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NOMENCILATURE

AG° free energy of formation

74 activity coefficient of component i
Ni mole fraction of component i

ai thermodynamic activity of component i
My chemical potential of component i
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T temperature OK

e(j) Wagner's interaction parameter

Q(J) interaction parameter of Turkdogan
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ratio of y; in ternary containing Jj to y; in binary

Ag interaction parameter of Ohtani and Gokcen

a(i) interaction parametér of Ohtani and Gokcen
ﬁ& partial molar enthalpy, cal/gm. mole

s partial molar entropy, cal/gm. mole®K

X equilibrium constant

E electronegativity

Subscripts

e - electron o standard state
gt hydrogen ion J component
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INTRODUCTION

The present status of metallic solution technology does not permit
one to predict with any assurance the behavior of a particular solute in
a solvent containing other solute species. Exploratory studies have shown
that in many instances significant effects are produced by extremely small
coﬁcentrationscﬁ?foreign elements. Consequently much of the available
information on binary systems can not be used with confidence when additional
components are present. Unfortunately many practical metallurgical operations
involve multicomponent systems. Iron-base systems afford an excellent example
of one such family in which a number of alloying elements and/or impurities
are present in small but significant quantities. Their presence produces
interactions which are of considerable interest to the steel-making industry.
The magnhitude of this industry and the possible importance of the effects has
stimulated investigators to explore in detail many iron alloy systems. These
studies have yielded much information in recent years, the significance of
‘which will be discussed in a subsequent section of this report.

Although bismuth solutions of uranium are of less commercial importance
at the present time, they are also subject to such effects. The proposed use
of these solutions as nuclear fuels has created a need for better understanding
the nature of the possible interactions. Swmall quantities of magnesium and
zirconium have proven advantageous in minimizing corrosion problems. Since
the uranium concentration is extremely critical in this instance, it was

necessary to investigate experimentally the effects of these two elements.



However, corrosion as well as the fission process will continuously introduce
many foreign elements to the solution which, if permitted to accumulate,

could change appreciably the behavior of the uranium solute. The need for

this type of information supplied much of the motivation for the investigation.
Further impetus was derived from the anticipation that systematic investigations
suppiementing'whriron-base alloy data might be more revealing from a mechan-
istic point of view. Although bismuth as a solid exhibits many non-metallic
tendencies, a transition toward_metallic properties is observed in.the melting
process. Thus, work on liquid bismuth systems should contribute to the over-
all goal of better understanding and predicting behavior in the liquid metallic
state.

In this study attention was focused on the interaction of third com-
ponents with a molten solution of uranium in bismuth. Two specific reactions
were utilized to evaluate the interaction parameters. The first involved the
equilibria occurring along the liquidus at the bismuth-rich end of the system.
At temperatures above the melting point of bismuth the two phase equilibrium
involves a liquid solution of uranium in bismuth and the compound UBig. The
second reaction consisted of the decomposition of UCo in a bismuth-rich
medium according to the reaction UCgéLl*—QC. This decomposition proceeds
until the activity of uranium in solution reaches its equilibrium value.

The first of these reactions determines the maximum concentration of
uranium which can be maintained in solution. Any factor which tends to alter
this value is of significance in criticality calculations for nuclear fuel
furposes. Consequently investigations were conducted at the Brookhaven

National Iaboratories to determine the significance of small concentrations
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of additives and impurities on the position of the liquidus. Their results
(to be discussed later) indicated that certain elements produce pronounced
effects on this equilibrium. However, the studies were not extensive enough
to warrant generalizations regarding effects of the other solute elements.

A literature search revealed that although much effort had been expended in
defermining phase diagrams and thermodynamic properties of binary systems,
relatively little work has been performed on ternary and higher systems.
Thus, this program was initiated with the purpose of exploring the bismuth
corner of several carefully selected ternaries to obtain additional knowledge
of the interaction phenomena. The results are discussed in terms of structural
considerations, electron effects and thermodynamic behavior for the different
alloys. Comparisons are made with the conclusions and correlations developed

by previous investigators.



REVIEW OF LITERATURE

Studies of Uranium-Bismuth Systems

The original study of the uranium-bismuth system was performed by
Ahmann and Baldwin (1). Subsequent revisions by Teitel (50) and Ferro (20)
produced the presently accepted phase diagram shown in Appendix C. Because
of its importance as a liquid-metal, nuclear fuel the liquidus at the bismuth
end of the diagram has been carefully studied in several additional inves-
tigations. The original studies by Bareis (4) covered the range from 2710
to TOOOC and yielded the equation listed in Table I. His values were
later confirmed by Teitel's work which éxtended the upper temperature to
9OOOC. However, Teitel's results above 600°C were approximately 10% higher
than the previous work of Greenwood (23). At lower temperatures Greenwood's
results agreed well with those of Bareis. Cotterill and Axon (lh) employed
differential thermal analysis techniques to study the system from 0-35 atomic
percent uranium. Their work also confirmed Bareis's earlier results obtained
using filtration and settling methods.

Later studies by Schweitzer and Weeks (47) at Brookhaven disagreed
with these results. Their data produced two linear segments whenlplotted
as the natural logérithm of weight percentage vs l/T. The temperature range
from 300°C - T725°C was explored with the discontinuity in slope occurring
at 480°C. The equations representing these two segments can be found in
Table I. Their expressions yield values which fall below those observed by
previous investigators for this temperature region. Filtration techniques

utilizing Vycor,Graphitite "G" and molybdenum samplers were employed for their

e
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TABIE I

Summary of Solubility Relationships

Predicted Values WEB

Investigator. Equation Range L000C 600°C 8000¢C

Bareis log Y/, U = 5.15-%%2—0 2710-700°C  0.251%  1.78% -

Greenwood log V/oU = 5.00-252*_0. 5150-960°C  -- 1.62% 5.37%

TOK - ,

Schweitzer and log W/OU= 2.585—22&9 300°-480°C 0.182% -- --
Weeks TOK

Schweitzer and  log ¥/ U = 3.263-21%% 14800-725%  -- 1326 5.1%
Weeks © TOK

Armour 3500-600°C  0.140%  1.65% --

Barton 400°-800°C 0.165% 1.30%6  5.9%

5.272-%—@—19(9 400°-800°C  0.190%  1.55% 5.%

]

Author log ¥/ U
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studies. No differences were observed in the results for the three dif-
ferent types of samplers and crucibles. This factori was also checked by
other investigators, all of whom concurred with the Brookhaven fihdings.
Recent work by P. J. Barton (5) produced values for the uranium solubility
at L00®, 600° and 800°C. His values at lower temperatures approximate those
of Schweitzer and Weeks. reasonably well. His value at 80000, of 5.9 weight
percent, was below the values reported by Greenwood but in fair agreement
with the work of Cotterill and Axon.

An even more pronounced effect at 470°C was observed by investigators
at Armour Research Foundation (3). Their solubility curve below 560°C was
considerably lower than those obtained in other studies. The maximum
deviation occurred at 470°Cwhere Armour reported a.value of 2600 ppm com-
pared to values of 4OOO ppm and 4700 ppm predicted by Weeks and Bareis res-
pectively. Sampling techniques similar to those used at Brookhaven were
employed to obtain this data. A resistivity change which occurs when
erystallization begins in the melt was used to confirm the results. “For a
melt of known composition resistivity was determined as a function of tem-
perature. A discontinuity in the slope of the curve was used to determine
the liquidus tewperature for a particular concentration.

Bareis's data was corroborated by Teitel, Greenwood and Cotterill
between 400°and 600°Cwhereas the data of Barton, Schweitzer and Weeks and that
from Armour deviated considerably to the lower side (see Figure 1). Results
are known to be sensitive to certain impurities which might account for the

discrepancies. Analytical problems could also generate such deviations.



WEIGHT PERCENTAGE URANIUM

TEMPERATURE - °C -

800 700 600 500 400
10.0 \ ol | | | !
9.0 :
8.0 N\
rol— S\
. \ \o
6.0 ‘A\
5.0 \\e © RJ. BARTON s
\\ O GREENWOOD
\ O BARCIS =
4.0 \\\ ——~—— ARMOUR
‘x ————SCHWEITZER 8 WEEKS
3.0 N PRESENT WORK i
\ -
N\
2.0 \\ \
N\E
\\ \
\
1.0 \\\\\\
0.9 O
LNAN
0.7 ‘\\
0-5 ‘ \‘\
\ N\
0.4 \ \
BN
0.3 \ \ N
. N
\ A\
0.2 s \{
\0
N
0.1
0.8 09 1.0 K 1.2 13 1.4 1.5

1000/T °K

Figure 1. Summary of Solubility Data for Uranium in Bismuth.
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The thermodynamics of the binary system, uranium-bismuth, has been
the subject of several recent investigations. Egan's emf measurements (18)
using a US/KiCl—KCleut—5%UC15/UB:"Ll cell estimated the activity coefficient
of uranium in bismuth to be 10~ at 500°C. His measurements also suggested
that the system exhibits regular solution behavior in the liquid region.
More recent investigations by Cosgarea (12) and Gross, Levi and Lewin (25)
have revised.Egan's initial estimate upward. Gross et al. used effusion
measurements to determine the bismuth vapor pressure over alloys of dif-
ferent compositions. They assumed bismuth obeyed Raoult's law in the liquid
region and used the Gibbs-Duhem equation to calculate uranium activities.
Their measurements were made at T42°C and yielded an activity of 2.7 x 10-4
for a saturated solution of uranium in bismuth. Using Greenwood's solubility
data the activity coefficient at saturation would equal approximately 5 X 10"5
Cosgarea also measured bismuth vapor pressures across the binary
using optical absorption methods. He reported activities for uranium from
7450C to 842°C. At T45°C the activity of uranium in the saturated solution
was 2.19 x 10-3. Assuming the solubility to be approximately 5 atomic per-
cent, this value produces an activity coefficient of L.38 x 1072 which is
an order of magnitude above the value reported by Gross, Levi and Lewin.
His data also displayed a very pronounced temperature effect. The Henry's
law parameter at YHBOC was estimated to be about 10'5. This is an order
of magnitude greater than Egan's corrected value of 1.6 x 10~% at Th2%C. A
correction of Gross's et al. data using Cosgarea's measurements in the liquid
region to establish the deviation from ideality yielded a value of 2.5 X 10‘“
which agrees well with Egan's extrapolated value. These measurements all
concur in the fact that the system exhibits strong negative deviations from

ideality.
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Gross, Levi and Lewin also reported free energies of formation for the
compounds in the U-Bi systems. Cosgarea calculated partial and integral molar
enthalpies and entropies for the various regions of the diagram. He also
concludes from the non-linear behavior of the regular solution parameter that
the system does not conform to regular solution behavior, even in the very
dilute region.

Grieveson and Alcock (24) have determined the thermodynamics for the
Au-U system by measuring the vapor pressure of gold. The Gibbs-Duhem equation
was applied to obtain uranium activities for the system. This information
permitted the calculation of the free energy of the formation of UC, and UC
from carbide decouwposition studies conducted in gold. They reported the

following values in cal/gm mole:

For UC
AGO(U as solid) = ~ 22,200 + 1.5 T
AG’O(U as liguia) = - 22,200 + 3.6 T
MQ | ° L.y = -29,610 + 1.5 T
(U as so0lid) '
AGO(U as liquid) = ~ 32,610 + 3.6 T

These values compare favorably with the best values previously available

in the literature. Bowman (7) measured by combustion the heat of formation
of UC to be -21,300 + 1000 cal/gm mol. An accurate value for the free energy
of formation of UC, is essential to the evaluation of 7U-to be made in this

program.
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Third element interactions with the bismuth-uranium system have been
investigated recently by several groups. In 1953 Bryner (58) studded the
effect of iron, chromium'and nickel on the uranium solubility at 45000 using
a filtration teghnique. Neither iron nor chromium produced measurable
changes in the binary liquidus at that temperature. Both of these elements
are virtually insoluble in bismuth. However, nickel which readily dissolves
in bismuth at 450°C effected drastic reductions in the solubility. The fil-
trate contained &@lﬁ% uranium and 1.8% nickel. This corresponded to a 30 to 1
reduction in uranium solubility. U Nio and U Ni5 were both detected in the
residue but UB12 was apparently absent. NiBi5 was found in both the filtrate
and residue after cooling. Weisman (58) studied the effect of nickel con-
centration on the observed solubility depression. His studies were conducted
at 350°C and 500°C. At both temperatures the solubility was reduced by a
factor of 10 for 1% additions of nickel. Marked effects were observed with
additions of only 0.01% nickel in his studies.

Weisman also studied the effect of magnesium on the liquidus com-
position at 500°C. He reported a slight depression for concentrations greater
than 0.01% (.087 atomic percent). In 1955 Weeks et al.(58) studied the effect
of magnesium as a function of temperature over the range 300°0-635°C. For 1275
ppm magnesium a definite reduction was observed. The addition of L4OO ppm
zirconium to the above solution produced no further solubility changes. These
tests contained approximately 10 ppm chromium and iron at its normal saturation.

Schweitzer and Weeks (46) studied the Zr-U-Bi ternary liquidus in
considerable detail at 350°, 375°, 400° and 425°C. Their studies indicated

a negligible decrease in uranium solubility at low zirconium concentrations
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over this temperature range. A very sharp reduction was shown to occur for
zirconium: uranium ratios above 0.125. However above thié ratio the liquid
was no longer in équilibrium with UBiop, but with a ternary field of varying
composition. Thus-the sharp reduction in solubility can not be interpreted
in terms of the U + EBi-,)UBi2 reaction. For zirconium concentrations below
the 0.125 ratio the zirconium appears to have no effect on the pfeceding
equilibrium. Although magnesium additions of 1% had not affected the Zr-Bi
and U-Bi binary liquidusesinearlier studies, Schweitzer and Weeks reported
an increased solubility of both uranium and zirconium along the U-Zr-Bi
ternary liquidus for magnesium additions.

