphite 

interaction which was noted in the text- An attempt should be made to 

obtain uranium free of yttrium impurity in order to construct the initial 

portion of the concentration-time curves. Although the dissolution of 

yttrium in U-Cr eutectic appears to be solution-controlled, determination 

of accurate values of a with temperature will enable one to compare AE 

wi-th-Q., the activation energies for dissolution and diffusion, respective

ly, and thereby confirm which step is rate-controlling. 

3. This investigation showed that yttrium definitely suffered 
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dissolution attack with the U-Cr eutectic and the UCr-Fe alloys. In the 

360° rotary tests the amount of corrosion attack was considerably less 

because the fuel was agitated and increased attack was prevented in certain 

areas. The presence of silicon impurity greatly enhanced the corrosion 

process. It would, therefore, be interesting to check for corrosion with

out silicon present under isothermal, dynamic conditions and under temper

ature gradient, dynamic conditions. The construction and expense of a 

forced-circulation test loop can not be justified because plugging would 

undoubtedly occur quite rapidly. However, an indication of plugging could 

be determined by using a simple rocking apparatus under a temperature 

differential (50*C or more). Brasunas (114) and others have described 

such equipment. 

4. Although pure tantalum is a rather poor containment metal for 

molten uranium and plutonium alloys, remarkable results have been achieved 

at the Los Alamos Scientific Laboratory using tantalum coated with a carbide 

layer (115, 116). Some success was also demonstrated in several early tests 

at the Ames Laboratory with the uranium-eutectic alloys (97). A corrosion 

investigation using the Ta2C layer inside tantalum capsules should be 

conducted with the U-Cr and U-Cr-Fe eutectics to determine the effective

ness of the carbide coating. 
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NOMENCLATURE 

a chemical activity 

a^g parameter defined by Equation 26 

2 
A solid-liquid interface area, cm 

ACp change in heat capacity at constant pressure, cal/mole°K 

d inside diameter of loop tubing in cm. Equation 71 

d- Goldschmidt atomic diameter. A, 12 fold coordination 
G 

2 
D Diffusion coefficient, cm /sec 

E„ binding energy, cal/mole 
d  

AE activation energy for dissolution, cal/mole 

AE^ energy of vaporization, cal/mole 

f factor defined by Equation 99: fraction of the total free energy 
of activation due to the bond breaking or kinetic component 

F free energy, cal/mole 

F^ surface free energy, cal/mole 

AF free energy change for process noted by subscript or superscript 

AF free energy of activation, cal/mole. Equation 101 

AH enthalpy change for process noted by subscript or superscript 

AH enthalpy of activation, cal/mole 

k Mott number. Equation 6, or Henry's Law constant. Equation 7 

2 
k' parabolic ra te  constant,  cm /sec. Equation 100 

k^ proportionality solution-rate constant 

K thermodynamic equilibrium constant 

m mass of solute in solution, g 

M molecular weight, g/mole 

n number of metal-metal bonds. Equation 6 
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n concentration of the solute In solution, atoms/cc 

n or S° saturation concentration of the solute in solution, atoms/cc 
o 

n^ concentration of solute at time t, atoms/cc, ppm, etc. 

n^ fraction of saturation concentration, atoms/cc, ppm, etc. 

n' concentration of solute atoms in diffusion layer, atoms/cc 

N mole fraction of solute in solution 

N number of atoms 

Q, activation energy for diffusion, cal/mole 

r radius of diffusing atom, cm. Equation 111 

2 
R corrosion rate, g/cm -sec 

2 
S surface area at interface, cm 

AS entropy change for process noted by subscript or superscript 

AS entropy of activation, cal/mole 

t time 

t time to reach concentration n , minutes 
x  x  

T absolute temperature, °K 

AT temperature differential, °C 

T reduced temperature, dimensionless 

U-Cr uranium-chromium eutectic at 95.0 wt.% U 

U-Cr-Fe uranium-chromium-iron eutectic of Sailer £j_. (51): 94 wt.% U-
5 wt.% Cr-l wt.% Fe 

