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FOREWORD 

The work described herein; which was conducted by Atomics International, 

a Division of North American Rockwell Corporation, was performed under 

NASA Contract NAS3-8507. The Project Manager for NASA was Mr. Russell 
A. Lindberg, ·Space Power Systems Division, NASA-Lewis Research Center, 
Cleveland, Ohio. The report was originally issued as Atomics International 
Report AI-68-ll0. 
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ABSTRACT 

The solubilities of several pure metals and alloys in liquid potassium 
and lithium were studied as follows: In K, Ta from the alloys T-lll*, 
ASTAR-811C*, and Ta-O.5Zr; Nb from the alloys Cb-LZr and Nb-0.5Zr; Mo from 
the alloys Mo-O. 5Zr and TZM*; Hf, Zr, W, and Re fran pure metals; in Li, Ta 
from the alloys T-lll* and ASTAR-8llC*; Hf fran ASTAR-8llC* and pure hafnium; 
and Mo, W, and Re from the pure metals. The solvent metals were purified by 
distillation, and were of exceptional purity. 

All operations in which there might be danger of contamination of the 
high purity materials were carried out in high vacuum (pressure < 10-6 Torr) 
in a complex of interconnected vacuum chambers. 

Apparent solubilities at 1200 OC for the systems studied are as follows: 

wppm in K wppm in Li 
* Ta from T-lll 7 1 - 3 

Ta from ASTAR-8llC* 7 1 - 3 
Ta from Ta-0.5Zr 500 

Nb from Cb-LZr 6 

Nb from Nb-0.5Zr 10 

Mo from Mo-O. 5;z.X 100 
. .0£~I~Q .~. i .. ' ',', . 

Mo from T& .. , 8 

Hf from ASTAR-811C* 8 

Hf (zone refined) 100 6 

Zr (zone refined) 80 

W (vapor deposited) 40 2 

Re < 1 1 

Mo 5 

The data are generally too sparse and scattered to assign a definite 
temperature dependence. The results show conclusively, however, that the 
presence of a gettering element (Zr, Hf, Ti) in a refractory metal very sub­
stantially reduces its apparent solubility, and that about 2% by weight of 
the getter is needed to provide apparent solubilities under 10 wppm. The 
solubility in lithium is significantly less than in potassium, possibly be­
cause of the oxygen gettering ability of the lithium itself. 

* Alloy Compositions 

T-lll: Ta - 8W - 2Hf 
ASTAR-811C: Ta - 8w - 1 Re - 1 Hf - 0.025C 
TZM: Mo - 0.5 Ti - 0.07 Zr 
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SUMMARY 

To increase the amount of reliable information on the apparent solubili­
ties of refractory containment metals for liquid metals at high temperatures, 
solubility experiments were carried out with liquid potassium and lithium, 
using a number of refractory metal alloys and pure metals. The solute-solvent 
systems investigated were T-lll (Ta-BW-2Hf), ASTAR-811C (Ta-BW-lRe-lHf-0.025C), 
Ta-0.5Zr, Cb*-lZr, Nb*-0.5Zr, Mo-0.5Zr, TZM (Mo-0.5 Ti-O.07Zr), Hf, Zr, W, and 
Re in potassium, and T-lIl (Ta-SW-2Hf), ASTAR-8IlC (Ta-BW-lRe-lHf-O.025C), Hf, 
Mo, W, and Re in lithium. 

The experimental method used emphasized the purity of both solute and 
solvent metals, except in the case of commercial alloys. The solvents potas­
sium and lithium were prepared by gettering and subsequent distillation. The 
components for a solubility experiment were assembled, loaded with liquid 
metal, and electron-beam welded into a vacuum-tight assembl~ in high vacuum 
chambers. The pressures in the chambers were less than 10-6 Torr, except when 
gas released during the welding operation caused a decade rise in pressure. 
The experimental assembly consisted of a solute crucible, a sample collector 
of a different refractory metal, and an outer capsule of molybdenum or T-222 
(Ta-lOW-2Hf) alloy. The liquid metal was loaded into the crucible after the 
crucible was welded to the sample collector. Then the collector was closed 
by welding a cap on it. This assembly was finally enclosed in a welded outer 
capsule. During a solubility equilibration, the solvent remained in the 
sample crucible, but at the end of the desired time the whole assembly was 
rotated about a horizontal axis out of the furnace, and the solvent trans­
ferred to the sample collector. High vacuum manipulators were used to per­
form the necessary operations in the vacuum systems. 

A major problem was encountered when the work with lithium solvent was 
begun. Because of the combination of the high surface tension and the low 
density of lithium, it was not possible to carry out the transfer of solvent 
from crucible to collector by a simple inversion of the assembly. The problem 
was solved by installing a tungsten (or tantalum) wire along the inside wall 
of the crucible-collector assembly, to break the surface of the lithium and 
provide a capillary path for it to flow down. 

Other concerns affecting the validity of the experimental results included 
the possibility that solute material had vaporized from the crucible onto the 
collector walls during a welding operation, and that solute atoms might diffuse 
far enough into the collector after transfer (by grain boundary diffusion) that 
it would not be removed by the etching procedure used by the analytical 
chemist. The first of these problems was overcome by physically removing a 
layer of surface from the inside of the collector by machining after the weld 
was made. Careful analyses of successive skin cuts from the inside of both 
used and unused collectors showed that the second problem did not exist. 

'*The symbol "Cb" is used in this report for columbium (niobium) where it is 
a constituent of a commercial alloy. The symbol "Nb" is used for the pure 
metal, or where it is a constituent of a special alloy. 



For 13 of the IS systems studied, four or fewer data points were taken, 
and for all systems the scatter which seems to be inherent in this kind of 
experiment was found to be present. Therefore, the only system for which the 
data permit a calculation of a heat of solution is T-lll alloy (Ta-8W-2Hf) in 
potassium. The heat of solution of tantalum from this alloy is about 9600 
calories per mole. 

Although the sparseness and scatter of data did not warrant an exhaustive 
treatment of the data, a number of important conclusions can be drawn from the 
results of these experiments. The addition of a gettering element (Zr, Hf, o~ 
Ti) to the refractory metals tantalum and niobium dramatically reduces the 
apparent solubility of the metal in potassium or lithium. The reduction in 
solubility was found to be a fUnction of the amount of getter in the 0 - 2 
weight percent range, but it seems doubtful that greater additions would re­
duce the apparent solubility more. Except for rhenium, whose solubility is 
just at the limit of analytical chemistry detection, all solutes are more 
soluble in potassium than in lithium at a given temperature. Table I summar­
izes the results of the experimental program. 

TABLE I 

Summary of Results of the Experimental Program 

Solubility, 
Solute wppm in K 

Ta from T-lll* log10 S(wppm) 
2090 

2.099 - T("R) 

Ta from ASTAR-SI1C* 6 - 10 

Ta from Ta-O. 5Zr 500 - 3000 

Nb from Cb-lZr -6 

Nb from Nb-0.5Zr 10 - 15 

Mo from Mo-O. 5Zr "'" 100 

Mo from TZM* '" 12 

Hf from ASTR -SllC* 

Hf (zone refined) "'" 100 

Zr (zone refined) 60 - 100 

W (vapor deposited) 40 - So 

Re < 1 

Mo 

* T-lll: 

ASTAR-SllC: 

TZM: 

Ta-SW-2Hf 

Ta-SW-lHf-lRe-0.025C 

Mo-0·5Ti-0.07Zr 

- 2 -

Temp. Solubility 
Range wppm in Li 

= l200-1600 0-3 

1200-1600 0-3 

1200-1600 

1200-1400 

1200-1600 

1200-1400 

1400 

6 - 10 

-6 

900-1200 

1200-1600 0 - 3 

l200-1600 0 - 2 

2 - 15 

Temp. 
Range 

l200-1600 

1200-1600 

1200~1600 

1000-1400 

1200-1600 

1200-1600 

1200-1600 

··1 



INTRODUCTION 

The work reported here is a continuation and extension of work with high 
purity potassium solvent previously reported from this laboratory (20). The 
purpose of the work was to obtain solubility information from selected solid 
metal-liquid metal systems of interest for possible application in high tem­
perature liquid metal heat transfer equipment. 

In the previous work, it was found that the apparent solubility of nio­
bium (columbium) from a Cb-lZr alloy solute was about one tenth that of nio­
bium from a triple-pass zone-refined single crystal solute (20). Similar re­
sults have been noted in other laboratories in that gettered alloys in sealed 
alkali metal capsules and loops have almost invariably shown lower corrosion 
rates than have the corresponding ungettered materials. As a result of this 
sort of observation, the suggestion has been made that the gettered alloys 
show low metal solubilities because their effective oxygen contents are very 
low, and that even a few ppm oxygen such as is found in highly purified pure 
metals is enough to cause an appreciable increase in the apparent solubility 
of the metal. That oxygen may play such a role is perhaps exemplified by a 
comparison of the apparent solubilities of iron in potassium as measured by 
three laboratories. Table II shows the measured values at 1000 <>c for three 
purity levels of iron. Although one cannot be certain that the variation in 
oxygen content of the iron is the only cause of the differences, it cannot 
be discounted as a very likely cause. 

Description 

"Armco" 

"Puron" 

Triple-pass 
Zone-refined 

TABLE II 

Comparison of Iron Solubility Values in 
Potassium at 1000 <>c 

o Content o Content Observed 
of Fe of K Solubili ty, 1'P~ 

510 20 1000 

400 9 - 22 380 

<8 14 115 

Reference 

(25.) 

( 8) 

(20) 

If, then, the oxygen content of the solute metal does playa major or 
controlling role in the observed solubilities, the presence of a modest amount 
of a strong oxygen gettering metal should markedly reduce the observed solu­
bilities of refractory metals. The testing of this thesis was one of the im­
mediate goals of the work reported here. In the present study, the equilibrium 
concentration of several refractory metals in potassium and lithium in contact 
with pure metals and alloys was measured. A major emphasis was on alloys con­
taining oxygen-gettering constituents (Zr, Hf, Ti), as is seen in the following 
list of the systems which were investigated. 

- 3 -



In potassium: Tantalum from T-lll* 

Tantalum from ASTAR-8llC 

Tantalum from Ta-0.5 Zr 

Niobium from Cb-lZr 

In lithium: 

Niobium from Nb-O. 5Zr 

Molybdenum from Mo-O. 5Zr 

Molybdenum from TZM 

Hafnium from pure hafnium 

Zirconium from pure zirconium 

Tungsten from pure tungsten 

Rhenium from pure rhenium 

Tantalum from T-lll 

Tantalum from ASTAR~8llC 

Hafnium from ASTAR-811C 

Hafnium from pure hafnium 

Molybden~~ from pure molybdenum 

Tungsten from pure tungsten 

Rhenium from pure rhenium 

Solubility experiments with the refractory metals listed above have been 
carried out in liquid potassium at three laboratories, Pratt and Whitney 
(CANEL) (3,14), Douglas Aircraft (8), and Atomics International (20). Table 
III shows the results published by these laboratories, for solubility experi­
ments with groups IV, V and VI elements in potassium. Table IV similarly 
shows the solubilities reported for elements from these groups in liquid 
lithium. 

The data reported in Tables III and IV are notable for two major char­
acteristics: Their sparseness and their diversity. Factors which contribute 
to the rather large scatter in most sets of data, and the frequent lack of 
agreement among laboratories, include the impurity level in solute and solvent, 
variability in sampling technique, and difficulty in the analytical chemistry 
of these systems at low solute concentrations. The present work is designed 
to minimize the uncertainties mentioned, but has not eliminated them, as dis­
cussed in this report. However, it has been possible to make some generali­
zations concerning solubilities in liquid potassium and lithium for metals of 
groups IV, V, and VI, using the data from Tables III and IV and the new in­
formation developed during the course of the work reported here. These gen­
eralizations are included in a later section of this report. 

