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EQUIPMENT AND PROCEDURES FOR STUDYING THE 

EQUILIBRIUM SOLUBILITY OF IRON IN NaK 

by 

P . G. Drugas and L, R, Kelman 

ABSTRACT 

This study of the equi l ibr ium solubility of i ron in NaK 
was pa r t of a p r o g r a m to invest igate the mechan i sms whereby 
solid me ta l s a r e at tacked by liquid me ta l s in engineering 
s y s t e m s . Careful considerat ion was given to severa l expe r i ­
menta l solubility methods and the equipment and p rocedures 
a r e descr ibed in detai l , A t r i a l run of the mos t promis ing 
method was made, and the equi l ibr ium solubility of i ron in 
NaK at 700° C was found to be 15± 3 ppm. The solubility 
methods that were devised made no provis ion for pa r t i c l e s 
of i ron that might r ema in suspended in NaK upon precipi ta t ion 
fronn sa tura ted solutions on cooling. In t e s t s that were p e r ­
formed to de te rmine the degree to which this phenomenon 
occur red , l i t t le , if any, tendency for suspension was found. 

This study was discontinued because of a shift in e m ­
phas i s to other work. 

I. INTRODUCTION 

This study of the equi l ibr ium solubility of i ron in NaK was intended 
a s one of a s e r i e s of invest igat ions a imed at providing accu ra t e , fundamen­
ta l data for the solution of m a t e r i a l s of construction problems anticipated 
in the field of liquid meta l cooled nuclear r e a c t o r s . The mechan i sms w h e r e ­
by solid m e t a l s a r e at tacked by liquid m e t a l s in engineering sys tems a r e not 
understood. Numerous va r i ab l e s , some of which a r e t ime , t e m p e r a t u r e , i m ­
pu r i t i e s , and the p r e s e n c e of other m e t a l s , mus t be studied sys temat ica l ly 
before opt imum operat ing conditions can be determined. 

In th is study it was proposed to de te rmine the solubility of pure i ron 
in NaK as a function of the following: 

1. Composition of the NaK - f rom pure sodium to pure po tass ium 
2. T e m p e r a t u r e - up to 850°C 
3. T ime 
4. Non-meta l l i c impur i t i e s - especial ly oxygen 
5. Some meta l l i c alloying elenments in s teel . 



This investigation was discontinued after careful considerat ion had 
been given to s eve ra l exper imenta l methods for determining solubility of 
i ron in NaK and a t r i a l t e s t of the mos t promis ing method had been made . 
It was a lso n e c e s s a r y to make seve ra l t e s t s to de te rmine the tendency for 
i ron to r ema in in suspension af ter it p rec ip i ta tes f rom NaK on cooling, 

II. EXPERIMENTAL TECHNIQUE 

A. P r e l i m i n a r y Considerat ions 

The development of a solubility technique was coniplicated by the 
following cons idera t ions : 

(1) The solubility of i ron in NaK appears to be ext remely low. A 
value of 19.5 ± 1.7 ppm in pure sodium is obtained by ex t r apo­
lation to 700°C of the data of L . Epste in( l ) and a value of 
1 5 ± 3 ppm at 700°C in eutect ic NaK was obtained in a prel ina-
inary t e s t (see P a r t IV) by the au thors . 

(2) Iron is such a un iversa l ly d is t r ibuted element that a se r ious 
contamination prob lem a r i s e s when one has to deal with con­
cent ra t ions on the o rde r of a few ppm. 

(3) NaK, especial ly when hot, has a s t rong affinity for oxygen, 
water vapor , carbon dioxide, e t c . , in the a tmosphere . T h e r e ­
fo re , it mus t be handled in tight equipment under vacuum or 
iner t gas . 

(4) The vapor p r e s s u r e of NaK becomes appreciable at higher t e m ­
p e r a t u r e s . Th is means that un le s s the en t i re solubility a p p a r a ­
tus is uniformly heated, fract ional dist i l lat ion of the NaK could 
occur , causing the composi t ion of the solution to va ry continu­
ously during the cou r se of the t e s t . 

(5) At elevated t e m p e r a t u r e s liqxiid NaK and NaK vapors a r e a g g r e s ­
sive toward some coramon labora tory m a t e r i a l s , which l imi t s 
the choice of con ta ine r s . Glass or quar tz appara tus , for example , 
would have to be r e s t r i c t e d to t e m p e r a t u r e s below 300°C. 

A well-known technique for solubility s tudies consis ts in heating 
the solvent in a sea led , th in-wal led i ron capsule , then quickly quenching in 
oil , machining open the capsu le , and dri l l ing an analytical sample f rom the 
cen te r of the frozen solvent. Such a sampling p rocedure would be difficult 
and involved for NaK al loys which f r eeze below room tennperature . 
L . Epstein(la) has ut i l ized th is method for Na and has found that h e t e r o ­
geneous segregat ion of the solute occurs during the segregat ion. 



I. 
Electrochenaical concentrat ion cel ls of the type M - p u r e / M - i o n i c 

(fused s a l t s ) / M alloyed a r e often used for determining the activity of a 
me ta l in a b inary alloy at elevated t e m p e r a t u r e s . This method i s not f ea ­
sible unless M is the m o r e e lect roposi t ive component and i t s concentration 
in the alloy i s re la t ively low. Iron is much l e s s electroposi t ive than NaK. 

T h r e e techniques which appear feasible a r e descr ibed below. They 
a r e based on the obvious philosophy of using a smal l , hermet ica l ly sealed, 
a l l -me t a l sys tem and sampling at t e s t t empe ra tu r e in an i ron-f ree crucible . 
The f i r s t method is probably the s imples t and most ve r sa t i l e ; it i s p r e s e n t ­
ed in g r e a t e r detail . 