V flow velocity, cm/sec 

v  frequency factor. Equation 33 

V volume of solvent, cc 

V molar volume, cc/mole; also 

V reduced molar volume, dimensionless 
m 
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AW weight change, g 

X thickness of solid-metal layer removed by dissolution; or  thick
ness of intermeta11ic phase 

X electronegativity, eV 

Y factor defined by Equation 98 

Greek Ietters 

a dissolution-rate constant, cm/min 

a dissolution constant of integration, cin/min, Equation 52 

Y activity coefficient 

2 
Y surface tension, ergs/cm ; —solid with its vapor; Yj^y--iiquia 

with its vapor; y—grain boundary surface tension 
UD 

y interfacial surface tension between liquid and solid metals, 
ergs/cm^ 

Ô Hiidebrand solubility parameter, (cal/cc)~ 

Ô stagnant boundary layer thickness, cm 

5' effective solubility parameter, (cal/cc)". Equation So 

o' factor defined by Equation 100 

e energy parameter. Equation 107 

9 dihedral angle, degrees 

H viscosity, poise (g/cm-sec) 

p. reduced viscosity, dimension less 

2 
Y kinematic viscosity, cm /sec 

p density, g/cc 

cp volume fraction 

cp factor defined in Equation 67 
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Subscripts 

A quantity referring to solute 

AA interaction between solute atoms 

AB interaction between solvent and solute atoms 

B quantity referring to solvent 

BB interaction between solvent atoms 

m melting 

mi X mixing 

v  vaporization 

Superscr i pts 

-

standard state or equilibrium value 

partial molar quantity 

xs excess quantity 

v  vapor i zat ion 

Cons tants 

Â 
- 8  

Angstroms, 10 cm 

h Planck's constant, 6.625 (10 ergs/^K 

k Boltzmann constant, 1.3805 (10~'^) ergs/°K 

mi 1 0.001 inch 

N 
o 

Avogadro's number, 6.0228 (10^^) mole"^ 

R gas constant, 1.9872 cal/mole°K or 8.3143 (10^) ergs/mole°K 
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APPENDIX A 

The relative degree of solubilities of two or more metals in the 

same liquid-metal solvent can be correlated by using thermodynamic data 

for the pure metals, provided that no intermetal1ic compounds form in the 

binary systems. Systems in which intermetal1ic compounds form would 

require modification of terms to account for the reduced activity of the 

solute in the solid phase—something that is hard to do for scantly 

studied systems. The solutions should be dilute and must also obey 

regular solution theory because Hildebrand solubility parameters (11) 

are used in the correlation as presented by Pasternak (45). 

The solubility of a metal A in liquid-metal B is represented by 

A + B(liquid) Ag^, (77) 

where A , is the solute A in the saturated solution B at the temperature 
sol 

of interest. When the solution B is saturated at a constant temperature, 

equilibrium occurs and the following activity condition exists: 

solute solution /-.ON • (78) 

That is, the activity of the solute A with respect to an arbitrary 

state of reference is equal to its activity in solution again referred 

to the same state. The reference state in this case is taken to be 

pure supercooled liquid A at the temperature of interest. An alternate 

definition for activity (21) is given by 

RT d In a^ = dF^ (79a) 

or RT In a^ = - F° (79b) 

where F is the free energy and F° is the free energy at the standard 
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state. 

Enthalpy, H, is related to temperature and the free energy by 

P_(L£L1_1 = H (80) 

L Ô (l/T) J p 

therefore. 