*Compositions and sources for the various materials are given in Table V. 
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TABLE III 

Solubility of Selected Elements in Potassium 

Oxygen 
Content Container Solubility 

Solute T,oC of K Material Material wppm ReferencE 

Nb 1095 500 Nb Cb-lZr 7-48 3 
1095 1000 Nb Cb-lZr 12-72 3 
1095 3000 Nb Cb-lZr 14-72 3 
1095 5000 Nb Cb-lZr 2400-7200 3 

1000 3.5 -14 Nb Nb 15-171 20 
1000 3.5 Cb-lZr Cb-lZr < 1 20 
1200 3.5 -14 Nb Nb 17-72 20 
1200 3.5 Cb-lZr Cb-lZr 6 20 

1225 9 Nb Nb 1-3 8 
1275 9 Nb Nb 7-12 8 
1340 9 Nb Nb 6-11 8 
1375 9 Nb Nb 13 8 

Mo 1000 14 Mo Mo 3.2-4.3 20 
1100 14 Mo Mo 1.3-13 20 
1200 14 Mo Mo 13.1-13·9 20 

-.,_. --'-, 
Ta 800 3.5 Ta Ta 413 20 

900 3.5 Ta Ta 572 20 
1000 3.5 -14 Ta Ta 371-2730 20 : 
1100 14 Ta Ta 688-2290 20 
1200 14 Ta Ta 1550-2880 20 

1225 9 Ta Ta 9 8 
1275 9 Ta Ta 8-19 8 
1330 9 Ta Ta 52-64 8 
1340 9 Ta Ta 58-88 8 
1345 9 Ta Ta 10-806 8 

Ti 1200 9 Ti Ti 61-100 8 
1300 9 Ti Ti 45-134 8 

\ 

Zr 1200 9 Zr Zr 39-110 8 
1300 9 Zr Zr 76, 77 8 

- 5 -



TABIE IV 

Solubility of Selected Elements in Lithium 

Oxygen 
Content Source Container Solubility, 

Solute T, OC of Li Material Material wppm Reference 

Cr 500 2400 Cr Fe 90 13 
600 11 14-
675 Cr 15 17 
715 2400 Cr Fe 130 13 
800 Cr Fe 1000 2 
800 50 14 
925 Cr 90 17 
990 2400 Cr Fe 430 13 

1000 Cr Fe 11000 2 
1000 140 14 
1200 Cr Fe 40000 2 
1200 295 .14 

Mo 550 2400 Mo Fe < 15 13 
665 Mo 7 17 
800 10 14 
860 2400 Fe < 25 13 

925 Mo 15 17 
985 2400 Mo Fe 140 13 

1000 Mo 1 6 

1000 < 1 4,5 
1000 19 14 
1200 300-1000 5 
1200 34 14 

Nb 500 2400 Nb Fe < 30 ·13 
735 2400 Nb Fe 80 13 : 

760 Nb Mo 26 3 
800 Nb Mo 21 3 

975 Nb Mo 40 3 
1000 < 1 5 
1000 < 1 4 
1000 Nb Mo 31 3 

1015 2400 Nb Fe 900 13 
1200 Nb Mo 42 3 
1425 Nb Mo 66 3 

Ta 725 2400 Ta Fe 19 13 
1000 2400 Ta Fe 1850 13 
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TABLE IV (Continued) 

Oxygen 
Content Source Container Solubility, 

Solute T, OC of Li Material Material wppm Reference 

Ti 720 10 17 
730 2400 Ti Fe 345 13 
800 8 14 
845 Ti 10 17 
900 140 4 
900 140 5 

1000 15 14 
1020 2400 Ti Fe 3700 13 

V 725 2400 V Fe 150 13 
1010 2400 V Fe 65 13 

W 715 2400 W Fe 1050 +3 

Zr 480 Zr 100 15 
700 2400 Zr Fe 65 13 
760 10000 15 
965 2400 Zr Fe 250 13 

1000 300 5 
1000 300 4 
1100 l200 4 
l200 3000 5 

- 7 -



EXPERIMENTAL METHOD 

The basic approach to a solubility study requires that procedures be 
devised for permitting contact of the solute and solvent at temperature for 
a given time period, followed by sampling of the equilibrated solution at 
the test temperature. The entire amount of solvent remove,d as sample must 
be analyzed for dissolved solute, since precipitation and segregation take 
place on c?oling. 

To meet the requirements of the present program, it was necessary to 
develop procedures which would not jeopardize the purity of the alkali metal 
solvents nor permit oxidation or nitriding of the refractory metals and 
alloys used as solutes. Additionally, each experimental unit had to be 
completely leak-tight to prevent loss of solvent by vaporization at the higp 
temperatures of this study. An experimental approach which satisfies these 
requirements was used for an earlier study (20), and much of the same 
apparatus was employed in the current work. The approach is described 
briefly below. 

To prevent contamination of the high purity materials used, most experi­
mental operations were conducted inside a series of high vacuum chambers. 
The components for each solubility experiment were assembled, and loaded 
with potassium or lithium in the high vacuum environment, and were then 
sealed by electron-beam welding without removing the assembly fran the 
vacuum system. The loaded and sealed crucible-collector assembly was then 
sealed into an outer capsule of molybdenum (or of T-222 alloy for the 1600°c 
tests) by electron-beam welding. In tests in which the vapor pressure of 
the solvent alkali metal was expected to exceed ,a few tens of torr, a small 
amount of potassium or lithium was placed inside the capsule to provide a 
balancing pressure across the crucible-collector wall during the test 
exposure. The sealed capsule was then heated for the desired time at the 
test temperature in a furnace in a high vacuum system, while being held in 
an upright position with the solute crucible at the bottom. p,t the end of 
the solubility equilibration time, the capsule was swung out of the fUrnace 
at temperature, and cooled rapidly in an inverted position. The solvent 
metal transfers during the inverting process from the solute crucible to the 
sample collector, thereby being effectively removed from contact with the 
solute. ' 

After the solvent had solidified, the outer capsule was opened. The 
collector was separated from the solute crucible by cutting it with a tubing 
cutter in a glove box with a purified argon atmosphere. The cut was made 
far enough from the weld region to preclude the presence of any solid solute 
metal on the end of the separated collector. The solvent metal was then re­
moved from the collector by melting (for potassium) or dissolution in water 
(for lithium). The collector wall was treated with an etchant acid to 
remove the remaining alkali metal from the collector wall, and to dissolve 
any solute which may have deposited on the metal surface of the collector. 
All washings were combined into one solution and analyzed for the solute. 

Detailed procedures used for the experiments with the two solvents are 
described below in a later section. Procedures used for the analysis of the 
solvents for the dissolved solutes are given in Appendix A. 

- 8 -



TEST SYSTEM 

The environmental test system described in reference (20) was used in 
the present work. The lithium dispensing equipment described in the section 
on potassium and lithium handling and transfer, and the new high temperature 
furnace described below were added for these tests. A number of experiments 
at temperatures below l400°c were completed using the ~urnace described in 
the reference report before the new high temperature furnace was in operation. 
After the new furnace was operable, it was used for all runs. 

The new high temperature furnace* has a clam-shell design with the front 
half hinged to swing forward to allow the test capsule to be swung about a 
horizontal axis out of the heat zone, and to seat into a water-cooled copper 
strap quench device. The furnace shell is water-cooled, and packs of tanta­
lum radiation shields are used to reduce the power requirements of the unit. 
The maximum temperatu~e of the tests reported here was nominally 1600°C, 
although the power supply and the materials of construction were selected 
to permit operation at 18oooC. 

The sample pressure capsule seats into a cup and is supported in place 
in the furnace hot zone on a T-lll alloy column which in turn is mounted on 
a T-Ill alloy shaft at the bottom of the furnace. Thus, the rotation of this 
shaft moves the sample capsule from its test position in the furnace hot zone 
to a position below the furnace at which position the quench device is 
located. This arrangement is quite similar to that described in reference 
(20). Figure I is a photograph of the furnace in place in Chamber # 4. The 
furnace was installed in Chamber # 4 by the manufacturer and checked out at 
the factory under conditions simulating very closely those under which it 
was expected to be operated in the laboratory. The vacuum chamber containing 
the furnace was then shipped to this laboratory for final installation in the 
environmental test system. 

Specifications to which the furnace was purchased, and the manufacturer's 
proof of performance curve of input vs temperature are shown in Appendix B of 
this report. 

The furnace and its vacuum chamber were re-installed in the environmental 
test system and the manufacturer's representatives demonstrated its perform­
ance and conformance to specifications. As a consequence of the demonstration, 
the decision was made to calibrate each of the W-5Re vs W-26Re thermocouples 
because their individual variance was greater than was desirable. A jig for 
calibration in place was made. The calibration results are shown in Fig. 2. 
The figure shows the thermocouple emf's plotted against the junction temper­
atures as measured by a calibrated Ft-l%Rh vs Pt-13%Rh thermocouple. Four of 
the curves agree rather well, and the fifth (#1) lies a little below the 
group. Thermocouple #2, however, was found to show a large negative discrep­
ancy with the others. Although its readings were rather reproducible in the 
test, it was found to give unusable results. However, when the other five 
individual thermocouple calibrations were used for the temperature measure­
ments within the furnace hot zone, the capsule temperature was uniform at the 

*Procured from Centorr Associates, Inc., Suncook, New Hampshire. 
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1400·c level ~thin the normally observed thermocouple temperature measure­
ment uncertainty. The calibration measurements were made in the 1200-14oo·c 
range because of the severe drift of Pt-Rh thermocouples when used above 
14oo·c. Because of this limitation, it was necessary to extrapolate the 
calibration curves to 1600·c. This was done as shown in Fig. 2 using the 
curvature of the manufacturer's standard curve as a guide in the temperature 
range 1400-l600°c. 

The thermocouple temperature measurement was used as described for all 
experiments with test numbers below 700. However, it was evident that the 
thermocouples would not be sufficiently durable to accommodate all of the 
planned series of experiments ~th lithium solvent. Several of the junctions 
failed during the potassium experiments, and those which remained proved to 
be too brittle to permit post-use re-calibration. 

Therefore, for the lithium solubility experiments optical pyrometry was 
used to measure the equilibration temperatures. Mirrors were installed in­
side the vacuum system at three positions along the length of the furnace 
such that a solubility capsule in the furnace could be observed through a 
Micro-optical pyrometer outside the vacuum system. A movable shield was 
installed to cover the mirrors except when the pyrometer readings were being 
taken to prevent the deposition on the mirrors of any materials which might 
be vaporized in the hot zone of the furnace during an experiment. The 
optical pyrometer was standardized against a standard lamp which had been 
certified by the National Bureau of Standards*. The window and mirror used 
for making readings in the high temperature furnace were included in the 
optical path during standardization. The pyrometer corrections shown in 
Fig. 3 were applied to all readings. 

*Test .No. T67298, Atomics International Temperature Standards Laboratory 
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MATERIAL PROCUREMENT 

The solute materials used in these experiments can be classified into 
three main groups, pure metals, advanced commercial refractory alloys, and 
special alloys. Commercial materials were used for sample collectors and 
outer capsules. The specifications and/or analyses for these solid metals 
are given in Appendix C. A general description and source for each material 
is given in Table V. A description of the potassium and lithium used as 
solvents is given in a later section of this report. 