The Armour investigators (3) also studied interaction effects of
various solutes. Their results for zirconium confirmed the sharp decrease
at certain zirconium concentrations. However, the liquidus curves at 370°C
and 400°C which they determined differed considerably from the Brookhaven
family of curves. Particular inconsistency was observed at low zirconium
concentrations. Additions of magnesium to the ternary melts produced an
increased uranium solubility. Magnesium effects on the uranium-bismuth
binary were not studied. Sodium additions to a quaternary composed of
bismuth-uranium-magnesium-zirconium produced little effect on uranium
solubility at lower temperatures. However, an increased solubility was
observed at higher temperatures for 5000 ppm sodium additions.

Brookhaven investigators (59) studied the entire alkali metal group.
Their results showed lithium and rubidium to have little or no effect on the
binary uranium-bismuth liquidus. Sodium increased uranium solubilities up
to 30%. The maximum effect was observed at 500°C for0.5% sodium. Potassium
(3000-6000 ppm) approximately doubled the uranium solubility over the temperature

range investigated. 1.5% cesium increased the solubility about 30% at 450°C.



Solubility determinations were also performed on a uranium-bismuth
alloy containing 250 ppm zirconium, 350 ppm magnesium, and 120 épm of
mixed fission products (60 ppm neodymium, 15 ppm samarium, 15 ppm strontium,
10 ppm cesium and 8 ppm ruthenium). Values slightly below those obtained for the
U-Bi + 250 ppm zirconium curve were observed. Of the elements present both
magnesium and cesium had been shown to exert positive effects, if any. Hence,
the solubility was fairly sensitive to one or more of the remaining elements.
Studies in our laboratories have shown cerium to exert a’depressing effect.
One might expect,therefore,that both neodymium and samarium would behave
similarly.

Barton's interaction studies (5) included many of the transition
elements which had not been previously investigated. His studies were
conducted at ASOOC, 600°C and 7500C for varying third component concentrations.
Manganese was observed to increase the uranium solubility slightly. The
effect appeared to be more pronounced at higher temperatures where increases
of approximately 25% were observed for 3.5%(atomic)manganese. At 45600 the
effect appeared difficult to distinguish. The increase appeared to be
directiy proportional to the manganese concentration for the conditions
investigated.

Rhodium was studied at 4000, 600° and 800°C. At 600°C two tests
yielded rather inconclusive data. One determination for 0.5% (atomic) pro-
duced a 20% increase, whereas a second test containing O.45% (atomic) showed
no change. These were the only two points reported at that temperature so it
is difficult to evaluate the actual behavior. At 800°C a very definite

suppression of about 20% seemed to occur for 1.7% and 2.0% (atomic) rhodium,
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but at 400°C 0.18% (atomic) rhodium increased the solubility by a factor

of three. Cobalt from the same group produced 20% reductions in solubility
for both 6.7% and 20% (atomic) cobalt at 800°C and 10% reductions for 2.0%

and 5.4%(atomic) cobalt at 600°C. At 4L00°C 1% (atomic) produced no detectable
change in the liquidus composition.

Nickel was studied at 350°, 500O and 600°C with a definite depression
occurring over this entire temperature range. At 600°C 325 ppm nickel -
reduced the solubility almost 50%. These results agreed reasonably well with
Weisman's earlier determinations.

The copper group was examined by Barton at 450°, 600° and T50°C. The
data for copper additions produced considerable scatter at 800°C. However,
at both h5OOC.and 600°C no significant effects were detected for copper
concentrations up to 4.5% (atomic). Silver which lies immediately below
copper in the periodic chart produced a slight increase in the uranium con-
centration. The results at T50°C showed a 10% increase for 2% (atomic) silver.
The effect at 600°C seemed to confirm this tendency. Deviations at MSOOC
were difficult to detect on the available plot. Gold, the third member of
the copper group, displayed the most pronounced effect. A lO% increase was
effected by 1.2% (atomic) gold at 800°C. An increase of close to 50% was
produced by 1% (atomic) gold at 600°C. Even.the lower temperature
deviations were distinguishable for 0.8% (atomic) gold.

Teitel has studied the Sn-U-Bi and the Pb-U-Bi ternary diagrams (51).
His work produced no evidence of a U-Pb-Bi intermetallic compound at 8oo°oc¢ .

The phase dilagram (Appendix C ) indicates a decreasing uranium solubility
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as the lead content increases with the 1liquid solution remaining in equilibrium
with UBio. This behavior would necessitate a compensating increase in yy &s

NU decreases. Support for-such an increase was provided by earlier Brookhaven

carbide-formation studies (58). Their attempts to form uranium carbide on
the walls of graphite crucibles from uranium-bismuth solutions were unsuccess-
ful until uranium concentrations reached 4.7% uranium at 1100°c. 120 hour
runs at 1000°C for 1% uranium solutions in bismuth were unsuccessful in pro-
ducing a detectable carbide layer at the interface. Later carbide decom-
position studies (54) performed by the author showed this concentration to be
well below the necessary concentration at 1000°C. However, lead-bismuth
eutectic solutions containing 1% uranium formed a detectable uranium carbide
layer after only 96 hours. A kinetic explanation for the results seemed
unsatisfactory since conditions in the two runs were essentially the same.
However, an increased 7y resulting from the presence of lead could increase
the ay for 1% to that required for the formation of the carbide.

The 350°C section of the Sn-U-Bi ternary (:Appendix C ) was also
gstudied. Tin was shown to decrease the solubility of uranium and bismuth.
The bismuth-rich, liquid solution was found to be in equilibrium with UBi,
as in the preceding diagram. Thus one would expect similar behavior in this
systeﬁ as the Ty must increase to compensate for the decreasing uranium
concentration. The decreasing solubility of uranium in this system was
confirmed by Barton's work.

The results of interaction phenomena in bismuth-uranium systems have

been summarized in Table II. With the exception of Barton's recent work all



SUMMARY OF SOLUBILITY EFFECTS INDUCED BY THIRD COMPONENTS

Element Investigator

Na. Brookhaven
Author

K Brookhaven

Li Brookhaven

Rb Brookhaven

Cs Brookhaven

Mg Welsman
Weeks
Author

Zr Schweitzer&Weeks
Armour
Author

Ce Author

Fe & Cr Brookhaven

Ni Weisman

Ni Barton
Author

Mn Barton

Co Barton

Rh Barton

Cu Barton
Author

Ag Barton

Au Barton

Pb Teitel
Authoxr
Hayes&Gordon

Sn Teitel
Hayes&Gordon

Pd Author

‘15_4

Table II

Temperature

500°¢

600°C

500°¢

500°¢C

500°C

4500¢

500°C
300-635°C

600°C
350-425°C
370-420°C
400-600°C

600°¢

450°¢

4500¢
350-600°C

600°¢
450,600&750°C
400 ,600&800°C
1400,6008&800°C
450,6008&750°C

600°¢
450 ,600&750°C
450,600&750°C

800°¢

600°C

1 600°C

350°¢

35000

600°C

Effect

Increase
Increase
Increase
None

None

Increase
Decrease
None

None

Decrease
Decrease
Decrease
Decrease
None

Decrease
Decrease
Decrease
Increase
Decrease
Decrease
None

Decrease
Increase
Increase
Decrease
Decrease
Decrease
Decrease
Decrease
Decrease

Magnitude*

Weak
Weak
Strong

Moderate
Weak

Strong
Strong
Strong
Weak

Strong
Strong
Strong
Moderate
Moderate
Moderate

Moderate

“Moderate

Mod-Strong

Moderate

* Slight corresponds to a change of 5% or less for 1 atom percent

Moderate corresponds to a change of 5-25% per 1 atom percent
or more per 1 atom percent.

Strong corresponds to a change of 30%
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of the previous interaction studies on bismuthnuranium.systems were performed
in conjunction with nuclear fuel development. The third component elements
studied were determined primarily by the anticipated fuel composition, with
little concern given to a systematic control of variables such as valence,
size or electronegativity, which are known to have an effect on the extent
of interaction. Only the study by Schweitzer and Weeks of Bi-U-Zr inters
actions possessed the depth required to evaluate the interaction process
parameters. The Brookhaven investigation of the effect of alkalipmetals
furnished a semi-quantitative indication of* the behavior within a group

(or of the size effect), but the available information was insufficient to
permit definite conclusions.

Barton's work when completed should shed considerably more light on
the nature of the interaction phenomena. His selection of the elements should
permit an evaluation of the relative importance of the parameters cited above.
His preliminary results seem to suggest a definite size effect in the copper
and cobalt group. Likewise, his data permits evaluation of valencevéffects
for the fourth period transition elements mapganese, cobalt, nickel and
copper. Each element was studied at three temperatures thus permitting
assessment of this effect. In most cases the difference in solubilities
remained about constant at the two upper temperatures, 600°-800°C. At the
lower temperatures, 5500 and QOOOC, the effects appeared much less apparent.

Solubility results can not be used to calculate activity coefficient
changes without first establishing the activity of uranium in the solid phase.
If a ternary field does not replace the UBl,, then the activity of uranium

remains unchanged in the presence of the third component and the activity
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coeffieient change is proportional to the reciprocal of the solﬁ%ility
change. However the formation of a ternary field will likely change the
value of the uranium activity along the liquidus, and thus necessitate

additional measurements.

Interaction Studies

Despite recent contributions from X-ray and neutron diffraction
experiments, the structural aspects of the liquid state étill remain
uncertain. Recent work (19,21,36,42,55)has confirmed the existence of short
range ordertand has yielded the coordination number of most low melting
liquid metals. Liquid alloys have also been studied by several’investigators
and the results suggest that a type of micro-inhomogenity may occur among
clusters in certain liquid alloy systems. X-ray diffraction work by Danilov
and Danilova (15) on lead-bismuth and tin-lead eutectics demonstrates a fore-
+Bhadowing of the solid eutectic at temperatures just above the liquidus. The
radial distribution curves for these systems produce certain peaks which
correspond to those obtained from thejpuwe tin and bismuth liquids. Examination
of these phase diagrams shows that in each case the eutectic mixture is com-
posed of a lead solution and essentially the pure constituent,tin or bismuth.
Thus, the formation of tin and bismuth clusters in the respective systems
at temperatures Just above the liquidus seems quite probable.

Hendus (28) in his studies of the gold-tin system observed a doubling
of the main peak for dampositions near that of the intermetallic compound.

He concluded that clusters possessing a coordination similar to that exhibited
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by the compound were present along with clusters of gold and tin randomly
arranged. However, the validity of this model has not been established.
Gingrich and Henderson (22) have explored the sodiummpotéssium system for
different compositions at llSOC, A systematic shift in breadth and main
peak positions was observed for different compositions. Recent work in
this field has been voluminous and future efforts seem certain to disclose
many enlightening features pertaining to the coordination and structure in
molten medial

Evidence suggests that in many respects the liquid state differs
only slightly from that of the solid. Physical propertiés of trﬁe metals
undergo only a slight change during the melting process and hence the bonding
forces cannot change%radically. However at the melting point a very definite
stability transition occurs which produces fluidity at the expense of long
range order. Despite these changes, which are also characteristic of the
gaseous state, proximity of the atoms is maintained such that a definite
density is assured. Numerous theories have been proposed to accounf for
this behavior, but each possesses apparent shortcomings. Consequently, one
can only conjecture as to the actual structure and type of forces persisting
in liquid metallic wedia.

Evidence to date suggests a sea of electrons containing charged
atoms migrating continuously from cluster to cluster. These clusters or
cybotactic groups possess orderly structures very similar to the solid state.
Densities of these groups are imagined as being equal to or greater than

deﬁsities in the solid state. However the free volume between clusters
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contributes to the overall reduction in density observed for most metals
upon melting. Some investigators have postulated that these micro-groups
possess five fold axes of symmetry. This would certainly explain the
absence of long range order in the liquid structure.

Solution of a metallic constituent appears to involve a transfer
of electrons between solvent and solute. Certain elements with relatively
free peripheral electrons (conduction electrons) contribute them to the
sea, whereas others extract electrons to fill lower energy levels. Con=
sequently these atoms become charged particles which may attract or repel
one another as ordinary charged bodies. The electron sea maintains electro-
neutrality by adjusting to the fluctuating local charge.

Hume-Rothery (30), Raynor (43), Jones (31) and others have demonstrated
the significance of the electron/atom ratio for phase dilagrams. ' Sieverts and
Krumbhaar (48) have shown that the solubility of hydrogen in copper is Cco
decreased considerably by tin and aluminum additions, but is increased by
additions of nickel and platinum. Bever and Floe (6) have likewise confirmed
the results for tin. Himmler (29) observed a decrease of the hydrogen solu-
bility in solid copper for zinc additdons and confirmed the increases for
nickel and platinum: cited above. These results have been interpreted by
ascribing a chemical potential, pg, to the free electrons. The condition of

thermodynamic equilibrium may be stated by the following equation:

1/2
P-Hé = pgt + He (1)
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Elements such as aluminum, tin and zinc possess electron/atom ratios
greater than that of copper . Their dissolution in a copﬁer solvent

results in an increase in the free electron concentration. This increases
My and necessitates a corresponding decrease in Mgy @t a gilven hydrogen
activity. Both nickel and platinum: have been shown by magnetic'measure—
ments to dissolve in copper as essentially neutral atoms. This produces

a decrease in the electron concentration which reduces Mg+ The equilibrium
requdres an increase in uy, which necessitates an increased solubility.

