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ABSTRACT

The use of mercury as & solvent In the recovery of uranium from
spent fuels 1s of interest at Oak Ridge National Laboratory. By means of
vapor pressure'measurements, using a dew polnt method, the mercury vepor
pressure of the uranium-mercury system was determined as a function of both
composition and temperature. The AF, AH, and AS of formation of three
intermetallic compounds formed from uraniuvm and mercury were calculated.
The phase diagram for the system was re~evaluated and corrected. The re-
latlonships determined, which are applicable between the temperatures 175
and 375° C, are:

Vapor Pressures:
For compositlons between U and UHgp log p = 7.29890 - 3134.83/T

Between UHg, and UHgs log p = 7.55460 - 3226.21/T

il

Between UHgz and UHg), log p = 7.88899 - 3351.89/T below 300° C

8.71063 - 3829.23/T above 300° C

i

log p
Between UHg), and Saturated solution of U in Hg

log p = 7.78021 - 3132.74/T

Thermodynamic Equations of the Form AFe = Ale - T AS5p
For UHgp AFp = - 9L.663 - L.987T
For UHgs AFp = - 555.467 - 6.312T
For UHg), AFp = - 1594.330 - 6.106T below 300° ¢
: AFp = - 3777.48k - 2.3487  above 300° C

The corrected phase diagram is shown in Fig. 16.
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INTRODUCTION

The purpose of the work reported in this paper was to determine addi-
tional information &bout the phase relationships in the mercury-uranium system,
and to determine some of the thermodynsmic properties of the three known inter-
metallic compounds formed by the system. This information was needed as part
of a large-scale study on methods of nuclear fuel reprocessing and decontamina-
tion. A brief background of this problem may be obtained most readily from the
introductory paragraphs of an as yet unpublished paper by 0. C. Dean, A. F.
Messing, and this author:(l)

Uranium, thorium, and plutonium form with mercury series of inter-
metallic compounds of low stability. Although these intermetallics are
quite pyrophoric, they are wetted and protected from oxidative atmog-
pheres by excess mercury. The uraninm-mercury vompound UHg) , which is
stable at 1 atmosphere at temperatures below 365° C, is soluble in mer-
cury up to 1.2 atom per cent uranium at 356° C. The plutonium compound
is nearly as soluble, but ThHgs 1s about one order less soluble. Since
the noble fission products, e.g., ruthenium aud molybdenum, have mercury
solubilities from two to five orders less than uranium, good separations
may be obtained. The more soluble alkaline earths and rare earths are
oxidized preferentially and their oxides are not wetted by mercury, so
they can be filtered from the hot uranium solution.

Uranium and thorium are readily recovered from mercury. The mer-
curides crystalllze and can be filtered from solution at 25° C, Vacuum
distillation at 800° ¢ removes the remaining mercury to 10 ppm. The
uranium may be melted in the same retort, but thorium appears as a
wassive but porous sintered billet with a density 75% of theoretical.

The chlorides of uranium and thorium have been reduced to their
respective mercurides by alkali metal amalgams. Impurities have been
eliminated from the amalgams by washing and the massive metals have
been recovered. Uranium hexafluoride has been reduced to Ung with
lithium amalgam and the uranium recovered with a yield of 80%.

The phase relationships in the mercury-uranium and mercury-thorium
systems have been studied. A corrected phase dlagram and the thermo-
dynamic properties have been worked out for the uranium system (the



present paper). A tentative phase diagram is presentsd for the thorium-
mercury system. Solubilities of ruthenium, palladium, mclybdenum, and
zirconium in mercury ssturated with wranium have been determined, Sclu-
bilities of gadolinium, neodymium, samarium, uranium, and thorium in
mercury have also been determined. Decontamination factors for umniuml
metal from major fission products on a 100-g scale rangzd from 10 to 107,
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REVIEW OF THE LITERATURE

The literature contained only two significant and widéky quoted
articles on the uranium-~mercury system. These gave the composition, lattice
parameters, and decomposition temperatureg for three intermetallic compounds
and an estimete of the mutual solubilities of mercury in uranium and inter-
metallic components. They presented techniques for the preparation and hand-
ling of uranium amalgams but no vapor pressure data .or thermodynamic data.

The first of these 13 a report by Ahmann, Baldwin, and Wilson<2)
reporting on work done with the uranium-mercury system at the Iowa State
College AEC installation around 1945, The ebstract of this report describes

very well what was done:

The U-Hg system has been studied by thermal analysis, vapor
pressure-temperature curves, and X-ray diffracticn. Three compounds
exist: UHgy which decomposes at 360° C to UHgs and Hg(v), UHgy which
goes to UHg, and Hg(v) at 390° C, and UHgp which breaks down idto U
and Hg(v) at 460° C. There appears to be some solubility of U in Hg
and of Hg In U but no mutual solubility between the compounds. Be-
cause of the pyrophoric nature of the amalgams, all work was done
under vacuum or an Inert atmosphere, '

This work produced, from the x-ray lnvestigation, the characteriza-
tion constents for the crystalline lactices of UHg, and UHg3 but not for Uﬂgao
The constants for UHg), are reported, however, by Rundle.(3> A proposed(a)
complete phase diagram at 1 atmosphere total pressurs has been reproduced
widely in the later literature (Fig. 1).

On that project several facts important to the present work were
made definite, and a number of experimental techriques were developed which
this author has used also. The fact that there were three, and only three,
intermetallics in the U-Hg system - UHgo, UHgB, and‘Ung - with little or
no mutual solubility was established. The order of magnitude of the solu-

bility of uranium in mercury at elevated temperatures, close to the normal
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boiling point of mercury, was placed at about 1%, which agrees well with the

(&)

much later work of Messing. An experimental technique was developed for
the preparation of uranium amalgams by first preparing finely divided uranium
throﬁgﬁ hydriding and dehydriding under vacuum.

Wilson's abstract states that vapor pressure—teumperature curves were
used, Because the present work consists mainly of the determipation of such
vapor pressure curves, it must be pointed out that their work consisted in
observing vapor-pressure surges during distillation of a uraniumwgercury mix-
ture originally containing a high mercéury content. The temperatures at which
these surges occurred were used as reinforcing evidence to the thermal analysis
determination of decomposition temperatures of the amalgam intermetallics.

In his report, Wilson states that practically no work had been done
on the uranium-mercury system before 1941 and gives references to but a few
other papers, published since 1941, These contained little except a single
prediction of a possible intermetallic compound.

The secénd significant publicatibn on the uranium-mercury system vas

(5)

an A E.R.E., report by Frost on work done at Harwell in England about 1953.

It essentially duplicated the previously described effort at Iowa, as indicated
by the abstract:

The alloy system uranium-mercury has been examined by means of x~ray,
thermal, and micrographic analysis. The high volatility of mercury necessi~
tated the development of a hydriding process for the preparation of the
alloys., At all except very dilute concentrations the alloys were pyrophoric
and all operations were carried out in vacuo.

