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The use of mercury as a solveiit f n  the recovery of uranium from 

By means af spaat f'urels is of interest at Oak Ridge Na-tionab Eaboratary. 

vapor pressure measurements, using 8 dew pow% m*&od, %he mercury vapor 

pressure of the uranium-mercury syshm was determined as B frmction o f  both 

composition and temperature. The AF, &I, m d  AS of formation of three 

i,ntePmetallic compounds formed fm LUXIZI~W md mercury were calculated. 

The phase: diagram for  the system was re-evaluated md corrected. The? re- 

lationships determine d, which are appl.icabh between the .&empra%ures 175 

and 375' C, are : 

Vapor mssux@s: 

For compositions between U and Wgz log p = ~ ~ 2 9 8 7 0  - 3134,83/~ 

Between UHQ ajnd UHg3 

Between UHg3 and TJHQ 

log p 'j. 7.55460 - 3226.21/T 
log p z 7.88899 335S.89/~ be1O.J 300' C 

log p = 8,71063 - 3829,23/T above 300' C 

]3etwen u ~ g 4  atza sa,twatea s o ~ ~ i o n  of u in ~g 

10% p = 7.78021. - 37_32=71C/T 
Thernodynanlic Equations of the  Fom AFf = AHf - TASf  

For u14g2 A F ~  = - 9 ~ 6 6 3  - J.1.98~~ 

For UHg3 AFT = - 555.467 - 6.312'11 
For mg4 AFf = - 1594.130 = 6.106'~ below ,300" C 

AFf -- - 3777.484 - 2.34m m ~ ~ e  300O c 

The corrected phase diagram i s  shown In Figo 16. 

. 
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INZliODUCTTON 

The pu~pase of the work reported 51% this paper was t o  determine addi- 

tional infomation about the phase relationshj-ps i n  %e mercury-uranium syst@na, 

and to determine some o f  the thermodynamic properties of the tkree known inter- 

metallic compounds formed by %he system. This information was needed as part 

of 8 1-arge-scale s t u d y  on methods o f  nuclear f u e l  sagmcessiag and decontWna- 

t ion.  A brief background of tihis pmbbean may be obtained mast readi ly  from the 

introductory paragraphs o f  an as ye t  unpublished paper by 0. C. Dean, A. F, 

Messing, and this author: 

Uranium, khorium, and plutonium f o m  -mrcury series of inter- 
metallic compounds of l o w  s tab ilLty * Although the se interme tallic s are 
quite pyrophoric, they are wetted and, protected from oxidative atmos- 

stable a t  1 atmosphere a t  -t%mpera-t;?nres below 365" C, is soluble in mer- 
cury up -bo 1,2 %torn per cent urmim at 356' C, The plutonium compound. 
is nearly as soluble, but Tmg3 i s  about Q D ~  osder less soluble, Since 
t h e  noble fission products, e .g., ruthenium a d  molybdenum, have mercury 
so lub i l i t i e s  from =two to f ive orders less thm uranium, good separations 
may be obtajned. The more soluble alkal.ine earths and rare  earths are 
oxidized preferentiaUy and their  oxirles are not  wetted 'by mercury, so 
they can be f ' i l t w e d  from the hot uranium solu.tion, 

pheres l?;~ e ~ ~ t 3 s s  mrcmy. The ~TmD~m-mereuXy (ZompOUd -mgL,, which J,s 

U r a n i u m  and thorium a m  re8d.il.y recovered from mercury. 
curides crystallize and can be filzesed f r o m  s o l u l l o n  a& 25" C,  
d i s t i l l a t i o n  at, BOO* c Y"eiJ1Qves *e rerna.in-ing mercury t o  10 ppm. 
uranium may be melted in the same retart, 'out thorium appeus as a 
massive bu-t; parous s intered biliek with a denstty 75% of theoret%cal. 

The mer- 
Vacuum 
m e  

The chlorides of urmiuni and thorium have been reduced to their  
respective mrcuride s by alka9i metal EiraaLgms 
eliminated from t h e  8na.lgaanC; by washing a d  the massive metals have 
been mcovered.~ Urmiurn hexafluasib has been aaeaueed t o  Wg4 with 
Iltthium amalgaxa and the waja€um recovered with 8 yield of SO$, 

I m p s i t i e  s have been 

Tbe phase rebat3onships Ln the rwrcuzy-uranium a d  mercury-thortum 
sysLems have been studied., A corrected phase diagram and %he thermo- 
dynamic properties have been worked ai+, for t h e  uranium syst;ern (%he 
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p-resen-t pager). 
nierezlry system. 
zirconium i n  mercury satura%ed with iaranium have been determind,  
bili-ties of gadolinium, neodymium, samarium., uranium, and thorium in 
mercury have also been determined. Dec~ntaaidnation f a c t o m  for tarmiurn 
metal from m J o s  Fiss ion  p r c d u ~ t s  on a. 100-g scale m n g d  f r m  IC to 3.0 

A tentat ive phase dia,graa i s  present'*?d fo r  thc thorium- 
Solubilities of .ruthenium, p l h t E v m , ,  inolybdewlw, aril 

S02-u- 

4 

dcxtoral tiepee. The report describes research csrried silt i n  the Ghemical 

Techology Division a t  the  Oak Ridge National Labomtoq-. 

Program of  the Oak Ridge Ins t i tu te  of Nuelear Sbad,i::s and w a s  direckd by a 

emmittee appointed by Dean Greg Stevenson of the UniverixLtg o f  Loriislri31.e 

DivisSon of the Oak Ridge National hbomtmy. 