Although the systems considered in the present study are far more
complex than hydrogen and copper, the foregoing considerations provide a
possible interpretation of the results. Hargreaves (27) has shown that
additions of aluminup, which contribute three valence electrons per atom
to o brass, produce a decrease in the zinc vapor pressure; whereas nickel
with no effective valence glectrons produces an increase. Wagner (57) has
concluded from the foregoing studies that the activity of a solute metal,

2, will be increased by a third component, 3, if 2 and 3 change the electron
atom ratio in the same direction. Conversely if the electron/atbm ratios
differ from that of the golvent in opposite directions, a decrease in the
activity coefficient of 2 is to be expected.

Wagner points out that the preceding considerations have neglected
the interdependence of pp, and pe. Since the electron concentration is likely
to influence py,, this factor must be considered when utilizing this concept.
Opie and Grant (40) have shown that the behavior of copper additions to an
aluminum solution containing hydrogen contradicts this theory. Further study

will likely explain the apparent discrepancies.
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Wagner (57),with consideration to the chemical potential of the
electrons, derived a quantitative relationship expressing the effect of
one solute on the activity coefficient of a second. The derivation
neglected direct lnteraction between ions of like charge and ascribed
all deviations from ideality to electronic effects. Hence for his
assﬁmptions

A(RT 1n y4) = O if dug = 0

The following expression relating behavior in the binary systems 1-2 and
1-3 to that in the ternary resulted:

1/2

ON oN

= (2)
3 ON, oN

d 1n 7o d 1n 75 , 0 1n 7o o 1n 73
2 2 3

Qualitative considerations described previously must be utilized to evaluate

the sign. Wagner proceeds to show that for a system in which lon interactions

can be neglected, g%% for any solute in a givén solvent must have the same

sign. Hence, the expiession appearing to the 1/2 power should always be

positive. This supposition is contradicted in mercury systems where bismuth,

lead, tin and zinc are known to produce negative values while cadmium, thallium,

lithium, sodium and potassium yield positive expressions. This demonstrates

the limitations of the derivation and of the underlying assumption of negligible

ionic interaction. Since these interactions generally occur, this expression

is probably valid only for systems where the binaries exhibit pronounced

deviations from ideality. Wagner obtained experimental data for the effect of

thallium on the activity coefficient of potassium, sodium and lithium amalgams.

His observed values agreed remarkably well with values predicted from his

expression.
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The most extensive studies of interaéction phenomena have been per-
formed on iron-base systems. The actual values obtained for interaction
parameters are of secondary interest for purposes of this study, but the
models and correlations used in presenting and discussing the data are
quite pertinent to the problem at hand. Wagner (56) using a Taylor series
expansion for the excess partial molar free energies (or the logarithm of the

solute activity coefficients) developed the following expression:

oL ol ol
In 72(N2.’N5)NL|."') = 1ln ’)’g + N2 —g%é?— + N5 FI\]]‘%@ + Nu —B';Il:-—ll- (5)

This expression neglects second and higher order derivatives which Seems

reasonable far dilute solutions. He defined the interaction coefficients as

(J) Olnyi
Ei = T_N -

J
and evaluated them for the limiting condition of zero concentration for
all solutes. Wagner has also shown a simple proof of the reciprocity of
solute effects on one another such that e&?) = e(%). This equation, or a
simple modification permitting the direct use of waight percentage and
common logarithm, has been used with fair success by wany investigators
to correlate their results. The elimination of second order terms implies
that different solutes will have a negligible influence on the effect exerted
by other solutes. If both solutes are in the dilute range, the probability
of interaction should be small and the assumption valid.

Chipman (11), Turkdogan (52), and Ohtani and Gokcen (39) have all

published summary articles concerning interactions in iron-base systems.
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Chipman lists values for the parameter, e(¥), for cases where "X"
represents C, Al, 8i, P, S8, V, Cr, Mn, Ni, Cu and Mo, and "Y" signifies
H, C, N, 0, Si and 8. The values for carbon and silicon substantiated
Wagner's reciprocity relationship. Chipman also discusses the parameter
values in terms of interatomic attraction. He suggests that negative
values can be explained using a simple model. He considers the Fe-Cr-0
system ags an example where eé?r)z -8.8. He pictures chromium atoms replacing
iron atoms as the nearest neighbors of oxygen. The greater bonding energy
for chromium-oxygen than for iron-oxygen results in the oxygen atoms being
held more firmly by the solution. This decreases its activity and hence its
activity coefficient. Vanadium has a greater effect than chromium and
‘mangénese a lesser effect. Aluminum yields a very large negative coefficient
e(él)= - 1340. Although this value is subject to considerable experimental
uncertainty, it is definitely indicative of a large aluminum-oxygen bonding
energy.

Chipman has postulated that nickel which has little affinity for
o xygen atoms associates itself with iron atoms in the solution. This com-
petition with oxygen to coordinate iron results in weaker oxygen bonding and
an increased oxygen activity coefficient. Carbon, silicon, aluminum and
phosphorous react similarly in iron~sulfur welts thus producing an increased
activity coefficient for sulfur.

Chipman evaluated Wagner's expression for interaction effects between
positive metal ions and electrons. In the Fe-C-Si system the values for

e(gl)and e(g) were equal as predicted,but their wagnitude was considerably
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greater than that predicted by Equation 2. The Fe-0-5 system yielded
an exceptionally large value for e(%) of + 130 which Chipman attributed
to a combination of ion interactions and electron competition. Both atoms
would apparently diminish the electron chemical potential thereby raising
the activity coefficients.

Turkdogan (52), recognizing the limitations of very dilute solutions for
Wagner's derivation, developed a correlation which he felt was applicable
over greater concentration ranges. Wagner's expression (Equation 3) for the
effect of different solutes on the activity coefficient of a particular

solute can be written as:

(2),(3), (%)

Yo = Yo Y7772 (%)

where 7é2)~ represents activity coefficient of 2
at some concentration.
(2)

7é5) represents the effectcof 3 on 12

“81- — for N5 0, NLL:O ‘
Zgé) (3)_ o dlnyo ﬂB)}

From Equation 3% and L4 it %an be seen that 1n y57'= 5 _Sﬁg_ = Nzes

eg;) was evaluated at = zero concentration for all solutes. Consequently,
1n 72(5) is seen to be a linear function of the atom fractions in this
expression. Turkdogan's examination of data from the Fe-5i-C, Fe-Mn-C
and Fe-Cr-0 systems indicates that the individual coefficients 7&5),7§M)

etc. may also vary with the concentration of component 2. The variation

is generally not as great as with the third components themselves, particularly

at low concentrations, but it does restrict the composition range over which

the relationship is valid.
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To wvercome this difficulty Turkdogan has suggested plotting the
data as

X, Y : ’ Y
ANy /Ny ve Ny  where AN% = Ny-Ny

NY represents the atom fraction of component Y in the Z-rich ternary,
X-Y-Z, and N% the atom fraction of Y in the binary Y-Z, both evaluated at
the same activity of solute Y. AN? was known to be relatively insensitive

to_temperature for many alloys. His calculations demonstrated that the ratio,

fgz , was independent of the activity of Y in most systems for which data was
X

Y X
available. He defines a parameter,(i QY,by the following procedure. Division

X Y
of the expression for AN& by 1\TY yields:v

Y
ANE N y
ﬁf! + l=¥§ = =X for constant activity of ¥. (5)

x X
Q = ;%) . at a given temperature and activity of Y. ¢ (6)
T,aY
A term P§ is defined for a glven temperature and fixed concentration of Y

as followsg

X 7Y\
Fy = ;? (7
Y I,ny

This term corresponds to the 7% used previously by Wagner in his expression

X
72=y%72 72 oo . As NY approaches zero, QY and P§ become equal. A plot o

X
1n QY Vs NX yields a curve which i1s independent:dfilthecconcentration of Y.
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0f the alloys for which data was available only the Fe-Mn-C sysﬁem failed

to ytedd values for the parameter which were independent of activity.
Interactions in multicomponent systems were handled in a .similar-wannex,

to that proposed by Wagner. The procedure assumed the effects of various

solutes on the activity coefficient of a particular solute were additive and

thaf second order effects were negligible. Thus the following expression

results:

X

In @ = In Q?l + 1n Q§2 + 1n Q§5 + o (8)

This equation reproduced the data extremely well in solutions of ¢-A1-Si-P-Mn=S
in iron for values of log Q§‘<O'5' However, recent evidence (53) has shown
that the individual effects of silicon and phosphorus on the solubility of
graphite in iron are not additive. One would also expect that, although
this relationship is valid at higher concentrations for ternaries, difficulty
with second order effects might enter the picture when additional components
are added at these higher concentration levels.

Ohtani and Gokcen (59) have also derived a relationship which they
claim to be valid for any concentration range. For a three component system

(5) |

they derive theifollowing expression which defines the parameter, Oé

9 1n 7, ' ) Nl + N5 <:é In 75 ) (9)
Ny N,

Where Nl stands for the atom fraction df component 1 etc. Hence

a(g) - N1+N5 a(E)

) and for N=> 0 (10)
Ny + Np e

and Ni-}o this relationship reduces to Wagner's derivation.
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An attempt was made to correlate interaftion parameters with atomic
numbers. A plot of self-interaction parameter: vs atomic number suggested
a linear relationship for elements within the same period. Carbon, hydrogen
and nitrogen as solutes in an iron matrix yielded virtually a straight line
for such a plot. A different line segment was generated by aluminum, silicon
and sulfur from the second period. In both cases the value of the parameter
decreased ﬁith increasing atomic number. Although the results appear promising,
additional information will be required to establish a definite correlation
between the atomic number and self-interaction parameter.

An investigation of the effect of third elements on the carbon
solubility in liquid iron produced rather suggestive results. The AN% suggested
by Turkdogan and discussed earlier in this review was shown to produce a straight
line when plotted vs the atomic fraction of X. Ohtani and Gokcen have depon-

X

AN, ;
. strated that the term 3—% when plotted ve the atomic number of X also yields
. Y4

a series of straight lines.” Data for aluminum, silicon, phosphorus and sulfur
all fell on one straight line whereas points for vanadium, chromium, manganése
iron, on” cobalt and nickel fell on a second straight line. The available
information for copper produced a point which fell slightly below the latter
curve.

A definite periodicity is also displayed by two other parameters

considered by these authors. xg which they defined as follows,

X d 1ln 7o d 1n N,
=% ], T\ 3%, (1)
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and d% discussed earlier, both increase for increasing atomic nuwber within
a period. This corresponds to an increasing value of xg.for deéreasing
carbon solubilities. Positive values are obtained for aluminum, silicon,
phosphorus, sulfur, cobalt, nickel and copper and negative values for
titanium, vanadium, chromium and mapgenese. The authors conclude that
eleétron contributions of the solutes alone cannot account for this behavior.
However they do attach significance to the fact that the negative values
occur for elements with strong carbide-forming tendencies. They conclude
that, if the X-C bond energy exceeds that for iron-carbon, the solubility
will be increased and the activity coefficient decreased. If the iron-
carbon bond energy is greater, then the reverse 1ls expected to be true.

Kitchener, et al (32) utilized a crude structural model to explain
the phenomena displayed in iron-base systems. They consider the interaction
process as a competition between solutes to coordinate adjacent solvent
atoms int a preferred orientation. Carbon and sulfur were used as an example
of solutes which prefer to coordinate iron in different forms which display
little compatability. Consequently the different clusters tend to isolate
themselves with a resulting increase in the activity coefficient of each
solute.

Their structural interpretation of the process emphasizes the
interaction of solutes with the solvent as well as with each other. Additional
consideration is given to size effects and the state of lonization in ration-
alizing the observations. In the solid state carbon’ is known to fit with

slight strain into the interstices: of the iron lattice. Resonating covalent



bonds between iron and carbon atoms are postulated as contributing to the
metallic-like structure. Transference measurements on carbon in austenite
have revealed that the bonding must be partially ionic and that the carbon
atom possesses a positive charge of from 1-4. The electrons transferred are
shared among coordinated iron atoms. Such polarization in metallic bonding
is quite common according to Kubaschewski and Reinartz (55) and reflects
differences in the electronegativity between atoms. The effect is greatest
between systems exhibiting intermetallic "electron" compounds such as MgBBig.
As additional carbon is added to the structure, the octohedral holes existing
between iron atoms are gradually filled; and the carbon atoms begin to'repel
one another as suggested by thelr reluctance to occupy adjacent holes. This
explanation proves consistent with the observations of the iron-carbon system.
There is little reason to believe the behavior inthe liquid sdate-would differ
gignificantly from that in the solid.

The iron-sulfur system is assumed to possess a different type of
structure. Sulfur is virtually insoluble in the iron crystal lattice, where-
as iron-sulfideis completely misible in molten iron and in iron-oxygen and
FeO—SiO2 melts. The latter are certainly ionic so that iron-sulfur must
possess a transitional character that will blend with either. Analogy with
iron-sulfur suggesté that in liquid iron sulfur ions would tend to coordinate
six iron atoms. Increasing sulfur concentration enhances the ionic character
of the melt at the expense of the metallic, as the average charge per iron
atom is increased. This change is postulated as effecting the reduction in

7g @s the Ng increases.
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These two structural pictures provide a consistent picture when
applied to the Fe-C-S ternary. Increasing sulfur tends to create an ionic
type melt in contrast to the metallic environment preferred by carbon.