The s0l1id solubilities of uranium in mercury and of mercury in
uranium were both very small. Three compounds were identified to which
the formulae UHgp, UHg,, and Uth‘were assigned., The crystal structures
of UHgy, and UHg, were derived and are discussed in relation to their
melting points.



Frost's work differed from the other mainly by the fact that the
thermal analysis specimens were all sesled in constant volume vials. Pres-
sures encountered at the higher temperatures reached high values of over
100 atmospheres. The phase diagram produced by Frost (Fig. 2) was similar
to the one previously described, but here liguid mercury was in equilibrium
with the wranium-mercury compounds and with uranium even at temperstures far
gbove the normal boiling polnt of mercury. Thus the phases present at the
higher temperatures were reported differently by Frost than by Wilson eb
al., but the decomposition (or transition) temperature agreed.

It is of interest that in Wilson's paper a single example is shown
of an actual thermal analysls curve and corresponding vapor pressure surge
curve. There is shown one definite change in slope in the thermel aialysis
curve which, although there is no corresponding vapor pressure surge, dees
show an agreement with the preseat work. This curve is reproduced in Fig.
3, and the polnt mentioned 1s discussed later ium thils paper.

Much work has been done on the determivation of the electrochemical
and thermochemical properties of amalgams of metals other than uranium. The
objective of this work was for the most part the deterwination of basic data
on solutions which might increase the realm of knowledge of solutiocus in
general. The very nabture of the amalgams, as stated in a report of Richards
and Daniels(6) in 1919, "renders thew more susceptible to varied investiga-
tlon than that of many other types of solutions.”™ Fapers previous to 1915
included vapor pressure measurements on zinec, silver, gold, and bismuth
amalgams(7’ 8) and dlscusgion of emf measurements on the amalgams of zine,
tin, lead, thallium, indium, and cedmium.(9) A recent publication(10) com-

plles much of this date as phase diagrams.



UNCLASSIFIED
ORNL-LR-DWG 4019

—1 1100
l
I' N
} LIQUID
|
} LIQUID +U
- O
{ o
1 J
n 4 B
<
r
W
(a8
| - &
455° o 0 oo =
390°
| _22\_(}\ 400
} 365°
{ U+UHg, o 0 olo lo -
| UHg, (__l_)__ng,
= +UHg,|  [+UHg,
} . . ol o |, [LrQuID+UHgs
I
]
|
H
l FLJJ4 40
} WHgp | 1280, o lagg
= UH
| | 1 | | L |
0 20 40 60 80 (00

ATOMIC % MERCURY
FIGURE 2. THE SYSTEM URANIUM-MERCURY SHOWING CRITICAL ALLOYS. FROM FROST(S).



TEMPERATURE,°C

UNCLASSIFIED
ORNL-LR-DWG 40192

95

450 i~

400 -

PRESSURE,CM Hg

TEMP, TIME
--——— PRESS,TIME

O

4

2
TIME,HOURS

12'
FIGURE 3. TEMPERATURE, PRESSURE, TIME CURVES FOR URANTUM-MERCURY SYSTEM. FROM WILSON® ),



In 1915 Hildebrand and Eastman,~(,ll) at the University of Calif‘cmia,
reported extensive work on the vapor pressure of thalllum amslgems at approx-
imately 318o C. They found the thallium amalgems to be of particuler interest
because of two rather special properties. In the thallium-mercury system only
one compound, TngQz existed in the solid state and this also existed in t};le
solutions, and such amalgems were able to contain as high as 43% thallium at
20° C. Their vapor pressure measurements were made using a mercury menometer
connected to a buldb containing the amalgem immersed in o molben salt thermos
stat. The system contained low-pressure hydrogen gas. and was calibrated by
means of a second identical system contaluing pure mercury in the bulb. This
was the same equipment, described in a previcus paper,(ll) which had been
used on bismuth amalgams. Measurements were made on compoaitions of from
22.1 down tc 0.25 moles of mercury per mole of thallium. All data were for
a single temperature, controlled between 323 and 329° ¢, These data were
uged tc determine the deviation of this system from simple Racult's law
behavior and for the development of other vapor pressure egquations and
theories to explain the deviatione. This informstion does not apply to
the wraniuwm-mercury system in the present investigetion, but the imterest
of the workers and their laboratory methods opened the way 4o further ef-
forts.

Practically every textbook on thermodynamics, wher considering the
subject of vapor pressure and emf data as a source of thermodynemic data,
quotes or at least mentlons the extremely detailed report of Richards and
Daniels(6) published in 1919: 'Concentrated Thallium Amslgams: Their

Ele ctxfochemical and Thermochemical Behavior, Densities and Freezing Points. "
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This paper is a masterpiece of completeness and detail and tcspeaks of labora-
tory work in which no particular was slighted which might produce less than
the very best results possible. The paper made a valuable contributlion to
this author's kunowledge of egquipment, methods, and fundamentals of calcula-
tion, specifically two other approaches to the problem that were presented.
Both were considered in the early stages of this present work: emf measure-
ments of amalgam concentration cells and a variety of calorimetric determina-
tions.

In 1921 Iewis and Randall(lg) published a paper combining the works
of Richards and Daniels(é) and Hildebrand and Eastman(a) entitled, "The
Trermodynamic Treabment of Concentrated Solutiocns, and Application to Thallium

"

Amalgams. Much of the theoretical treatment, covered in the later literature,
stems originally from this work.

The literature contains a large number of papers coveriung electro-
motive force measurements of metal systems and the related thermodynamic deiter-
minations. Since this approach to the uraniuwm-mercury system did not seem Lo
afford too much hope of success because of the great chemical reactivity of
uranium, these papers will not be discussed; however, it is felt they should
be mentioned as a definite part of the geﬁeral background of the problem and
as a source of information for further work on this system or appiication to
other systems not yet Investigated.

Recent work reported using vapor pressure measuremsints is much less
extensive than work using emf data. However, several papers were reviewed
which described types of apparatus for such measurements.

Besides the rather crude method used by Eastman.and,Hildebrandg8)

work has been done on amalgams by & number of both static and dynamic methods.