3 

f The literature contain& only two significant aad w i & l y  qaoted 

a r t i c l e s  on the uranium-mercury system, These gave the composition, l a t t i c e  

pwawters, and deemposition temperatures f o r  three fn- temetal l ic  compounds 

end etn e a t h a t e  OS the mkal so lubi l i t i es  of mrcuy in uranium and inter- 

metallic components. They presented techniques for  tiha preparation and hand- 

l i n g  of uratlfum amalgams but no vapor pressure data or thenpodpanic data. 

The first of these i s  8 repor% by Ahsna;nn, Baldwin, a d  Wi%s~n(~) 

reporting on work done w i t h  the uranium-mercury system at; the Iowa Stab 

College &?& iastalLation around 3-94?. ma abstract  of -this report describes 

very we11 what was done : 

complete phase diagram a t  1 atmosphere t o t a l  pressure bas been reproduced 

widely in the la&r Literature (Pig. 1). 

Qn that  project several facts impor%ant to the present work were 

made &finite, and a number of experimental %echr”iiques were developd which 

WEes author has used also. The faeL that  there were -t;hree, and only three, 

Lnkmtal l ics  in the U-Hg system = UHg2, Wg3, and uHg4 - with l i t t l e  or 

no mtuaJ, solubility was established, Tkde or&r  of magnitude of the s o h -  

bility of urar*ium in mercury a% eXevat;ed t;empratms, close to t h e  noma$ 
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boil ing point of mercury, was placed a t  about l$, which agrees well with the 

much later work of Messing. (') An experimental technique w a s  developed fo r  

the preparation of uranium amalgams by first preparing f inely divided uranium 

through hydriding and dehydriding under vacuum. 

Wilson's abstraet  states that vapor pressure-temperature curves were 

used. 

vapor pressure cu!rves, it must be pointed out that t h e i r  work consisted i n  

observing vapor-pressure surges during d i s t$ l l a t ion  of a uraniw-smereuy mix- 

ture  or iginal ly  containing a high mercury content, The tempratures  a t  which 

these surges occurred were used as reinforcing evidence t o  the t h e m 1  analysis 

Because the present work consists main!,y of the detemination. of such 

determi.nat;ion of decomposition temperatures of the aaalgan intermetall ics,  

I n  h i s  report, Wilson states that pract ical ly  no work had been done 

on the uranium-mercury system before 1941 and gives re ferewes  t o  but a few 

other papers, published since 1941. These contained l i t t l e  except a single 

prediction of a possible intermetal l ic  compound. 

The second s ignif icant  publication on the uranium-mercury system w a s  

an A,E,R,E, report(5)  by Frost on work done at  Brwell i n  Englaxla about 1953. 

It essent ia l ly  duplicated the previously described e f f o r t  a t  Iowa, as indicated 

by the abstract :  

The a l loy  system uranium-mrcwy has been examined by means of x-ray, 
thermal, and micrographic analysis,  The high v o l a t i l i t y  of mercury necessi- 
tated the development of a hydriding process fo r  the preparation of the 
alloys.  A t  a l l  except very d i lu t e  concentrations the al loys were pyrophoric 
and a11 operations were carr ied out i n  vacuo. 

The so l id  so lub i l i t i e s  of uranium i n  mercury and of mercury i n  
uranium were both very small. Three compounds were identified to which 
the fomi lae  UHg2, UHga, and URgs  were assigned. The cxys"ca1 structures 
of UHg2 and UHg3 were 
melting points. 

erived and are  discussed i n  re la t ion  t o  their  
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The uranium-me rcury system forms three i ~ t e  me LaZl-tc cmpwids .wkic';l. 

are ilot mutually solublc.('g) 

naximum at 356' C of l.2$(3) uranium in mercury (5y weight,). 

i n  equilibrium with these compounds and solution a t  temperntxres e;lcouixtere!: 

i n  t h i s  work consisted of pure monatomic(20) mercury. 

"he only so lubi l i ty  Paund "in the systen i s  a 

The vapor pl-,ase 

On this basis t h e  Pol -  

lowing thermodynamic calculations may be made o 

For t he  determination of the standard free energy of foma'cfoa, AFF, 

of the ht;emie'callic compound UHg2 three chemical equatior,s ms-t; be considex2:  

1/2 U(so1id) + Hg (vapor at  pmal ) ,A 1./2 UHgz(solid) AF = 8 

Additsion of "che three gives: 
a;?l.a'l. 

1/2 U(solid) +- Hg ( l i qu id )  -3 l / 2  UHgZ(sol.id) AF ::I. 8T h-- FHg := AFP 

The first equation denotes a stwi:e of eqt,LPxivm Setwen t;;?s -t.;rc; 

solids,  axid a gas phase coflsis'cing of pure mer@i:ry vaqor, at a, pressi~re &.i.ch 

i s  the equilibrium decompos.ition pressme o f  ,the amrzlgarn UHg2 at the exfsT.%~g 

teuiperatxre ,, Tne second e q;lati.or* i s  for %he iso.Li;ilctsrr;zal v~poriza.t ian of liqv!.d. 

mercury -t;o mercury vapor a t  its equilibrium vapor p ~ ~ s s u r e  at .the sam kzpera-  

-Lureb By "che very f a c t  .l;izat 50th equations defiute eqxilUxiimiJ A F  f o r  e. 

reaction i s  zeroa Toe t h i r d  equatdon denotes an isotheima2. zxTansion fcr w h L * ~ h  

AP i s  expressed as a function of -the pressure change, Any s-i;amh.jrd -text. mch. 