Solute Materials 

Pure Metals - Hafnium, zirconium, and molybdenum were obtained as 
triple pass electron-beam zone refined rods. The rods were mechanically 
drilled to make solute crucibles, and chemically treated after drilling to 
remove machining residues. A crucible fabricated from rhenium sheet was 
used for rhenium tests, because of the impossibility of obtaining a gettered 
rhenium alloy within the time and cost limitations of the project. A high 
purity tungsten crucible was fabricated by project personnel by a vapor 
deposition process. Tungsten hexafluoride was decomposed to metal in a con­
trolled fashion on the surface of a properly shaped mandrel. 

Advanced Commercial Refractory Alloys - The two tantalum-based 
alloys and one each of niobium (columbium)-based and molybdenum-based alloys 
were purchased as half-inch rods and machined into solubility crucibles. 
The alloys T-lll (nominally BW-2Hf-balance Ta), Haynes Cb-751 (nominally Nb 
with l~ Zr), and TZM (nominally 0.5 Ti-O.07Zr-balance Mo) were obtained from 
commercial sources. ASTAR-811C (BW-lRe-IHf-0.025C-balance Ta) was provided 
by the program sponsor, NASA-Lewis Research Center. 

Special Alloys - It was originally planned to use special alloys 
of molybdenum, tungsten, tantalum, niobium, and rhenium containing nominally 
1/4 to 1/2 percent of zirconium as a gettering addition. The cost of the 
rhenium alloy proved prohibitive, however. The fabrication of the tungsten 
alloy into a sound bar from which a crucible could be made was not possible. 
Therefore the pure metals described above were substituted for the gettered 
alloys of Re and W. Rods of tantalum, niobium and molybdenum containing 
about 0.5% Zr were obtained and fabricated into crucibles by machining. 

Collector Materials 

The MO-l/2 Ti material used for the collector in all runs, except when 
analytical chemistry problems prevented its use, was obtained in tubing and 
rod form. Tubing and rod of Cb-lZr was obtained for use in experiments in 
which the solute was Mo, W, or Re. 

Capsule Materials 

Molybdenum capsules which had been used for the prior program (20) were 
found to be reusable for the present series of experiments. Sufficient cap­
sule caps remained from the prior work. T-222 alloy (10W-2.5Hf-0.OlC-balance 
Ta) was purchased as fabricated capsule bodies and caps for 1600°c service. 
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Solutes 

Hf 

Zr 

Mo 

Re 

W 

T-lll 

Cb-lZr 

TZM 

ASTAR-8llC 

Mo-0·5Zr 

Nb-0·5Zr 

Ta-0.5Zr 

Collectors 

Mo-0.5Ti 

Cb-lZr 

Capsules 

Mo 

T-222 

TABLE V 

Compositions and Sources for Solute, Collector, 
and Capsule Materials 

Nominal Composition 

100 Hf 

} 100 Zr 

100 Mo 

100 Re 

100 W 

BW-2Hf-balance Ta 

Cb-lZr 

0.5Ti-0.07Zr-balance Mo 

BW-lRe-lHf-0.025C-balance Ta 

Mo-0.5Zr 

Nb-0.5Zr } 
Ta-0.5Zr 

Mo-0.5Ti 

Cb-lZr 

100 Mo 

10W-2.5Hf-0.OlC-balance Ta 

. Source 

Materials Research Corp., 
Orangeburg, New York 

Chase Brass and Copper Co., 
Rhenium Division, 
Waterbury, Conn. 

Atomics International 

J. T. Ryerson and Son, Inc., 
Chicagc, Illinois 

Union Carbide Corp., Stellite 
Division, Kokomo, Indiana 

Climax Molybdenum Co., 
New York 

NASA Lewis Research Center 
Cleveland, Ohio 

Westinghouse Electric Co., 
Astronuclear Laboratories 
Pittsburgh, Pa. 

Northwest Industries, Inc., 
. Albany, Oregon 

Union Carbide Corp., Stellite 
Division, Kokomo, Indiana 

Climax Molybdenum Co. of 
Michigan, Coldwater, Michigan 

Wah Chang Corp., 
Albany, Oregon 
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POTASSIUM AND LITHIUM HANDLING AND TRp~SFER 

The preparation of the ultra pure potassium used in this work is des­
cribed in detail in reference (20), which includes a discussion of the 
fractional distillation processes used to obtain the high purity product. 
All experiments with test mnnbers between 600 and 644 were carried out with 
potassium prepared in June 1965, and reported to contain 3.5 ppm of oxygen 
on the original analysis. The very last potassium remaining in the extruder 
from which it was delivered into the vacuum system was sampled in January 
1967. Analysis of dupl:ic ate samples for oxygen gave results of 6 and 7 ppm, 
or an average of 6.5. Within analytical chemical uncertainty for analyses 
at this oxygen level, this number is not significantly different from the 
analysis of the first potassium used from the extruder. From this it was 
concluded that the integrity of the potassium was not degraded by long stor­
age in the extruder, and that the concept of using an extruder as a purified 
potassium distillate collector-storage vessel-dispenser unit is a sound one. 

After the last portion of the previous batch of potassium had been 
sampled, a new batch was prepared. The purification unit was cleaned by 
running a batch of potassium through the complete purification procedure to 
rinse all the internal surfaces of the apparatus with freshly distilled pure 
potassium. This product was then discarded and a second still loading put 
through the process to produce a new batch of purified potassium. Oxygen 
analysis of the potassium in the newly filled extruder showed 5 ppm, indica­
ting that the potassium used in all experiments had substantially the same 
impurity content. Analysis of the distilled potassium is shown in Table VI. 
All potassium solubility experiments with test number s below 600 or above 
644 were carried out wj.th the batch of potassium purified in January 1967. 

The potassium handling and transfer operations were carried out as des­
cribed in an earlier report (20). In brief, the approach used is one which 
does not jeopardize the potassium purity after the purification process. To 
this end, the purified potassium was extruded directly into a high vacuum 
system. The extruded material was cut with a wire "cheese cutter", which 
was then heated by passing an electric current through it in order to re­
lease the potassium from the wire by melting. The potassium sees no envir­
onment other than this high vacuum, since the final capsule closure weld is 
made without removing the parts from the vacuum system. 

Four preliminary solubility experiments were carried out with hot 
trapped lithium as the solvent. The lithium was hot trapped with a zircon­
ium foil getter for l26 hours at 820 ft by the supplier*, who also supplied 
-the analysis given in Table VII. 

All other lithium solubility experiments used highly purified lithium 
solvent obtained from the same source. This lithium was prepared by distil-· 
lation. Table VII shows the impurity levels as reported by the supplier. 
The analysis for oxygen in lithium is not straightforward, but the 33 ppm 
number reported reflects the average of nine analyses from two laboratories. 
Without a doubt the lithium which was used is the highest purity material 
available for solubility experiments, and is of very high quality. 

*General Electric Corp., Missile and Space Division, CinCinnati, Ohio 
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TABLE VI 

Analysis of Distilled Potassium Solvent 

Element Analysis Element Analysis 
wppm wppm 

Ag < 1 ND* Mg <lD 
Al < 1 D* Mn < 1 ND 
B <10 ND Mo < 1 ND 
Ba <10 ND Na 5 D 
Be < 1 ND Ni < 5 ND 
Bi < 1 ND 0 5 D 
Ca < 5 D Si < 5 ND 
Cd < 1 ND Sn < 5 ND 
Co < 5 ND Ti < 5 ND 
Cr < 1 ND V < 1 ND 
CU < 1 ND Ta < 2 ND 
Fe < 1 ND Zr <10 ND 
Li < 1 ND 

*ND = not detected, D = detected at the level shown 

TABLE VII 

Analyses of Lithium Solvents 

Element Analysis, wppm* Element Analysis, wppm* 
Hot-trapped Li Distilled Li Hot-trapped Li Distilled Li 

Ag < 5 < 5 Mo < 5 < 5 
Al 5 < 5 N 15 13 
B <50 <50 Na 80 <25 
Ba -- <50 Nb -- <25 
Be 5 < 5 Ni 28 < 5 
C 73 44 0 115±15 33 
Ca 5 < 5 Pb <25 <25 
Co < 5 < 5 Si 28 < 5 
Cr < 5 < 5 Sn <25 <25 
Cu 28 < 5 Sr -- <5 
Fe 5 < 5 Ti < 5 <25 
Mg < 5 < 5 V <5 <25 
Mn < 5 < 5 Zr < 5 <25 

* With the exception of C, 0, and N, all results are from emission spectrography. 
The numbers shown represent the minimum concentration of impurity that could 
have been detected by the method as applied. 
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The lithium was shipped in a stainless steel cylinder which was fitted 
at both ends with bellows-sealed stainless steel valves. The shipping con­
tainer was connected to a small calibrated volume, which in turn was fitted 
to a flange to replace the lighting window on the top of Chamber # 1, as 
shown in Fig. 4. Heaters to melt the lithium for transfer, and a purified 
helium gas supply were installed. 

The loading with lithium of a crucible-collector assembly was accom­
plished before it had cooled completely, following the desorption heating in 
the furnace in Chamber # 1. While the furnace temperature was still above 
the melting point of lithium, the crucible-collector assembly was removed 
and held in the jaws of the manipulator so that the end of the beveled de­
livery tube from the lithium supply was about 1/4 inch inside the top of the 
collector. Then the calibrated volume was filled with lithium by opening 
the valve between it and the large cylinder, and applying about 3 psia of 
helium pressure to the top of the cylinder. This valve was then closed, and 
the same helium pressure applied to the calibrated volume. The helium valve 
was closed again, so that when the final delivery valve was opened there 
would not be a direct connection from the helium supply to the vacuum system. 
The bubble of helium which remained in the calibrated volume from this pro­
cedure was sufficient to push the lithium out through the delivery valve into 
the crucible-collector assembly, when the valve was finally opened. The oper­
ation was monitored visually, since it was possible to see the lithium pass 
the beveled end of the delivery tube. After the lithium had transferred, the 
calibrated volume was open to the vacuum chamber, so when the delivery valve 
was closed the apparatus was immediately ready for anoth~r loading sequence. 
The filled assembly was held in Chamber # 1 until the lithium solidified, and 
was then passed into Chamber # 2 for welding. 

Early in the experience of handling liquid lithium, it was found that 
the low density and high surface tension of the material made it difficult to 
transfer by gravity methods. Specifically, it was found to be impossible to 
transfer the solvent lithium from the solute crucible into the sample collec­
tor by inverting the assembly at temperature following completion of a solu­
bility test, although this procedure is always effective with potassium and 
sodium. A comparison of the surface tension/density ratios for a number of 
liquid metals is shown in Table VIII. It is not surprising, in light of the 
ratios in the table, that the simple gravity method of transfer fails with 
lithium. 

TABIE VIII 

Surface Tension-to-Density Ratios for Liquid Metals 

Surface TensionjDensity, 
Metal dynes/cm/gm./cu cm Temp. °c 

Li 720 550 
Mg 360 680 
Hg 320 300 
Al 220 750 
Na 210 550 
K 120 550 
Pb 40 550 
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Figure 4 . Lithium Storage and Dispensing Apparatus . 
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Three methods of effecting the transfer of lithium from the crucible to 
the collector were investigated. In one of these, the solenoid rapper method, 
the experimental capsule was externally agitated in an effort to break the 
surface of the lithium, permitting it to flow. In the other two methods the 
surface of the lithium was broken by using additional parts within the crucible­
collector assembly. These latter two methods therefore have the potential 
disadvantage of introducing an additional material into the solubility experi­
ment, but this was considered a small price to pay to insure that the lithium 
would transfer properly. Details of these three methods are as follows: 

Solenoid Rapper - A sealed solenoid coil is used to drive an arma­
ture repeatedly against the side of the capsule, transmitting the vibration 
to the collector inside the capsule. The solenoid is activated externally 
for a given length of time. 