Most of these methods, including ome similar to that used in the present work,
are nicely described in the chapter or experimental methods In a recent book
by Kubaschewskl and Evansu(l3) Included among these are a.method using the
isoteniscope, several using menometers where elther a known vapor pressure or
an inert gas pressure 1s used as & standard, spectrographic measurement of
metallic vapor concentrations, dew point methods, methods depending on diffu-
gion of mercury from the amalgam to a body of pure mercury at a different
temperature vntil equilibrium is reachesd, and seffusion rates through an
orifice. In addition an interesting method used by Buesmam(lh) in determiring
vapor pressures of certaln fused salt systems was the Rodsbush-Dizon vapor
pressure cell and was originally described in 19250(15)

The experimental procedure used in the present work was originally
proposed for ligulds by lescoeur in 18893(13) applizd tc metal systems by
Hargreaves(ls) in 1939, and has been known urder his name ever since. Varia-
tions of the dew point apparatus, fully described 1n the experimental sectlon
of thiles report, heve been used rsceatly on the uranium-zine system by Chiotti(l7}
and others at Iowa State and on the zirconium-cadmium syst@m,by’Bettertmm(l8}
and others &t QOsk Ridge Naticnal Iaborstory. The results described 1o these
two veports parallels the presant work closely and 1s discussed in a later

section.
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THEORETICAL

The uvranium-mercury system forms three intermetallic compounds which
are not mutually soluble.(l9) The only solubility found in the system is a
maximum at 356° C of 1.2%(3) uranium in mercury (by weight). The vapor phase
in equilibrium with these compounds and solution at temperatures encountersd
in this work consisted of pure monatomic(go) mercury. On this basis the fol-
lowing thermodynamic calculations may be made.

For the determination of the standard free energy of formation, AFgﬁ

of the intermetallic compound UHg, three chemical equations must be considereds

1/2 U(solid) + Hg (vapor at p___,) ?mé 1/2 UHgo(solid) AF = 0
Hg(liquid) {F:gé Hg (vapor at PHg) AR = 0
Hg (vapor at pHg)-————) Hg (vapor at pamal> AF = EE'VdP = RT lﬁﬁggéi
Pl -
Addition of the three gives:
1/2 U(solid) + Hg (liquid) —> 1/2 UHgs(solid) AF = RT la?;;? = pFg

The first equation denotes a state of equiiibrium between the two
solids, and a gas phase consisting of pure mercury vapor, at a pressure which
is the equilibrium decomposition pressure of the amalgam UHg2 at the existing
temperature. The second eguation is for the isothermal vaporization of liquid
mercury to mercury vapor at its equilibrium vapor pressure alt the same Lempera-
ture, By the very fact thal both equations dernote equilibrium,; AF for each
reaction is zero. The third equation denotes an isothermal expansion for which
AF ig expressed as a function of the pressure change. Any standard text such

(e1)

as the one by Klotz will show the fundamental developments used hereg,; but
it should be again pointed out that the assumption of ideal conditions has

been made and is Justified in this case.
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For the final equation, considering standard state for solids and
liquids as the usual state at the existing temperature, the AF can be seen
to be actually the standard free energy of formation AF%. Likewise,since
AF% = ~RT 1n Kb,then Kﬁ = pHg/Pamal‘ According to Kubaschewski and Evans(l3)
the uranium-mercury system can be considered as one in which only the mercury
is volatile, and UHgp, UHg3, UHg),, and & solution of UHg) in excess mercury
are condensed phases. Schematically, letting A = uranium and B = mercury, an
isothermal vapor pressure curve would appear as shown in Fig. 4 where p is
the veapor pressure.

The free energy changes of each reaction step may be éxpressed as

follows, noting that 2.303 R = 4.574, giving AF in calories per mole of B:

1/2 A+ B — 1/2 2By AFp = L.57h T log p1/ps
43, + B —» 4B, AFp = 4574 T log po/ps
AB3 + B — 1B | AF3 = L.5Tk T log pg/ps

where AF indicates a'partial quéntity. Then the integral free energies in.

calories per mole of compound are given by:

A+ 2B — 1B, AFy = 24F1 per mole of ABp
A+ 3B —= AB3 OF5 =.25@l + &Fy per mole of AB,
A+ 4B ——ss AB, AF5 = 28| + OFp + AF3 per mole of ABy

Thus from the vapor pressure determinations the standard free energles of for-
mation for the intermetallic compounds UHg,, UHg3, and Uth can be determined.
Owlng to the fact that the system under consideration is a metallic
system, it was felt that the method of determination of the thermodynémic
properties should also be developed by the methods of metallurgicael thermo-

(22)

dynamics. Thus, following the presentation of Wagner, an extensive
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'thermodynamic property, which might be called G, 1s a homogeneous function of
degreé 1. At fixed temperature T and pressure P, such a function may be writ-
ten G = f(nl,ng) for a two~component system containing n, moles of component
1 and n, moles of component 2. To such a function Euler's theorem is appli~-

cable, giving:

o), ) -

Defining the two partial derivatives as partlal molar quantities:
&'/ anl = G‘l and BG/ ang == 62 (2)
we can then write:
G = n151 + npGo (3)
If this 1s divided by the total moles, nq + Ns, the guantity on the left-
hand side of the equation becomes a molar gquantity G, and the products of
the mole fractions x; and partial molar quantities G gppesr on the right!
Gm = xG1 + xhp (%)
Taking the total differential of equation (3):
G = mdG; + Gidng + mpdGp + Cpdup (5)

However from the definition of the partial molar quantities it fol-
lows that a property change dG caused by changing the number of moles by dny

and dnp equals:
Comparison of equations (5) and (6) shows that:

nldEl + Il2d§2 = 0 or deﬁl + X.gdag = 0 (7)

noting that the relationship is valid only at constant T and P.
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In equation (7) the differentials d@l and d§2 are the changes in the
partial molar quantities due to changes ir composition, P and T being held con-
stant. In a binary system the wole fraction x5 is the only independent varie-
ble required for defining the composition. Thus equation (7) may be written:

X1 (651/3@)1),:1; + X (aaé/axg)P’T = 0 - (8)

In order to iniroduce a reference state necessary for complete defi-
nition of the fumctions of energy and entropy, a new quantity is defined; the
relative partisl molar quantity. A@i = gi o ﬁg whers &2 represents the par-
tial molar quantlity of cowponent i, whsn it exists as a pure material.

At this point the general thermcdynamic property G will be replaced '
by the free snergy function F. Thus the relative partial molar free energy
is the change in votal free energy upon mixing 1 mole of pure substance i with
an infinite quantity of a solution of glven composition, at fixed T and P:

BFy = ¥y - 5 (9)

As suggested by Wagner ove experimental wethod for producing the
process of veversible and isothermal mixing is by means oflisothermal distilla~
tion. In the case of ideal behavior of the gas phese, the following expression
results:

AF; = RT 1t py/p; (10)

In this expression, R is the universal gas coustant, pz is the partisl vapor
pressurs of the pure metal, and'gi is the partial vapor pressure of the metal
over the solution.

The Gibbs~Duhem relationship for free euergy analogous to equation
(8) is:

Xy (aﬁl/a}{g)PgT + Xy (8@2/81:2)?’411 = 0 (_ll)
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Now 1f the relative partial molar free energy of component 2 is measured as
a functlon of xp, then the relative partial molar free energy of component 1

can be computed:

Fil) =~ [T2 1 e (12)
Xn) = = dxp 12
The lower integration limit 1s determined by the condition Afl = 0 for the

pure substance 1, i.e., xp = 0. If equation (12) is integrated by parts:

Similar to the relative partial molar quantities for individual
components, relative integral molar quantities can also be defined, and thus,
by analogy with equation(k):

AFp = x3 BF + x, OFp (14)
This is the change in free energy for the reversible and isothermal formation
of 1 mole of alloy from x; mole of component 1 and Xy mole of component 2.