B. Mate r i a l s of Construct ion 

The me ta l s recommended for the var ious components of the so lu­
bili ty unit a r e a s follows: 

(1) F o r the outer ca r t r idge (including cover and capi l lary tube), 
347 type s ta in less s tee l or nickel . Type 347 s ta in less s teel had 
the advantage of being e a s i e r to weld. Nickel, on the other hand, 
i s ea s i e r to clean and i s re la t ively free of i ron. 

(2) F o r the i ron connponent, high purity carbonyl i ron or Westinghouse 
"Puron" i ron. Welds a r e to be avoided, 

(3) F o r the sampling cruc ib le , tanta lum, for want of something be t te r . 
Tanta lum has been used in p re l imina ry solubility t e s t s (see 
P a r t IV) and looks promis ing . It p o s s e s s e s severa l important 
v i r t u e s . It can be fabr icated easi ly into crucibles by deep d r a w ­
ing (available from F a n s t e e l Metal lurgical Corporat ion) . It i s 
readi ly amenable to outgassing. It i s r e s i s t an t to at tack by pure 
NaK or NaK vapors- at elevated t e m p e r a t u r e s and to any cold 
acids (except H F ) which may be employed in the chemical ana ly ­
s i s p rocedure . In each of t h r e e leach t e s t s on tantalum c ruc ib les , 
l e s s than 0.1 ppm of i ron was picked up by 20% HCl standing for 
15 hours . Poss ib le disadvantages of tantalum a re i ts cost, i t s 
r a t h e r high i ron content (usually about 0.03%), and i ts suscep t i ­
bility to a t tack by NaK containing oxygen and by even weak 
alkaline solutions. 

(4) F o r the crucible space r , nickel or tantalum. Contact of the 
sampling crucible with i ron fos te r s contamination. 

C. Method 1 

The p a r t s and as sembly a r e i l lus t ra ted in F igure 1. 
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The flange on the ca r t r idge is nnade by spinning. The nickel or 

tanta lum spacer cen te r s the tanta lum crucible and prevents it f rom touch­
ing the i ron. The i ron crucible cover p reven ts foreign inat ter fronn d r o p ­
ping into the NaK. The volumes of the i ron and tantulum crucibles a r e 
17 cc and 19 cc, respec t ive ly . 

The sequence of operat ions in the exper imental p rocedure is a s 
follows: 

The inside sur faces of the ca r t r idge a r e acid etched to remove scale 
and then e lect ropol ished. The welds a r e tes ted for vacuum t ightness with 
a hel ium nriass spec t rome te r type leak detec tor . 

The tanta lum crucible i s r insed seve ra l t imes with hydrochlor ic 
acid, A leach tes t is pe r formed on every tantalunn crucible before it i s 
used in an exper iment . 

The inside sur faces of the i ron crucible and cover a r e e l e c t r o -
polished, preferably , or cleaned with dilute HCl followed by passivat ion 
with NaOH solution. 

All p a r t s a r e thoroughly degreased in a t r ichloroethylene vapor 
d e g r e a s e r , washed with dis t i l led wa te r , and dr ied with pure acetone or 
alcohol. Thereaf te r they a r e handled by means of tongs or rubber gloves. 

The i ron and nickel p a r t s a r e heated in a s t r e a m of purified hydrogen 
at 500 - 600°C (see P a r t III) to reduce surface oxides and to promote out-
gassing. 

All p a r t s a r e thoroughly outgassed in high vacuum (see P a r t III) at 
850°C or above. 

Innpurity spec imens , if called for, a r e introduced into the i ron 
crucible . 

The p a r t s a r e assencibled and the unit i s purged with purified argon 
or hel ium gas . The ca r t r idge cover i s f i rmly p res sed against the flange and 
is welded along the c i rcumference by an iner t g a s - a r c or by induction weld­
ing. The weld is t es ted for vacuunn t ightness by use of a hel ium m a s s s p e c ­
t r o m e t e r type leak de tec tor . 

The unit i s connected to the NaK dispenser (see P a r t III) and 8 cc of 
pure NaK is t r a n s f e r r e d into the i ron crucible through the capi l lary tube. 
Oxygen impur i ty , if called for, i s added and i s followed by a smal l amount 
of purified hel ium gas (see P a r t III) (enough hel ium to make the final p r e s ­
su re a tmospher i c or a l i t t le above when the unit i s heated to the tes t t e m ­
pe ra tu r e ) . 
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After the unit i s charged, the capi l lary tube is squeezed vacuum-
tight nea r the cover by means of a v i s e . (The pract icabi l i ty of this s e a l ­
ing p r o c e s s has been proven by a number of t e s t s with annealed tubing.) 
The tube i s then cut as closely a s possible above the sealed point and the 
end is h e l i - a r c welded shut. The weld is tes ted for vacuum t ightness . If 
t ight, the unit is ready for heating; o therwise , it is re jected. 

The in ternal p a r t s of the unit can be used in exper iments repeatedly, 
the ca r t r idge cover only once, and the body of the ca r t r idge perhaps twice. 
Twelve of each of the in te rna l p a r t s should be sufficient for a comprehen­
sive study. 