8 s  "Llie one by Kiotz(*l) . w i l l  show the  fundam.etnt,al delieiop~.e:r.ts used Sere, 5 u t  

it should be again pointEd ant that Yne assumptioii of i k a l  conditions has 

been 1nad.e and i s  ju s t i f i ed  in t h i s  caseo 



For the f i n a l  equation, considerbg standard s t a t e  for  sol ids  aad 

l iquids  as the usual s t a t e  a t  the exis t ing temperature, the AF can be seen 

t o  be actual ly  %he standard f ree  energy of formation AF;. Likewise,since 

apg = -RT ~n $,,then ~p = pHg/pmal. Accordltng t o  Kubaschewski and Evans (13) 

the uranium-mercury system can be considered as one i n  which only the mercury 

i s  V O h t i h ,  and UHQ, mg3, uHg4, and a solution of UHg4 i n  excess mercury 

are condensed phases. Schematically, l e t t i n g  A = uranium and B = mercury, an 

isothermal vapor pressure curve would appear as  shown i n  Fig, 4 where p i s  

the vapor pressure. 

The f ree  energy changes of each reaction s tep may be expressed as 

follows, noting that 2.303 R = 4.574, giving AI? i n  calor ies  per mole of B: 
- 

1,/2 A + B C__). 1/2 AB2 A F l  = 4.574 T log p 1 / p t j  

AF2 = 4,574 T log pg/p5 A B 2 - t B  _c+b 

+ B  - AEi4 ZF3 = 4.574 T l . O g  p3/P5 

- 
e;83 

where indicates a p a r t i a l  qtamtxity. Then the integral  f ree  energies in. 

calor ies  per mole of compound are given by: 

A + 2B - ' AB2 AF1 = ml per mole of AB2 

A + p  e m3 A F ~  = m1 + S2 per mole of m3 

A + 4 B  I_Jy) AB4 A F ~  = 2E1 + E2 + ZF3 per mole of  AB^ 
Thus from the vapor pressure determinations the standard free energies of for- 

mation for  the intermetall ic compounds UHg2, UHg3, and UHg4 can be determined. 

Owing t o  the f a c t  that the system under consideration i s  a metall ic 

system, it w a s  f e l t  t ha t  the method of det.ermiaation o f  Uze thermodynamic 

properties should a l so  be developed by the methods of metallurgical thermo- 

dynamics. Thus, following the presentation of Wagner, ( 2 2 )  an extensive 
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themodynamic property, which might be called G, i s  a homogeneous fhnction of 

degree 1. 

ten G = f(n2,nz) f o r  a two-component system containing nl moles of component 

1 and n2 moles of component 2. To such a function Euler's theorem i s  appli- 

cable, givixlg : 

A t  f ixed temperature T w d  pressure P, such a f m c t i o n  may be writ- 

Defining the two p a r t i a l  derivatives as p a r t i a l  molar quantit ies:  

- - aC/ = G~ and acT/ an2 = a2 

we can then write: 

G = n1Zl + n2G2 (3) 

If t h i s  i s  divided by the total moles, n l  + n2, the quantity on the l e f t -  

hand side of the equation becomes a malar quantity G,, and the  products of 

the mole f ract ions x i  and p a r t i a l  molar quantit ies 5 appear an the right:  

= X l G l  + x2& (4) 

CG = niG1 + iT1~1  + ne&?& + ?$in* (5)  

TakWg the t o t a l  d i f f e ren t i a l  of equakion (3): 

However from t he  defini t ion of the par t ia l .  molar quantit ies it fo l -  

lows that a property change dG caused by changing the number of moles by dnl 

and dn2 equals: 

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

npii5l + *a2 = 0 or  X l G 1  + x2a* = 0 ( 7 )  

noting that the re lat ionship i s  valid only a t  constant T and P. 
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Now if the re la t ive  partial molar free energy of component 2 is measured as 

a function of x2, then the re la t ive  par%ial molar f r e e  energy of camponeat 1 

can be computed: 

The lower integration l i m i t  i s  determined by the condition 

pure mbstmce 1, i*ea, x2 = 0, 

= 0 for  the 

If eqyatiorr (3.2) is integrated by p a t s :  

SFmi1a.r t o  the re la t ive  p a r t i a l  molar quantit ies f o r  individual 

components, relative integral molar quantFtLes can also be defined, and thus, 

by analogy with equation(&): 

This i s  the change in f ree  energy f o r  t h e  revsrsible and isothermal formation 

of 1 mole o f  alloy from x l  mole of component 1 and x2 mole of component, 2 ,  

If it i s  desirable t o  compute the coneentxation dependence of the 

re la t ive  integral, molrw: free energy from measured values of the re la t ive  

p a r t i a l  molar 

equation (13) 

free energy of one component, t h i s  can be done by subst i tut ing 

i n t o  (14): 

aF, 

The 

heterogeneous 

above re la t ions  describe the behavior of a single phase. In 

systems the sua of the extensive thermodynamic functions f o r  

the Individual phases equals the corresponding flunction fo r  the en t i re  6yStemt 

Hence, i f  the molar quantit ies o r  the re la t ive  in tegra l  molar quant i t ies  are 

'consFdered as functions of x2, l i n e a  functions in a heterogeneous region are 

obtalne d a 
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In  the uranium-mercury system intermediatc conipozinds are formed- which 

a re  not mutually soluble to any extent and which decanipose to give a vapor yhase 

of monatomic merca-ry. 

region of t h i s  system of three phases--two so l id ,  one vapor-and k i t h  two com- 

ponents shoiis one degree of freedom, or  P = f(T), w t t h  the composition of the 

phases remaining constant. Also, a c r i te r ion  f o r  equilibrium i s  tiia'c each com- 

ponent have the same chemical potent ia l ,  p r t i a l  molar free e n e r a ,  or a c t i v i t y  

i n  each phase. 

t ions for one phase defines them fo r  the en t i r e  system. 