Internal Heavy Metal Ball - In this approach, a ball of an inert 
metal, e.g., W or Re, is added to the crucible during the loading operation. 
When the assembly is inverted at temperature at the end of a solubility test 
exposure, the sphere is above the lithium which adheres to the crucible, and 
falls through it like a loose-fitting piston. In theory, this breaks the 
meniscus, initiating the flow of the lithium into the collector. 

Internal "Tire - A wire of inert metal, e.g., W or Re, placed on 
the inside of the crucible-collector assembly, and positioned so as to be 
nearly touching the wall, provides a capillary path for the lithium to flow 
along. During the test exposure, the lithium may crawl upward along the wire, 
but this should not interfere with the attainment of equilibrium between the 
solute and solvent. When the test is complete and the capsule is inverted, 
the wire provides a path down which the lithium can flow, because the effec­
tive diameter of the lithium column adjacent to the wire will be much smaller 
than that of the cruCible, and, in addition, the head of lithium will tend to 
drive the metal down along the wire. The- capillary rise (in a cylindrical 
column) is given by, h = cr/rpg, where cr is the surface tension, dynes/cm; 
r is the radius of the column, em; p is the field density, gm wt/cu cm; g is 
the gravitational constant, 980.7 dynes/gm wt, and h is the column height in 
cm. Therefore, as r is reduced h increases, so that there is more tendency 
for the lithium to move along the wire (where the effective r is small) than 
to remain bridged across the larger crucible diameter. 

Table IX shows the results of tests of these three methods for facili­
tating the transfer of lithium from the crucible to the collector. 

On the basis of these tests, the internal wire method was chosen for 
routine use in the lithium solubility experiments. It proved to be reliable 
and effective, failing to operate successfully only in one case, in which 
the transfer wire had failed to remain close to the wall of the collector. 
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TABLE IX 

Lithium Tr.ansfer Tests 

Transfer Aid Tem"!>. "C ufo Transfer 

Solenoid rapper, 1 minute 1350 34 

Solenoid rapper, 1/2 minute 1185 0 

Solenoid rapper, 2 minutes 1040 16 

Tungsten sphere 1040 90* 

Tungsten sphere 1110 >98 

Tungsten wire 1120 > 98 . 

*Only 0.25 gm of Li was loaded, with less than 0.025 gm not transferred. 
This latter amount remained behind in the tests in which > 98% transferred. 
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SOLUBILITY TEST PROCEDURE 

Solubility Experiment Components 

The components used for each solubility experiment are solute crucible, 
collector, collector cap, capsule, capsule cap, and in lithium experiments, 
a transfer wire. Figure 5 is a cross-sectional representati,-on of the assembled 
components for a solubility experiment. The numbers indicate the sequence of 
operations for loading and welding the components. Typical crucible-collector 
assemblies, before being loaded with solvent metal, are pictured in Fig. 6. A 
welded pressure capsule, after completion of the loading sequence, is shown in 
Fig. 7. Details of the operations are given below. 

Outgassing of Components 

Solute crucibles were chemically etched after machining to remove surface 
contamination. After rinsing and drying, the crucibles were vacuum outgassed 
at a temperature about 100°C in excess of their maximum solubility test tem­
perature, and were held at this temperature until the pressure in the vacuum 
system dropped back to 2 x 10-6 torr, which was the pressure in the system be­
fore heating. After the outgassing furnace had cooled under vacuum, it was 
filled with an atmosphere of argon in all cases. 

The collectors and caps were degreased and then etched in a mixed acid 
solution consisting of 50 HN03-30 H2S04-20 H20 plus one drop of HF per 5 ml 
of mixed acid. This mIxture gives a controllable, but reasonably rapid, etch 
and removes tool marks and surface contamination. After rinsing and drying 
with acetone, the collectors w~e outgassed at l600-1650°C under vacuum until 
the pressure dropped to 2 x 10- torr. 

The molybdenum outer capsules and caps were degreased in acetone and then 
out~assed under vacuum at 1800-1900°C until the pressure had dropped to 2 x 
10- torr. The T-222 alloy pressure capsules and caps were similarly degre~sed 
and then outgassed at l650-1700°C until the pressure had dropped to 2 x 10-b 
torr. This treatment is more severe than the annealing treatment usually 
quoted for T-222 - l320 0C for one hour - but since this testing program called 
for heating at 1600°c for four hours it was necessary to pre-treat the compon­
ents at the higher temperature to ensure that there would be no appreciable 
outgassing during the solubility test. 

All teEit components ",ere subjected to a further heating at 350°C in the 
desorption heater in vacuum chamber #1 immediately prior to loading. This 
heating removed any argon or other gas which may have been adsorbed on the 
surface during the transfer of the parts subsequent to the high temperature 
outgassing. 

The time between the high temperature outgassing of alloy solute crucibles 
and the solubility test itself was minimized for the last half of the solubil­
ity runs, in order to reduce the possibility that metallurgical changes during 
this period could affect the solubility experiments. The time period did not 
exceed 72 hours for those experiments in ,,,hich it was controlled. 
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Capsule cap __ -4o'~Cf. 

Collector cap ____ ~~~~~ 

Collector 

Pressure 
Capsule 

Solute 
crucible 

Liquid metal __ ~H+~ 
solvent 

Liquid metal _____ 4~~~~~--~ 
for pressure 
equalization 

Sequence of Capsule Loading Operations 
(all carried out in high vacuum) 

G) Load crucible-collector assembly 
with liquid metal solvent. 

® Weld cap on crucible-collector 
assembly. 

Place liquid metal for pressure 
equaliz~tion in pressure capsule. 

Place welded crucible-collector 
assembly in pressure capsule. 

Weld cap on capsule. 

Figure 5. Solubility Experiment Components (Cross-Section View), 

Full Size, Showing Sequence of Loading Operations. 

- 23 -



N 
+-

ASTAR- 8lIC Solute Crucible Mo - O. 5Ti Sample Collector 

Varyor Deposited Tungsten Crucible Cb - IZr Samnle Collector 

Figure 6. Welded Crucible-Collector Assemblies, One and One-Half Times Actual Size. 

__ ___ _ r:r--.-----~ 

--, 



rv 
V1 

Figure 7. Welded Pressure Capsule (T-222 Alloy), One and One-Quarter Times Actual Size. 

__ I 



Crucible-Collector vleldi:og 

Outgassed solute crucibles and collectors were electron-beam welded under 
high vacuum to produce assemblies like those shown in Fig. 6. If the differ­
ence between the melting points of the two parts is large, this weld is more 
properly termed a braze, in which the lower inelting point metal is fused and 
flows onto the higher melting point metal. For example, the joint between a 
zirconium solute crucible (m.p. 1830°C) and a Mo-l/2 Ti sample collector 
(m.p. 2600°c) is really formed by melting the" Zirconium, which wets the 
molybdenum alloy and makes a metallic bond with it, perhaps with small amounts 
of intermediate solid solution and intermetallic compound phases. 

The crucible-to-collector welding operation provides a possible source 
of error in solubility experiments, because of the possibility that crucible 
material may vaporize in the weld zone and deposit in the sample collector. 
The weld lip of the solute crucible was generally on the inside of the sample 
collector lip, and line-of-sight ev~poration could have caused deposition of 
solute on the inside of the collector. For example, in the case of aT-Ill 
solute crucible and a MO-l/2 Ti collector, the Mo alloy was melted by the 
welding beam and dissolved some of the T-111 to make the seal, but the bulk of 
the T-lll did not melt, although it became quite hot under the molten Mo alloy. 
The inner lip of T-Ill ensured that the molten Mo alloy could not flow down 
inside the crucible. The melting point of Mo is 2890~, and that of the alloy 
should be somewhat lower. The estimated temperature of the molten weld mater­
ial is therefore taken to be 2900-2950~, and the temperature of the inner 
wall of the T-ill can be reasonably taken to be, say, 2850~ in the vicinity 
of the weld spot. Thus, this spot can be considered to be a Langmuir evapora­
tion source for tantalum, and the evaporation can deposit tantalum on the in­
side of the collector and the crucible, also. 

For a tempera1ure of 2850~, Stull and Sinke (24) give the vapor pressure 
of Ta as about 10- atm, and the Langmuir equation for the evaporation of Ta(g) 
predicts an evaporation rate of 1.2 x 10-6 gm/sec sq. cm. For a spot 0.5 cm 
x 0.5 cm = 0.25 sq cm, and a total weld period of 10 seconds, the amount of 
tantalum which would evaporate from a pure Ta surface would be 1.2 x 0.25 x 10 = 
3 micrograms Ta. Since T-lll is 9afo Ta, the loss of Ta fran T-ll1 should also 
be about 3 micrograms under these conditions. This 3 ~gm value is quite sensi­
tive to the time, area, and temperature assumptions used. For example, if the 
temperature were 2950~ and the time were 20 seconds, the v.p. increases by a 
factor of 3, and the time by a factor of 2, so that the predicted Ta transfer 
becomes 18 ~gm. To provide experimental verification for this hypothesis, 
experiments were carried out in which a tungsten rod was inserted into the 
sample collector during the welding process, and subsequently chemically etched 
and the solution analyzed for tantalum. It was found that appreciable amounts 
of Ta - from a few micrograms to several tens of micrograms - could be recover-
ed from the tungsten shield. Therefore the routine procedure after these 
experiments included a skin-cut machining operation on the inside of the collector 
following the crucible-to-collector' weld. This machining was easily performed 
through the open end of the colle~tor, since the cap bad not yet been welded 
on (see Fig. 5). Specific problems in the jOining of some6ruc i ble materials 
to their collectors are discussed in the "Results and Discussion" section of 
this report. 
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Loading of Potassium 

The potassium loading procedure was essentially the same as that described 
in Reference 20. After removal from the desorption heater, thecrucible-collec­
tor assembly was placed upright in a fixture on the floor of the vacuum chamber. 
The loading funnel, which had been heated well above the melting point of 
potassium, was placed in the collector. Then about two grams of potassium was 
extruded, cut off with the hot-wire cutter, and dropped into the funnel, 
through which it.ran into the crucible-collector assembly. The funnel was then 
removed and the potassium permitted to solidify. A small amount of potassium 
(about 1/4 gram) was placed in the outer capsule by a similar procedure, to 
equalize the pressure inside and outside the crucible-collector assembly. Be­
cause of the larger diameter of the capsule the heated funnel was not needed 
for this latter operation. 

All parts (loaded crucible-collector, capsule with small amount of potas­
Sium, and caps for both) were then passed through the high vacuum gate valve 
into chamber #2, the welding chamber, in Which the cap was welded onto the 
collector, and the sealed crucible-collector assembly was placed in the pres­
sure capsule. Then the capsule cap was welded in place. The sealed capsule 
was then ready for the solubility equilibration at temperature. 

Loading of Lithium 

The loading of a crucible-collector assembly with lithium differed from 
the procedure for potassium in that the lithium was transferred as liquid from 
the supply cylinder to the solubility assembly, as described in a prior section. 
In addition no lithium was added to the pressure capsule body (outside the 
crucible-collector assembly) because the vapor pressure of lithium is not so 
great at the test temperatures that this measure is necessary to prevent the 
swelling of the crucible-collector assembly. After the lithium is loaded into 
the crucible, and has SOlidified, the closure welds are completed in the same 
manner as for the potassium experiments. 