Th ree duplicate units a r e p repa red for each solubility d e t e r m i n a ­
tion. They a r e mounted in an inver t ib le ca r r i age shown in Figure 2, The 
loaded ca r r i age is suspended in a l a rge heating bath (oil, salt , lead) as 
indicated in F igure 3 and slowly rota ted in opposite d i rect ions a l ternate ly 
or in one di rect ion in termi t tent ly for the purpose of s t i r r ing the NaK. The 
bath t e m p e r a t u r e is set at the p roper value before the ca r r i age is i m m e r s e d 
and accura te ly controlled and recorded throughout the duration of the tes t . 
After the units have been held at t e m p e r a t u r e for some t ime , the ca r r i age 
is inverted so that the NaK solutions will pour froin the i ron crucib les into 
the tan ta lum cruc ib les . The ca r r i age i s locked in the inverted position, then 
carefully r a i sed out of the bath and quenched into oil. Quenching i s r e c o m ­
mended to inhibit any reac t ion of the tan ta lum with the NaK solution and to 
min imize diffusion of i ron into the tan ta lum crucible . 

F o r determining the r a t e of solution at a given t e m p e r a t u r e , differ­
ent t r i a d s a r e inverted after different t ime in te rva l s . Fo r obtaining the 
equi l ibr ium solubility, a t r i ad is held at the equil ibrium te inpera ture for a 
prolonged period of t ime p r io r to invert ing and quenching. 

The quenched units a r e dismounted fron:i the ca r r i age and placed 
in an i n e r t - a t m o s p h e r e glove box where they a r e opened by shearing or 
grinding off the flange weld. The tan ta lum crucib les containing the so lu­
bility samples a r e ext rac ted , cleaned off exter ior ly w^ith alcohol, and 
weighed to the n e a r e s t one-hundredth of a g r am, all inside the glove box. 
Final ly , they a r e sealed in a des icca to r and submitted for chemical ana lys i s . 

The analytical ' technique devised by Kenneth J. Jensen at ANL is 
desc r ibed in Appendix I. 

D. Method 2 

The unit i s d iagrammat ica l ly r ep resen ted in F igure 4. It const i tutes a 
s imple modification of the f i r s t design wherein the c ruc ib les (reduced in d i a m ­
eter and inc reased in length) a r e set at r ight angles to each other instead of at 
180 d e g r e e s . There fo re , up to the point where the NaK solution is emptied into 
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the sampling crucible , the exper imenta l p rocedure i s essent ial ly the sarfie" 
as that of Method 1, A l a rge r quantity of NaK can be accommodated by this 
unit. 

After the unit has been heated in the bath for the p resc r ibed length 
of t ime in the lambda posit ion, hor izontal spinning is a r r e s t e d , and it i s 
ro ta ted approximately 90 deg rees ver t ica l ly so that the NaK will pour into 
the sampling crucible . Then it i s counter - ro ta ted to i t s original position 
and withdrawn from the bath. The lower pa r t of the leg containing the empty 
i ron crucible i s cooled by means of an a i r blower while the upper pa r t and 
the ent i re sample .-containing leg a r e uniformly heated by an auxil iary fur ­
nace at a t e m p e r a t u r e convenient for dist i l lat ion (about 450° C). In this 
manner the NaK i s dis t i l led back into the i ron crucible leaving the dissolved 
i ron deposited a s c rys t a l s in the sampling crucible. The cycle of dissolution, 
del ivery, and dist i l lat ion is repeated a la rge number of t imes until a sub­
stant ial amount of i ron is accumulated. Only one unit is requi red for each 
solubility de terminat ion . If des i red , the cycling p r o c e s s can be made com­
pletely autonaatic. 

The t e s t i s concluded with the NaK in the sampling crucible. The 
sample is ext rac ted and analyzed as in Method 1. The actual solubility is 
der ived by dividing the apparent solubility by the total number of cycles . 

Quite obviously, c l o sed - sys t em cycling is not suitable for the study 
of such impur i t i e s as oxygen. 

Th is method achieves a higher degree of accuracy at the expense of 
s implici ty . It has g rea te s t ut i l i ty in the investigation of the lower solubi l i ­
t i e s encountered at the lower t e m p e r a t u r e s or in the ear ly stages of d i s s o ­
lution (short t ime in te rva l s of r a t e s tudies) at any t empera tu re . Also, the 
method should pe rmi t a wider choice of sampling crucible f rom the s tand­
point of puri ty since i ron contamination f rom that source is l e s s c r i t ica l , 

E, Method 3 

The unit i s diagrannmcLticallyiriirstrated in F igure 5. The cleaning 
and filling p rocedu re s a r e essent ia l ly the same a s in the previous methods. 
The operat ion of the unit cons i s t s s imply of the NaK seeping by gravity 
f rom top to bot tom through the column of powder into the sampling crucible . 
The e x t r a - c o a r s e s in tered i ron fil ter (or perforated disc) p r e s s e d in at the 
bot tom of the column s e r v e s to prevent i ron pa r t i c l e s f rom dropping into the 
sampling crucible . The flow r a t e of the NaK through the powder could p roba ­
bly be controlled by regulat ing the porosi ty of the powder, which is a function 
of pa r t i c l e shape, s ize dis t r ibut ion, and degree of compactness . The m a x i -
muin poros i ty mus t not pe rmi t infi l trat ion by NaK at room t empera tu r e . 
Powdered impur i t i e s can be added as in the previous methods. 
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The following advantages may be cited for this method: 

(1) Iron pow^der and smal l d iameter i ron rods of ext remely 
high pur i ty a r e readi ly available. 

(2) The la rge contact a r e a of the powder obviates s t i r r ing 
and r educes the t ime element in a tes t . 

(3) Inversion and pouring a r e eliminated. 

The main disadvantages a r e : 

(1) The method is not convenient for studying r a t e s of solution. 
Surface a r e a m e a s u r e m e n t s a r e difficult and tedious. Flow 
r a t e control i s difficult and entails an extensive s e r i e s of 
cal ibrat ion t e s t s . 

(2) Outgassing the powder is t ime consuming. 