Thus, carbon is no longer accomodated as inpa purely metallic medium and
an increasing activity coefficient is observed.

Other more metallic solutes such as nickel, vanadium, manganese
and chromium are discussed in less detail by the Kitchener, et.al. Nickel,
similar in size and electronic structure to iron,is assumed to substitute
for it readily with little effect on solutes. Manganese although similar
in size evidently differs appreciably in electron affinity. Smoluchowski
and Koehler (L49) have shown, by comparing optical and excitation levels of
atomic iron and manganese that the 3d manganese electrons occupy higher
energy levels than the 3dd iron electrons. In solution manganese is assumed
to lose them to the lower energy levels available in iron and to. acquire a
positive charge sich 'that it interaects strongly with negatively charged sulfur.
This accounts for the depression of 7s by manganese. The authors admit to
the speculative nature of their interpretations in reaching the foregoing
conclusions, but feel in the absence of a sound quantitative theory these
considerations provide ~ satisfactory grounds for comparison.

Alcock and Richardson (2) have discussed the electron: atom ratio
theory proposed by Himmler and further developed by Wagner. They observed
inconsistencies which substantiated Wagner's conclusion with respect to the
importance of the chemical potential of the .ilons. Their experiments showed
that sulfur in a gold-copper solution possessed an activity coefficient 80

times greater than in pure copper. Since the electron: atom ratios are
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approximately the same for copper and gold, the change must be attributable
to the different chemical potential of the.sulfur ion in the two systeus.
Furthermore, in accordance with Himmler's theory, the activity coefficient

of hydrogen in copper is decreased by both platinum and nickel, while gold
displays no effect. However, platinum and gold have been shown to increase
the activity coefficient of sulfur in copper, whereas nickel produces a
decrease. These findings demonstrate the inadequacies of the electron: atom
ratio theory for the copper-sulfur system and emphasize the importance of the
ion potentials in rationalizing behavior in certain alloy systems. Since
these individual potentials can neither be measured nor calculated accurately,
these authors suggest attacking the problem from the chemical or thermodynamic
standpoint.

Their considerations assign energy to the various types of bonds
existing in the ternary solution. Assuming the atoms to be randomly dis-
tributed and to possess the same coordination number as the solvent, they
proceed to derive an expression for the partial heat of solution of component
P, in'dhe binary solvent, X-Y. If component Y is present only at high dilution
so that Y-Y bonds have a low probability of existing, " the following
expression can be derived. The terms AES(X)’ Aﬁ&(x) etc. represent the partial
heats of solution of P " and Y in X etc. Furthermore they assume for low

concentrations of Y that ASEK??)ASE(X) so that:

BAE{P o RT(a In 7jv
3 Ty Iy S Ny Y0,
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For the following assumptions:

1) Ag@(Y) = ééP(X), at low concenﬁrations of P

2) 7B(Y) and Yp(x) 8re taken relative to the same standard state; and

3) A%Y(X) is Raoultian,
o 1n 7p (Y)
; = = - - 12
T P ey P TR T Tv(x) o

Ny 20

The preceding expressions permit an evaluation of solute effects if a
knowledge of binary behavior is available. For systems in which P
represents the metalloids, an appreciable difference between Aﬁé(y) and

Aﬁ@(x) is not likely to be reversed by AﬁY(X)‘ gince this is generally

small for true metal-metal mixtures. In other instances where the difference
is small the Y-X interaction has been shown to be of significance. For purely
metallic systems one might expect the AﬁY(X) contribution to have the sanme

P

the values of ¢ generated by these equations cannot be expected to be of

significance as AE_,... Nevertheless,in view of the assumptions necessary
(%) ’

great accuracy.

The authors give detailed consideration to the validity as well as to
the magnitude of the error introduced by these simplifying assumptions. For
cases where the coordination number of P differs from that of the solvent
X-Y it has been shown that the term AﬁY(X) must be corrected by the ratio
C7C where C' represents the coordination of P',.and C that: of: the.golvent.

Certainly the assumption of complete randomness has been shown to be invalid
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in many systems possessing high interaction energies. Preferential clustering

of Y relative to X about o P . atoms would produce X-Y bonds in.excess of

am
(nr

those predicted by thezequétion. This necessitates multiplying g%g'by B
Y

?EZ actual to correct for this phenomenon. The authors in subsequent
E@Yrandom

work have given greater consideration to this correction. Despite these
considerations this theory can only yield gualitative results. It needs to

be subjected to further tests in which the three termws on the right are known

more accurately.
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Table III

Summary of Proposed Interaction Parameters

1) Wagner
A. Neglecting positive ion interactions and considering only

electron effects:
\ 1/2
o 1n 7o } ) n yx _ . 3 1n y, d0 1n 75
) N5 9 N2 =\ o0 N2 9 N5 

Qualitative considerations determine sign.
B. Taylor Series Expansion of solute activity coefficients:

21n y /3 1n Y o 1n ¥y
=N 2 2 L )
75 23w, )" N5('8"N?‘>+N4W'+ °°°°

(3) _f{o 1nyp
€2

O N
5 T,Np evaluated as N5->O
() _ (2)
€& = 3
For expression:
2 L o ‘ 2)

7o = 72( ;2(5)72‘) ete.s' In yp = In 72( + 1n 72(3) + oeeeenns
where 732 %epresents activity coefficient of 2 in binary
at Ny and

(3) _ 72
7o = ;—_ég) for Nu = 0 evaluated as NB—DO . Therefore,

2 3€2
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2) Turkdogan

(3) _72
o\
75 'T’az
(3) 42
Po o = ;TET = VéB) (of Wagners)
2 /1N,

As Né approaches zero, QéB)= PéBb - 725)

3) Ohtani and Gokcen

(%) o0 1n 7,
o

4) Alcock and Richardson

(3) [0 1ny
€5 F(W?‘>N e = 75(3)7 T p2) 7 75(1)

where 1 represents solvent, &nd .2 gnd: Juselutesyhence . 72(5) represents

activity coefficient of component 2 in binary system 2-3.



EXPERIMENTAL PROGRAM

Theoretical Considerations.

The preceding theoretical considerations and correlations have
been substantiated in part by experimental results in iron-base alloy
systems. One of the purposes of this study was to assess their applic-
ability for explaining interactions between metallic constituents in
bismuth-rich systems.

The present investigation was also intended to provide additional
data on golute interactions with uranium in a bismuth solvent. Solubility
effects were measured and used in conjunction with earlier data in an
attempt to generalize on the behavior of the ternary liquidus for Bi-U-X
systems. In addition carbide decomposition studies were undertaken to
provide a more direct measure of uranium activity.coefficient variations
resulting from interactions. with other(solute.species.

Previous measurements of the solubility had produced numerous ‘dis-
crepancies in the literature. Therefore,the first phase of this study was
concerned with the evaluation of the binary liquidus in the temperature
region of interest (400°C to 8000C). This curve was then used as the basis
for measuring deviations produced by the . added. . 1 solute elements. Although
the curve is generally referred to as a solubility curve, the solid phase 1n
equilibrium with the solution is UBip and not metallic uranium. A plot of
the InNj vs l/T (Kﬁ = mole fraction of uranium at liquidus) yields the partial
molal enthalpy change of uranium in passing from solution to the compound,

UB12.
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A number of factors were considered in selecting the third
components to be studied. An observed periodicity of behavior for elements
in bismuth aided in the selection. Solubility studies (59) in bismuth had
shown that groups of elements tended to behave similarly. This was further
confirmed by examination of binary alloy phase diagrams. Consequently,
certain groups were omitted from consideration on the basis of the extremely
low solubility demonstrated by certain members. Other groups presented
extremely difficult analytical problems and thus were excluded from this
study. These two considerations eliminated all but the titanium, cobalt,
nickel and copper groups among the transition metals. Brookhaven studies
had included zirconium from the titanium group and nickel. The latter had
produced a tremendous depression of the solubility for relatively small
additions, thus focusing attention on this region of the periodic chart. On
the basis of the foregoing considerations,copper and palladium were studied,
and the results compared with earlier data for neighboring elements. The
effects of other elements including sodium, zirconium, magnesium, cerium,
rhodium, lead and zinc were examined semi-quantitatively.

The biswmuth-uranium system exhibits strong negative deviations from
ideality as suggested by its compound-forming tendencies (App=w€ .). The
bismuth-copper system (App.-€ 5) displays complete solubility in both the
liquid and solid states, whereas the copper-uranium (App.+€ ) system demon-
strates immiscible tendencies. The palladium-bismuth system (App.=C )
appears to deviate negatively from ideal solution behavior. The uranium-
palladium phase diagram (App.=€ ') contains several high melting compounds

suggesting negative departures from Raoult's law in this system also.
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A temperature of 600°C was selected for the study since it was near
the range of practical interest for nuclear fuels and high enough to produce
a reasonable uranium concentration. Dilute concentrations of the perturbing
element were used in an attempt to minimize second order effects arising
from ‘self-interaction of the thitdk components. Coefficients expressing the
solubility change as a simple function of third componentceoncentration were
calculated.

The equilibrium constant for the reaction U + 2Bi-» UBi, can be

2

‘expressed as ¢

a
¥ i+ UBip
= -——M—-—n

If the addition of a third component does not alter the composition of the
solid phase, then the value of the equilibrium constant and the amBiQ should
retdain unchanged for small additions of a third component. If one can assume
that bismuth, as the major component, obeys Raoult's law in this region,

then apgy should maintain a value close to unity. Negligible change gn these
three terms requires that the activity of uranium in soiution also remain
constant at the liquidus. The activity can be regarded as the product of

the uranium mole fraction, Ny, and its activity coefficient, Y. Any change
in the equilibrium value of Ny must therefore be compensated for by a cor-
respbnding change in yy. If the above assumptions are valig the measurement
of solubility changes would permit an estimate of the effect of solute
interactions on the thermodynamic properties of the components. It should

be mentioned that coefficients expressing such effects might be expected to
be functions of temperature and uranium concentration as well asthird;GOmPOHGHt

concentration.
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A more direct way of evaluating interaction effects on the activity
coefficients of uranium in bismuth utilizeg the second reaction presented
above. The uranium-carbon phase diagram (Bee figure 9) indicates a series
of high melting uranium-carbon compounds formed .across the diagfam. The
UCp-C region is of particular interest in this investigation. In this two
phase regibn the activity of both carbod and uranium must remain constant.
The activity of uranium can be calculated by using the free energy of for-
mation of UC,. For the reaction: U + 20=UC, the equilibrium constant can
be expressed as follows:

8yc,
Ka = agg2
'The phase diagram reports negligible solubility of carbon in'UCE'Ehd hence
both of these phases are present as pure.solids,inﬂhheirpstandardﬂState and
will have unit activity. Determinations of K, from AG® =-RT1nK, permits
one to express &y = l/Ka = constant for a given temperature.

The equilibrium value for ay is unaffected by the medium in which
the reaction occurs providing the equilibrium is not disturbed. Consequently,
the sbove relationship remains valid for a decomposition coccurring in bismuth
gince the bismuth acts only as & solvent for the free uranium. Carbon .and
UC, continue to exist as pure solid phases. The equilibration of molten
bigmuth and UCp at some temperature results in the decomposition‘of'UCa»until
the uranlum concentration achleves 1ts equilibrium value. Measuremenﬁ of
this concentration permite an evaluatlon of 7y since the activity had been
previously evaluated fnom thﬁ*UUQ.free‘energy. This calculation provides a

check on other values of the activity coefficlent reported in the literature.



For elements displaying weak carbide-forming tendencies this reaction
can be used to evaluate interaction effects on yy; with a.minimum of assumptions.
The elements previously considered as third cowponents are Verybweak carbide
formers compared to uranium and should not interfere with the solid phases
in the equilibrium. The two solid phases remain at unit activity and the
same egquilibrium constant applies. The bismuth does not enter into the reaction
at alls therefore, no assumption regarding its activity is necessary. Changes
in the equilibrium uranium concentration can now be directly related to
changes in yy;. The third component concentration can be varied continuously
in the dilute region for any given temperature.

The experimental portion of the investigation necessitated equilibrating
golid and liquid phases. The "solubility" portion( of the study involved the
reaction of metallic uranium with molten bismuth to form a bismuth solution
of uranium and the compound UBig. Interaction effects were studied by simply
adding the desired amounts of copper and palladium to the chargé. A filtration
operation was used to separate phases following equilibration. The filtrate
wag analyzed for uranium and the third component using,sﬁectrophotometric
techniques (See,Appendix.D)n These results yielded the liquidus composition
from which the solubility parameters were determined. Whereas the above
reaction required & complete transformation of the solid phase fvom metallic
uranium to UBip, and uraniuminisolution, the carbide decomposition reaction
maintained the same solid phase throughout. At equilibrium the uranium in
the solution should have an activity equal to that of uranium in the UCp-C
region. Excess carbide was added to insure an adequate supply of uranium

and to decrease the time required to reach equilibrium. Although earlier
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studies (13) had suggested that decomposition would not occur, previous

work (5&) in our laboratory had shown a reasonable rate for this reaction.

As in the solubility studies,third elements were introduced along with bismuth
and UCo, in the charging operation. In this phase of the work none of the third
components were pre-alloyed with the bismuth. A filtration operation again

separated solid and liquid phases prior to chemical analysis.