Equilibrating at Temperature 

The welded solubility capsule was installed in the high temperature fur­
nace in an upright position, as seen in Fig. 1, and the movable half of the 
furnace swung into place. Power to the furnace was turned on when the pressure 
in the vacuum system was reduced to the low 10-6 torr range. Timing was begun when 
the capsule reached the desired equilibration temperature. At the end of the 
equilibration time, the power was turned off, the furnace opened, and the 
capsule inverted by rotating it out of the furnace into the chill trap, all in 
rapid sequence. When the furnace had cooled suffiCiently, the vacuum system 
was filled,with argon and the capsule removed for opening. 

Preparing for Analytical Chemistry 

The first step in preparing solubility runs for chemical analysis was to 
cut open the outer capsule in order to remove the crucible-collector assembly. 
This was done by machining away the capsule closure weld. For experiments 
using potassium solvent, the inner assembly was then carefully washed with 
water to remove potassium that adhered to the outside of it. The entire 
crucible-collector assembly, still sealed, was then given to the analytical 
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chemist. For experiments using lithium solvent, the collector was cut off 
with a tubing cutter, in a purified argon glove box, with the cut made suffi­
ciently far from the weld area to preclude the presence of any of the crucible 
material in the cut-off portion. The collector, containing the lithium, was 
then heated on a hot plate in the glove box until the lithium melted and the 
sample transfer wire could be removed. After the wire was removed, the 
lithium was allowed to solidify. The collector was then placed in a conical 
flask which was closed with a rubber stopper, and given to the analytical 
chemist. Analytical methods employed are described in Appendix A. ~ 

It has been suggested that the apparent solubilities measured might be 
low because solute atoms could diffUse along grain boundaries in the collector 
to such as extent that the routine etching procedure used in the analytical 
chemistry would not remove it all. (This diffusion period is effectively 
limited to the time during which the sample is being quenched.) To test this 
hypothesiS, lathe cuts of about 0.001" were taken on the internal surface of 
two Mo-O.5 Ti collectors which had been used in tantalum experiments, and one 
unused collector. This was repeated to collect nine samples of turnings, 
three sequential cuts on each of the three collectors. In addition, a solid 
piece of unused collector was analyzed. These ten samples were analyzed using 
a spark source mass spectrometer. The results are shown in Table X. 

The intensity of the tungsten line was used as an internal standard in 
the analysis. The presence of appreCiable amounts of Nb, Zr, and Hf in 
sample C-2 indicates contamination after the machining operation, and the high 
tantalum number must therefore be attributed to contamination. A comparison 
of the other results indicates no evidence that tantalum has penetrated into 
the collector surface. The amount of tantalum found in the cuts from the two 
collectors (#37 and #38) are no higher than that in the solid molybdenum 
piece or the first and third cuts from the unused collector (C-l and C-3). 
It therefore seems very unlikely that reported solubilities might be low be­
cause of loss of tantalum into the collector material. 
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TABLE X 

Spark Source Mass Spectrometer Analysis of Samples from the 

Interior Surfaces of Mo-0.5Ti Sample Collectors 

Parts per million ( weight) 
Sample Ta W Nb Zr 

~ olid Moly Piece 2·3 - 7.7 80 n.d.* n.d. 

31:3-1 2.8 - 6.2 80 n.d. n.d. 

38-2 3.6 80 n.d. n.d. 

38··3 0.62 80 n.d. n.d. 

37-1** - 1 80 -1 -1 

37-2 2.6 - 4.3 80 - 300 n.d. 

37-3 0.6 - 0.9 80 n.d. n.d. 

C-l l~. 7 - 16 80 n.d. n.d. 

Hf 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

C-2*** 58 - 170 80 - 1% .... 300 13 - 28 

C-3 2.5 - 3.8 80 n.d. n.d. n.d. __ a 

* n.d. = not detected in PPm amounts 

** The W/Mo ratio in this sample was significantly larger than was observed 
in the others. However, the ratio of tungsten to ,the listed metals is 
essentially the same as was observed for the other samples. ' 

***The amounts of Nb, Zr, and Hf in this sample indicates gross contamina­
tion in some step of the machining and handling process. 
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ANALYTICAL PROCEDURE DEVELOPMENT STUDIES 

As solubility experiments progressed, it became apparent from the scatter 
of the data and the poor analytical reproducibility for tantalum, that some 
refinement of the analytical method for this element was required. 

The spectrophotometric method originally reported by Luke (18) utilized 
the color developed by tantalum with phenylfluorone (2,3,7 - trihydroxy -
9 phenyl - isoxanthene - 3 - one) which exhibits an absorption maximum at 530 nm. 
Luke's method involves the following steps: 

1. Evaporate an aliquot portion of the sample solution to dryness in a 
water bath. 

2. Take up in an acid mixture and extract with methylisobutylketone. 

3. Evaporate methylisobutylketone extract to dryness. 

4. Fume with HN0
3 

and HCI04 . 

5. Add reagents for development of colored tantalum-phenylf1uorone com­
plex, and read after 30 minutes at 530 nm on a spectrophotometer. 

Luke studied the method using 0, 40, 80 and 120 ~g of Ta. The presence of Mo 
interferes because the Mo-phenylfluorone complex reportedly exhibits an absorp­
tion maximum at 565 nm. The addition of EDTA prior to color development to 
complex up to 1 mg of Mo eliminates the Mo interference, according to Luke. 
Additional Mo must be removed by a hex one extraction of the Ta-F complex. 

This method was verified at AI over the range 0-50 ~g Ta in samples con­
taining up to 50 mg Mo. Hill (9) reported Luke's method to be unreliable for 
less than 40 ~g of Ta due to Ta loss during Luke's evaporation steps, and he 
developed a modified analytical scheme which avoided the strong evaporation 
step. Hill's modifications to Luke's method permitted determination of 2-50 ~g 
Ta to about ± 5% (relative) at 10 ~g. 

Attempts to verify Hill's data have provided an interesting and revealing 
series of observations. In agreement with Hill, it was found in the present 
study that at least one hour is necessary for optimum color development as 
opposed to 30 minutes as reported by Luke. Precise and exact replication of 
the quantities of reagents (and in the specified order) is required to obtain 
a meaningful and reproducible blank. The previous difficulty can probably be 
attributed to slight variations in reagent quantities which could affect the 
overall equilibrium of the system. Phenylfluorone exhibits an extremely 
strong absorption band at 490 nm and the shoulder of this band exerts an in­
fluence at 530 nm. The absorption spectrum was not described or discussed by 
Luke or Hill. If this contribution of the "shoulder" at 530 nm is not a con­
stant influence, then poor analytical reliability must result. Improved relia­
bility might be gained at the expense of sensitivity by reading at 560 nm, if 
the Mo extraction is complete(and/or if EDTA complexes any remaining Mo). 

Hill's publication (9) provided the basis for the work described below to 
determine the precision of measurements in the 0-10 microgram tantalum range, 
and to discern the extent, if any, of interferences caused by the presence of 
molybdenum or lithium. 

- 30 .;. 



To this end .a series of "standard curves" was prepared as follows: (1) 
tantalum only, (2) tantalum plus molybdenum, (3) tantalum plus lithium, and 
(4) tantalum plus molybdenum plus lithium. In each case the solutions were 
carried completely through the phenylfluorone method. The data were treated 
by analysis of variance techniques which look at the regression lines drawn 
through each set of data and the single line drawn through the pooled points. 
By determining the sum of squares of deviations from the best line through 
all the data, from the best line through the individual sets with a pooled 
estimate of the slope, and from the best line through the individual sets each 
with its own slope, one can examine the ratios of these sums of squares at the 
appropriate degrees of freedom and apply an F test to determine any signifi­
cance. A statistical analysis of the results of these experiments is given in 
Appendix D. 

The experimental data demonstrate that in the 0-10 ~g Ta range essenti­
ally complete recovery is effected using extraction methods, and in cases 
where Mo collectors and Li solvents are involved, standard curves prepared 
from impurities of the same order of concentration as the samples can be 
expected to yield a ± 1 \Jog uncertainty (95% confidence level). This uncertainty 
is that expected for aqueous solutions of tantalum in this concentration range. 
When the uncertainties associated with the rest of the solubility measuring 
technique (e.g., thermal equilibration, solvent transfer, collector cutting, 
and alkali metal dissolution) are included, the uncertainty for a specific 
measurement of tantalum concentration is about ± 3 ppm. 
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RESULTS 

In this section, the results of the solubility experiments are discussed 
by individual solute-solvent combinations, vith the potassium work first, 
followed by the lithium work. 

T-lll in Potassium 

The results of experiments vith T-lll alloy solute crucibles, and MO-l/2 
Ti sample collectors, vith potassium solvent, are shown in Table XI. These 
points are plotted in Fig. 8, with the exception of runs #607 and #612, which 
are considered unreliable. The crosses (+) represent experiments carried out 
in the first series, before the development of the improved analytical method 
for tantalum and before the sample collector's internal surface was routinely 
machined after welding. The two points denoted (X) are experiments in which 
a tungsten shield prevented the deposition of tantalum on the surface of the 
sample collector during welding, but the analysis for tantalum in the potassium 
was carried out by the unimproved method. The four points denoted by open 
circles are from experiments in which tantalum deposited during welding was 
mechanically removed from the collector surface before loading with potassium, 
and the improved tantalum analytical method was used. The curve shown is 
described by the equation loglOS(wppm Ta in K) = 2.099 - 2090jT( ~), the slope 
of which yields a heat of solu~ion of about 9600 calories per mole. If a 
curve were drawn through the crosses (+), excluding # 637~ its slope would be 
very nearly the same as that for the curve shown. 

In an attempt to determine whether or not the presence of a pure getter 
surface in the vapor space above the potassium would have any effect on the 
apparent solubility of tantalum from the alloy, an experiment was run in which 
there was a hafnium section inserted between the T-lll solute crucible and the 
MO-l/2 Ti collector. The welded assembly is shown in Fig. 9. The hafnium 
section was about 3/4 inch long, and was salvaged from the hafnium crucible 
used in tests #609, 11621, and #641. Problems encountered with the hafnium 
crucible in these tests are discussed below. In using the hafnium in the test 
vith T-lll solute, some difficulty was experienced in making the composite 
crucible-collector subassembly, but it proved to be helium 'leak tight at the 
time the potassium was loaded. However, after the test it was found that a 
leak had developed in the hafnium wall and a large fraction of the potassium 
had escaped from inside the crucible. Therefore, the sample was not analyzed. 

ASTAR-811C in Potassium 

The results of three experiments with ASTAR-811C solute crucibles and 
MO-l/2 Ti sample collectors, with potassium solvent, are shown in Table XII. 
The tantalum analyses used the unimproved analytical technique, and the tests 
were run before the measures to prevent vapor deposition of solute during the 
welding process were instituted. Therefore the conclusion that can be drawn 
from the data is that the solubility of tantalum from the, alloy is in the 
6 to 10 wppm range over the temperatures of these experiments, with no defin­
able temperature dependence from these data. 
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Figure 8. Solubility of Tantalum from T-III Alloy in Potassium. 