Ô (f; - F%) -| (81a) 

H" - Hf ' ^ ^ ' 

or 

'4 = P 1 , (81b) 

L s (l/T) J P 

Combining Equation 79 into 81b yields 

l_ S I a On a^) -| (82) 

S (l/T) 
"A - "A = - ^ 

r » ^A> 1 

L s (l/T) J 

In integral form we have 

S 
^A 

-R J d In a^ = J (H^ - H^) d(l/r) (83) 

T 
m 

or -, S , I H. - H 
In a^ - 1/R J A ^ A dT . (84) 

T T^ 
m 

The integration could be carried out exactly if the enthalpies of 

all phase transformations and the heat capacities (C^) of the solid and 
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super-cooled liquid were known as functions of temperature. For the case 

where àC^= 0 (i.e* the heat capacity is the same for the liquid and solid) 

with only the solid to liquid phase transformation occurring. Equation 

84 simplifies to 

, S AH m 1 1 
T " T 

m 
(85) 

where aH^ equals the heat of fusion of the solute at the melting point 

T^°K. If one or more phase transformations occurs before melting, such 

as the Ct -• p transformation for yttrium and praseodymium, the term 

should be corrected to include the neat of transformation and the heat 

of fusion. 

The problem now is to relate the activity of solute A in solution, 

a^, to its mole fraction, If the solution is ideal, the activity of 

A equals its mole fraction 

*a = ̂ a ' (86) 

and we have from Equation 85 

A R - t] In = - '^m ! 1 » (87) 

In general, liquid-metal solutions are not ideal and the activities 

are not equal to their mole fractions. Therefore, we must use activity 

coefficients defined as the ratio of the activity to the mole fraction, 

Y 5 a/N. (88) 

For the liquid-metal systems of concern here, 7 is a number much larger 

than unity, corresponding to positive deviations from Raoult's Law, and 

thus solubilities much less than predicted by Equation 87. 
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The partial molar free energy of mixing, AF, is related to the 

activity of the solute in solution by the following equation: 

RT In a^ = aF^ = AH  ̂ - TaS^ (89) 

where AH is the partial molar heat of mixing and AS is the partial molar 

entropy of mixing. The latter term is composed of two parts, an ideal 

contribution and an excess contribution, 

AS^ = AS^'d + AS/^ (90) 

with the ideal partial molar entropy given by 

AS^'^ = -R In . (91) 

Equation 8$ thus becomes 

In a^ = AH^/RT - 1/r -R In ). (92) 

Equating Equations 85 and 92 and substituting AS^, the entropy of fusion 

for AH /T , leads finally to 
m m 

In / = I 5ïîJ_fî^= A - B/T. (93) 
A K. Kl 

As seen from this equation, a plot of In versus 1/T will yield 

a curve whose slope is -(aH^+ AH^)/R, the sum of the heat of fusion 

(and phase transformations. If any) and the partial molar heat of 

mixing. For very dilute solutions, AH^ is a constant, and Kleppa and 

Weil (81) have shown this region to yield a straight line plot. Ex

tension of this straight line portion to 1/T =0 gives (aS^ + aS^^^)/R^ 
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where the sum of the entropy of mixing aS^ also includes any entropy 

effects from possible phase transformations. Since values of AS^ and 

AH are listed for the pure elements (28), it is possible to determine 
m 

and aH^ from the plot. 

Hîldebrand and Scott (11) have shown for liquid solutions, where the 

volume change on mixing is zero, that the partial molar enthalpy of 

mixing can be approximated by 

A"A = Afm = ?  B 

where is the molar volume of the solute and Oq is the volume fraction 

of the solvent (cOg ~ 1 for a dilute solution). 5^ and ôg are the 

solubility parameters for the solute and solvent, respectively, and are 

defined by 

Ô e (AE^/VJ^ = L (AH* _ RT)/V^1 ̂  . (95) 

The slope of the plot of In versus 1/T can then be used accord

ing to Equation 96 to determine an empirical value for the effective 

solubility parameter of the solvent, 5' 
6 

(SlopeI = AH^ + ( 6^ - 6'%) ç g • (9^) 

R 

Table 5 lists the solubility data plotted to obtain the curve for 

In Np^ versus 1/T. A least squares fit of the data yielded the 

following equation: 

In Npr = 2.43 - 11,390/r. (97) 
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T.jbl':-- 23 ôncl '/M liî-t the thermodynamic properties for yttrium and 

praseodymium needed for the calculations» Figure 5 in the body of this 

paper shows the plots for praseodymium in uranium and the predicted curve 

for yttrium in uranium, as well as the solubilities predicted by ideal 

solution behavior from Equation 87. 