Equipment

The reactions described above had to be performed in an inert
atmosphere to minimize the oxidation of uranium. At the same time one had to
suppress the volatilization of bismuth from the melt at reaction temperatures.
Likewise, precise temperature control was important since temperature dif=
ferences would also produce changes in solution composition which might con-
ceal interaction effects. To accomplish the above conditions,equipment
designed for this study which was somewhat different than the apparatus
utilized by other investigators for solubility determinations.

A horizontal reaction chamber was employed which permitted eleven .
separate equilibrations. Each reaction was conducted in a graphite filter
crucible (Bee Figure %.) from which a single filtrate sample could be obtained.
The apparatus permitted varying the third element concentration at a fixed
temperature for each run. Previous apparatus described in the literature
allowed little cowposition control, but could be sampled repeatedly at
different temperatures. Since composition, rather than temperature variations

wag of primary interest, this design seemed more advantageous.
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The reaction chamber consisted of a 2,1/2" ID Mullite tube inserted
in a split-wound resistance furnace (See Figure %2). The furnace was two
feet long and contained compensating windings at each end to minimize end-
effects. The furnace power supply was varied through a 0-220 volt variac.

A Foxboro on-off temperature controller activated by a chromel-alumel thermo-
couple was used to maintain the reaction temperature. The control thermocouple
was placed between the mullite tube and'the furnace windings to improve
persdtivity andenintlidze tetipsrature fluctuations within. the furnace. ~The
mithin;ipﬂ;inrthewtemperature range of Interest.

The temperature profile was checked during the parly stages of the
program by means of five chromel-alumel thermocouples spaced along the reaction
zone. The couples were enclosed in stainless steel hypodermic tubing to
eliminate corrosion from bismuth vapors. They were introduced to the furnace
through conex glands mounted on the face of the brass end plate. The ends
of the couples were then inserted in holes in the walls of every other crucible.
At 600°C the reaction zone was practically isothermal. A maximum variation of
Op-cwle se observed at 800°C. This difference was attributable laxgely to
the fact that, dEépite radiation shields used at the open end of the tube,
the end crucible "saw" temperatures somewhat below the rest of the furnace.
However ,it acted as a radiation shield for the remaining crucibles so that
the other ten were virtually isothermal. Most runs were made without utilizing
the eleventh crucible. No problem was encauntered at the closed end of the tube

since it remained three inches inside the heated zone. An insulating plug was
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inserted to minimize radiation and convectitn losses at that end. The
latter stages of the investigation were conducted using only two thermo-
couples in the reaction zone. They rested beside the central crucibles
in the charge.

The equipment (SeeIFigure '2) permitted complete environmental
control from pressures in the micron range up to one atmosphere. A vacuum
pump connected to the system through &2 cold trap was used to evacuate the
system. The combination was capable of producing vacuums of about one micron
as measured by a thermocouple gage. A mercury manometer indicated pressures
up to atmospheric pressure. Commercial helium passed through a charcoal trap
at liquid nitrogen temperatures was used for environmental control and for
providing the pressure différential necessary to induce filtratione

An O-ring seal between the ground end of the mullite tube and a
brass end plate provided access to the reaction zone. The sample tray was
attached to the eng plate. by stainless steel connecting.rods. This connection
facilitated charging and removing the crucibles and assured proper positioning

for each run.

Materials
1) Crucibles
The graphite crucibles (Figure 3.) were fabricated in our shops from
Graph-i-tite "G", an impervious graphite obtained from Graphite! Specialties
Corporation. Filters were machined from blocks of porous graphite stock
obtained from the National Carbon Company. Both gradés 50 and 60 were used

withoutdetectablkrdifferences in the results. Both have effective porosities
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of 48 ,but the former retains particles 0.00079" compared to 0.000LT™"
for the latter. The disks were 1/16™ - 1/8" thick and bad a diameter
slightly greéter than the ID of the crumcible Jjust above the shoulder. The
filters wqre force-fitted into position thus reducing the probability of
leakage around the disk. The finished crucible was then outgassed at
least 200°C above the run temperature to eliminate volatile constituents
present in the impregnating medium. Crucibles used in the decomposition
study at 800°C were outgassed initially at 1400°C and then again at 1000°C
just prior to use. This treatment was adopted when outgassing studies
indicated that significant desorption was not detécted below 1000°C. Wetting
of the crucible was Qesired in these studies as it further assured a carbon
activity of unity. 1In all these outgassing treatments helium was introduced
and readsorbed prior to discharge. These crucibles were then charged immedi-
ately and the run initiated. Any crucibles which were exposed to the atmos-
phere for greater than 12 hours were given a rapid outgassing at lOOO?C before
being used.

Both residue and filtrate were removed readily from the crucible.
This permitted its reuse in subsequent runs with the same element. New
filters were installed and the outgassing treatwment repeated. Since the
equillibrium uranium_COncentratioﬂ along the ligquidus in the uraniuvm-bismuth
system was above that required fo: form carbide in the presence of graphite,
the use of graphite crucibles was initially discouraged. However, the results
of earlier investigations (58) coupled with our experience in trying to form

the carbide indicated that the kinetics of such a reaction were not rapid
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enough to interfere. Graphite, aluminay, and vycor samplers had all yielded
comparable results in the Brookhaven investigation (58). Excess uranium was
added to permit some reaction with the crucibles, as well as with any oxygen

in the system,without disturbing the uranium-bismuth equilibrium.

2) Uranium
Mallinckrodt's reagent grade uranium of 99.97% purity was used for
the solubility studies. The one quarter pound slugs provided by the man-
ufacturer were turned on a lathe to produce fine spirals. These turnings
were first dropped in trichloroethylene to remove the oil and then cleaned
electrolytically in a solution of chromic oxide and HESOM to remove the oxide
layer. The above treatment assured a solid phase which reacted readily with

the molten bismuth at reaction temperatures.

3) Bismuth
The bismuth used throughout this investigation was obtained ffom

Belmont Smelting and Refining Company and was reported to be 990998%. It
was received in 1" lumps which were vacuum cast into /8" cylinders. The
slug was then cut into pieces of the desired weight and was charged directly
to the crucible. All bismuth used in the solubility phase of the work was
filtered through pyrex frit in the casting operation. This practice was
eliminated in the later stages of the study. A hydrogen refining operation
originally used by. Brookhaven and Armour investigators was found unnecessary

with the bismuth presently attainable (3).
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4) Palladium
The palladium was obtained in powdered form from Chemical Commerce
Company and was reported as 99.98% pure. During the early stages of the
work palladium was added in the form of a master alloy. The alioy containing
5-6% palladium was filtered and cast under vacuum prior to its use. However,
subsequent experiments demonstrated that it could be added quantitatively
directly to the individual charges. This procedure was employed exclusively

in the decomposition work.

5) Copper
Fine copper wire, 99.999% pure, was used for copper additions. As
in the case of palladium, copper additions were originally made through a
master alloy. This procedure was abandoned in the decomposition studies

as copper readily dissolved in the bismuth solwvent.

6) Uranium Dicarbide
Three different types of uranium carbide were procured for this

study. A granular mixture of the wono and dicarbides supplied by NUMEC*was
used in most tests. The carbon analysis of 7.95%C would indicate 71%UCo
and 29%UCT X-ray diffraction studites of the mixture confirmed quanitatively
the above percentages. Negligible U0, was present and no free uranium was
detected. Other impuritles were maintained at a level consistent with reactor
grade quality. This carbide appeared more metallic than either the U02 or the

UC, both of which were provided by Davison as a partially sintered powder. In

¥ Nuclear and Materials Equipment Corporation.
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the absence of carbon the UC-UC, mixture would generate a higher uranium
activity consistént with that region of the UC-UCo phase diagrahi. ~However, if
carbon is involved in the equilibrium the UC portion of thé mixture
would be converted to either UCy or would decompose to uranium in solution
and carbon. However, a uranium concentration in the melt above that required
for the UCp equilibrium should result in a reaction with graphite producing
the UC2 and reducing uranium to its equilibrium value. Fluxing aided in
assuring a more intimate contact between the graphite and the solution. The
UC, was used in several runs to confirm the results obtained with the more
readily handled NUMEC product. The fines in the UCo created numerous dif-
ficulties in both' the handling and equilibrating operations. The larger
particles were used but they did not afford the surface area that the granular

cérbide supplied.

7) Flux
The flux used for promoting wetting in the decomposition studies was
composed of 56%KCL and 4L%NaCl by weight. This composition corresponds to
the eutectic composition which melts at 611°C. Reagent grade chloriﬁes were

used for the mixture.

Procedure
1) Solubility Studies
After the pretreatments just described, the reactants were charged

to the crucibles. Uranium, at least 10% in excess of that required to
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saturate the solution, was charged first. The bismuth slugs were then
inserted and ten crucibles placed in the furnace. The pressure was reduced
to the micron region beforé heating was begun. Runs were made with the
vacuum system in operation throughout the run and with its removal. The
furnace proved to be sufficiently vacuum-tight to permit the latter. The
charge was equilibrated at temperature for periods ranging from 2 to 43
hours with very little difference observed in the results. Cosgarea's
observations (12) confirmed this very rapid approach to equilibrium for

this particular reaction. Most runs were permitted to remain at temperatures
for 12-24 hours before filtering.

Filtration wasg effected by suddenly introducing helium to the system.
An increase in pressure of several hundred millimeters was sufficient to
push the solution through the filter disk very rapidly. The poSsibility
of seepage around or through the filter was checked repeatedly and was never
observed to occur. Even pressures of 50 mm of mercury have failed to, filter
some solutions.

The filtrate and residue were removed from the crucible by inverting
and tapping. The entire filtrate slug was sent for analysis because of the
segregation produced on cooling. The residue was analyzed in several
instances in an atténpt to establish a second point on the tie line, . Extra-
polation of these lines permitted an estimate of the composition of the solid
phase in the equilibrium.

The binary liquidus was studied from 400°C to 800°C with repeated

runs. Each run contained approximately 10 independent determinations. Ternary
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gfudies were confined to runs at 600°C. Some were heated initially to 650°
or 70000 and then reduced to 600°C for 24 hours in an attempt to approach
the equilibrium from both directions. Concurring results were obtained for

both procedures.

2) Decomposition Studies

After the pretreatments previously described the reactants were
charged to the furnace. The optimum charge size appeared to consist of
3 gm of the carbide, 20 gm of bismuth and the desired amount of third
component. The uranium content of 3 gm of carbide was far in excess of
that required to saturate the solution. However, the increased contact
area was essential 4n producing reasonable equilibration times. Charges of
up to 8 gm of carbide yielded results in 50 and 75 hour runs similar to those
for 3 gm charges. Bismuth charges of less than 20 gm-did not distribute
consistently over the entire filter and thus falled to yileld samples. Larger
charges required more decomposition and hence longer periods to reach
equilibrium.

The carbide was always charged first. If third components were
involved they were added along with -the carbide. The bismuth slugs were
placed above the carbide and finally the flux (when used) was added. Graphite
caps with a 1/8" hole were added to reduce bismuth vaporization. The initial
position of the carbide was important as the density differences between it
and the welt were not significant enough to produce a change in its position.
Consequently carbide placed above the bismuth floated and only a small per-

centage of the phase was contacted. Significantly lower concentrations were
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observed in these samples when compared to those with the carbide beneath
the melt.

Assuring intimate contact between carbide and solution afforded the
major experimental difficulty. Many of the data inconsistencies apparently
resulted from poor wetting of the solid. The equipment was not designed
to permit agitation of any kind and thus it was necessary to rely on the
bismuth wetting and flowing around the carbide. Much time was devoted to
the development of technigues to improve the contact problemn The carbide
phase was cathodically etched prior to charging in an attémpt to clean the
surface. Consistent improvement was not observed in thege charges. Size
reduction was attempted using a mortar and. pestle, but the pyrophoric nature
of the carbide resulted in almost immediate oxidation of the newly created
surfaces. A pre-wetting treatment accomplished by heating carbide and
bismuth to above 800°C in an evacuated, agitated, vycor tube succeeded in
producing wetting of the Nﬂﬁﬂc carbide, but not the Davison UCza Howgver,

the result failed to improve the consistency of the data.



RESULTS

1) The solubility determinations over the temperature range

400° to 800°C yielded the following expression for the liquidus compositions:

2690
TK

logyg Wt.%U = 3.272 -
No suggestion of a break in the curve was detected between 400° and 500°C
as was . reported by Schweitzer and Weeks,and the Armour Research
Foundation. Determinations at eight different temperatures ylelded average

values for solubility which deviated only slightly from the above relationship

(See Figure 5).

2) The partial molar enthalpy change for uranium in the reaction:

UBis=U + 2Bi,equalled + 12,5OOEEE%SEE' . This value was obtained from the

slope of the solubility curve using the following relationship (SeeyAppendiX B
for derivation):
Olnl |
3(2) 8 8
T4

3) Copper additions to the uranium-bismuth system depressed liquildus
uranium concentrations at 600°C,as is shown in Figure 6. Figure 7 shows
that the reduction when plofted as the natural logarithm of atomic percent
uranium vs atomic percent copper was linear for copper concentrations less
than 3 atomic percent. A plot of the liquidus at 600°C (See Figure 8.)

suggests that the solid phase in equilibrium with the established portion

=53~
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of the liquidus is very likely UBip. Consequently, the data permitted

the evaluation of Wagner's interaction parameter, eécu), from Figure 7.