- 33 -



\.M 
+-

T- lll Solute Crucible 
Hafnium 
Getter 
Section 

Mo - O.5 Ti Sample Collector 

Figure 9 . Crucible-Collector Assembly with Hafnium Getter Section , One and One-Half Times Actual Size. 

l 
\ 



TPJ3IE XI 

Concentration of Tantalum from T-111 Alloy* in Potassium 

Test No. Temp. , °c Time, hr. K, gIn Ta, \JIg Ta, "rppm 

421 1200 h 1.62 7 4.3 
612 1200 4 1.37 1~6 39.0 
614 1200 4 1.58 23 14.7 
619 1200 4 2.1 33 15.5 
783 1200 4 1.4 9 6.5 
785 1200 4 1.2 6.5 5 .!~ 

618 1329 4 1.85 37 19.8 
607 1382 4 1.87 <0 Negative Result 
608 1382 l~ 2.0 47 21~ 

784 1400 l~ 2.0 8.2 4.1 

788 1600 4 1.65 15.8 9.6 
637 1608 h 1.60 9 5.6 
633 1613 4 1.70 38 22.3 
427 1615 h 1.68 23 13.7 

789 Control at 12 \JIgIn Ta 13.0 

- .-
* Nominal compositions for all solutes are given in Table V. 

TABLE XII 

Concentration of Tantalum fran ASTAR-8llC Alloy in Potassium 

Test No. Temp, °c Time, hI'S. K, gIll. Ta, \JIgIn Ta, "'Ppm 
------- ----,--_ .. ------

636 1261 l~ 1.70 12·5 7.4 
638 1405 4 1. 75 16 9.2 
61~2 1625 4 2.03 12 6 

----~---.--------

The results of eight experiments with a nominal Ta-l/2% Zr alloy and 
MO-l/2 Ti sample collectors, with potassium solvent, are shown in Table XIII. 
The tantalum analyses used the unimproved analytical technique, and the tests 
were run before the measures to prevent vapor deposition of solute during the 
welding process were instituted. The very "ride spread of the data is con­
fusing. Some of these samples were analyzed concurrently VTith some of those 
from T-lll and ASTAR-8l1C runs in which only a few micrograms of Ta were 
found. T,,70 different crucibles were used, but both of them showed the same 
wide variation in apparent solubility. The tests were run in numerical order, 
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TABIE XIII 

C oncentrati on of Tantalum from Ta-O.5~ Zr Alioy in Potassium 
--------- ---_._-_._---,,- ._.--..-._' 

Test No. Temp, °c Time, hrs. K, gIll Ta, I-LgIll Ta, -wppm 
_._--- ---_ .. _----_. --.----- .... '-_._----_.- -~----------

630 1197 4 1.75 lolt-O 595 
631 1198 1 1.60 870 543 
639 1202 4 1.95 135 69 
6!~7 1203 0.5 1.95 402 206 
640 1205 0.5 1. 72 4425 2570 
623 1222 4 1.95 9770 5000 
624 1421 h 1.82 1260 700 
6!~4 1631 4 1.98 32 16 

_._- ---- ----

and it is seen that there is no regularity in the amount of tantalum found 
vlith test sequence. The generalization may be drawn, hOivever, that the solu­
bility of tantalum from this alloy is significantly greater than that from 
either of the more highly gettered alloys T-lll and ASTAR-811C. 

The results of experiments vlith two niobium-zirconium alloys, Cb-lZr 
commercial alloy and Nb-0.5% Zr, and MO-l/2 Ti sample collectors, inth potas­
sium solvent, are shown in Table XDl. The data are not sufficient to show a 
well-defined temperature dependence. The apparent solubility of niobium from 
the 1% zirconium alloy is about 6 ppm in this temperature range, and that 
from the 0.510 alloy somewhat higher. The data suggest that the solubility is 
dependent to a degree on the amount of gettering constituent (Zr) in the 
alloy. 

TABLE XIV 

Concentration of Niobium from Niobium-Zirconium Alloys in Potassium 

Test No. Solute Temp., ~ime'hrS K, 

~'--
Nb,-wppm 

_.-._--_._- ---
601 Cb-lZr 1200 4 1.53 9.4 6.0 
603 Cb-lZr 1382 4 1.56 8.0 6.5 

219* Cb-lZr 1000 8 2.27 not detected < 1 
224* . Cb-lZr 1240 4 1.84 11 6 

626 Ifo-0.5Zr 1200 4 1.95 19.6 10.0 
627 Nb-O·5Zr 

j 

Ih17 l~ 1.55 19·3 12.4 
635 Nb-0·5Zr 1614 1.j. 1. 75 336 191 

'--" ____ "_L.-. -.---
*Earlier experiments, reported in Reference (20) . 
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The results of tvo experiments ",ith each of tvo molybdenum-z:irconitun 
alloys, Mo-0.5~~ Zr and TZH, and Cb-l?r nanrple collectors, with potassium 
solvent, at'e shmm in Table XV. The data at'e insufficient to shm.; more than 
that the comT:lercial TZM alloy, 1?hich has 0.5% Ti as well as 0.07/0 Zr, is less 
soluble than the specially prepared 0.5% Zr alloy. Results of earHer ,mrk 
(Ref. (20)) shovT from 1. 3 to 13.9 "'Ppm Mo dissolved in potassium fro:n pure 
molybdenum crucibles i.n the 1000··1200°C range. 

TPJ3LE XV 

Concentration of Molybdenum from Mo-Zr and Mo-Ti-Zr Alloys 
in Potassium 

TestNo~ 
"'(!;;-- ... _--_ .. _----- --_. 

Solute Temp., C Time, hrs K, gm Mo, IJ,grn r.f 0, "'Ppm 
----.------- ._._-_ .. _-- ------- --_._----_ .. _ .. -------_. ---- ._----_._. _._---

61~6 Ho-0·5Zr 1203 l~ 1.62 218 135 
648 Mo-0.5Zr 1380 4 1. 71~ 122 70 

791 TZJt1 11+10 4 2·35 25.5 15 
79h TZM IJ+oO l~ 2.20 18.5 8.5 

Rhenium in Potassium 

The results of four experiments with a rhenium solute crucible and Cb-lZr 
sample collectors, "lith potassium solvent, are shown in Table XVI. Rhenium was 
undetected at the 1 ";ppm level in any experiment. The actual solubility may be 
much belo", this level~ "lhich is the limit of the analytical chemistry procedure 
used. Rhenium is the least soluble of any solute studied in this program. 

TABLE XVI 

Concentratj.on of Rhenium in Potassium 

._-------..--.. __ ._._--_. __ .. _-_ .. _--,....------y----------,-----------' 

Test No. Temp., °c Time,hrs K, gm Re, IJogffi Re, "'Ppm 
-----_.- ---------1--_._---

620 1200 4 1.95 < 2 < 1 
629 1200 l~ 1.35 < 2 < 1 
634 11~15 l~ 1.60 < 2 < 1 
6h3 1621 J·f 1. 72 < 2 < 1 

Hafnium in Potassium 

The results of three experiments with a hafnium solute crucible and Mo-
1/2 Ti sample collectors, vith potassium solvent, are shm·,rn in Table XVII. 
The data are not sufficient to describe a temperature dependence, but it is 
seen that hafnium is ~pparently soluble in the 100 ";ppm range in potassium in 
the l200-11fOO °c temperature range. 
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TABLE XVII 

Concentration of Hafnium in Potassium 

Test No. Temp., ·C Time, hrs K, gm Hf, ~gm Hf, "wppm 

609 1200 4 1.1~1 166 118 
621 1373 4 1.70 175 103 
641 1387 4 1·90 91 48 

The exposures of the Hf samples were irregular in that when each of the 
capsules was opened, the crucible was found to have expanded out against the 
inner wall. It was necessary to machine the molybdenum capsule away from the 
Hf in order to recover the crucible-collector subassembly. Figure 10 shows 
the subassembly from Run #609 after the machinixg operation. This can be com­
pared to the Hf-(Mo-O.5 Ti) weld of Fig. 11. The Hf is clearly expanded but 
the Mo-0.5 Ti is not. The reason for this is thought to be that during the 
quenching period, the capsule wall cools faster than the crucible-collector 
subassembly with the result that the vapor pressure of the potassium outside 
the crucible-collecto~ is momentarily lower than that inside the subassembly. 
If the crucible is a weak material such as soft, single crystal hafnium, it 
cannot resist the pressure difference so it expands outward against the cap­
sule wall. The stronger MO-l/2 Ti does not swell. Support for this hypothesis 
is found in the observation that in all three Hf runs, the crucible was ex­
panded firmly against the capsule wall. 

In addition to the expansion phenomenon, the lif crucible also appeared 
to be quite heavily attacked by the potassium. This attack is shown in the 
photograph of the interior bottom of crucible # 609 in Fig. 12. A similar 
surface appearance is exhi bi ted by the walls of the crucible. Before the 
exposure, both the walls and the bottom had a standard machined surface. The 
post-test appearance suggests either that severe corrosion has taken place or 
that expansion of the hafnium has caused slippage along crystal planes, giving 
the etched appearance. 

Zirconium in Potassium 

The results of experiments with a zirconium solute crucible and MO-l/2 Ti 
sample collectors, with potassium solvent, are shown in Table XVIn. The data 
are not sufficient to show the temperature dependence of apparent solubility, 
but they do show that many tens of "wppm of zirconium will dissolve in potassium. 
The lowest 'temperature experiment (#617) shows a zirconium concentration that 
is anomalously high. Although the amount of potassium in the experiment was 
low, there was no indication of an experimental abnormality in the run. 

Difficulty was encountered in making a zirconium to MO-l/2 Ti weld. 
Several attempts resulted in joints that were not helium lea,k-tight. The 
zirconium crucible was damaged beyond use in these attempts, and a new zircon­
ium rod of equal purity was obtained. The crucible made from the new zirconium 
was welded to a sample collector without difficulty. A swelling phenomenon 
similar to that described above for the hafnium crucible was noted with the 
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Figure 11. Hafnium-(Mo-0~5Ti) Assembly Before Exposure, One and One-Half 

Times Actual Size. 

Figure 10. Hafnium-(Mo-0.5Ti) Assembly After Exposure and Machining to Remove 

Capsule, One and One-Third Times Actual Size. 



TABlE XVIII 

Concentrati on of Zirconium in Potas s ium 

--- -- -- - --- - - - --- -- - -
Tes t No. Temp., "C Time,hr s K,gm Zr,lJ.gm Zr,wppm 

617 900 4 0. 625 176 282 
622 900 4 1. 90 121 64 
628 1200 4 1. 70 136 80 

zirconium crucible after the 1200°C test. Figure 13 shows the appearance of 
the crucible-collector as sembly after t he swelling had occurred. As with the 
hafnium, this phenomenon is attributed to the combination of metal weaknes s 
and the difference i n potassium pressure inside and outside the crucible­
collector assembly during rapid quenching. 

Figure 12. Bottom of Hafnium Crucible After Four Hours 

Exposure to Potassium at 1200 ·C, Three Times ActuB.l Size. 
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Mo - O. 5Ti Zirconium 

Figure 13. Zirconium-(Mo-O.5Ti) Assembly After Exposure, One and 

One-Quarter Times Actual Size. 
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Tungsten in Potassium 

The results of experiments wi t:.1 vapor deposited tungsten crucibles and 
Cb-lZr sample collectors, with potassium solvent, are shO"lm in Table XIX. The 
crucible in test #406 was found to be cracked when the outer capsule was 
opened, but t"nere had apparently been no loss of potassium. The results s~IOW 

an appreciable concentration of tungsten, much greater than that reported above 
for rhenium, but also much less than that reported for tantalum (20). Since it 
was not feasible to obtain tungsten alloys with gettering alloy additions (Zr 
or Hf), the only data obtained are for the hig!:l purity vapor-deposited rra terial. 