Application of the Gibbs phase ru le  to  a heterogeneous 

Thus the determination of these extensive thermodynamic func- 

Likewise, since our system w i l l  contain regions of heterogeneity 

where phase compositions remain constant 

remain constant over t h i s  whole region. 

energy z2 oi' one constituent i s  known as a, function o f  x 

the partial.. molar quant i t ies  w i l l  

i f  the r e l a t ive  p a r t i a l  molar free 

then the  E of the 
2 7  1 

other. consti tuent,  and the in t eg ra l  molar free energy Nm7 can be compted from 

equations (13) and (15). 

Assuing  i s  known f o r  t h e  cornpositions IJIIg2, u!Ig3, 1131gq, it i s  m 
required t o  cal.culal;e Che 

equation (15 ) .  

( n+ l>  moles o f  solution.)  

for the three corilpouads by 'chc application of 

(Note tha t  i n  t h i s  treatment 1 mole of UHg,. i s  equivalent t o  

h e r  t h e  range of tuercuzy content from x 7 o to 

x = 2 / 3 ,  where x = mole f rac t ion  of mercury: 

e 

However, AF i s  constant over t h i s  range; therefore 
2 

0 

k 
= Ab'** $3-1) = 
- z2 per mole of solution 

3 



since 1 mole of uflgz = 3 moles of solution,for uET@;2: 

2- - 
AF, = 3 x 3 AF2 = 2 AF2 per mole of uHg2 

= 3/4, G3 i s  eonstmt and 1 mole of compomd 

m633 

This agrees exactly with t h e  other derivation. 

The tempraQ;.me dependence of %hem qywtities was also determined 

aver a temperature range 175O to 375' C. According to Ze1nmski , (~3)  since 

L% may be determbed for each compound and also 4 as a function of temperature. 
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Since AF = A1€4MS, AS may be determined, Also, since d(AH)/$P := ACp = 
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EIXPEXWNTAII 

The objective of the experimental work was t o  prepare samples of 

pure uranium-mercury mixtures over a wide range of compositions In such a. 

physical form that the Zntermet83lics UHg2, uHg3, and uWg4 would form. 

the components reached an equilibrium state with reference t o  the phases 

present, %he three intermetall ics,  excess uranium, or  excess mrcury, the 

mercury vapor pressure over the sol id  or l iquid phases was t o  be measured 

as a flrnction of both composition a.nd temperature, 

After 

The uranium metal. used was of the highest chemical purity avail-  

able* 

a gaseous diffusion plant.  

It was in the form of cas t  rod produced from the depleted product of 

Chemical analysis of t h e  s a p l e  showed: 

Carbon 200-300 ppm 
Oxygen 3-3 PPm 
Ison 40 PPm 
NP, Al, si Each l e s s  t h m  

The rods were machined i n t o  la the turnings and then broken 

50 PPm 

up manually i n t o  

th in  chips approximately 1/4 in. long by 1/16 in,. wide. 

work was necessary because of the  tendency f o r  the fresh surfaces produced 

t o  igni te  spontaneously. 

of f l l t e s ing ,  washing w i t h  HN03, and was doubly d i s t i l l e d  wider vacuum. 

The careful manual 

The mercury used vas purif ied by tihe usual  methods 

Timediately before use, the approximate mount of chips necessary 

for cl. sample was cleaned by washing i n  concentrated n i t r i c  acid which dissolved 

a l l  surface oxide. 

was followed by r i n s b g  w i t h  acetone. 

room temperature or only slightly above t o  prevent; reoxidation. 

Repeated washing with d i s t i l l e d  water t o  remove t he  acid 

The chLpps were dried under vacuum at  



22 

The combinatiom3 sample preparation tube m d  vapor pressure c e l l  (Figs, 

5 and 6) was prepared fo r  use, a f t e r  manufacture in W-re glass shop, by carem1 

cleaning wlkh f resh cleaning solution ( su l fur ic  -t chromic acid), rinsing with 

d i s t i l l e d  water u n t i l  free of chromate, r insing with acetone, and drying over- 

night i n  an oven at 110' C. 

balance and placed i n  section D of the tube, and the purif ied mercury w a s  

weighed and placed in section E, The kube was then sealed, glass t o  glass, 

t o  the sample preparation apparatus (Fig, 7) close t o  point A, and s ideam C 

was drawn off and scaled. 

shows the sample preparation apparatus with the tube i n  placc, 

The uranium chips were weighed on an analytical 

The system w a s  i rmdiat*ely evacuated. F igwe  8 

The hydrogen was supplied from a -tank of e l ec t ro ly t i c  hydrogen, drawn 

off through a catalytic deoxygenation chamber and Etrying tube, 

was f i rs t  used Lo purge that portion of the sample preparation system, includ- 

ing Uie gauge and second roughing pump, A s  soon as the m a i n  system including 

the sample preparation tube became evacuated t o  about 5 x lowc7 m Hg total 

pressure, w i t h  the uranium chips heated t o  100' C, the three-way valve w a s  

adjusted Lo allow hydrogen gas t o  enter -tiinE: sample preparatlon tube t o  an 

absol.utc pressure of 1 atmosphere. 