F . Radioactive T r a c e r Technique 

The radioact ive t r a c e r technique has been used widely in situations 
calling for the detection and es t imat ion of minute quantities of ma te r i a l , 
difficult or impossible to accompl ish by ordinary chemical means . The 
l i t e r a tu r e abounds in r e f e r ences to applications of rad io- i ron . 

Radioactive i ron can be exploited for the study of iron solubility in 
NaK, Any of the t h r ee methods descr ibed above can incorpora te the r a d i o ­
activi ty feature , although Method 2 would be more or l e s s defeating i ts own 
purpose . It i s not unreasonable to expect a thousand-fold inc rease in s e n s i ­
tivity by the employment of a rad io i ron indicator . Moreover , it could s i m ­
plify the design of the solubility unit by making possible the use of any NaK 
r e s i s t an t sampling crucible m a t e r i a l including iron itself. 

Iron has two rad io - i so topes suitable for t r a c e r work, Fe^^ and Fe^^. 
They can be procured f rom the Isotopes Division of the Atomic Energy 
Comnaission at Oak Ridge, Tennessee . 

F e ^ ' has a half-l ife of 46.3 days and decays with the production of 
two beta pa r t i c l e s of 0.26 Mev and 0.46 Mev energies accompanied by gamma 
r a y s of 1.30 Mev and 1.10 Mev energ ies . Fe^^ has a half-life of 2.91 y e a r s 
and decays by K-cap ture emitting only weak Mn X-radiat ion of 5.9 Kev 
energy. Mixtures of the two can be p repa red by neutron bombardment of 
i ron in a nuclear r ea to r or by deuteron bombardment in a cyclotron: 
Fe5^(n ,7)Fe" , F e ^ ( n , 7 ) F e " , and Fe^^{d,p)Fe^'^, Fe^{d,p)Fe^^. The individual 
i sotopes a r e general ly p repa red in a cyclotron by the following t r a n s f o r m a ­
tion reac t ions : Co^ ' (d ,2p)Fe" , C o ^ V . P ^ F e " , C U ( A - 6 , Z - 3 ) F e " and 
and Mn55(p, n ) F e " , Mn^^(p, n)Fe5^ Ni^*(n, Ci)Fe^^. 
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F e ^ ' supplied by the AEC is recommended for the i ron-NaK study, 
F e ^ ' i s ea s i e r to detect than Fe^^ because of i ts beta radia t ions and more 
energe t ic gammas . 

Iron t e s t sur faces can be activated conveniently by electroplat ing 
f rom a labeled i ron solution or by a meta l - ion exchange reac t ion with such 
a solution. The exchange react ion affords a means of determining t rue 
surface a r e a . 

III. SERVICE EQUIPMENT 

A. NaK Pur i f ie r and Dispenser 

F i l t r a t ion is an effective and convenient way of removing from NaK 
d i spe r sed solid pa r t i c l e s such as oxides, hydroxides, hydr ides , meta l s , 
etc.(2) The efficiency of par t i c le remova l i s increased by repeated r e ­
circulat ion through the same f i l ter . 

A P y r e x g l a s s , combination f i l ter ing-dispensing appara tus i s i l l u s ­
t r a t ed in F igure 6. It ope ra te s as follows: 

( l ) F i l t e r ing - NaK i s introduced into the top r e s e r v o i r under 
vacuum through the filling tube which is then sealed off. Valve 2 
and stopcocks 4 and 5 a r e closed during charging; valve 1 and 
stopcocks 1, 2, and 3 a r e open. Stopcocks 2 and 3 a r e then closed 
and the top r e s e r v o i r i s p r e s s u r i z e d with purified hel ium through 
stopcock 1. The NaK i s forced through the ul t ra-f ine f i l ters 
{l.ZlJ.)hY the p r e s s u r e difference and flows by gravity through the 
middle r e s e r v o i r into the bottom r e s e r v o i r . When almost a l l of 
the NaK has passed , stopcock 2 is carefully opened and fi l tration 
ceases . Then valve 1 is closed and valve 2 is opened. The top 
and middle r e s e r v o i r s a r e evacuated slowly, causing the NaK to 
r i s e through the connecting tube frona the lower to the top r e s e r ­
voir . When a lmost all of the NaK has been t r ans fe r r ed , valve 2 
is closed and stopcocks 2 and 3 opened. Then valve 1 is opened, 
stopcock 1 closed, and the middle and bottom r e s e r v o i r s evacu­
ated, resul t ing in f i l trat ion again. If more p r e s s u r e i s needed, 
stopcocks 2 and 3 a r e closed and gas is added to the top r e s e r v o i r . 
In this manner the fi l trat ion cycle can be repeated any des i red 
number of t i m e s . 

The appara tus is cleaned p r io r to the^ddit lon of anew NaK alloy. 
F o r those al loys that rnelt above room t e m p e r a t u r e , the sys tem 
may be heated by means of infrared lamps . 



12^ 
If argon is used instead of helium, the cycling can be a c c o m ­

plished without rep len ishment of the gas and without the use of a 
vacuum pump. Al te rna te p res su r i z ing and evacuating can be 
effected by freezing out and boiling off the argon in a t r ap situated 
in the gas -vacuum manifold. This i s done simply by ra is ing and 
lowering a flask of liquid ni t rogen around the t r ap . 

(2) Dispensing - The solubility unit (or a g lass ampoule) is connect­
ed to the d i spenser by means of a standard adaptor containing 
a thin-walled, nickel tube-funnel. The unit is evacuated through 
stopcock 4 while all other stopcocks a re closed. It i s purged 
seve ra l tinaes with pure hel ium, then heated under high vacuunn 
to a t e inpe ra tu re above 100°C for final outgassing and drying. 