TABlE XIX 

Concentration of Tungsten in Potassium 

Test No. Temp.,oC Time, hI' K, gm W, fJ,gm W, wppm 

406 1203 4 1.2 91 76 
407 1391 4 1.5 60 40 
413 1583 4 1.5 92 61 

T-lll in Lithium 

The results of experiments with T-lll alloy solute crucibles and lv1o-Y:::lTi 
sample collectors, wi tl1 lithium solvent, are shown in Table XX. Except for one 
run (#714 at 11 wppm), all the results are the same within experimental and 
analytical uncertainty, and the solubility value of 2 to 3 wppm may be assigned 
for tantalum in lithium over the 1200 to 1600 0c temperature range. The two pre­
liminary experiments using less pure (gettered but not distilled) lithium, and 
made before the improvements in the anal;ytical metllod for tantalum were done, 
showed that significantly more tantalum apparently dissolved. Since there are 
two knm-m differences between t:1e two groups of experiments, it is not possible 
to assign the apparent solubility difference to a specific cause. 
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TABIE xx 

Concentration of Tantalum from T-lll Alloy in Lithium 

Test No. Temp.,oC Time, hr Li, grn Ta, IJ.gm Ta, wppm 

717 1197 4 1.86 5.6 3 
712 1202 4 3.07 < 1 < 1 
719 1202 4 1.93 4.2 2 
713 1203 4 2.22 < 1 < 1 
729 1203 4 1.90 4 2 

739 1203· 1 0.54 1.5 3 
740 1203 0.25 0.85 2.5 3 
714 1308 4 1.20 13.5 11 
730 1395 4 1.60 3 2 
738 1600 4 1.10 2 2 

'l'ests with less pure Li, and before analytical tecl1nique improvements: 

402 I 1363 

I 
4 

I 
0.55 I 11 L20 401 1603 4 0.70 6.5 11 

ASTAR-8l1C in Lithium 

'fne results of experlments with ASTAR-811C alloy solute crucibles and 
Mo-7?Ti sa.rrq>le collectors, with litr1ium solvent, are shown in Table XXI. All 
the results are the same w~.thin experimental and analytical uncertainty. The 
solubility value of 2 to 3 "rppm for tantalum from this alloy, in lithium, may 
"be assigned over the temperature range 1000 to 1600 oc. The canposition 
difference betVTeen T-lll and ASTAR-811C does not seem to affect the solubility 
of tantalum from the alloys in lithium. The remarks concerning the experiments 
with less pure lithium made for the T-lll experiments above apply equally well 
to the two tests with ASTAR-811C under the same conditions, as seen in Table XXI. 

Three experiments with P,sTAR-811C, experimentally identical to those listed 
in Table XVIII with high purity lithium, were analyzed for hafnium content. 
These results are shown in Table XXII. The results are confusing, since ~t is 
seen that apparently more hafnium than tantalum dissolved from the alloy, al­
though hafnium constitutes only about 1% by weight, whereas tantalum is about 
900f0 by weight of the alloy. It may be conjectured that some of the hafnium is 
present as an oxide, since its function in the alloy is to getter oxygen, and 
that the lithium interacts with a portion of the oxide, permitting the hafnium 
to enter the solution. It is also of interest to note that the hafnium concen­
tration found in these experiments is t he same as that found for a pure hafnium 
solute (Table XXII). This suggests that the concentration of hafnium in the 
solute is not the major determining factor in the solution of hafnium in lithium. 
One possibility is that t':1e major factor may be the oxygen content of the potas­
sium which would then account for the nominal equality of the two sets of 
"solubility" data. 
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TABIE XXI 

Concentration of Tantalum from AS'l'jl.R-811C Alloy in Lithium 

-------- ,-
Test lifo. Temp.,oC Time, l1r 1,i, gm Ta, 1-1grl1 Ta, wppm 

716 1007 l~ 2.96 lIt 5 
'[15 1233 2~ l.h2 4 3 
731 1400 1~ l.l~o 3 2 
763 1400 It 1.60 3 2 
762 1620 4 2.It7 1 < 1 

Tests "ldth less pure Li, and before analytical technique improvements: 

649 1195 I 4 0.345 6.3 18 
650 1391 4 0.325 7.5 23 

• 
720 Control at 27 J.Lgm Ta 28 
733 Control at 9 J.Lgm Ta 8 

i 

T.ABIE XXII 

Concentration of Hafnium from ASTAR-811C Alloy in Lithium 

--'---
Test No. Temp.,oC Time, hr Li, gm Hf, IJogm Hf, wppm 

746 1203 4 0.96 11 11 
757 1410 1 0.77 6 8 
756 1600 4 0.78 5 6 

Hafnium In Lithium 

The results of experiments with a hafnium crucible and MO-72Ti sample 
collectors, with lithium solvent, are shown in Table XXIII. The observed 
solubility of hafnium in lithium in the temperature range 1000 to l400 0c is 
seen to be about 6 "'Ppm. 

Great difficulty was encountered in welding the hafnium crucible to the 
MO-Y2Ti sample collector. After a weld was made, numerous leaks were always 
found both in the weld area and along the hafnium crucible. These were sealed 
by defocussing the electron beam and melting the surface of the hafnium in the 
region of the leak. After repeated leak testing and repairing the assembly 
would be fOill1d to be leak-tight. However, this generally required that nearly 
the complete surface of the hafnium be melted in the electron beam. New leaks 
developed after each test, so this procedure was repeated before each loading· 
with lithium. 
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TJI.BIE XXIII 

Concentration of Hafnium in Lithium 

Test No. Temp.,oC Time, hr Li, gIn Hf, "'gIn Hf, wppm 

759 1015 4 1.05 7.5 7 
773 1200 4 1.07 6.5 6 
771 1400 4 1.62 9 6 

Control at 8 !J.gIn Hf 10.3 

Molybdenum in Lithium 

The results of experiments with molybdenum solute crucibles and Cb-lZr 
sample collectors, with lithium solvent, are shown in Table XXIV. The scatter 
in the data precludes the assigning of a temperature dependence. No reason for 
the scatter is apparent, and the chemical analysis seems to be reliable. The 
best value for the apparent solubility of molybdenum in lithium over the 
temperature range 1200 to 1600 0c is 9 ± 5 wppm. 

TJ\BIE XXIV 

Concentration of Molybdenum in Lithium 

Test No .• Temp.,oC Time, hr Li,e;m Mo, iJ.e;m Mo, wppm 

779 1200 4 0.41 2.5 6 
722 1192 4 2.72 44 16 
775 1200 4 1.19 4.8 4 
724 1390 4 2.42 16 7 
727 1400 4 1.01 2 2 
780 1405 4 1.1 15.3 14 
749 1620 4 0.57 6 11 

Control at 2 !J.gIn Mo 2.0 
... 

Rhenium in Lithium 

The results of experiments w~th a rhenium solute crucible and Cb-lZr sample 
collectors, vith lithium solvent, are shown in Table XXV. The solubility of 
rhenium in lithium may be described as 1 ± 1 wppmover the temperature range 
1200 to 1600°c, from these data. The same crucible was used that had been 
previously used for potassium solubility eXIeriments. 
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TlffiLE xxv 
>.vi' 

Concentration of Rhenium in Lithium 

--
Test No. Temp.,oC Time, hr Li, gIll Re, J..1gm Re, wppm 

--
721 1202 4 1.64 1 0.6 
750 1400 4 1.86 2 1.1 
754 1602 4 1.47 2.5 1.7 

Control at It \J.gm Re It.5 

Tungsten in Lithium 

The results of experiments with a tungsten solute crucible and Cb-lZr 
sample collectors, with lithium solvent, are s~own in Table XA'VI. l"rom these 
data, the apparent solubility of tungsten in lithium in the temperature range 
1200 to 1600°c may be described as 2 wppm. All three tests were made with the 
same vapor deposited tungsten crucible. Hmvever, the crucible "las very brittle, 
and leaks developed during handling. These i"ere satisfactorily sealed by care­
ful electron beam melting of the surface in the leak region, as was done wit!.l 
the hafnium crucible. 

TlffiIE XXVI 

Concentration of Tungsten in Lithium 

---. .-
Test No. Temp.,oC Time, hr Li, gm IV, IJ.gm VI, -wppm 

--

765 1202 4 1.15 3 2.5 
758 1400 It 1.52 < 1 < 1 
769 1610 4 1.5It It 2.5 

Control at 2 IJ.gIDS v! 2.5 _._--

DISCUSSION OF' REsurrrs 

The dissolution of a refractor;'( metal in a liquid aJkali metal involves 
at least tvTO processes. The 'first of these is the straigotforward solution 
of the refractory metal atoms themselves, and toe second involves toe forma­
tion of a soluble oxygen-bearing species. Both processes vTill occur in every 
system, although in toe usual case, one will dominate. Which 'of the two is 
dominant in any particular system will depend on factors such as the amount 
of oxygen present and the chemical stability' of t~e pertinent oxygen-bearing 
species. Indeed, the "SOlUbility" values reported for many systems of known 
high oxygen content (whether it be in the solvent or in the solute) are quite 
high, say, 100 to 1000 ppm or more at 1200°C. Apparently, the oxygen-depen­
dent processes dominate in such systems. Muc h of the early solubiUty data 
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LIas this character. In recent years, refractory metals having generally lower 
impurity contents have become available. In addition, the ability to purHy 
the an.:ali metals used in performing solubility tests has increased, so that 
measurements can nOi-l be made in very highly purified systems. Nevertheless, 
the difficulty of removing oxygen from the refractory metals is great, and, 
even 'when extreme measures are taken to produce highly purified metals, 
several tens of ppm of oxygen usually remain. The degree to which a given 
amount of oxygen i,ill affect a solubilj.ty measurement is then dependent upon 
the chemical stability of the 801uble allmli metal-refractory metal-oxygen species. 
In such a system the oxygen will be partitioned among the alkali metal solution, 
the simple refractory metal oxlde, and the double oxide of the alkali metal with 
t:1e refractory metal. The distribution of tbe available oxygen will depend upon 
the relative chemical stabilities of 1) the alkali metal oxide, M20, dissolved 
in the alkali metal to fat'm a solution of the observed oxygen concentrati on, 
2) the refractory meta:).. oxide MO at its concentration in the solution, and 
3) the complex oxi.de H~O 1 at Its concentration in the solution. Unfortuna­
tely, there are fe" da'Ea 1§11 the heats or free energies of formation of the 
complex oxides of potassiTh~ or lithium, and no data on the solubilities of the 
compounds. 

It is of interest to compare the chemical stabilities in the Li-No-O, the 
K-:Mo-O, and the Li-Hf-O systems, for which systems some data are available in 
the literature. The evaluation of the estimated free energies of formation of 
Li

2
0 and K20 in their alkali metal melts is accomplished using the relations, 

~Ff (dissolved oxide) t:F
f 

(solid) + tJ.F (solution) 
r-

lIF (solution) == RT In [ppm ° observed/ppm ° at saturationJ 

The free energies of formation of the double oxides are estimated using the 
relation, 

As a first approximation, ~Sf(298) can be taken as weighted average per oxygen 
atom of the ~S~(298) for the alkali metal oxide and the refractory metal oxide. 
The data developed in tl1is way are snOim in Table XXVII. . 