As seen in Figure 5^ the solubility curve predicted by this treat

ment for yttrium and uranium is too low by more than a factor of 10 in 

the 1200° C range. There are several reasons for this. 

1. Praseodymium is a liquid at the temperatures for which Haefling 

and Daane (2) conducted their tests whereas yttrium is not. This can be 

compensated for by setting '^^Trans'' ^nd equal to zero 

in the calculation of and for praseodymium in uranium. This 
D 

yields In Ny = 3.53 - 18,300/Tj which is only slightly above the pre

dicted curve in Figure 5. Actually gadolinium is the rare earth which 

most resembles yttrium in chemical properties, but sufficient solubility 

data are lacking. Hence, no prediction could be made using gadolinium, 

2. In the derivation of Equation 85 and those which follow, it was 

assumed that = 0. Whereas /\C «0 for the refractory metals 
P P 

analyzed by Pasternak, the values for praseodymium and yttrium are 1,08 

and 1.93 ca1/mo1e°K, respectively, at their melting points. Accounting 

for ACp in Equation 84 should give a closer prediction to actual 

solubi1ities. 

3. The prediction of the solubility equation for yttrium in 

uranium relies on the accuracy of the data for praseodymium in uranium 

given by Haefling and Daane. The constants A and B (Equation 12) 
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dictate the values of &S and o'g used to determine the equation for 

yttrium in uranium. 

The curves for ideal solution behavior for praseodymium in yttrium 

are also plotted in Figure 5. These values were obtained from Equation 

87 using the enthalpy data from Table 23 for aH^« The a -> p transformation 

energy was also included in From Equation 8/ it is seen that the 

mole fraction is independent of the solvent, and only thermodynamic 

data of the pure solutes enter into the equation. The solubility pre

dicted by ideal solution behavior is much higher than the actual reported 

values. In general, most solutions do not exhibit ideal solution be

havior, and praseodymium and yttrium in uranium are no exceptions. 
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Table 23. Thermodynamic values for praseodymium and yttrium 

Matal AH= 6S= A"* _ «IgS'K 

a - P  *  -  P  2 9 8  K  2 9 8  K  ^  

T^(°K) cal/mole cal/mole cal/mo1e°K cal/mole^K cc/mole cal/mole (cal/cc)^ 

Pr 1204 1646 757 1.36 0.71 20.81 05,000 63.9 

Y 1799 2724 1193 1.51 0.68 19.95 101,500 71.3 

^Data from Reference 28. 

'^Data from Reference 37. 

^Calculated from Equation 95 neglecting RT, 

Table 24. Calculation of the effective solubility parameter, 6g, for uranium 

B , 
System | s lope] 6^ 6^ - 6g 6g 6S*^ A 

i i JL 
Eq. 93 (cal/cc)2 (cal/cc)^ (cal/cc)^ cal/mole°K Eq. 93 

Pr in U 11.39(10^) 63.9 31.2 32.7 2.76 2.43 

Y in U 16.3900^)® 71.3 38.6 32.7 2,76 2.49^ 

^The slope is calculated using 6- from praseodymium in uranium slope and data in Table 23. See 
Equation 93. 

'^Calculated from for praseodymium and data in Table 23. See Equation 93. 
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APPENDIX B 

The diffusion coefficient, D, for the diffusion of yttrium through 

the stagnant boundary film, of thickness ô can be calculated from the 

equations of Pasternak and Olander (Ô7) 

V -
Y = 

[-f ] 

2 
where D = diffusion coefficient for the solute in the solvent, cm /sec, 

l_L = viscosity of pure solvent in poise, g/cm-sec. 