If it is desirable to compute the concentration dependence of the
relative integral molar free energy from measured values of the relative

partial molar free energy of one component, this can be done by substituting

equation (13) into (14):

IF
My = (1-xp) fxg 2, axp (15)
o (1-x0)

The sbove relations describe the behavior of & single phase. In
heterogeneocus systems the sum of the extensive thermodynamic functions for
the individuel phases equals the corresponding function for the entlire system.
Hence, if the moler quantities or the relative integral molar quantities are
considered as functions of x5, linear functions in & heterogeneous region are

obtained.
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In the uranium-mercury system intermediate compounds are formed which
are not mutually soluble to any extent and which decompose to give a vapor phase
of monatomic mercury. Appiication of the Gibbs phase rule to a heterogeneocus
region of this system of three phases—-two solid, one vapor---and with two com-
ponents shows one degree of freedom, or P = f(T), with the composition of the
phases remaining constant. Also, a criterion for equilibrium is that each com-
ponent have the same chemical potential, partial molar free energy, or sctivity
in each phase. Thus the deteruination of these extensive thermodynawmic func-
tions for one phase defines them for the entire system.

Likewise, since our system will contain regions of heterogeneity
vhere phase compositions remain constant, the partial molar quantities will
remain constant over this whole region., If the relative partial molar free

energy Zﬁé of one constituent is known as a function of x_, then the Zﬁi of the

2)
other constituent, and the integral molar free energy AFm, can be computed from
equations (13) and (15).

Assuning AFHg

required to calculate the AFm for the three compounds by the application of

is known for the compositions UHgE, UHg3, Uﬂgh’ it is

equation (15). (Note that in this treatment 1 mole of UHgn is equivalent to
(n+l) moles of solution.) Over the range of mercury content from x = O to

x = 2/3, vhere x = mole fraction of mercury:

!f2/3 AF
av = (1-2/3)  J, —p ax
(1-x)
However, Zfé is constant over this range; therefore
- = 2/3 a5 {112/3
m 3 o ,(l-x)2 3 L%,

It

S 1 _ 2 R . .
AF, 3(3~l) =3 AF,, per mole of solution
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Since 1 mole of UHg2 = 3 meles of solution, for UHgp:
. o _ |
OAFp = 3% §AAF2 = 2 AFp per mole of Ulg,
Likewise, between x = 2/3 and x = 3/L, Zfs is constant and 1 mole of compound

UHg3 = 4 moles of solution; for UHgs:

/3 2 3 3 |
3(1-x) f dx+h(1x)f3—(-i:3-)-gdx

£ - u{% ®, (] 2/3}

NFy = 20F, + AFS per mole of UHgS

DFp

[}

L}

For x = 3/k to x = 4/5, &F) 1s constant and 1 mole of compound =

5 moles of solution; for Uth: . h/S
— 1 —_—
AF = 28, + P, + S(lnh/s) E-* ATy

AFm = -25?2 + .3§3 + Zﬁu per mole of UHg)

This agrees exactly with the other derivation.
The temperature dependence of these quantities was also determined

over & temperature range 175° to 375° C. According to Zemanski,(23) since
AFP = -RT In K,
from Van't Hoff's iscbhar

d -\
'é“t?(an) ©  RTe

or

d log K _ 4(AF/T)
a1/t = a{i/T)

M = -2,303R

OH may be determined for each compound and also MH as a function of temperature.
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Siace AF = AH-TAS, AS may be determined. Also, since A{AH)/aT = ACp =
CPamal,~CPy - nCpHg, Cp of the amalgams wmay be computed. Howsver, over the
rather narrow range of temperature investigated, log p = A + B/T, a straigat

line on semllog paper, and AH and A3 may be evaluated wmore simply by:

AF = -RT(In Pgya1-1n pyg)
- R[4 + BYD) - (a2 + ByT)

= =R (133 + A3T) = B, + AT

Since AF = AH-TAS, then AH = B), and AS = -A,. Alsc since M is there-
fore a constant, Cp is seen to be the sum of the healt capacities of the com-

ponents.
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EXPERIMENTAL

The obJective of the experimental work was to prepare samples of .
pufe uranium-mercury mixtures over a wide range of compositions in such a |
physical form that the intermetallics UHgp, UHg3, and UHg), would form. After
the components reached an equilibrium state with referepce to the phases
present, the three intermetallics, excess uranium, or excess mercury, the
mercury vapor pressure over the solid or liquid phases was t0 be measured
as a function of both composition and temperature.

The uranium metal used was of the highest chemical purity avail-
able. It was in the form of cast rod produced from the depleted product of

a gaseous diffusion plant. Chemical analysils of the sample showed:

Carbon ' 200~300 ppm

Oxygen 13 ppm

Iron 40 ppm

Ni, A1, S1 Each less than 50 ppm

The rods were machined into lathe turnings and then broken up manually into

thin chips spproximately 1/4 in. long by 1/16 in. wide. The careful manual

work was necessary because of the tendency for the fresh surfaces produced

to ignite spontaneously. The mercury used was purified by the usual methods

of filtering, washing with HNO3, and was doubly distilled under vacuum.
Immediately before use, the approximate amount of chips necessary

for a sample was cleaned by washing in concentrated nitric acid which dissolved

all surface oxide. Repeated washing with distilled water to remove the acid

was followed by rinsing with acetone. The chips were dried under vacuun at

room temperature or only slightly sbove to prevent reoxidation.



The combination sample preparation tube and vapor pressure cell (Figs.
5 and 6) was prepared for use, after manufacture in the glass shop, by careful
cleaning with fresh cleaning solution (sulfuric + chromic acid), rinsing with
distilled water until free of chromate, rinsing with acetone, and drying over-
night in an oven at 110° C. The uranium chips were weighed on an apalyticel
balance and placed in section D of the tube, and the purified mercury was
welghad and placed in section E. The tube was then sealed, glass to glass,
to the sample preparation apparatus (Fig. 7) close to point A, and sidearm C
was drawn off and sealed. The system was immediately evacuated. Figure 8
shows the sample preparation apparatus with the tube in place.