and the uranium was heated t o  250" C. 

indicated by falling hydrogen pressure, the hydrogen was replenished t o  raise 

t h e  pressure back to 1 atmosphere. h a period o f  about an Iriou~, depending 

on the size of Lhe uranium sample, the hydrogen pressure no longer fel'l, and 

hydriding was complete. Usually there ~ m s  ai I n i t Z a l  bduc t ion  period, be- 

fore the .  uranium began t o  absorb the hydrogen, which varied from a f e w  idnubs 

t o  an hour. This may have been a fluletion of t h e  completeness of degassing cif  

the uranium surface but did no% appear t o  affect  the f i n a l  results. 

This supply 

The mercury was cooled w i t h  m+ ice bath 

As the urasiiw~ absorbed hydrogen, as 
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When the hydriding s tep was completed, the second roughing pump was 

used t o  remove the hydrogen and the furnace temperature was ra ised t o  300° C. 

A t  the end of about an how,. when evolution of hydrogen from the sample had 

slowed as shown by the pressure gauge a f t e r  the system had been isolated from 

the pump, the hot sample tube w a s  again opened into the high-vacuum p a r t  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 t o t a l  pressure was f i n a l l y  decreased to 1 t o  2 x lom6 mm Hg, measured 

with the uranium s t i l l  a t  300' C. 

off a t  the constriction A (Fig. 5) and remaved from the system. 

treatment the uranium was a f ine ly  divided powder, sometimes l i g h t l y  s intered 

but very porous. 

The sample tube w a s  then careful ly  sealed 

After t h i s  

In order t o  eliminate any poss ib i l i t y  of contamination of the amalgam 

with oxides of mercury, the evacuated and sealed sample tabe w a s  next gently 

heated by placing the end containing the mercury inside a tube furnace, caus- 

ing the mercury t o  vaporize out of container E (Fig. 5)  and condense i n  D, 

where it combined with the uranium. 

out of E, constriction B w a s  sealed off .  The vapor pressure tube then appeared 

as shown i n  Fig. 9. 

After a l l  mercury had been transferred 

The vapor pressure was measured by the dew point method with the 

equipment shown i n  Figs. 10 and 11. The furnace was a stock model made by 

Marshall Products Company of Columbus; Ohio, 1.3 in.  long with a 2.5-in.- 

i.d. ceramic tube. The windings w e r e  tapped along i t s  length a t  10 points, 

and the temperature w a s  controlled by varying the input current, generally ir, 

the range of 3 t o  6 amp at  a voltage of about 20-50 volts. Variable sliding- 
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FIGURE 9 .  VAPOR PRESSURE SAMPLE, 
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FIGURE 11. VAPOR PRESSURE MEASURING EQUl PMENT. 
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contact r e s i s to r s  of 0-24 ohms were shunted across the windings a t  each end 

(Fig. 12) t o  vtlry the end temperatures as required. 

The vapor pressure tube was clamped in to  the holder with the two 

observation windows l ined 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  f i b e r  adhesive tape. 

placed both around the tube containing the amalga and around the main tube 

extending out over the cooled observation window. The u n i t  was ins ta l led  

in the Marshall f’urnace, and the ends of the furnace were closed by mans 

of asbestos sheet. 

main furnace power supply, w a s  placed in the furnace tube. 

power w a s  turned on and the shunt r e s i s to r s  were adjusted t o  give an approxi- 

ma-t;ely uniform temperature over the en t i re  f’urnace length. 

t o t a l  furnace power input, by means of a Variac, f ixed the temperature of the 

furnace after reaching thermal equilibrium with the surroundings. Using an 

on-off control ler  was not prac t ica l  as it produced too great  a temperature 

fluctuation during a run. 

a3 low several  days at temperature f o r  chemical equilibrium, whereas thermal 

equilibrium w a s  generally obtained in  a matter of hours, 

Alminum f o i l  radiat ion shields were 

A safety thermocouple, connected t o  a control ler  in the 

The furnace 

Control of the 

With a new amalgam sample it w a s  necessapy t o  

The temperature measuring equipment i s  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 K-2 poten- 

tiometer. The two Brown recorders were then adjusted t o  read the correct 

temperature range by se t t i ng  the switches so t h a t  an emf from the K-2 was fed 

in to  the input of the Brown recorders. These two recorders had been modified 
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FIGURE 12. FURNACE AND CONTROLS. 
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FIGURE 13, VAPOR PRESSURE CELL AND HOLDER. 
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The vapor pressure of the amalgam at i t s  recorded temperahire WRS 

then assumed. 8s equal. t o  the vapor Fressure of pure mercury, taken from hmd- 

%ook (24) values, at the temperabre of the cooled window. This reading was 

corrected for  terinperatxre hag across the glass barr ie r  by comparing it w i t h  

the value obtained in @e run i n  which only mercury was used in the vapor pres- 

sa(? cell. 