(cu) Olnyy  Olaly
€y = ONg, = = oNg, © 11.0

for constant uranium activity over that portion of the liquidus.
Since ESCU) = eég), it was possible to estimate the other extreme of

the liquidus where Ny — O. This portion has been included in Figure 8.

L) Palladium additions to uranium-bismuth melts at 600°C effected
a sharp reduction in the uranium liquidus concentration for palladium con-
centrations greater than 0.6 atomic percent (see Figure 9). 2.09 atomic
percent palladium produced a 4%% decrease in the uranium concentration.
At palladium cbncentrations below 0.6 atomic percent there was no evidence

of any change in uranium concentration.

5) Qualitative studies showed that sodium increased the uranium
concentration at 600°C. Rhodium, cerium, lead and nickel all produced

decreases.

6) The reaction, [8[675) —U + 2C, produced an equilibrium uranium
concentration of 1.86 weight percent in a bismuth medium. This concen-
tration, when used in conjunction with Grieveson and Alcock's AG§ for
UCo, yielded an activity coefficient of 1.22 x lO'lL at 800°C (see Apbendix

B-1).
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7) Carbide decomposition studies in bismuth-copper solvents
concurred with the findings in the liquidus study. Although the data
exhibited considerably more scatter than the liquidus work, the interaction
parameter, eéCu)’ was also found to equal approximately +11.0 Figure 10

contains data from two different runs which produced slopes similar to that

in Figure 6 for the liquidus at 600°C.

8) Palladium produced an increase in the equilibrium uranium
concentration for the carbide decomposition at 800°cC. The effect appeared
to vary linearly with palladium concentration below 5 atomic percent
palladium (See Figure 11). A plot of the natural logarithm of atomic percent

Pd)

uranium vs atomic percent palladium yielded a value for eé of -4.8 (Figure 12).
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DISCUSSION OF RESULTS

The data obtained in this study for the uranium-blsmuth liguidus
determination proved to be exceptionally consistent and reproducible.
Individual samples varied less than % percent from the average value used
to establish the curve in Figure 5. This variation is no greater than the
uncertainty introduced by the chemical analysis. As Figure 5 demonstrates,
the average values for the solubility at the eilght temperatures,étudied fall-
on a straight line when plotted as 1ln wt % Vs l/T. This data, as Figure 1

~indicates, also confirms the data of Barels and Greenwood at temperatures
below 650°C., Greenwood's data above 650°C deviates to the high side, but
Barton's more recent determination at 800°C confirms precisely the values
obtained in this study. Although Schweitzer and Weeks reported values 15%
below those found by the author above 480°C, they did concur on the slope
of the curve. However, their data suggested a break in the curve at 1480°¢
~which resulted in a second—linear segment at lower temperatures. Argour
investigators found a more exaggerated break around this temperature, but
their data deviated so substantially from that of all previous investigators
that the significance of the break appears questlonable. No satisfactory
explanation for such behavior has been offered by either of these groups.

Two logical explanations for the different results reported by
various investigators involve the analytical procedures and the purity of
the reactants. The former could very well account for the vertical dis-
placement of the curve of Schweitzer and Weeks from that produced in this

study. An error in the standard curve or difficulty with the stability

-6l -
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of the standard solution could produce the type of discrepancy observed.

_ Thelextreme sensitivity of this curve to certain impurity atoms could

likewise produce such deviations. Most elements likely to be present as
impurity atoms in either bismuth or uranium have been shown to have depressing
effects on the binary liquidus. This factor might account for the unusually
low values reported by the Armour group.

An analysis of the thermodynamics of the liquidus permitted an
evaluation of the change in the partial molar enthalpy of uranium for the
reaction:  UBi,—>U + 2Bi. (See Appendix B-2). The value for AHy of
+12,300 cal/gmmole'was obtained by assuming the activity of uranium remained
constant along the liquidus. If the activity is assumed to be a function
of uranium concentration and temperature, the expression for the total
differential of activity with respect to these two independent variables yields

o 1n Ny JaNi
the relationship - U . =3 . It was necessary to assume that
? 3 1/T R

37U ’
_ \ .y . e o ot . ]
(5—ﬁa—-T = O. This condition is certainly satisfied in the Henry's }aw
region, but is not necessarily valid at liquidus concentrations. Although

Egan has suggested the system conforms to regular solution theory, this fact

o
was disputed by Cosgarea, and hence was not used to estimate U in

NU
the derivation. Regular solution theory would produce a 3% decrease in Aﬁb.
Both copper and palladium were found to depress liquidus uranium
concentrations, but in slightly different manners. Copper, as shown in
Figures 6 and 8, effects a smooth decrease originating at zero copper

concentration. An attempt was made to estimate the composition of the solid

phase by analyzing the residue in each crucible, and thus establish a second
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point on the equilibrium tie line. In all cases the copper concentration
in‘fhe residue slightly exceeded that in the filtra{;e° This would suggest
that the ternary liquidus is in equilibrium with a ternary solid field as
the tie lines are directed away from the"UBi2 composition. It should be
pointed out that the total uranium concentrations in these charges was
approximately 3%a Since the filtrate concentration is between l% and 1,5%
uranium as compared to 36% for UBi,, the two points on the tie line are
fairly close together and could not be extrapolated with a great deal of
accuracy. Incomplete solution of the copper could also account for the
higher copper analyses in the residues, A metallographic examination of the
residue would have permitted a more positive identification of the solid phase.

The presence of a ternary solid phase would likely produce & definite
change in the uranium activity from that in UBiE. Consequently, at the point
along the liquidus where the transition occurs an abrupt change in slope
should occur. Nickel, immediately adjacent to copper in the periodic chart,
“exhibits such behavior,as does zirconium. The liquidus established in this
study for the Cu-U-Bi ternary did not possess such a break. The reluctance
of copper to form compounds with either uranium or bismuth (See,phase
diagrams Appendix C) diminished the likelihood of a ternary compound in this
system. These considerations led to the construction of the bismuth corner
of the ternary shown in Figure 8.

For the equilibrium as postulated above, it was! possible to evaluate
the interaction parameters for copper and uranium solutes in biémutho
Cu)

Wagner's parameter, éU was evaluated from Figure 7 and yielded a value

)

of +11.0. Using his reciprocity relationship ,Cu)= E(U) it was possible
U Cu

to determine the liquidus for low uranium concentrations. Two points were
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calculated: Ny = 0.0025 for Ny, = Q124 and Ny 0.006 for N

Cu = 0.119.

These are shown in Figure 8. The parameter proposed by Ohtani and Gokcen,

(CU) o qips ‘ . s ., e (Cu)
KU , is likewise equal to +11.0. It is defined similarly to Wagner's ey
but it has the restriction of constant activity, as opposed to constant
concentration for eéCu)o The former was true for these studies, but the
difference between the two restrictions vanishes as NU approaches zero.
Similarly for a given copper concentration, the parameters Qécu) and PSC“)
can be evaluated from the relationship 1n PéCu) = Ncueécu) = 1ln QéCu)‘

Alcock and Richardson's analysis requires some speculatién as to the
thermodynamics of the respective binary systems. The uranium-bismuth system
has been shown to deviate negatively from Raoult's law. The copper~-bismuth
system has been shown to be a slight’positive deviator. The uranium-copper
system exhibits some immiscibiiity which suggests a positive deviation. The
expression proposed by Alcock and Richardson (See Table III) for e produces
the following results. Te%ms 1l and 2 are positive and 3 is negative, Term
2, =ln 7U(Bi)ﬂ hag been shown to equal approximately +10. Terms 1 and 3
are probably small in magnitude compared to 1n YU(Bi) and might be expected
to cancel each other as a first approximation. Thus thls approach suggests
a value of approximately 10 which agrees remarkably well with the measured
value of 11.0. |

Mechanisﬁically one can interpret the results in terms of copper:atoms,

which have little affinity for uranium,competing with the uranium atoms to

coordinate bismuth. The effective number of bismuth atoms or clusters
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available for the uranium is thus decreased, and hence, an increased uranium
activity is achieved for a given uranium concentration.

The carbide decomposition studies in the binary bismuth-copper solvent
seemed to confirm these results. Although the data appears to exhibit con-
siderable scatter, a critical evaluation of the individual samples provides
some Justification for the curves in Figure 10. Run T-23 yielded two par-
ticularly good samples in which the wetting and filtering both appeared
satisfactory. The curve has been drawn to pass through these two points.

Run T-18 appears not to have reached equilibrium for lower copper concentrations.

The behavior of palladium provides a contrast to that of copper. The
liquidus uranium concentration undergoes a sudden depression at 600°C when
the palladium concentration reaches 0.6 atomic percent. The sharp reduction
suggests the presence of a new solid phase in which the uranium probably
assumes a new activity. Hence the solubility studies, while defining the
liquidus, were not useable in evaluating the interaction parameters. The
absence of any change in uranium concentration for palladium concentrations
up to 0.6 atomic percent, the range in which the solution is likely to be in
equilibrium with UBiQ, suggests that the activity coefficient may be unaffected
by palladium in dilute solutions. However later results from the carbide
decomposition studies indicated that palladium exerted a depressing effect on

the uranium activity coefficient. The interaction parameterseépd) and

xéPd) were found to egual -4.8. Although the data exhibited some scatter
within runs and appreciable vertical displacement between runs, most runs

concurred in the sign of the effect. The data from run T-24 plotted in

Figure 11 appeared to be the most reliable. It converged at 1.89 percent
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uranium for no palladium whith agreed with the earlier values for the
decomposition in bismuth. A similar slope was observed for T-22 which
is also plotted.

Contact problems between the carbide and the solution provided
difficulty in these studies. Poor wetting resulted in negligible decomposition
and, hence, low results in some samples. It is possible that preheating at
lOOOOC caused the decomposition to proceed beyond that required for equilibrium
at 800°C. This condition would necessitate the formation of UC2 from the
excess uranium in solution and the graphite crucible. Consequently, poor
wetting oy insufficient time could also explain high results under these
circumstances. Failure of the filter disk to function properiy;could also
contribute to the scatter.

An analysis of these results using the expression of Alcéck and
Richardson is not particularly revealing. Both the palladium—biémuth‘and
palladiuvm-uranium systems appear to be negative deviators. The palladium-
uranium interdttion appears exceptionally strong based on the high melting
compound in the binary system. To confirm the value predicted in this study

the term 1n 7U( would have to overcome the large positive contributions

Pd)
of the other two terms. Sufficient thermodynamic data is not available to
postulate on the likelihood of such a confirmation.

The process appears to involve a competition between uranium and
bismuth for palladium. Apparently the strong interaction between uranium
and palladium results in the uranium being held more strongly in solution.

This effect is apparently not overcome by the palladium-bismuth interaction

which would tend to reduce the bismuth available for comwbination with uraniug.
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Eleéctron effects are difficult to evalluate for these systems.
Mott and Jones (38) report bismuth to have 0.0k free electrons per atom.
No value for uranium has been found in the literature. Both of these
elements have complex electron structuresssuch that their behavior at
elevated temperatures and in alloy systems is ddfficult to predict.
Electronegativities provide some measure of the ability of elements to
attract electrons. In this connection it might be noted thaﬂ;positive

electronegativity differences (E ) are displayed by the

-E
solvent solute
copper group elements whereas the nickel group shows negative values.

‘This seems to indicate that bismuth has a greater affinity for electrons
than copper,but less of an affinity than nickel or palladium. The electro-
negativity of lead which has been shown to increase the activity coefficient
of uranium in bismuth differs only slightly from that of bismuth. Uranium
exhibits a negative value of -<0.30. On the basis of this limiteé data it
seems that solutes which poésess electronegativities greater than bismuth
and greater than uranium tend to depress the activity coefficilent. ?alladium

with a difference of -0.49 (Ep;- Epg) and nickel with a differeﬁce of -0.65
(Egi - Eyi) both seem to conform to this postulate. Copper with an electro-

negativity difference of + 0.61 (Epj - Egy) produces an increas&d: activity
coefficient. Further study will undoubtedly reveal the significance of

this term in predicting interaction effects. Certainly no definite con-

clusions can be reached with this limited data.

Solubility studies to date seem to conform to no general pattern.

Behavior in the copper group suggests that as the size of the solute increases
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its effect becomes less depressing. Whereas copper was shown to decrease
the solubility, both sdlver and gold increased it, with the latter having
the more pronounced effect. Although no consistent behavior is ébserved
from group to group, definite regularity seems to occur within the cobalt,
nickel, copper and tin groups. Other groups were not studied in sufficient
detail +to evaluate theéeir consistency.

The value obtained for the uranium activity coefficient in this
investigation, 1.22 x lO'u, confirms reasonably well ghe..values bbtained
in earlier investigations. Egan's reported value of 1072 at SOOOC increases
tonl.6 % 10™% when corrected to 800°C using the regular solution theory.
Similarly the value reported by Gross, Levi and Lewin becomes 2.25 x lO"LL
when their assumption of ideality in the liquid region is replaced with
Cosgareas data over that portion of the diagram. However, Cosgarea's reported

value still remains an order of magnitude higher. This discrepancy is presently

under investigation and will likely be explained in the future.