The hydrogen was supplied from a tank of electrolytic hydrogen, drawm
off through a catalytic deoxygenation chamber and drying tube. This supply
was Tirst used to purge that portion of the sample preparation system, includ-
ing the gauge and second roughing pump. As soon as the main system including
the sample preparation tube became evacuated to about 5 x :LO"7 mm Hg total
pressure, with the uranium chips heated to 100° C, the three-way valve was
adjusted to allow hydrogen gas to enter the sample preparation tube to an
absolute pressure of 1 atmosphere. The mercury was cooled with an ice bath
and the uranium was heated to 250O C. As the uranium absorbed hydrogen, as
indicated by falling hydrogen pressure, the hydrogen was replenished to raise
the pressure back to 1 atmosphere. In a period of gbout an hour, depending
on the size of the uranium sample, the hydrogen pressure no longer fell and
hydriding was complete. Usually there was an initial induction period, be;
fore the uranium begen to @bsorb the hydrogen, which varied from & few minutes
to an hour. This may have been a function of the completeness of degassing of

the uranium surface but did not appear to affect the Tinal resulis.
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When the hydriding step was completed, the second roughing pump was
used to remove the hydrogen and the furnace temperature wes raised to 300° C.
At the end of about an hour, when evolution of hydrogen from the sample had
slowed as shown by the pressure gauge after the system had been isolated from
the pump, the hot sample tube was again opened into the high-vacuum part of
the system where the pressure could be continuously monitored by the thermo-
couple gauge and later the ion gauge. During several hours' continued pump-
ing the total pressure was finally decreased to 1 to 2 x 10'6 mn Hg, measured
with the uranium still at 300° C. The sample tube was then carefully sealed
off at the constriction A (Fig. 5) and removed from the system. After this
treatment the uranium was a finely divided powder, sometimes lightly sintered
but very porous. .

In order to eliminate any possibility of contamination of the amalgem
with oxides of mercury, the evacuated and sealed sample tube was next gently
heated by placing the end containing the mercury inside a tube furnace, caus-
ing the mercury to vaporize out of container E (Fig. 5) and condense in D,
where it combined with the uranium. After all mercury had been transferred
out of E, constriction B was sealed off. The vapor pressure tube then appeared
as shown in Fig. 9.

The vapor pressure was measured by the dew point method with the
equipment shown in Figs. 10 and 1l. The furnace was a stock model made by
Marshall Products Company of Columbus, Ohio, 13 in. long with a 2.5-in.=
i.d. ceramic tube. The windings were tapped along its length at 10 points,
and the temperature was controlled by varying the input current, generally in

the renge of 3 to 6 amp at a voltage of about 20-50 volts. Varieble sliding-
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contact resistors of 0-2l4 ohms were shunted across the windings at each end
(Fig.12) to very the end temperatures as required.

The vapor pressure tube was clamped into the holder with the two
observation windows lined up with the collimating tubes (Figs. 12 and 13).
The thermocouples were fastened in place with fine copper wire or with asbestos
tape and glass fiber adhesive tape. Aluminum foil radiation shields were
placed both around the tube containing the amalgam and around the main tube
extending out over the cooled observation window. The unit was installed
in the Marshall furnace, and the ends of the furnace were closed by means
of asbestos sheet. A safety thermocouple, connected to a controller in the
main furnace power supply, was placed in the furnace tube. The furnace
power was turned on and the shunt resistors were adjusted to give an approxi-
mately uniform temperature over the entire furnace length. Control of the
total furnace power input, by means of a Variac, fixed the temperature of the
furnace after reaching thermal equilibrium with the surroundings. Using an
on-off controller was not practical as it produéed too great a temperature
fluctuation during a run. With a new amalgam sample it was necessary to
allow several days at temperature for chemical equilibrium, whereas thermal
equilibrium was generally obtained in a matter of hours.

The temperature measuring equipment is shown in Fig 14. After
thermal and chemical equilibrium had been reached, the temperatures of the
amalgam and of the observation window were determined by using the X-2 poten-
tiometer. The two Brown recorders were then adjusted to read the correct
temperature range by setting the switches so that an emf from the K-2 was fed

into the Input of the Brown recorders. These two recorders had been modified
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to have a 3-mv full-scale span, with an adjustment (30 mv suppression) for
changing the range anywhere within the range of 0-30 mv. After each recorder
had been aldjusted to the correct portion of the scale and calibrated, they
were switched to the thermocouples for direct, continuous monitoring of the
two temperatures. The 40 in./hr chart drive was turned on only during an
actual ran.

While the total current input to thé furnace was held constant with
the Variac, the shunt resistor connected to the end of the furnace %o be coored
was changed to a lower resistance, which allowed gbaut 65% of the heating
current to bypass that part of the furnace element. As the temperature of
this end slowly dropped, all controls were varied as needed to keep one end
cooling and hold the other end at as coﬁstant a temperature as possible. The
center portion of the furnace was the only portion o continue to carry the
full heating current and therefore tended to remain close teo, or even slightly
higher than, the amalgam end. The cooling rate varied somewhat from run to
run depending on the starting temperature, but experimentally this did nob
seen to affect the resulbts. An average cooling rate was 1.5 to 2° ¢ per
minmute,

The cooled window was observed through a small telescope., As soon
a3 the first droplet of condensed mercury appeared, a switch was momentarily
closed which shorted the input to the two recorders simulteneously, marking
both charts at the temperatures of the end point. Immediately & calibration
was run on each chart at a known point near the end point, by again feeding
a signal from the K-2 potentiometer. Any drift of the recorders during the
rﬁn was thus corrected. From the recorder charts, the temperature of the dew

point and of the amalgam was read 1o the nearest 0.01 mv.
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The vapor pressure of the amalgam at 1ts recorded tewperature was
then assumed as equal to the vapor pressure of pure mercury, taken from hand-
book(Qu) values, at the temperature of the cooled window. This reading was
corrected for temperature lag across the glass barrier by comparing it with
the value obtained in a run in which only mercury was used in the vapor pres-
gsure cell.

Subsequent runs at different temperatures on the same sample were
made only after a 2- to L-hr period to allow chemical and thermal equilibrium
to again be reached. With practice the furnace controls could be adjusted to
give a desired temperature and to allow equilibrium to be reached with a
teumperature differential hetween the two ends of the furnace sc that cooling
would ncoth have to cover such a wide temperature range. This made it much
easier to keep the amalgam temperature constant during a run.

During the course of the experimental work several variations were
tried and abandoned. These should bve mentioned for thelr possible value to
future workers in this field. In order to get more exact temperature measure-
ments on the amalgam, the flrst vapor pressure cell was designed with a
thermocoupie well extending into the amalgam. Glass thermocouple wells broke
as the solid smalgams formed, cansing stress on the wells. A stainless steel
well attached by a Kover-to-glasss seal was abandoned as it appeared to have
sore affinity for the mercury. DBoth a platinum and 2 tungsten wire sealed
through the glass to act as a thermal conductance probe caused leaks and were
difficult to meke good contact with the thermocouple. The method finally
used was to pléce the thermocouple against the glass, shielding it with an

aluminum foil against radiation from the furnace walls, and calibrating the
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system for heat lag etec., by checking against a sample tube containing only
pufe mercury.