T = absolute temperature, 

k = Boltzmann constant, I.3S05 (10 erg/°K, 

= molar volume of the solvent, cc/moie, 

N = Avogadro's number, 6.0228 (10^^) mole"', 

, I 
f = [afj2 " AFQJ/RTô , the fraction of total free energy of (99) 

activation attributed to the "jump" of an atom from one 
sight to another, 

AF^ = free energy of activation for the viscous process, cal., 

= free energy of activation for the diffusive process, cal», 

R = gas constant, 8.3143 (10^) erg/mole-K or 1.9872 cal/mole-K, 

c" c" 1 /2 
and 6' = r 1_ '̂̂ aa 1 

L 6F:. J rt . 
(200) 

The free energy terms in Equation 100 are given by 

AF* = RT In [lJ.V^/hN^] (101) 

where terms AA and BB refer to solute-solute and solvent-solvent Inter

actions, respectively, and h is Planck's constant. Thus, in Equation 
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101 when calculating the solute-solute interaction free energy (AFj^), 

values for u, and V for the solute must be used at the temperature of 
m 

interest. 

In this case, for a temperature of 950°C (1223°K), uranium and 

yttrium are still solids, and the question arises as to what values should 

be used for the viscosity, p.. Cavalier (117) has measured the viscosity 

of a number of liquid metals in the supercooled liquid state. He found 

that the data above and below the melting point fall on the same 

Arrhenius plot. Therefore, values for \i obtained for pure metals above 

their melting points can probably be extrapolated to lower temperatures 

with sufficient accuracy to calculate aF". aF values can also be 

obtained from Equation 102 by plotting jj, versus 1/T values above the 

melting points, where aH" and As" are determined from the slope and 

intercept, respectively: 

AF" = AH" - TAS*. (102) 

Here it is assumed that values of aH and AS can be used safely at 

lower temperatures where diffusion actually occurs. 

The determination of and p, at various temperatures requires a 

knowledge of the density, p, at these same temperatures. These values 

are usually available in the literature. Viscosity values at tem

peratures below the melting points can be calculated by methods from 

either Chapman (69) or Grosse (70, 118). Chapman's method is used here. 

Chapman's method uses an approximate form for the perturbation of 

the radial distribution function of a monatomic liquid by a non-uniform 
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flow field. Substituting this form into the expression for the pressure 

tensor yields an equation for liquid viscosity in terms of an equilibrium 

function and the interatomic potential energy function. Reduced 

viscosity then becomes a function of reduced temperature and reduced 

molar volume, or 

= F(T*, V* ), (103) 

, (104) 

rMRT 
-  1 /2  

T" = -r— ' (105) 

and y"- = ^ 

pNod^ • (1°G) 

Here d^ is the Goldschmidt atomic diameter, G is an energy parameter 

(Equation 107), k = Boltzmann's constant, M is the molecular weight, 

and the ^ refers to reduced quantities. Other terms have been previously 

defined. An approximate expression for the energy parameter Is given by 

€/k = 5.20 T^, (107) 

where is the melting point of the metal, °K. 

Equation IO3 becomes 

t/' (V*) ̂  = G (i/r*), (108) 

and thus reduced viscosities for liquid metals as a general class can 

be represented by a simple concave curve of the form 
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[i = A + B/T +C/(T )^ + . . . (log) 

Figure 37 shows the curve Chapman determined on the basis of the viscosity 

data of twenty-one liquid metals, with a range of densities from 1,8 to 

18 g/cc and atomic weights from 6.9 to 242. it is seen that this method 

accounts very well for viscosities using only the physical variables. 

Thus the viscosities of liquid metals obey a corresponding-states law as 

Chapman assumed to derive his equations. 