With the NaK in the top r e s e r v o i r , fi l tration is initiated as 
desc r ibed above, but now valve 1 is closed as well as valve 2. 
This p e r m i t s the NaK to accumulate in the middle r e s e r v o i r 
until it r i s e s above the level of the d ispenser and pours into it. 
When the d i spenser i s full, valve 1 i s opened and the excess NaK 
runs by gravity into the bot tom r e s e r v o i r . 

Stopcock 5 i s now opened and the nickel funnel i s r a i s ed 
through the large bore by means of a magnet and slipped around 
the nozzle inside. In o rde r to avoid contact with the g rease in 
the stopcock, the funnel i s centered by a thickened section in the 
s a r ap l e r ' s female adaptor . The funnel i s long enough to extend 
f rom the nozzle down into the male adaptor. The volvime of the 
male adaptor i s g r ea t e r than 8 cc. 

Stopcocks 1, 2, and 3 a r e opened. This simultaneously stops 
the f i l t rat ion and d r ives the NaK from the d ispenser into the so lu­
bility unit. Next, the funnel i s lowered by means of the magnet 
and stopcock 5 is closed. The p r e s s u r e in the solubility unit i s 
adjusted through stopcock 4. The capil lary is sealed and cut as 
desc r ibed in Exper imenta l Method 1 and another unit with clean 
adaptor and funnel a r e inse r ted for filling. One or two glass 
ampoules a r e filled for blank chemical ana lyses . 

If a unit i s designated to receive oxygen impuri ty , it is not 
sealed up immedia te ly after charging with NaK. It is evacuated 
through stopcock 4. Then stopcock 4 is closed and the appropr ia te 
amount of pure oxygen i s admit ted through stopcock 6 from a 
measur ing flask or bure t te . It i s usually neces sa ry to agitate the 
NaK and to heat it to about 70°C in order to insure complete r e ­
action with the oxygen. A manonneter should be provided in the 
oxygen manifold to indicate when the react ion is complete. Next, 
stopcock 6 i s closed, he l ium is introduced, and the unit is sealed. 
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The solubility of oxygen in sodium, potass ium and NalC has " 
been de te rmined by severa l inves t iga tors , and the data is sum­
m a r i z e d in the Liquid Metals Handbook,v^) 

B. NaK Purif icat ion by Dist i l lat ion or Gettering 

If f i l t rat ion does not prove adequate , it can be supplemented by 
dist i l la t ion a n d / o r get ter ing. However, the re i s no concrete evidence that 
these methods a r e more effective. 

Fo r dist i l lat ion, nickel s t i l l s a r e recommended. One sti l l for sodium 
and one for po tass ium should be sufficient, NaK alloys can then be prepared 
easi ly in smal l quanti t ies as needed. 

Fo r get ter ing oxygen in NaK, some success has been repor ted with 
the use of uranium, calcixim, bery l l ium, or magnesium at elevated t e m p e r a ­
t u r e s . Any of the following m e t a l s , which a r e capable of reducing sodium 
or po tass ium monoxide, might se rve a s well: Cr, Al, Zr , Ti, Ta, and Mo, 
The NaK should be int imately mixed with the get ter for best r e s u l t s . 

C. Vacuum-Gas Manifold 

A sat isfactory vacuum-gas manifold is i l lus t ra ted in F igure 7. It 
contains a nainimum of stopcocks and waxed jo in t s and only one rubber con­
nection (to the roughing pump). "Apiezon-M' g rea se is recommended for 
the s topcocks, "Apiezon-W" wax for the jo ints , and "Octoil-S" oil for the 
diffusion pump. The ul t imate vacuum attainable with a sys tem of this type 
i s at l eas t 10" ' m m of Hg. 

D. G a s - P u r i f i e r s 

Helium, hydrogen, and oxygen gases of very high purity a r e c o m m e r ­
cially avai lable . However, further purification is n e c e s s a r y for NaK work. 

" L e c t r o d r y e r s " (activated alumina) a r e recommended for removing 
mois tu re f rom the g a s e s . These dehumidif iers a r e capable of being r e ­
act ivated. 

Eutect ic NaK alloy i s convenient and effective for purifying helium 
and hydrogen. A t e m p e r a t u r e of 100° - 150°C is recommended for hydrogen. 
NaK r e a c t s with hydrogen only to a very l imited extent below 150°C. Tes t s 
have shown that oxygen is prac t ica l ly completely removed from helium by 
bubbling through NaK at room tempera t i i r e . However, higher t e m p e r a t u r e s 
i nc rease the propensi ty of NaK for scavenging such impur i t i es a s CO2, Hj, 
organic compounds, e tc , A t e m p e r a t u r e of 250° - 300°C i s recommended. 

Two p rac t i ca l , NaK gas pur i f ier designs which have been used s u c ­
cessfully at ANL for the purif ication of argon and hel ium gases a r e r e p r e ­
sented schemat ica l ly in F igure 8, 
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Needless to say, the re a r e many other good gettering ma te r i a l s that 
can be used instead of or in conjunction with NaK. NaK will not r eac t with 
n i t rogen and i s , at bes t , a ve ry poor ge t te r for hydrogen. Should it become 
n e c e s s a r y to remove ni t rogen frona the hel ium, molten l i thium activated 
charcoal at liquid ni t rogen t e m p e r a t u r e , or any of the following meta l s at 
about 750° - 800°C: uranium, t i tanium, z i rconium, calcium, bar ium, and 
magnes ium, can be used. Fo r hydrogen removal , the following ge t te r s 
a r e recommended: uranium powder (prepared by the the rma l decompos i ­
tion of UH3) at room t e m p e r a t u r e , naolten li thium, palladium black at room 
t e m p e r a t u r e , and z i rconium, calcium, ba r ium or magnes ium at about 450°C. 