APPENDIX A - DATA

Data: Solubility of Uranium in Bismuth

Summaxry:
Run Temperatureoc Length of Average Uranium
. Run-hrs. Concentration-wt .%
A-19 iTele) 2k 0.185
A-21 613 14.5 1.70
A-22 500 21 0.57
A-23 600 22 2.54
A-2k k70 1L 0.L43k
A-25 450 12 0.350
W-19 800 25 5.8
Data:
Run Uranium Concentrationsd% by weight
A-19 0.182 0.188

0.184 0.1L92

0.188 0.188

0.184

A-21 1.63 1.57

1.82 1.73

1.75 1.62

1.74 1.75

1.70 1.71

1.70
A-22 0.5k4 0.57

0.58 0.57

0.56 0.54

0.58 0.56

0.59
A-23 4 1/k4s5 1.50

1.57 1.57

1.55 1.58

1.53 1.56

1.53
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Run

A2l

A-25

W-10

-7%-

Uranium Concentrations-% by weight

0.432
0.4h7
0.434
0.437

0.354
0.343
0.356

5.9

5.9

0.431
0.440
0.424
0.422

.307
355
343

5.6

[oNeoNe]
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Data: Effect of Copper on Uranium-Bismuth Liquidus

Run Temperatureoc Time-hr, Copper Conc. Uranium Conc. Uranium
L Atomic % Atomic % Weight %
Cu-1 600° 28 None 1.3k 1.53
‘ None 1.37 1.56
0.05 1.35 1.54
0.174 1.34 1.53
0.262 1.30 1.48
0.323% 1.30 1.48
0.525 1.28 1.46
0.602 1.25 1.%2
1.05 1.23 1.40
1.19 1.20 1.37
1.60 1.16. 1.32
Cu-3 600° 30 None 1.34 1.53
0.272 1.32 1.51
0.550 1.24 1.4
0.790 1.26 1.4k
0.868 1.21 1.38
1.25 1.18 1.34
2.20 1.03 1.18
3.11 0.956 1.09
6.88 0.776 0.885
Cu-L 600° 27 None 1.29 1.47
None 1.32 1.50
0.279 1.23 1.40
0.521 1.23 1.4%0
0.845 1.23 1.%0
1.10 1.15 1.31
1.36 1.13 1.29
2.07 1.01 1.15
3.03 0.949 1.08
7.01 0.761 0.867
9.64 0.722 0.823
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Data: Effect of Palladium on Uranium-Bismuth Liquidus

Run Temperature®C Time-hr. Atomic %  Atomic % Weight %
L Palladium Uranium Uranium

Pd-1 600° 24 None 1.34 1.5%

None 1.37 1.56

0.0622 1.26 1.44

0.0951 1.33 1.52

0.119 1.41 1.61

0.168 1.35 1.54

0.206 1.37 1.56

0,252 1.31 1.49

0.348 1.29 1.h47

0.411 1.%32 1.50

Pd-2 600° 20 None 1.25 1.43

None 1.3k 1.53

0.0680 1.28 - 1.46

0.099 1.3% 1.52

0.131 1.31 1.50

0.180 1.29 1.47

0.204 1.31 1.50

0.242 1.34 1.5%

0.334 1.26 1.4k

0.423 1.33 1.52

0.709 1.22 1.39

Pd-k 600° 03 None 1.%2 .51

None 1.35 1.54

0.163 1.36 1.55

0.425 1.29 1.47

0.553 1.%6 1.55

0.623 1.30 1.48

0.746 1.29 1.h47

Pd-6 600° 27 None 1.32 1.50

' None 1.%2 1.50

*  0.0557 1.26 1.4k

0.1057 1.31 1.49

0.219 1.32 1.50

0.306 1.32 1.51

0.528 1.31 1.49

0.753 1.26 1.h4%

2.01 1.15 1.31

1.196 1.03 1.18

2.09 0.736 0.84

% In end position during run
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Data: Effect of Sodium on Uranium-Bismuth Liquidus

Run

Na-1

Temperature®C

600

* End Position

Time-hrs Atomic %  Atomic % Weight %
Sodium Uranium Uranium

15 0.123 1.23 1.%0

0.183 1.31 1.49

.0.256 1.31 1.49

0.kok 1.29 1.h7

0.569 1.28 1.46

0.731 1,32 1.51

0.926 1.25 1.43

1.2k 1.32 1.51

2.54 1.k2 1.62

* 3.24 1.%0 1.60
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Data; Effect of Various Third Components on Uranium-Bismuth Liquidus

Run Temperature®C- Time-~hr. Element Weight %
_ \ Uranium
S-1 600° 27 None 1.hk
Rhodium 1.21
Rhodium 1.16
Rhodium 1.38
Nickel 1.02
Nickel 1.45
Tin 1.4
Tin 1.k4
Tin 1.43
s-2 600° 15 None 1.39
None 1.h1
None 1.h2
Lead 1.39
Lead 1.33
Lead 1.13
Zinc 1.43
Zinc 1.4
Zinc 1.45
Nickel 0.800
Nickel 0.208
Ce-1 600° 68 None L7
None 51
Cerium 39
Increasing Lo

S e sl el
N
@
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Data: Determination of Equilibrium Uranium Concentration for Carbide
Decomposition in Bismuth at 800°C.

Run Time-hr. Flux Preheat Carhide Uranium Concentration
Time -1000°C © weight %
T-8 75 Yes None NUMEC ™ 1.03%
5 Yes None NUMEC 3.50
5 Yes None NUMEC 1.29
75 No None NUMEC 1.1k
75 No None NUMEC 2.10
75 No None NUMEC 1.23
75 No None NUMEC 1.1k
T-15 100 No None NUMEC 1.30
100 No None NUMEC 1.28
100 No None NUMEC 1.46
100 No None NUMEC 1.31
100 No None NUMEC 1.19
100 No None NUMEC 1.38
100 No None NUMEC 1.20
T-16 70 No None NUMEC 1.862
70 No None NUMEC 1.813%
70 No None NUMEC 1.899
70 No None NUMEC 1.857
70 No None NUMEC 1.909
70 No None NUMEC 1.844
70 No None NUMEC 1.862
70 No None NUMEC 1.878
70 No None NUMEC 1.648
T-18 87 Yes None NUMEC 1.37
87 Yes None NUMEC 1.38
87 Yes None NUMEC 1.h2
87 Yes None NUMEC 1.23
T-20 96 Yes 1 NUMEC 1.87
96 Yes 1 NUMEC 1.53
T-22 90 Yes 5 NUMEC 1.42
90 Yes 5 NUMEC 1.53
90 Yes 5 NUMEC 1.26
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Run Time-hr. Flux Preheat Carbide Uranium Concentration
_Time weight %
T-23 64 Yes 9 NUMEC 2.06
64 Yes 9 NUMEC 1.40
T-2k 50 Yes 7 NUMEC 1.89
50 Yes 7 NUMEC 1.hh
50 Yes T Davison UC2 1.95
T-26 95 Yes 10 NUMEC 2,12
T-27 95+57 Yes 11 NUMEC 1.38
T-28 53 No 2 NUMEC 1.86
53 No 2 NUMEC 1.89
T-29 120 No 2 NUMEC 0.846
120 No 2 NUMEC 1.21
120 No 2 NUMEC 1.57
T-30 100 Yes 12(1100°C) NUMEC 1.95
100 Yes 12 NUMEC 2.10
100 Yes 12 NUMEC 2,17
T-31 50 ? 18 Davison UC 0.550
50 ? 18 Davison UC, - 1.90
50 ? 18 Davison UCg 1.59
50 ? 18 NUMEC 1.17
50 ? 18 NUMEC 2.68
T-32 105 Yes 2 NUMEC 0.957
105 Yes 2 NUMEC 0.877

% NUMEC - A UC-UC_ mixture provided by Nuclear Materials and Equipment
Corpora%ion.
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Data: Effect of Copper on Carbide Decomposition

Run Temp.OC Time-hr Flux  Length of Atomic Atomic  Weight
Preheat-hr % Cu % U % U
T-18 800° 80 Yes None None 1.20 1.37
None 1.21 1.38
None 1.24 1.k2
0.573 1.17 1.33
0.998 0.956 1.09
2,05 0.825 0.942
3.07 0.596 0.680
4 .00 0.857 0.978
5.63 0.843 0.962
T-23  800° 73 Yes 9 (1000°C) None  1.81 2.06%
None 1.23 1.Lho%#*
0.585 1.1k 1.30%%*
1.16 1.30 1.48
2.24 1.35 1.54
3.58 1.24 1.41%
L.67 1.30 1.48
5.99 1.50 1.71%%
T-29%% 8000 120 No 2(1000°c) None 1.57
None 1.21
None 0.846
0.612 a.12
1.32 1.12
2.18 1.05
3.52 1.3h4
4.80 1.29
5.47 1.52
T-30%%% 800° 110 Yes 12(1100°¢ None 2,17
None 2.10
None 1.95
1.10 1.82
3.88 2.12
6.21 2.28
7.02 2.3h

¥ Excellent wetting
¥%  Poor wetting; Data not plotted in Figure 10

¥¥% Run not at equilibrium at 800°C; Data not included in Figure



Data: Effect of Palladium on Carbide Decomposition

*%

in Figure 12,

Poor wetting

Run Temp,°C Time-hr Flux Length of Atomic % At %
Preheat Palladium U
T-20  800° % Yes 1(1000°C )None 1.34
Nqne 1.64
2.59 2.30
3.66 2.28
T-22  800° 93 Yes 5(1000°¢ )None 1.24
‘ None 1.10
None 1.34
0.543 0.561
1.0L45 1,47
2.48 1.32
2.61 1.68
3.65 2.27
5.30 1.79
r-24%  800° 57 Yes 7(100000)None 1.71
None 1.66
None 1.26
0.725 1.61
1.15 1.79
2.08 1.73
3.21 1.96
3,86 2,08
Lok 2.16
T-28%% 800 55 No 2(1000°C )None 1.63
None 1.66
0.459 1.54
1.55 1.62
2.61 1.61
4,20 1,03
T-32%% 8000 107 Yes 2(1000°¢C )None 0.839
' None 0,768
2,58 1.23.
3.3k 1.10
.95 1.87
5.05 1.20
¥  Run T-24 yielded most consistent dsta;

used to evaluate eér
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APPENDIX B - CALCULATIONS

1) Calculation of Activity Coefficient of Uranium in Bismuth.

For veaction U + 20’*002
O .
NG = _'RTanE
a
K = U2
a
2
%y %¢

Standard Statess
C - pure solid at 800°C
UC, - pure solid at 8ooo¢

U - pure solid at 800°C

1 1
K, = 77— =N~ for decomposition in bismuth
a ay N7y P mu
Using AG® = - 29,610 + 1.5 T from Grieveson and Alcock
-29,610 + 1.5 (1073) _
- log K, = 2 == = 0.7
%8 %a T TT.987)(1073)(2.303)
_ 5 1 _ 209,
K, = 5.0 x 107 = 5= Ny = 0.0186 (zzg)= 0.0163
1 -l

_ - 1.22 x 10
07 (5.01 x 10°) 1.63 x 1072

2) Partial Molar Enthalpy Change of Uranium for Dissolution of UBi?
Reaction: UBi,—» U + 2B1

=82 -
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Along liquidus the activity of uranium is assumed constant. Assume

activity to be a function of T and Ny. The total differential for activity

can be expressed as:
da (da> an <da> aT = 0
= m———— + m— —
dN D arT N
<§i> (QN_> . (éa) _o
aN T daT a aT N
dy N dy
aN T 7 \ar A aT/ i
1r (2 S
aw)y = O (e.g. Henry's law region),
1 /an 1 (dy
oo 1) - 13
¥ \aT ), y \ar)y,

o (e - (3),

_ 1n 7y A Hy
Since mj—k = ——R—
U

in N%l _ ﬁfU(soln._)' Eb(UBip)
B R

ST

Ny

3) Determination of Uninvestlgated Portion of Cu-U-Bi Liquldus

(cu) 9 1n 7y 0 ln Ny
€'U = WC " - a :Ncu = lloo

U



8-

. U 3 i
but €T(C‘ut) _ eC(! ) ) d 1n yey - O 1n Ngy
U b NU NU
d1ln N

_S_ﬁ__gﬂ) - - 11.0

u

For Ny = ,0025

1n Atomic % CuN o0 " ln 12.8 = 2,54

A 1n Atomic % Cu = (11.9(0.0025) = -0.0275

1n Atomic % Cu - 2.54 = -Q.0275

1n Atomi Cu, = 2,51 Atomic % Cu = 12.4
omic % Cuy =0.0025 ’ %

For N, = ,006

in Atomic % Cu = + 2,54 -0,066 = 2,47

Atomic % Cu = 11.9
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WEIGHT PER CENT URANIUM
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Uranium-Bismuth Phase Diagram
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WEIGHT PER CENT PALLADIUM
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Appendix D

A. SPECTROPHOTOMETRIC DETERMINATION OF URANIUM IN BISMUTH

I. INTRODUCTION

Uranium is determined spectrophotometrically at 412 my ana 390 mu
the dibenzoylmethane-uranium complex. The applicable range is 50 to 120 ug
of uranium; up to 300 mg of bismuth can be tolerated. This method has been
used for samples containing 99#% bismuth and 1000 ppm uranium with respect
to bismuth.

The bismuth is complexed with diaminocyclohexane tetraacetic acid
(DCTA), and the uranium is complexed with dibenzoylmethane. The dibenzoyl-
methane -uranium complex is extracted into amyl acetate, and the absorbance

of the resulting organic layer is measured at two wavelengths.

II. APPARATUS
Spectrophotometer, Beckman Model DU with tungsten lamp and blue-
sensitive cell; Absorption cells, 1 cm. path length, Corex or quartz (Pyrex

cells also seem to be satisfactory).