Table 25 is a tabulation of the necessary information to determine 

the viscosity, [j,, and molar volume, V^, by Chapman's method. With the 

viscosity values at 950°C it is then possible to determine the diffusion 

coefficient D using Equations 98 through 101. These values and the value 

of D for each of the three systems are tabulated in Table 26, The factor 

Y in Equation 98 is determined from the plot in Figure 38 given by 

Pasternak (44), This is a plot of Y and fi' values determined for 27 

liquid-metal systems for which viscosity and diffusion data are avail

able in the literature for both the pure solvent and the pure solute. 

The best line through the points was determined by the "method of 

averages" (44) and has a slope of 0.52 passing through the point 

o' =0, Y = 1.13- The dashed lines on either side of the best line 

represent 25% deviations. The 0.5 slope indicates one-half of the total-

free energy of activation is accounted for in the "jumping" step and 

one-half in the "hole-making" step in the over-all process of diffusion. 

The diffusion coefficient varies with temperature according to an 

Arrhenius equation of the form 
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D = EXP r-a/RT], (IIG) 

2 
where is the frequency factor, cm / sec ,  and Q. is the activation energy, 

Kcal/mole. By determining D at various temperatures using the absolute-

rate method, it is possible to evaluate the constants and Q.. Following 

the same procedure as above, values of D for the three systems of Interest 

were determined at 800, 950, and 1I00°C. The results are given in Table 

27. and Q. were calculated from a semi-log plot of D versus 1/T for 

each system. The activation energy, Q., is a measure of the energy re

quired for the diffusion process and may be compared to the activation 

energy, A E, in Equation 52 and to the interfacial surface tension, 

between the solid metal and the liquid metal. These values should all 

agree reasonably close with one another for a given system if it is 

assumed that the activation energy is a measure of the energy barrier to 

a solid-metal atom passing from the bulk of the container through the 

interface into the liquid metal, and if the solid-liquid interfacial 

tension is assumed to be a measure of this energy barrier. Furthermore 

the process must be diffusion controlled for the activation energies to 

be similar. 

As a comparison, the diffusion coefficients for the three systems 

were also calculated by the Stokes-Einstein Equation 

O 

where [x = the viscosity of the solvent in poise, and r = the radius of 

the diffusing atom in cm» These values are presented in Table 27 with 
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Table 25. Determination of liquid-metal viscosities at 950°C (]223*K) by 

Meta I 
T 
m 

°K 

€/k 

°K 

1/T* M 

g/mole 

P 
@ 1223°K 

g/cc 

V 
m 

cc/mole A 

Y 1799 9355 7.65 88.905 4.31 (119)^ 20.64 3.606 (9) 

U 1406 7311 5-98 238.03 18.09 (120) 13.16 3.12 (9) 

U-Cr 1132 5886 4.81 201.91 16.46^ 12.27 3.007^ 

UCr-Fe^ 1033 5372 4.39 196.76 16.26^ 12.10 2.991^ 

^Numbers in parentheses correspond to source references. 

'^Estimated by assuming the same % decrease from room temperature to 
950°C as pure uranium; i.e., 5.14 % reduction in density. 

c^ 

eters: 

'This corresponds to the UCr-1.0 wt.% Fe alloy. 

^Calculated assuming Vegard's law (2l) applies for the lattice param-

dG,,_ r (1/100) [(at.% U)(dg ) + (at.% Cr) (dg ) + (at.% Fe) (dg )] 
*(UCr-Fe) "U '^Cr ^Fe 

Table 25 (Continued) 

Meta 1 
V" 
m 

Eq. 

(V*)^ 
m 

Fig. 