IV. PRELIMINARY EXPERIMENTS 

A. Solubility Determinat ion by Method 1 

A complete solubility deter ininat ion was made based on Method 1 to 
evaluate the prac t icabi l i ty of th is method. 

Only one solubility unit was tes ted . Armco iron was used for the 
i ron crucible and cover. The ca r t r idge was of Type 347 s ta in less s teel and 
the crucible spacer of nickel . Instead of using a heating bath, the unit was 
placed in a heavy Type 347 s ta in less s tee l block and heated in an invert ible 
r e s i s t a n c e tube furnace. The block was mounted on a shaft and rotated in 
opposite d i rec t ions a l te rna te ly every t h r e e revolut ions at a ra te of 30 R.P.M. 
by means of a smal l D-C motor . The NaK was purified by filtering twice 
through different ul t ra-f ine (l.2jLt) fr i t ted Py rex f i l te rs instead of by r e c i r c u ­
lation through the same f i l ter . The durat ion of the tes t was 5 days and the 
t e m p e r a t u r e 700°C. Every operat ion proceeded smoothly. 

Unfortunately, about one half of the sample was accidentally spilled 
and lost during the chemical ana lys i s . The remaining portion analyzed 
4.7 ppm of i ron. 

B. Suspension and Solubility Expe r imen t s 

1. P r e l i m i n a r y Considera t ions 

Cer ta in facts gave r i s e to the suspicion that i ron has a tendency 
to r e m a i n suspended in NaK when sa tura ted solutions a r e cooled. F o r ex­
ample , m a s s t r a n s f e r , i .e . , solution in a high t empe ra tu r e zone followed by 
deposi t ion in a lower t e m p e r a t u r e zone, occu r s to only a l imited extent in 
dynamic NaK - i ron sys tems. (1) On the other hand, d r a s t i c m a s s t r ans fe r 
has occur red in comparable m e r c u r y s y s t e m s , even though the solubility of 
i ron in m e r c u r y is considerably lower (0.96 ppm at 700°C) than it appears 
to be in NaK. (3) 
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The solubility methods descr ibed here in make no provision for 
suspended pa r t i c l e s . 

Suspensions naight be avoided if the equi l ibr ium tenaperature i s 
approached from below and held constant ," However, if i ron is highly prone 
to suspension, it i s conceivable that smal l fluctuations in the equil ibrium 
t e m p e r a t u r e would lead to the fornaation of suspensions. 

Consequently, s eve ra l exper iments were perfornaed to verify 
the phenonaenon of suspension and to deternaine some p roper t i e s of the 
p a r t i c l e s . 

2. Exper iment I 

This was a composite exper iment to check the suspension-
forming tendency under conditions of slow cooling and to de termine the 
efficacy of low t e m p e r a t u r e fi l trat ion and dist i l lat ion in the separat ion of 
the d i spe r sed pa r t i c l e . 

Twenty-five ml of M.S.A. eutect ic NaK were heated under argon 
in a snaall A r m c o i ron container (3 /4" I, D. and 5" long, with low-carbon 
s tee l inlet tube, 1/4" d iamete r and 15" long) by means of a lead bath for 
33 hours at 700°C, Before tes t ing, the container was cleaned with dilute 
HCl, NaOH, and dist i l led wa te r , and dr ied with acetone and by gentle heating 
under vacuum. After 33 hours at 700°C the furnace failed and the lead bath 
cooled ve ry slowly to r o o m t e m p e r a t u r e . This necess i ta ted reheat ing the 
bath to i t s naelting point in o rde r to ex t rac t the t e s t container, after which the 
container was allowed to cool slowly to room t empe ra tu r e under powdered 
a sbes to s . 

At r o o m t e m p e r a t u r e the container was inverted and four s a m ­
ples (approxinaately 5 ml each) were drawn under vacuuna. The f i r s t s a m ­
ple was a blank; the second was f i l tered at room tenaperature through a 
med ium (l4ju) fr i t ted P y r e x f i l ter ; and the fourth was par t ia l ly dist i l led in 
P y r e x g lass at 300° under vacuum. 

The r e s u l t s of the chemical analys is were as follows: 

(a) M.S.A. NaK before heating 8.8 ppm 
(b) Tes t blank NaK (Sample l ) 3.2 ppm 
(c) F i l t e r e d NaK - medium filter 

(Sample 3) 2.6 ppna 
(d) F i l t e r ed NaK - fine fi l ter 

(Sample 2) 1.2 ppm 
(e) Distil led NaK - (Sample 4) 1.9 ppm 
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A second sample of M.S.A. - NaK, taken from the sanae r e s e r v o i r 
under s imi lar" sampling conditions, analyzed only 1.14 ppm of i ron, thus 
throwing sonae question on the source of i ron in sample (a). The iron con­
tent of th i s sample was slightly dec reased (to 0.82 ppna) by filtering through 
a fine {5 y.) fri t ted P y r e x f i l ter . 

The data a r e a r e a l indication that i ron pa r t i c l e s were p resen t 
in a state of suspension and that f i l t rat ion and dist i l lat ion a r e pronaising 
naethods of separa t ion . 

The i ron in the dis t i l led sample (e) may have been picked up 
f rom the Py rex g lass which was somewhat d iscolored, indicating at tack by 
the NaK. Incidentally, the vacuum dist i l lat ion at 300° C proceeded very 
slowly; the dis t i l la te was solid at r o o m t e m p e r a t u r e . 