Subsequerit runs a t  different  temperatures an the same sample m r e  

made only after a 2- t o  4 - l ~  periad t o  allow chemical. and thermal equilib-ciua 

t o  agxb be reached. With practice the  f'uannace controls could be adJusted t o  

give a desired temperatare m d  t o  allow equilibrium t o  be reached w i t h  a 

tempers%vre differential between -the two ends of &e furnace so %'flat coolbg  

v~~clLd I ? C ~  have t o  cover such a vide temperature rm-ge. This made i.c rmch 

easier  t o  kzep z;hs walgam temperatwe consdm-t; during a rw1. 

r)ur&ig %he cDUrse of the experimental vork sevez-al variations we'TF: 

ti*ied aid abandoned. n e s e  should be mcationed for  t h e i r  possi.bl_c value t o  

I"uhire workzrs in %xis f i e ld .  In  order t o  get more exacL tempers%me measure- 

ments or? She mabgam, the first vapor pressure c e l l  was designed w i k h  a 

Z,her?locouple ~ l l  extending in to  the malgm. Glass thermocouple wells broke 

as bhe so l id  amalgms formed, causing st-ress on the wells. A s t a i n l e s s  steel 

v e l i  attached by 8 Kovw-to-glms seal we8 abandoned as i t  appeared '60 haTe 

SUKC 8ffbiii;y for -?he mercury. Bo*A 8 plati;luwn and a timgsten wire sealed 

Uirn;igh %he glass to a c t  as a, Ynermal condixc-tance probe caused leaks and w e ~ e  

d i f f i cu l tm  to nake good contsct with the themocouple. The method f i n a l l y  

used w m  t9 place tihe thermocouple against the glass, shieldiag it w i t h  e 3 ~ .  

ahminum foil- against radiation fmrn the Furnace wal ls ,md calibrating Vfle 
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x- 2 

x*- 3 

x- 4 

x- 5 
X- 6 

x-'7 
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-- 
Amalg-:.tE Corrected Log 
Mea sired. Vapor Amalgam Corrected 

Amalgan h a l g s m  Vapor f i e  s sure Vapor AmBlgarn 

M*-l 275.0 
2 305.0 
3 337.3 
4 378.5 
5 212.5 
6 217.4 

5 346.5 
6 176 
7 172 
8 220 
9 273 
io 295 
11 320 
12 353 
13 268 

E*-4 383 

5*-3 396.6 
J+ 285.5 

6 373 
5 24G.2 

7 200 

182.5 
173 4 @ 
163.9 
153 5 
206. o 
203.9 

152. 
161 e 4 
222.7 
224 7 
202 8 
184.2 
176. i 
X6.6  
159.7 
_. -E!;*; 