Another technique that was varied was the method of detecting the
dew point. When & photoelectric cell was used, the condensate on the cooled
observabtlon window decreased the amount of transmitted light but the method
lacked sensitivity. Also,variations In line current resulted in false
responses., Another method was the use of a 16-mm movie camera set to photo-
graph the observation window every 15 sec. This method worked well, but

delayed the availabllity of the date until the film was developed.
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DATA AND RESULTS

In order to compensate for temperature lag across the glass bar-
riers, etc., runs X1 to X-7 were made with a sample of pure mercury (Table
1). These data were fitted to an equation of the form log 'p = 2 + /T where
p is the vapor pressure in millimeters of wmercury, T Is the tempsreturs 1o
degrees Kalvin, and a and b are constants. The it was made wsing the stand-

(25, 26

ard statistical method of least squares indmizlag the residuals in
1log p, by using the Oracle (the digital computer aht the X-10 site of Osk Ridge
National Laboratory). The result was:

I8 Ponprected = 1093371 - 3211.91/T

TABLE IT. CORRECTION CURVE, VAPOR FRESSURE

True Vapor
Mezsured Hg Dew Point Prassure of Hg
Run Temperatiure, Tewperature, mt Dew Polnt,
No. ~C °C , e He
X-1 16k .G 158.0 3.67

X-2 202, L 196.5 15,80
X-3 279.0 27,0 136.0
-l ‘ 282, ¢ 277.2 146.8
X-5 G, 7 | 35,2 615,30
X~6 207.0 203.8 16.50

X-7 195.5 191.C 12.85

A standard devietion in log p was estimated, by the machine, 4o be J.0.68835,

This corresponds to & deviation in p of about 4%,



39

This correction squation was next usad to calculate & corrected
pressure ab every'émalgam,temperatur@ in the other runs., Likewlse, the
vapor pressure of pure mercury, as given lp the International Critical
Tables, was determined st this same texmperature. Since the correction curve
pressure was lower in all cases than the vepor pressure of pure mercury, the
difference between the two pressures was added as a correction to the amalgsm
vepor pressure determined for each run (Teble II). Figure 15 shows the cor-
rected vapor pressure data plotted as log p versus the reciprocal of the
absolute tempersbure.

By the method of least squares, an equation was fitted to the cor-
rected vapor pressure values on the digital computer. These equations and

the estimated standsrd error of Tit ars:

For UHgp, or compositilon batween U and UHgy,
leg po= 7.20890 = 3134.83/T, @ pyp = 0,0279806
For UHg3§
log p = T.55460 - 3026.21/T, O si6 = 0.0196916
For UHg),,
log p o= 7.88899 - 3351.89/7 below 300° C, O pqy = 0.02u8472

fi

log p 8.71063 ~ 3829.23/T above 300° C, = 0.00871414

Q
5]
=h
(<

§

For saturated solution of Utlg), in Hg,

log p = T.78021 - 3132.74/T, O g4y = 0.0125523

The AF's of formation of each of the three compounds UHg,, UHg3,
and Ung wers calculated from the equations derived in a previous section,
in two forms. The first was the calculation of AF valves at nine tempers-

tures covering the range of the investigation (Tables IIT and IV, Fig. 16).



TABLE II.

VAPOR PRESSURES OF THE URANIUM AMALGAMS

Emalgem Corrected = Log
Measgured Vapor Amalgam  Corrected
Amalgam  Amalgam Vagpor Pressure Vapor Amalgam
Run  Temp., _1 Xﬂ‘OB Pressure, Calculated- Peor, of Pure Hg, Pressure, Vapor
No. °c TOK = ma Hg 108 Poop__._an g me Hg mm He  Presgsure
M*-1 275.0 182.5 23.4 2.09197 123.5¢ 139.34 39.15 1.59273
2 305.0 173.0 51.8 2.39711 2Lg.52 275.02 77.30 1.88818
3 337.3 163.9 108.6 2.68939 4189.10 529.85 149.35 2.17421
L 378.5 153.5 251.2 3.02343 10554 1110.20 306.00 2.48572
5 212.5 206.0 3.L6 1.33718 21.736 25.626 7.350 0.86629
6 217.4 203.9 L. og 1.h0u63 25.388 29,73k G.436 0.9261kL
E -4 383 152.4 306.0 5. 05876 1ibk.g 1196.6 357.70 2.55352
5 346.5 161.k 137.8 2. 705675 588,42 £30.51 179.89 2.25501
6 176 222.7 0.68 0.80079 6.3211 7.626 1.965 0.29776
7 172 224 .7 0.70 0.73655 5.4519 £.596 1.842 0.26529
8 220 202.8 4,03 1.43996 27.5L0 32,133 8.623 0.93566
9 270 18L4.2 18.75 2.03737 108,99 123,47 33.23 1.52153
10 295 176.1 37.2 2.29754 198.4C 221.0k 59,8k 1.77699
11 320 168.6 70.2 2.55770 361.16 376.33 85.37 1.93131
12 353 159.7 152.2 2.82429 667.25 710.68 195.63 2.2914k
13 268 RESINNS 16.7 2.01810 104,26 117.57 30.01 1.47727
5¥-3 308.8 171.8 69.8 2.43565 272,68 298,18 95.30 1.97909
L 285.5 179.0 37.4 2,20k39 160.10 i82.43 59.73 1.77618
5 240.2 194.9 10.7 1.68370 49.397 57.164 18.467 1.26640
6 373 154.7 305.0 2.98L89 965.81 1011.5 354,69 2.54985
7 200 211.4 2,78 1.16373 14,579 17.287 5.488 0.73941

07



TABLE IX {continued)

Amalgam ' Corrected Log

Mezsured Vapor Amalgam Corrected
Amalgem  Amslgam Vapor Pressure Yapor - Amslgam

Run Tenp. , —é-105 Pregsure, Calculated pcor, of Pure Hg, Pressure, Vapor
No. ¢ oK mn Hg 108 Peor mn Hg mn Hg mm Heg - Pressure
PPN 177.0 47,k 2,26863 185.62  206.70 68.48  1.83556
5 357 158.7 228.5 2.85641 718,47 764,08 274,11 2,43792
8 263 186.6 19.8 1.96029 91.262 103.85 32.388 -1.51038
9 358 158.5 236.0 2.86283 729.17  T77.92 . 28k, 75 2. 45446
J 1 312 170.9 81L.5 2,k6h56 291.45 319.02 109.07 2.03771
2 268 184.8 28,4 2.01810 104,26 117.57 b1, 71 1.62024
3 278.6 181.3 3L.b 2.13052 135.05 151.79 L8.13 1.68242
4 225 200.8 7.1 1.50419 31.929 37.222 12.393 1.09318
5 351 160.3 215.0 2.80502 638.29  685.17 261.88 2.41810
6 312 170.9 8h. L 2.46456 291.45 319.02 111.97 2,04910
D=5 277.5  181.7 46.8 2,11767  13L.12  1L47.89 63.57 1.80325
6 201 211.0 L,28 1.17658 15.017 17.854 7.117 0.85230
7 283 179.9 55.6 2,17548 19,79 168.26 h.07 1.86964
9 304L.7 173.1 92.7 2.39389 2h7.68 273.27 118.29 2.07295
P2 303 173.6 k.0 2.37783  238.69  263.L2 118.73 2.07456
3 238 195.7 12.8 1.66800 b6.559  53.812 20.053 1.30218
L 368.5 155.9 505 2.9463k 883.77 936.15 557.38 2.74615
5 334 164,77 217 2.66369 460.99 ho7.12 253.13 2.40334
6 185 -218.3 1.94 0.94211 8.7521 10.h72 3.660 0.56348
7 218 203.7 6.60 1.41105 25, 766 30.271 11.105 1.04552
9 349.2 160.7 311.2 2.79217 £18.6 662.86 354,38 2.54947
10 382.5 152.6 679 3.05234 1123.1 1185.8 737.7 2.86788