It should be pointed out that the procedure used for cleaning the 
container may not have el iminated all of the i ron oxide and that the contain­
er may not have been outgassed sufficiently. Also, the NaK used was not 
f i l tered or t r ea t ed in any way to remove inapurit ies. 

3. Exper imen t II 

This experinaent was made a s a r e check on the tendency of i ron 
to become suspended under conditions of slow cooling and to observe the in ­
fluence of tinae on the sett l ing of the pa r t i c l e s , 

A l a rge , A r m c o i ron container (2" I.D. and 10" tal l) which had 
3 large low-carbon s tee l inlet tubes (3 /8" I.D. and 14" long) symmet r ica l ly 
a r r anged at the top was used. P r i o r to using, the inside surfaces of the 
container were cleaned a s in the f i r s t experinaent and, in addition, by firing 
at 550° - 600°C for 4 hours in purified hydrogen (activated charcoal - liquid 
a i r pur i f ier ) . The container was outgassed by heating under vacuum at a 
t e m p e r a t u r e of about 350°C for 2 hours . Six hundred and sixty ml of f i l tered 
NaK (coarse fri t ted P y r e x g lass ) were then introduced, followed by argon at 
a tmosphe r i c p r e s s u r e , and the unit was heated in a lead bath at 700°C for 
3 days . It was allowed to cool slowly to room t e m p e r a t u r e over a period of 
8 hour s , f i r s t in the lead bath and subsequently under powdered asbes tos . 

At room t e m p e r a t u r e 3 g lass sampling pipet tes filled with argon 
were inse r ted through the s tee l tubes to different levels in the 8" column of 
NaK: 1" below the surface , 4 - 1 / 2 " below the surface , and 1/4" from the 
bottom. This a r r a n g e m e n t was allowed to stand undisturbed for 4 days . At 
the end of th is t ime , pa r t of the gas in the pipet tes was exhausted, permit t ing 
the NaK to r i s e into them for sampling, A fourth sample was taken after the 
pipet tes were renaoved and the NaK in the container was thoroughly shaken. 
The samples were approximately 7 ml each. 
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The r e s u l t s of the chenaical analysis were as follows: 

(a) Top , 0.4 ppna 
(b) Middle 1.0 ppm 
(c) Bottom 0.5 ppm 
(d) Mixed 0.7 ppna 

In a sinailar manner , samples were taken frona the top and 
bottom of the la rge M,S.A. r e s e r v o i r ( l 5 " column of NaK) after it had 
stood undisturbed for s eve ra l weeks. (M.S.A. tanks a r e originally filled 
through s tee l pipes with NaK at elevated t e m p e r a t u r e s . ) Some of these 
samples were f i l tered through naedium frit ted Pyrex f i l t e r s . Every s a m ­
ple analyzed l e s s than 0.7 ppna of i ron and all values agreed within the 
accuracy of the analyt ical technique. 

4. Exper iment III 

This exper iment was naade to get an es t imate of the equi l ibr ium 
solubility of i ron in eutect ic NaK at 700°C and to confirna the p resence of 
suspended p a r t i c l e s at an elevated equilibriuna tenaperature (700°C), 

The technique consisted of obtaining at 700°C two identical s a m ­
ples of the solution and fi l tering one through a fine porosi ty ( less than 5/^) 
s in tered i ron fi l ter at that t e m p e r a t u r e . 

The appara tus i s d iagrammat ica l ly i l lus t ra ted in Figure 9. The 
Armco i ron container is that of Experinaent 2 but with a different top. The 
sample r i s of A r m c o i ron and the sampling crucibles a r e of tantalum. The 
tantaluna cruc ib les passed the HCl leach tes t . The volume of the region in 
the sample r above the fi l ter surrounding the smal l tanta lum crucible is equal 
to the volume of that crucible (8.5 nal). 

The tanta lum cruc ib les were cleaned by the p rocedure outlined 
in Method 1. Before inser t ion of the tanta lum cruc ib les , the sanapler was 
cleaned in the sanae manner as the container in Exper iment 2. The contain­
er was rece ived clean frona Exper iment 2 and requi red final r insing only with 
dis t i l led water and acetone. The p a r t s were assembled and the n e c e s s a r y 
welds were made in an argon a tmosphe re . Then, with the sanapler drawn up 
into the top of the container , 400 cc of f i l tered NaK (fine fritted Py rex g lass) 
were added under vacuum. The unit was p r e s s u r i z e d with argon and i m ­
m e r s e d in a lead bath at 700°C for 3 days . At that t ime the sanapler was 
pushed down and completely subnaerged in the solution which, of course , 
filled the top tan ta lum crucible and the space surrounding it above the f i l ter . 
The loaded sample r was prompt ly r a i s ed above the surface of the solution 
and the chamber below the f i l ter was par t ia l ly evacuated causing the solution 
surrounding the top tan ta lum crucible to pa s s through the fil ter into the bottona 
tanta lum crucible . The lead bath was then allowed to cool about 100°C and the 
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unit was carefully lifted out and cooled to room t e m p e r a t u r e by means of 
a fan. The container and s amp le r were rnachined open in an argon a t m o s ­
phere and the sanaples were ex t rac ted . 

The concentra t ion of i ron in each sanaple was 15 ± 3 pprn. 

5. Conclusions 

On the bas i s of the foregoing exper iments , s ta t ic , sa tura ted 
NaK solutions of i ron can hard ly be cha rac t e r i zed as suspension, prone 
under conditions of slow cooling. The re fo re , l i t t le o r no apprehension 
should be felt about using the solubility naethods descr ibed he re in . An 
investigation of the influence of impur i t i es on the formatipn of suspen­
sions would be ve ry worth while but was not undertaken. 