2 h 
d N /[MRT] 
G 0 

cm-sec/g 

M 

g/cm-sec 

Y 0.7309 0.5342 9.84® 18.42 260.47 0.0707 

U 0.7194 0.5175 5.36 10.36 118.63 0.0873 

U-Cr 0.7493 0.5615 3.34 5.948 120.19 0.0495 

UCr-Fe^ 0.7508 0.5637 2.80 4.967 120.46 0.0412 

^Extrapolated by extending the curve in Figure 37-
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the values obtained using the absolute-rate method. Although the Stokes-

Einstein equation gives the proper magnitude (D w 10 cm /sec) for 

liquid metals, the absolute-rate method should predict values closer to 

those determined experimentally. Unfortunately, there are no measured 

diffusivity values of yttrium in uranium, U-Cr, or UCr-Fe alloys for 

comparison. However, Smith (121) has measured the diffusivity of cerium 

in uranium over the temperature range 1170-l480°C. The temperature de

pendence of the diffusion constant is represented by D = 4.5 (10 ̂ ) x 

Exp[-11,000/RT]. This relation is valid over the range 1170-1350°C. 

Smith believes that his observed values at higher temperatures were too 

large because of convective currents. Extending the relationship to 

2 
supercooled uranium gives a value of D = 4.87 (10 ) cm /sec at 950°C. 

This is about three times greater than that calculated for yttrium in 

uranium at 950°C. It must be remembered that cerium is a liquid at 950°C 

and would thus have a larger diffusivity. Based on this, the absolute-

rate method appears to predict values fairly close to those found experi

mental ly. 

The value for the viscosity of molten uranium at its melting point 

(1133°C) determined by the method of Grosse (ll8) (M'y 1133°C = O.O588 

g/cm-sec) was somewhat lower than those determined experimentally (122) 

(W"^ 1133°C = 0.0653 g/cm-sec) and by Chapman's method (69) (Hj 1133°C 

= 0.0660 g/cm-sec). For this reason. Chapman's method is believed to 

give the better value for the systems in Table 27. 
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Figure 37. The reduced viscosities of liquid-metals and their dependence on reduced molar volume 

and reduced temperature (69) 
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Table 26. Calculation of diffusion coefficients at 95Û°C by the absolute rate method 

F F 

System 

Kcal Kcal 
mo 1 e nxj Ï e 

Y In U 14.344 13.763 

Y In U-Cr 14.344 12.213 

y in UCr-Fe 14,344 11.733 

SL Fig 38 Oo5) 

RT 

2 
cm 
sec 

2.430 1.0209 5.663 -0.118 1.064 1.39 

2.430 1,0837 5.025 -0.421 0.909 2.14 

2.430 Ù1057 4.828 -0.510 0.868 2.46 

- ,1 /2 
r AF AA 1 

Kcal 
mole 
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Figure 38. Correlation of mutual diffusion data in liquid-metal systems by the absolute-rate 
method (44) 
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Table 27. Summary of diffusion coefficients calculated by the absolute-rate method and the Stokes-
Einstein equation for various temperatures 

System Temperature 

°C °K 

1000 
T 

°K- '  

D X 10^ 

2, 
cm /sec 

Activation 
Energy 

Q. 
Kcal 

mole 

D X 10^ 
0 

2,  
cm /sec 

D X 10^ 

2,  
cm /sec 

Y in U 800 1073 0.9320 0,933 7.162 26.75* 0.375b 
950 1223 0,8177 1.39 7.162 26.75 0.569 

1100 1373 0.7283 1.95 7.162 26.75 0.800 

U in U-Cr 800 1073 0.9320 1.51 6.355 29.58 0.705 
950 1223 0,8177 2.14 6.355 29.58 1.00 

1100 1373 0.7283 2,90 6.355 29.58 1.35 

Y in UCr-Fe^ 800 1073 0.9320 1.76 6.136 31.15 0,861 
950 1223 0.8177 2.46 6.136 31.15 1,21 

1100 1373 0.7283 3.29 6,1 36 31.15 1.59 

is the constant in Equation 110; D = Exp [-Q./RT], 

^Diffusion coefficients calculated by standard Stokes-Einstein equation for comparison with 
the absolute-rate method (Equation 111), 

''Eutectic was assumed to be that of Sailer et al. (51): 99.0 wt.% UCr euVectic-l.O wt.% Fe. 
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