T



TABLE IT (continued)

Ama lgam Corrected Log
Measured Vapor Amalgam  Corrected
Amalgam Amalgam Vapor Pressure Vapor Anmalgam
Run T%mp., —%—xlOS Presgssure, Calculated pcor, of Pure Hg, Pressure, Vapor
No C TK mn Hg 10g Peor mm Hg mm Hg mm Hg Pressure
& -1 221 202,k 22.15 1.45280 28. 366 33.100 26.88L 1.k29k9g
2 250.5 191.0 54,7 1.81896 65,911 75.366 64,155 1.80723
3 290.3 177.5 145 2,25257 178.88 198.93 165.05 2.21762
b 358 158.5 579 2.86283 729.17 777.92 627.75 2.79779
5 189.2 216.54 7.68 1.00314 10.073 12.092 9.699 0.98573
L*—l 298,5 175.0 174,86 2.33287 215.21 238.84 198.43 2.29761
2 367.2 156.2 737 2.9367L 86k,39 915.21 787.82 2.89643
3 270.8 183.9 92.0 2.,04T01 111.43 125.90 106.47 2,02723
6 204,8 209.3 14,2 1.23118 17.029 20.158 17.329 1.23877
*Composition M- 49.0 atom % Hg, U + UKg,
E - 60.2 atom % Hg, U + UHgp
H - 69.0 atom % Hg, UHgp + Uligy
C - 71.5 atom % Hg, UHgp + Ullgy
J - 73.5 atom % Hg, UHgo + Ulg3
D - 76.6 atom % Hg, UHg3 + UHgj,
F - 78.2 atom % Hg, Uligy + UHgy,
G - 84.9 atom % Hg, UHgj + Hg
L - 95.0 atom % Hg, UHgy + Hg

ah
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TABLE III. CALCULATION OF AF

£
(B)
P =
Temp. , (&) 1 1 log Jamal A X B o= AR
O¢ Y. 54T %8 Pomal 08 Prg Prg keal/mole
For UHg2
448 2049,152 0.301517 0.8666k  -0.56512 -1.15802
473 2163.502 0.67136k4 1.23772 ~0.56636 ~1..22532
498 2277.852 1.00406 1.57080  -0.56674 -1.,29095
523 2392,202 1.30L9kL 1.87143  -0.56649 -1.35516
548 2506.552 1.57840 2.14408  ~0.56568 ~1.41791
573 2620.902 1.82799 2.39235 ~0.56436 ~1.47913
598 2735.252 2.05671 2.61942  -0.5627L ~-1.53915
623 2849,602 2.26706 2.82781  ~0.56075 -1.59791
648 2963.952  2.46120 3.0197%  -0.5585k ~1.65549
For UHg%
4143 2049.152 0.353234 0.86664  ~0.51341 -1.05206
473 2163.502 0.733862 1.23772 ~0.50386 ~1..09010
498 2277.852 1.07626 1.57080  ~0.hoksk ~1.12649
523 2392.202 1.38591 1.87143  ~0.48552 -1.16146
548 2506.552 1.66734 2.14408  ~0.4767h -1.19497
573 2620.902 1.92421 2.39235 -0.4681k ~-1.22695
598 2735.252 2.15959 2,6194k2  -0.45983 -1.25775
623 2849,602 2.37607 2.82781 -0.4517h ~1.28728
648 2963.952 2.57587 3.0197%  -0.44387 -1.31561
For Ung up to 3OOOC
448 2049,152 0.407098 0.86664  ~0.,45954 -0,941667
LT3 2163.502 0.802554 1.23772  ~0.43517 -0.941491
o8 2277.852 1.15829 1.57080 -0.41251 ~0.939637
523 2392,202 1.48001L 1.87143 ~0.39142 -0.936356 .
548 2506.552 1.77239 2,14408  -0.37167 -0.931660
573 2620.902 2.03927 2.39235 ~0.35308 -0,925388
For Ung above 3OOOC
598 2735.252 2.30724 2.61942  ~0.31218 ~0.,853891
623 28L9.602 2.56418 2,82781  -0.26363 ~-0.751241
648 2963.952 2.80132 3.0197+  -0.21842 -0.647386
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TABLE IV. INTEGRAL AF

ﬁlﬂl Ml+ﬁ2ﬂ2 AF2+KF3=AF3

T%’gp" , o for UHg,, = for UHgg, for UHg) ,
1 keal/mole P keal/mole kcal/mole

175 -1.15802 -2.3160% -1.05206 = -3.36810 =-0.94167 -4.30977
200 -1.22532 -2.45064% -1.09010 -3.5407h -0.941k9 -k, L8p23
205 -1.20095 -2.58190 -1.12649 -3.70839 -0.93964%  -4.6u803
250 -1.35516 -2.71032 ~-1.16146 -3.87178 -0.93636 -4.8081k
275 -1.41791 -2.83582 -1.19%97 -4.03079 -0.93166 -k, 96245
300 ~1.4k7913 -2.95826 -1.22695 -L4,18521 -5.11060
325 -1.53915 ~3.07830 -1.25775 -4.33605 -0.85389 ~5.18994
350 -1.59791 -3.19582 -1.28728  -L.48310 -0.7512h -.5.23434
375 -1.65549 -3.31098 -1.31561 -4.62659 -0.64739 -5.27398




AF°f ,KILOCALORIES PER GRAM MOLE
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Alternately, the equations for log p as a function of 1/T were used to pro-
duce an expression for each AF as a fuanction of temperaturs.