The equi l ibr ium solubili ty of i ron in eutectic NaK at 700°C 
is 15 ± 3 ppm. 
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The Determinat ion of Micro Amounts of Iron in NaK 

Technique by Kenneth J. Jensen, ANL Chenaistry Division 

The sample is dissolved in naethyl alcohol, neutral ized with 
hydrochlor ic acid and finally evaporated to d ryness , yielding sodium and 
po tas s ium chlor ides . The sa l t s a r e dissolved in water , naade slightly acid 
with hydrochlor ic acid and the i ron is de termined colorinaetr ical ly using 
or tho-phenanthrol ine . 

PROCEDURE 

1. The sanaple i s dissolved in a known excess volunae of cooled, dist i l led 
methyl alcohol in a ve ry carefully cleaned g lass or quar tz container. 

2. After dissolut ion, a known excess of dist i l led hydrochlor ic acid is added, 
and the solution is evaporated to d ryness . 

3. Twenty five ml water plus a few d rops of hydrochlor ic acid a r e added 
and the solution is t r a n s f e r r e d to a 50 ml volumetr ic flask. 

4. F ive d rops 10% hydroxylamine hydrochlor ide a r e added and the solution 
i s heated to near boiling on a water bath, 

5. The solution is cooled, five drops 10% hydroxylamine hydrochloride and 
10 drops 0,1% or tho-phenanthrol ine a r e added, 

6. The pH of the solution is brought to ca. 6 by the addition of a few drops 
ammonium hydroxide and the solution is diluted to 50 ml with water . 

7. The t r ansmi t t ance of the solution i s read at 510 mM against a blank on 
the r eagen t s used to develop the color . Five cm cel ls a r e used. 

8. The amount of i ron p r e sen t i s obtained from a previously p repared 
t r ansmi t t ance -concen t r a t ion curve and cor rec ted for a previously 
deternained i ron blank on the reagen t s used to dissolve the samples . 

NOTES 

It was found n e c e s s a r y to dis t i l l reagent grade methyl alcohol in 
o rder to obtain a low blank. In one exper iment , for exanaple, the i ron con­
tent of the methyl alcohol was reduced from 0.096 7 F e / m l to 0.028 7 F e / m l 
by a single dis t i l la t ion. (We use 50-100 nal methyl alcohol to dissolve a 
sanaple.) Disti l led hydrochlor ic acid, p repa red by the spec t rographic l abo­
r a to ry , was a l so used to help br ing down the blank on the dissolution r eagen t s . 
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Some typical data obtained on var ious blanks at different t i m e s is 
shown: 

Blank No. Contained 7 Fe /B lank 

1, 2, 3 60 ml methyl alcohol, 20 ml HCl, 1,50, 2,25, 1.30 
50 ml HEO 

4, 5, 6, 7 30 ml methyl alcohol, 10 ml HCl, 0.75, 0.75, 0.35, 0.80 
30 ml H2O 

8, 9, 10 75 ml methyl alcohol, 50 ml HCl, 0.60, 0.35 
50 ml H2O 

ACCURACY OF THE DETERMINATION 

The accuracy of a r e su l t obtained by the above procedure depends 
mainly on two factors : ( l ) the actual i ron deternaination, and (2) the c o r ­
rec t ion due to the i ron blank on the dissolution reagents . Regarding the 
i ron deternaination it i s es t imated that the amount of iron p re sen t can be 
de te rmined to 10.15 7 Fe in the range 1-20 7 F e . Thus the accuracy of 
the i ron deternaination depends upon the amount of i ron being determined. 
One na ic rogram of i ron can be de termined with an accuracy of i l 5 % while 
10 na ic rograms of i ron can be deternained with an accuracy of t l . 5 % . 

As can be seen f rom the data given above, var iable r e su l t s were ob­
tained on duplicate blank de te rmina t ions . These var ia t ions a r e believed to 
be due to the fact that the amounts of i ron being determined a r e smal l with 
resu l t ing re la t ive ly l a rge e r r o r s as descr ibed above and a lso possibly due 
to a slight contanaination while the solutions a r e being evaporated to d ryness 
in o rde r to get r id of the naethyl alcohol and hydrochlor ic acid. If one e s t i ­
m a t e s the e r r o r involved in the blank determinat ion to be of the o rder of 
t o .25 7 Fe then the total e r r o r in the determinat ion i s t o ,4 7 F e . Thus the 
es t imated e r r o r in the deternaination of 1-10 m i c r o g r a m s of iron under the 
conditions desc r ibed above ranges f rom t40 to t4% depending upon the 
amount of i ron being de termined. 

All th is a s s u m e s , of course , that the sanaple i s submitted in such a 
manner that the re i s no question about getting the i ron out of the sample as 
in the case of a known weight of NaK sealed in a g lass tube. In the case of 
NaK subnaitted in a tan ta lum crucible t he re i s the question of sonae of the 
i ron having diffused into the cruc ib le , and one would have to devise a p r o c e ­
dure to a s s u r e complete r emova l of the i ron f rom the crucible to keep the 
e r r o r of the de te rmina t ion within the l imi t s given above. This sampling phase 
of the de terminat ion of i ron in NaK hasn ' t been conapletely worked out. The 
indicat ions a r e that leaching two or t h r e e t i m e s with hot, dis t i l led 6N hyd ro ­
chlor ic acid is effective in removing any i ron which may have diffused into 
the crucible . 
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Figure 2 
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Sampling at Tempera tu re 
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Figure 8 

NaK Gas Pur i f i e r s 
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Figure 9 

Solubility and Suspension Test 
Equipment for Exper iment III 
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