IIT. REAGENTS
Nitric acid, concentrated, reagent grade
Ammonium hydroxide, 5 M
Hydrochloric acid, 3 M
Saturated ammonium chloride solution

Bromeresol green indicator solution, 0.04%

_95-
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Dibenzoylmethane solution, 1% in ethanol (absolute or 95%). Amyl acetate,
reagent grade. The isoamyl acetate was the only amyl acetate available in
a reagent grade; consequently, it was used since the original reference did
not specify which ester was used.

Diaminocyclohexane tetraacetic acid (DCTA) solution: 100 g. is dissolved
in 300 ml of 5 M NaOH; after dissolution, the pH is adjusted to 5.2 with HCL

and NaOH; finally the solution is diluted to 500 ml.

IV. PREPARATION OF SAMPLES

1. Weigh the bismuth sample and dissolve in concentrated nitric acid.
2. Transfer to a volumetric flask and dilute to the mark with water.
This dilution should be such that an aliquot no larger than 10 ml

will be required for an analysis.

V. PROCEDURE

1. Withdraw an aliquot (no more than 10 ml) containing 50 to 100 ugus.
of uranium and no more than 300 mg of bismuth. Transfer to a 60-ml
separatory funnel. (See Note 1)

2. Add water to bring volume up to 10 ml.

%, Add 5 wl of the DCTA solution. (See Note 2)

4. Add 3 drops of the bromcresol green indicator solution.

5. Add dropwise ammonium hydroxide, 5 M, and/or hydrochloric acid, 3 M,
until the solution Jjust turns from blue to yellow.

6. Add 5 ml of saturated ammonium chloride solution.

7. Add water to make the volume about 20 ml. (See Note 3)
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8. Add 1.00 ml (pipet) of dibenzoylmethane solution while rotating
the funnel. (See Note 4)

9. Immediately add.from an eye dropper 12 drops of 5 M ammonium
hydroxide.

10. Add 10.00 ml (pipet) of amyl acetate.

11. Shake the contents of the funnel thoroughly and allow the two
layers to separate. (See Note 5) Centrifuge for 1 minute.

12. Pipet enough of the organic layer (top layer) into the absorption
cell to fit it.

13. Measure the absorbance at 412 my and at 390 my against a blank
which has been prepared in the same manner as the sample using

water instead of uranium containing sample. (See Notes 6 and 7)

VI. NOTES AND PRECAUTIONS

1. A 10-ml aliquot is maximum because the final volume of the
aqueous layer is 20 ml, and 10 ml of reagents must be added.

2. 5 ml of DCTA will keep in solution about 300 mg of bismuth. If a
precipitate does occur, add more DCTA.

3. The diluted solution should be clear at this point; if not, prob-
ably insufficient DCTA was added.

4. After the addition of dibenzoylmethane, the solution will be turbid
and a small amount of precipitate will be present. Keep the diben-
zoylmethane in ethanol solution tightly stoppered to prevent

volatilization.
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5. The two layers shouid be clear now with the aqueous layer colored
blue and the organic layer yellow. The intensity of the yellow
color will be determined by the amount of uranium present.

6. TUnless one has tightly stoppered absorption cells, it will be
necessary to work rapidly during the photometry because of the
volatility of amyl acetate.

7. It has been found that good soapy water followed by thorough
rinsing with water and a final rinse with acetone will clean the

absorption cells very nicely.

VII. CAICUIATIONS

The concentration of uranium is read from a calibration curve of
absorbance versus uranium concentration which is best prepared from a series
of standard uranium solutions. These solutions should be treated in the

same manner as the sample and their absorbances read at the two wavelengths.

% U = ug of U read from calibration curve x dilution volume x 100

1000 x sample wt. in mg aliquot volume
nU = M8 of U x 106 x dilution volume
PP ~ 1000 x sample wt. in mg aliquot volume

The concentration of the uranium as read from the 412 mp curve should
agree with that as read from the 390 mu curve. The two readings taken to-
gether should show if any interference is present. The ratio of absorbances
A(412 mp): A(390 mp), is constant at 1.9 to 2.0 over the range studies,

(50 to 120 ug U).
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B. SPECTROPHOTOMETRIC DETERMINATION OF COPPER IN BISMUTH ALLOYS

I. INTRODUCTION

The spectrophotometric method for the determination of copper reported
by G. Frederick Smith and W. H. McCurdy, Jr. Anal. Chem., 24, (2) 371 (1952)
and Y. Yshihara and Y. Taguchi Japan Analyst, 6, (9), 588-89 (1957) has been
successfully applied to the determination of copper in the presence of uranium
and large quantities of bismuth.

Copper is extracted from an aqueous solution of pH 5-6 as a neo-
cuproine complex:L with isoamyl alcohol and measured at 454 mpy. Berr's law
is obeyed over the rangeof 0.15 to 10.6 ppm copper in isocamyl alcohol. The
method is quite selective for copper and may be used for copper in the pre-
sence of many cations and anions. A minor modification of the original pro-
cedure was made in order to more rapidly determine the pH of the aqueous phase

prior to extractione.

IT. INTERFERENCES

Smith et al. report that no other cation other than the cuprous ion
was found to form a colored complex which was extractable under the conditions
employed. The common anions chloride, sulfate, nitrate, perchlorate, tart-
rate, eitrate and aéetate do not interfere. Many other anions which either
react with hydroxylamine or give a yellow colored solution may be eliminated
employing suitable conditions. The following cations were found to produce

no detectable interference:

Cation Weight Ratio
Cation: Cutl
Bit? 28,000: 1

U02+2 o34 1
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IIT. APPARATUS

Beckman DU Quartz Spectrophotometer with Tungsten lamp.

IV. REAGENTS
(1) Concentrated nitric acid.
(2) » - Bromocresol Green, 0.04% (W/V) agueous solution.
(3) Ammonium Hydroxide - 5 M.
(4) Hydrochloric acid - 1 M.
(5) Hydroxylamine hydrochloride, 30%, (W/V) aqueous solution.
(6) Sodium Citrate, 30% (W/V) agueous solution.
(7) Neo - cuproine, 0.1% (W/V) ethanol - water solution (1:9 by volume).

(8) Ysoamyl.alcoholj (Reagent Grade).

V. PROCEDURE

1. Dissolve the bismuth alloy in concentrated nitric acid, heat
to expel nitrogen oxides, cool and dilute to volume.

2. Transfer an aliquot of sample containing 5 to 75 pg copper to
a 60 ml separatory funnel.

3. Add lO'mlihydroxylamine hydrochloride (30%).

L. Add 2 ml of sodium citrate (50%)”,

5. Add 2 drops of meromocre_solG-:rfeen5 g

6. Add ammonium hydroxide (5M) and/or hydrochloric acid (1M) till
the solution changes from a blue to a green-yellow color.

7. Add 8 ml of sodium citrate.

8. Add 2 ml of neo-cuproine solution (0.1%) with mixing®.
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9. Make up to a volume of 30 ml with distilled water.
10. Add 10 ml of isoamyl alcohol and shake for 20 seconds. Allow
phases to separéte7m
11. Remove a portion of the organic phase and measure the absorbancy

at 454 mpy against a reagent blank.

VI. CALIBRATION CURVE

A calibration curve was prepared from a stock solution of copper
(99.9%) in 1N nitric acid. Amounts of bismuth up to 47,860 pg and uranium
up to 400 ug were added to as small amount of copper as 1.71 ug without any

noticeable interference.

VII. NOTES

1. The complex contains a molar ratio of copper to nev-cuproine of
1:2 with copper present as the cuprous (Cutl) ion.

2. p-Bromocresol green indicator (pH 3-5) was introduced for deter-
wining the pH of the agueous phase prior to extraction. The
indicator exhibited an absorbancy of OoOlO/l drop at 454 my, a
sufficiently low value to permit its use in the determination by
inclusion in the blank.

3. This solvent exhibits a nauseating odor and should be used in a hood.

4, Addition of sodium citrate prevents hydrolysis and precipitation of
heavy metals during the subsequent neutralization operation.

5. Exactly 2 drops of indicator is used in both blank and sample

(See note 1),
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Coumplex formation, for all practical purposes, occurs
instantaneously.

Smith et al. pefformed two extractions, however, it was found

in this laboratory that one 10 ml extraction was sufficient. to
remove the copper complex and proved through reproducibility of the
reported molar extinction coefficient for the copper complex in
isoamyl alcohol. The use of a single extraction significanﬂly

decreased the time required to perform the analysis.
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C. SPECTROPHOTOMETRIC BETERMINATION OF PALLADIUM IN BISMUTH ALLOYS

I. INTRODUCTION

The spectrophotometric method for the determination of Palladium
reported by Oscar Menis and T. C. Rains, Anal. Chem., 27, (12), 1932 (1955)
has been applied to the analysis of bismuth alloys containing Palladium con-
centrations as low as 20 ppm. The presence of Uranium and high concentrations
of bismuth in the alloys necessitated a more rigid control of the acidity and
time for color formation than is iwmplied in the original reference.

The absorbancy of the palladium-alpha-furildioxime complexi is
measured at 380 mp in chloroform, following extraction from a 1.3 N acid
aqueous mixture. Time for color formatiop is exactly 5 minutes, if the time
exceeds 30 minutes, bismuth causes interference. An acidity of 1.3 N in the
aqueous phase prevents the precipitation of bismuth in any of the alloys

analyzed, including alloys containing the wminimum amount of palladium’c.a.

20 ppm and allows complete color development to occur in 5 minutes.

II. INTERFERENCES

The following cations were reported to have no effect in quantities

givens



Elements

Ir+4
Pt+h
Fetd
cg++
Os+h
o] u+2
Na+1l
u +6
Th+u
Rh+J
Z‘r"'h‘
Pb+2
Mo+6
Cr+d
Mn+2
Nit2
Autd
CO+2

Bi

Anions

50y, =
NOhn
-
CN-
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Amt . present Mg

[0

9w o0

MO
\¥
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o
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W
e,

mg present

7.15
6.90
7.29
7.15
4.0
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IIT. APPARATUS

Becknman DU Quartz Spectrophotometer with tungsten lamps absorption

cells 1 cm.; 50 ml burette.

IV. REAGENTS

1.

Alpha - Furildioxime3 1% solution. Prepare by dissolving

1 gm. of the reagent in 30 ml of ethanol and diluting to 100 ml
with water.

0.500 N Sodium Hydroxide.

Concentrated nitric acid.

Phenolphthalein Indicator.

Chloroform. Reagent Grade.

V. PROCEDURE

1.

Dissolve the sample in concentrated nitric acid and dilute;

to volume. Final normality of the sample solution should not
exceed 3 N,

Remove an aliquot of sample solution and determine the free acid
content using standard base and phenolphthalein indicator, e.g.
tdtal eqﬁivalents of base required minus the number of equivalents
of bismuth presentuo

Transfer an aliquot of sample solution containing 5.75ug to

57.5 ug Pd to a 60 ml seéparatory funnel.

Add 2 N hydrochloric acid and water, sufficient to yield 35 ml

total volume of a 1.3 N solution. The reagent blank should be
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the same acidity as the sample solution and should contain
321 mg bismuthhn

5. Add 1 ml of - furildioxime (1% alcohol-water solution)
while rotating the funnel. Allow the mixture to stand
exactly 5 winutes.

6. Add 10 ml of chloroform, shake for 20 sec., allow the phases to
separate and transfer the lower organic layer to a 25 ml volumetric
flask. Time elapsed between the addition of alpha-furildioxime and
the final extraction should not exceed 10 minutes.

T. DBilute the organic extracts to 25 ml with chloroform and
mix thoroughly.

8. Add 0.3 gms. sodium sulfate, anhydrous, to chloroform extracts
to remove traces of water.

9. Measure the absorbancy of the sample at 380 mp against the

reagent blank containing bismuth.

VI. CALIBRATION CURVE

A stock solution of palladium was prepared by diSSOiving the
pure metal (99.9%) in concentrated nitric acid containing a small amount of
hydrochloricracid,_heating the mixture till the evolution of 012 ceased and
diluting to volume. Aliquot portions of the palladium stock solution were
then treated according to the above procedure. Bismuth and uranium were added
to the palladium aliquots and produced no effect upon the observed absorbancy
of the palladium-alpha-furildioxime complex under the conditions of acidity and

time for color development cited in the procedure.
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VII. CAICULATIONS

1. Normality of sample solution:

wt .sample gms. aliquot sample ml

N(as free acid) = (Volume Base ml)(N Base) 75 G ST tion ol

(aliquot sample ml)

2. Volume of 2.00 N hydrochloric acid required to prepare 1.5 N

sample solution for extraction:

ml of 2.00 N HC1l required = (35 wl)(1.3 N) - (aliquot sample ml)(Ng)

(2.00 N)

Ny = Normality of sample as determined from (1).

3. Percent composition:

% Pd = (ug Pd) (Dilution ml) (100)
(ml aliquot)(gms. sample) (106)

VIII. NOTES
1. The palladium-alpha-furildioxime complex is stable in chloroform
for at least 24 hours.
2. Bismuth, cobalt and uranium were found to have no effect on the

determination under the conditions outlined in the above procedure.
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The reagent must be purified before use through recrystallizé%ion

from water. If further purification is desired see, Reed, S. A., and

Bank, C. U., Proc. Iowa Acad. Sci., 55, 267 (1948).
321 mg bismuth represent the largest amount of bismuth encountered

with the alloys studied in the aliquot used for the analysis.
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