First sn expression was obtained which fitted the Internaticnal
Critical Tables data on vapor pressure of pure mercury over the temperature
range 175-375° C3

log pgg = 7.84400 - 3124.81/T

From this eguation and the ones previcusly presented, the expres-
sions for AF were found and checked against the point-by-poinit calculatlons

made earler. These expressions gave directly the valuss for OH and AS:

For UHgp,
10g Pgmay = T-29890C - 3134.83/T
10g Pg = T.84409 -~ 3124.81/T
OF = 4.5THT log Pyma1/Pug
= hL.shr (7.29890 - §é§%&§§ - 7.84409 +,§l§%;§£)
= 4, 574T (-0.545190 - 10%62)
= = (45.83148 + 2.45370T)
Check:
T AF AF (from Table IV)
443 =1163.009 »1158.02
548 ~1412, 379 - -1417.91
6418 «1661.7h9 ~1655.49
AFUHg2 = ZZﬁuﬁge = = (91.66296 + L.98740T)
M = =91.6629 cal/mole
AS = 4,987h eu



For UHg3
108 Dagay = T-554460 - 3226.21/T
10g Py, = T7.84409 - 3124.81/T
- AF = = 4,577 (.28949 AQ}EEQ)
= - (463.8036 + 1.3241T)
Check:
T AF AF (from Table IV)
448 - 1057.0057 - 10%2.06
548 - 1189.4177 - 1194.97
648 - 1321.8297 - 1315.61

AFURgy = OFuigy *+ SPumgs

~ (91.66296 + 4.98740T + 463.8036 + 1.32412726T)

]

~ {555.46656 + 6.31152726T)

Fa\:|

i

=555,46 cal/mole
AS = 6.3115 ex
For UHg), wp to 3OQQ C,

1og Popen = 7.88899 - §§2%;§2

log pyg = 7.8kkoy - FELEL
— o ‘ 227.08
AF = 4. 5747 {(C.0LkLOO - T-)
= « (1038.66392 ~ 0.2053726T)
Check
T AF AF {(from Table IV)

548 ~326.120 -931.660



AFyng),

it

i

0
Ag

#

For UHg), above

108 Pamal

oF

Check:

648

AFypg, =

AH ==

A8, =

49

NPy + ZFUth up to 300° ¢

-
"

6

(555.46656 + 6.31152726T + 1038.66392-.2053726T)
(1594 .13048 + 6.106154590T)
1594.13 cal/mole

.10615 eu

300° ¢

=

=

8.71063 - §§§%;§§

_ 312k.81
7.84409 T

h574T (0.86654 - 1%2)

- (3222.01708 - 3.96355396T)

&F AF (from Table IV)
- 653.63 - 647.386

AFng3 + Zﬁbﬁgu over 300° ¢

H

o

(555.46656 + 6.31152726T + 3222.01708 - 3.96355396T)
(3777.4836% + 2.34797330T)

3777.4836 cal/mole
. 34797 eu



DISCUSSION

The first conflict with previous data came when 1t was found thet
compositions between UHg), and pure Hg produced a log p vs. l/T line distinct
from the pure mercury line (note Fig. 15). This was not expected on the
basis of a previously published phase diagram (Fig. 1). However, Wilson's
dlagram indicated that at one point four phases existed: UHgS, UHg),, Hg(gas),
and Hg(liquid). With the components uranium and mercury and the temperature,
pressure, and composition fixed, substitution in Gibbs' phase rule for the
system indicsted that this was an impossible situation. This same diagram
corrected to agree with the data of the present work is shown in Fig. 17.
Note that the decompositlon temperatures, at 1 atmesphere pressure, agree
reasonably well except that, slnce the present work added a distiact isotherm
for the equilibrium vaporization of mercury from a saturated solution of
uranium in mercury, which is not present in Wilson's dlagram, a somewhat
different interpretation must be given to the various thermwal holds with
which Wilson fixed his temperatures. Figure 3 indicates a slight thermal

hold at about 420° C, which appears to supply the missing temperature.

TABLE V. DECOMPOSITION TEMPERATURES OF URANIUM-MERCURY
INTERMETALLIC COMPCUNDS AT 1 ATMOSFHERE

— T 8“.
Temperature, ~C
Present From Wilson Modified from Wilson
Compound Experimental Article Data
Saturated soln. 366 365
Ung 383 365 390
UHg3 Y37 390 20

Ul 436 160 160
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As further evidence of the possible distinct isobar for a saturated
solution in this system reference can be made to a recent pugliéation by
Chiotti, Klepfer, and Gill(l7) covering work at Iowa State College on the
uranium-zine system. This investigation was carried out by vepor pressure
measurements very similar to the present work, and a distincet vapor pressure

isobar was found for the saturated solution. The phase dlagram likewise

\/

showed an area similar to that shown here in Fig. 17.

The slight but rather sharp change in slope of the vapor pressure
cur&e for Ung indicates some sort of crystallographic transformation. No
known transformation exists for either uranium or the compound at this tem-
perature. Also, no method of further investigation was availablﬁ.A Such
behavior is not unique to this case but shows up in other systems occasionally,
and it was not deemed of sufficient importance to the present objectives to
pursue.

From the work of Messing(h) it is possible to calculate an integral

AH of solution. Glasstone(27) develops the equation
R 1n Np/Ny

Mso1 = ~ 73, - 17T,
vhere N is the mole fraction and T the sbsolute temperature. By this means
Messing has calculated the heat of solution to be about -6.67 Xkecal per mole
of uranium over the temperature range investigated in the present work, 175-
3750 C. At first it was hoped that the information determined in this work-:.
concerning the vapor pressure of the saturated solution of uranium in mercury
would enable a comparison or check calculation between the two independent

laboratory studies. However this was not found to be possible.



In the case of the solubllity data the heat effect of change of
mole fraction with temperature, at constent pressure, ( N/ aT)p, was deter-
mined. In the present work the change of pressure with tempsrature was
measured, but not at constant mole fraction. The concentration also changed
with temperature since there was always excess uranium present. Graphically,
what was measured in the present work was seen to be a series of terminal

points, at saturation, of a fumily of (3P/PT), curves:

log p

/T

As shown nere the dotted lines are at constant mole Traction with
N1<N2<N3, etec. The vapor pressure of these unsaburated solutions would have
to be investigated further before thermodymsmic calculstions could ve made
for the solutions by the methoeds used in the present work. Thils is not rec-
ommended because of the very narrow range of solubility, cnly up to 1.3% by
weight of uvranium in mercury at its boiling point.

The choice of a funchlon of the type A + B/T to Tit both the
experimentally determined data on the smelgems and the vapor pressure of

pure mercury might be considered open tc question. It cannot be denied,
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however, that such a cholice simplifies the curve fitting and other calcula-

tions. Assumption of the usual form of equation for heat capacity, C

b =
A + BT, and conversion of this assumption to AH, AF, and log p equations
produces for the latter case:

logp = A+ B/T+ClogT
Some data published in 1955 by Spedding and Dye(28) on the vapor pressure of
pure mercury were glven in this form. However, the simpler form was chosen
for the present work since the temperature range covered was so narrow. The
calculated @ ¢iy glven in this report for the resulting equations justifies
the choice. It is of interest also to note that the data of Spedding and
Dye, as well as other data they quoted, agreed within 0.2% with the Inter-
national Critical Tables values.

Finally, it is the opinion of the author that the present investi-
gation has resulted in significant new information necessary and applicable
to the problems at hand in nuclear fuel reprocessing. Further efforts, using
diffefent laboratory methods, might extend these data into other ranges of
temperature. Likewise, it 1s possible that measurements on unsaturated solu-
tions would be of value. The technical difficulties of this latter work

would be great and some other approach would probably be better.
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