;7-. 3 

194. 9 

211.4 

279.0 

154.7 

23.L 

z B - 6  
51.3 

251.2 
3.46 
4.09 

306. o 
137.8 
0.68 
0.70 
4.03 
18.75 
37.2 
70.2 
152.2 
16.7 

69.8 
37.4 
10.7 
309 0 
2- 78 

223.59 
249.52 
489 10 

: J > 5  . 4 
21.736 
25.388 

Li44. g 
5%. 42 
6.3211 
5.4519 

27.5Lo 
108.99 
iga. 4~. 
361.16 
667.25 
104.26 

272 68 
260. io 

965.8; 
49 9 397 

14 579 

139.34 
275.02 
529 85 
1110. 20 
25.626 
29.734 

1196.6 
630.5s 
7.626 
G *  596 
32 133 
123.47 
221.04 
376 33 
710.68 
117.57 

298.18 
32.43 
57.164 

17.287 
10U. 5 

39.15 
77-39 
149.35 
306.00 
7.350 
8.436 

357.70 
179.89 
1.985 

8.623 
33.23 
59.84 
85.37 
195.63 
30.01 

95.30 
59.73 
18.1667 

35k. 69 
5.488 

1.842 

1.592 73 
1.88818 
2.17421 
2.48572 
0.86629 
0.92614 

2 55352 
2 .e5501 
0.29776 
0.26529 0 
0.93566 

1 * 77699 
1.93131 
2.29144 
1.4772 7 

4- 

1.52153 

2.97909 
1.77613 
1.26640 
2 54985 
0 - 73941 



, 

c*-4 
5 
8 
9 

J“ 1 
2 
3 
4 
5 
6 

6 
7 
9 

F -2 
3 
4 
5 
6 
7 
9 
10 

D*-5 

* 

292 
357 
263 
358 

312 
26a 
278.6 
225 
3 51 
312 

277.5 
201 
283 
304.7 

303 
238 
3 a .  5 
334 
18 5 
218 
349 - 2 
382 5 

177.0 
158 0 7 
1-86.6 
158 5 

170.9 
184.8 
181.3 
200 a 8 
160 3 
170 0 9 

181.7 
211 D 0 
,179 * 9 
1173 1 

3-73 6 
195.7 
155.9 
164.7 
21%. 3 
203 7 
160.7 
152.6 

47.4 
228 ., 5 
19.8 

236.0 

81.5 
28.4 
31.b 

7.1 
215,o 
84.4 

46.8 

55.6 
92.7 

94.0 
121.8 

4.28 

505 
211 

3u.2 
473 

i. 94 
6.60 

2.26863 
2 e 85641 
1. 96029 
2 86283 

2 46456 
2.01810 
2. ~ 3 0 5 2  
i .5041g 
2.80502 
2.46456 

2 e la767 
1 171658 

2 * 39389 

2 37783 
1.66800 
2 94634 
2.66369 

2.79217 
3 0 05234 

2.17548 

0.94211 
1.41105 

185 e 62 
718. k? 
91.262 

729.17 

291 e 45 
I04 26 
135.06 
33- * 929 

63%. 23 

1.31~2 

149.79 
2 q ,  68 

238 .) 69 

883 77 

291 e 45 

15.017 

46 559 

46O.99 

61.:. . 68 

8 7521 
25.766 

llL3.1 

68,M 
274.U 
32 3@3 

284 75 

109.07 
41.72. 
48.13 
22 0 393 
261 e 88 
J L L .  91 

63-57 

74.07 
118.29 

118.73 

557.38 
253.13 

1. 117 

20.053 

3.660 
u.105 

35-40 38 
73’3.7 

1.83554 
2 0 4379 
1.51038 
2.45446 

1.6202k 

1 e 09318 

2.03771 

1.68242 

2 a 4183-0 
2.04910 

1.80325 
0.85230 
1 a 86964 
2,07295 

2 a 07456 
1.30218 
2 74615 
2.40334 
0.56343 

2 0 54947 
2.86788 

1.01b552 



TABU 11 (continued) 

* 
G -1 

2 

5 

L -1 
2 

+$ 

3 
6 

221 202.b- 22.15 
250.5 191.0 5bc.7 
290.3 177.5 145 
3 58 158.5 579 
189.2 216.4 7.65 

2@.5 175.0 174 0 8 
357.2 156.2 737 
270.8 183.9 92.0 
204.8 209.3 14.2 

1 45280 28.366 

2,25251 178.88 
2 e 86283 P9 - 17 
1 00314 10.073 

1 e 81896 65 911 

2 33287 215 a 2 1  
2 93671. 564.39 
2 0470i ail. 43 
a23118 17.029 

33.100 
75 - 365 

u.092 

198 93 
777 0 ps 

238. a4 

125.90 
915.21 

20.158 

26 834 1.42949 
64.155 1.a0-723 
165 e 05 2 .;a1762 
627.?5 2 ’ 79779 
9.699 0.98573 

1 8  4 43 2.29761 
787.82 2.89543 
106 e 47 2 32723 
17.329 1.23877 

* 
CornPosition M - 49.0 atom $J Hg, U + UE+ 

E - 60.2 atom $ Xg, U + LJHg2 

3 H - 69.0 aton 5 Q, UHg2 + UEg 

3 
J - 73.5 atom Hg, UHg2 + UHg3 
D - 76.6 aton1 4 Hg, UHg3 + u1Q, 
F - 78.2 atom ‘$ Hg, UHg3 + UHQ 
G - 84.9 atom 4 ~ g ,  urigb i Hg 

c - 71.5 aton 9 Bg, ‘JHg2 + UHg- 

- -T- 

L - 95.0 atom 8 Hg, KQj+ + Hg 
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II 
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A n m  \\r. 
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I30 I50 I70 I90 210 230 I/Tx105 

394 315 252 209 162 "C 
FIGURE 15. VAPOR PRESSURE OF URANIUM AMALGAM, 
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TABU3 III. C A L C U T X O N  OF sf 

( B )  

448 
4 73 
498 
52 3 
54% 
5 73 
598 
623 
648 

448 
473 
4% 
52 3 
548 
5 73 
598 
623 
648 

448 
4 73 
498 
52 3 
548 
5 73 

5 9  
623 
648 

2049,152 
2163.502 
22 77.8 52 
2392.202 
2506.552 
2620.902 
2735 -252 
2849 a 602 
29-53 ' 952 

2049.152 
2163 a 502 
22 77 8 52 
2392,202 
2506.552 
2620.902 
2735 0 252 
2849.602 
2963.972 

2049.152 

2277.852 

2506.552 

2163.502 

2392.202 

2620. go2 

2735.252 
2849.602 
2963.952 

0.301517 
0.671364 
1.00406 
1 * 30494 
1 e 57840 
1.82799 
2.05671 
2.26706 
2.46120 

0.86664 

1.57080 
1.87143 
2 ? 14408 
2 39235 
2 (. 61942 
2 a 82781 
3 ' 01974 

1.23772 

For UHgr 
3 

0,353234 0.86664 
0.733862 1.23772 
1.07626 1. 5 7080 
1.38591 1 e 87143 
1.66734 2.14408 
1 e 92421 2 * 39235 
2 - 15959 2,61942 
2 37607 2.82782. 
2 57587 3 01974 
FOX+ WQ+ U$ to 30ooc 

I e 15829 1 .570~0 

0.407098 0.86664 
0.802554 1.23772 

1.48001 1.87143 
J- e 77239 2 a I4408 
2 = 03927 2 * 39235 
For UHg above 300°C 

2.30724 2 I 61942 
4 

2.56418 2,82781 
2.80132 3.03.974 

-0.56512 
-0.56636 
-0.56674 
-0.56649 
-0.56568 
-0 e 56436 
-0 562 71 
-0.56075 
-0.55854 

-0 51341 
-0.50386 
-0.49454 
-0.48552 
-0.47674 
-0.46814 
-0.45983 
-0.451'74 
-0,44387 

-0.45954 

-0.41251 
-0 39142 
-0.37167 

-0.1~3517 

-0.35308 

-0.31218 
-0.26363 
-0.21842 

-1.15802 
-I-. 22532 
-1,29095 
-1 e 35516 
-1.41'(95- 
-1.47913 
-1 4 53915 
-1 e 59'191 
-1.65549 

-I. 05206 
-I 09010 
-1. J264.9 - 1. e 16146 
-1.19497 
-1 e 22695 
-1.25775 
-1..28728 
-1 e 31.561 

-0.941667 
-0.943.491 
-0 939637 
-0.936356 
-C.931660 
-0.925388 

-*Q .(353891 
-0.751241 
-0 I) 61~7386 



45 

TABLE IV. IFJTEGRAL AFf 
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FIGURE 16. AF? OF URANIUM MERCURIDES. 
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Altema~Ly, the eqyations for lag p as a Sanction of l/T were used t o  prs- 

duce aa expression for each. AF' as a .funetl,sn of temperature. 

First an expression was obtained which f i t t e d  the Brb.?rna;tional. 

sions for AI? were found and checked against the po3n.t-by-point calcvrlatkms 

For UHg2, 

Check 

T 

448 
548 
648 

AS = 4,9874 
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Check 
T 
448 
548 
648 

ma Ck 
T 

548 

- 
aF 

-926 0 120 
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Check: 
T 

648 
m 

- 653.63 



DISCXJSS ION 

The f i r s t  conf l ic t  with previous data @ m e  when it was f o u d  that 

compositions between UHg4 and pure Eg produced a lag p vs. l,/T l.fm distdnct 

from the pure mercury l ine  (note Fig. 15).  Thi.s was not expected on %he 

basis of a previously published- phase diagram (Fig, 1). 

diagram indicated tha t  a t  one point four phases existed: 

and Hg(1iquid). 

Eowever, Wilson s 

Wg3, UHgs, Wg(gas), 

W i t h  t h e  components uranium m d  mercury aad t h e  temperature, 

pressure, md composition fixed, substi tution In Gibbs' phase mle %or the 

system indicated %hat t h i s  was an impossible sitaati.ono This same diagram 

corrected t;O agree w i t h  the data of the present vork is shown in Fig. la+ 

Note thak the decomposition temperatures, a t  1 atmosphere pi-essure, agree 

reasonably %re11 except tlmt, s h e e  the present work added a d i s t i a c t  isotherm 

fo r  t he  equrilforilam vaporization of rriiercury from a, satxrated solution of 

uranium frr merewys which i s  not present i n  Wllson's diagrm, a sonzewhat 

different  interpretation must be given t o  the v a ~ i o u s  t,hherma,i holds wi%h 

which Wilson fixed his tmperatwes, 

hold at  about 420" C, which appears t o  supply t h e  missing tetnperatwre. 

Figicre 3 Fndicates a slip$% thermal 

383 
43.7 
436 

36 5 
390 
460 

399 
420 

460 
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A s  fur ther  evidence of t;be possible d i s t inc t  isobar for  a saturated 

solution i n  this system reference can be made to  8 recent publication by 

k i o t t i ,  Klepfer, and G l l l ( l 7 )  cowrtng work a t  Iowa State College on the 

uranium-zinc system. 

measuremnts very similar t o  the present work, and a d i s t inc t  vapor pressure 

isobar was found fox the s a k r a t e d  solution. The phase diagram likewise 

showed. an area s i m i l a r  t o  t ha t  shown here in Fig. 17. 

The s l igh t  but rather sharp change in slope of the vapor pressure 

This investigation was carried out by vapor pressure 

curve for UHglc indicates some so r t  of crystallographic transformation. 

known transformation ex i s t s  for  e i the r  uranium or the compound at this tern- 

perature. A l s o ,  no method of fur ther  investigation was available. Such 

behavior i s  not unique t o  t h i s  case but shows up in  other systems occasionally, 

and it was not deemed of suff ic ient  importance t o  the present objectlves Lo 

No 

pursue e 

From t h e  work of it i s  possible t o  calculate an in tegra l  

AH of solution. ~ l a s s tone (27)  itevelops t he  equation 

where N i s  the mole f ract ion and T the absolute temperature. By t h i s  means 

Messing has calculated the heat of solution t o  be about -6.67 kea1 per mole 

of uranium over the temperature range investigated i n  the present work, 175- 

375O C. A t  first i t  was hoped that the information determined Ln t h i s  work : 

concerniag the vapor pressure of the saturated solution of uranium in mrcupy 

would enable a comparison or check calculation between the two independent; 

laboratory studies. However t h i s  w a s  not found t o  be possible. 
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however, t ha t  such a choice simplifies the curve f i t t i n g  and other calcula- 

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

A f BT, and conversion of t h i s  assumption t o  AH, AF, and log  p equations 

produces f o r  the latter case: 

= 

log p = A + BIT + C log T 

Some data published i n  1955 by Spedding and Dye (28) on the vapor pressure of 

pure mercury were given Fn t h i s  form. However, the simpler form was chosen 

for the present work since the temperature range covered wits  so narrow. 

calculated Cf1.t; given i n  this report  fo r  t h e  resul-king equations j u s t i f i e s  

tne choice. It i s  of i n t e re s t  also t o  note that the data of Spedding and 

Dye, as  we11 as other data they quoted, agreed w i t h i n  0.2% w i t h  the Inter-  

national Cr i t i ca l  Table s value s. 

The 

Finally, it i s  the opinion of the author that the present investi-  

gation has resulted in  s ignif icant  new information necessary arnd applicable 

t o  the problems a t  hand i n  nuclear m e 1  reprocessing. Further e f fo r t s ,  using 

different  laboratory methods, might extend these data into other ranges of 

temperature. Likewise, it i s  possible tha t  measixrements on unsatura-kd solu- 

t ions would be of value. The technical d i f f i cu l t i e s  of t h i s  lat ter work 

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