Based upon the values in Table XXVII, one sees that the oxygen in a lithium 
solution containing 33 ppm ° has the very substantial chemical stability of -115.7 
kcal/g atom 0. In the competition for oxygen by molybdenum, say, one sees that 
because the stability of MoO~(s) is only -32.7 kcal/g a~om 0, the tendency for 
molybdenum to form MoO in the lithium solution cor.responds to a M' (reaction) 
of +83 kcal/g atom o. 3Therefore EttIe reaction is expected at l500"K. A 
similar comparison of the l\F f( 1500) for Li

2
Mo01 and Li

2
0 dissolved in lithium 

shmvs a ~F (reaction) of ~-1+7 kcal/g atom 0 for ~the formation of the cc:mplex 
compound. Again, one '.;rQuld expect to find that this reaction would not be _ an 
important factor in the solution of molybdenum in lithium. Unfortunately, no 
data are available for the compound Li

2
MoO in i'Thicb the molybdenum is present 

in the +3 state rather than in the more hi~hly oxidized +6 state found in Li
2

Mo0
4

• 



It does seem more likely that the lo .. rer valence states .. lOuld be more prevalent 
in the highly reducins liquid metal environment. IIovcver, it is of interest 
to note ti.lat the molybcle:n.u:l Golub:lltt;;r values shOim in Table }QCIV are all in 
the 10\r ppm ranc;e ,.:hie'} is compatible i·Tith the predietion that the solubiliza­
tion of r!lolybdenuJ;1 by the formation of oxygenated specica is not; a major factor 
in lithium systems. 

TABIE XXVII 

Thermodynamic Data for Selected Oxygen-Bearing Compounds 

i 

Compound State tJlf(298 ) Ref. I\Sf(298 ) l'IFf ( 1500) Ref RT log a-* &f(1500 ) 

estimated at l500K ( solutions) 
-

Kcal per Kcal per Kcal per Kcal per 
g atom 0 e.u. g atom 0 g atom 0 g atom 0 

Li
2

0 solid - 95.4 ( 12) 

Lil)O 33 i"Ppm -20.3 -115.7 
c.. o in Li 

K
2

0 ( solid) - 37. ( 12) 

K
2

0 6 "wppm -29. - 66. 
o in K 

Mo0
3 

solid - 32.7 ( 7) 

Irf0
2 

solid - 99.0 ( 7) 

zr0
2 

soli.d - 96.9 ( 7) 

Li
2

Mo0
4 solid - 91.3 ( 26) -22.6 - 68.7 Calc fd 

K
2

Mo0
4 solid - 89.3 ( ~2) -23.h - 65.9 Calc fa 

Li
2

Hf0
3 

solid -141.1 ( 29) -25.1 -103.5 Calc fd 

. --- ~--.-

* Solubility of 0 in Li is extrapolated frcm the data of Hoffman( 11) to be 30,000 "wppm 
at 1500 <>.K. Solubility of 0 in K is extrapolated from the d.ata of Williams et a1. ( 27) 
to be 100,000 wppm at l500<>.K. 3Both of these values must be gonsi,dered very tentative. 
ao{Li) = 33/30,000 = 1.1 x 10- ; ao(K) = 6/100,000 = 6 x 10- • 
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For the case of the solution of hafnium in lithium, an examination of 
Table :A'XVII sl1o .... [s thqt the free enerGY of the reaction to form lIf02 from the 
oxyeen in lithium is +16."( kcal/g atom 0 and that for t:1e forlnD.Uon of Li,:Ff'03 
is +1202 kcal/G atom 0. These values are mucn less positive tilan those for . 
molybdenum, and suggest that t:1ere io a greater tendency for the reacti ons to 
occur. Em,rever, at ec:.tuilibrium, HfOr ) 'tlou.1d be cXl)eetc<1 ,~n the,)solut:Lon at em 
acti.vity of a':.JOlrt 10-' <'~nd LL,}lfO" e,t an ac:tivity of about 10-"'. 'rhcrcl'ore, 
t:1C contrlbutiorw of:' thcc;c :;pcc:!cd (in Golut:Lon) to tIle amount o,,'itnfnLum 1n 
Golut:i.on 18 not l:Ikc1X to i:;c In.l'cr,c. '[';118 is borne out by an examination of the 
data in Table XXIII, il!lic!1 S:lO .... ; solubility valueD bolov 10 ppm Hf in L1 eontain­
inc; 33 ppm 0. 

In potassium solutions containing 6 ppm 0, the data in Table XXVII :;hOvT 

tllat the free energy of reaction to form Mo0
3 

from the oxygen in the potassium 
is 1-32.7 - (-66) : or +33.3 kcal/g atom ° at-1500<>r<, GO that the formation of 
HoO~ is not thermbdynamically favored. How-ever, the f:lF (reacti on) to form the 
compound K MoOI . is seen to be +0.1 kcal/ G atom a ,from the values given in 
'rable XXVlt. ~n other .... iOrcls, the chemical stabilities of K Mo04" and K00 . 
dissolved to yield 6 ppm 0 in liquid potassium, are essentially equal a~ 1500 OK. 
Therefore, one would expect a subntantial tendency for the formation of 
potassium molybdate, and the probable solubilization of molyl)llcmun by this 
mechanism. ' One question that has an important bearing on the enhancement of 
the apparent Golubility of molybdenum 1.s that of the GolubiEty of the moly­
bdate compound. If the compound molecules are more soluble than arc molybclenum 
atoms, then the observecl "solubility" of molybdenum in potassium could be quite 
larCSe. Further, it .. lould be very sensitive to the o,'{ygen content of the oystem. 
This is illustrated by the data shOim in Table XV, in which the np eeial1y pre­
pared Mo-0.5 Zr alloys GhOVl solubility values of the order of 100 ppm at 1200-
111·00oC. The difference 1)ctween these nominal 100 PI)m valucs and the nominal 
10 ppm value at llWO °c for the TZM alloy can perhaps be ascri'bed to the effect 
of internal gettering. TlM: containn about 0.6 perccnt of (',ri plus Zr) and is 
prepared under conditions ,.,hich ma..'<imize the distribution of these group IV 
elements, so that their gettering action is maximi:,"ed. 'rhe spectal alloy .... Ta.S 

made by co-melting the pure clements and siVaging the inr;ot to size, but no 
Gpecific effort iVas made to ensure that a fully homor,cneous product iVas pro­
duced. Therefore, it is not unlikely that the effectivenesG of the getter 
zirconium ",aG less in the special alloy than in TZM. Therefore, the T711[ i8 
thouCSht to ShO'l-T a Imver solubility th~m molybdenum because its oxygen impurity 
is gettered by the titanium and zirconium, and is not readily available for 
solubilizing the molybdenum. 

This internal gettering action of the Group DlA metals vas recognized at 
the outset of this iwrk and some of the alloys tested iVere chosen to test this 
hypothesis. The effects on the "solubility" value of adding increasingly 
larger amounts of a {Setter to refractory metals are shawn in Table XXVIII. The 
data S!lOVTn in Table XXVIII '!{ere measured using ,rather highly puri:fied potassium 
so t.hat the {Seneral reduction in apparent solubility iVith an increase in zircon­
:lum (or hafnium) content can be attributed primarily to the effect of the 
gettering additive. 
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Ta IN KAT 12000C 

Nb IN K AT 12000 C 
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CONCENTRATION OF GROUP IV GETTER ELEMENT ('10) 

Figure 14. The Effect of Getter Concentration on the Apparent 

Solubility of Tantalum and ~iobium in Potassium. 



T.ABU'.: XXVIII 

Va.rlatlon in Solubility Values in 1200°C Potassiwn .. nth 
Getter-Concentration in Refractory }·leta18 

.---------.~---.-.--

Solute and Composition Solubility ,,;ppm Reference 

.---f--.-.---.-.-.-----

Ta single crystal 1700 

Ta-0.5 Zr ( 500) 

T-111 Ta-8H-2Hf 7 

ASTAR=811C 1'a_8H..,1 Re-l Hf-0.025C '7 
Nt single crystal 40 

Hb-0.5 Zr 10 

Cb-l Zr 6 

TAB LE XXIX 

Solubility Values at 1200 0C 

~. ---------
Lithium Solvent 

Ti V Cr, (40 p:pm) 

Zr Nb, ( 42 ppm) Ho, 5 ppm 

Hf, 6 ppm Ta, 2 ppm 1-1, 2 ppm 

Potassium Solvent 

Ti (100 ppm) V Cr 

Zr, (80 ppm) No, 6 ppr.t Mo (8 ppr.t) 

Hf, (100 ppm) Ta, '7 ppm H 

( 20) 

This report 

This report 

This report 

This report 

This report 

------

Re, 1 ppm 

~-"~'-~--"--

TIe, < 1 ppm 

--------------.----.--~------.-.-------

H~1cn the additlve level reaC:1es about one or t"70 percent, the effect of 
the getter has reduced the apparent metal solub:iHty to a value less than 10 
"rppm at least in the case of Ta an(1 Nt, as is shovm in Figure 1)j·. One "lould 
not expect to find any appreciable further reduction as the getter concentra­
tion is increased. The })rernunptlon is that at this concentration level, . the 
zj.rconium has combined .,ith the oxygen present in the alloy, and has markedly 
reduced its tendency to form soluble oxygen-containi.ng species in toe alkali 
metal. In cfreet, therefore, the Group IVA metal r,ettercc: Group Vii or Grou!) 
VIA alloy plUG the purifiecJ, lOIr-oxyccn, al',;o,l i T\C~'\;8J syGtem in nominally 
equlvalent to an oxygen-free system or, at least, to a very low' oxygen system. 
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One might expect that the solubility values of Group VA and Group VIA metals 
measured in such systems 1-lOula. approach the simple metal atom solubility 
values, and it is interesting to compare the values for the various solutes 
and for each of the solvent alkali metals. The solubility values listed :i.n 
Table XXIX have been chosen as being representative values for the systems 
at l200 oC. The values in parenthesis are estimated. 

Althoue;h Table XXIX is not complete, some interestinG comparisons can 
be mao.e based on the interpretations of the data shm-m in Table XXVII. For 
example, the solubility values in lithium for the gettered alloys of the 
sixth period metals are lm·ler than in potassium. This is in agreement with 
the earlier observation that the stability of Li2Mo01 is less than that of 
the oxygen (Li

2
0) in the solvent lithium, and that the stability of the 

analogawK
2

Mo04 is equal to that of the oxygen (K20) in the solvent potassium. 
HOi·rever, one must be careful in drai{ing too-firm' conclusions about the 
nature of the systems from these data because of their small number and the 
fact that the systems "ere probably not in true equilibri um 'Vrl.th respect to 
the distribution of the oxygen uhich i'las present in both the refractory metal 
and in the solvent alkali metal. HOi.Jever, it seems likely that in potassium, 
uhose affinity for oxygen is comparable with those of the refractory metals, 
the some"l{hat higher solubilities may be the result of a larger contribution 
of the complex oxide formation and solution process. 

The most striking difference in solubilities of the same metals between 
the lithium and the potassium solvent is in the group IVA metals. They are 
quite solUble (relative to other refractory metals) in potassium, but hafnium 
is soluble to only a modeGt degree in lithium. Again, this may be ascribed 
to the fact that the oxygen in the lithium solvent is strongly bound, and 
although the group IVA metals do form rather stable Li2MO~ compounds, their 
stability per gram atom oxygen is less than that of o~ygert in lithium. 
Therefore, the simple solution process predominates. In potassium, hovrever, 
the K2r-m compounds are more nearly equal in stability to the oxygen in 
potassi~ so that the formation and (presumed) solution of these compounds 
in potassium does contribute ln a major way to the observed solubilities. 

In s1.JJ:nnary, the "solubility" values found for a given refractory metal 
decrease as the effective oxygen activity in the system decreases; the 
solubility values for elements in a given period are in general inversely 
related to their melting points; and the simple, atomic "solubility" values 
for the Group VA and VIA metals and for rhenium are typically in the lovT ppm 
or fractional ppm range. 

CONCLUSIONS 

A limited nwnber of measurements of the solubility of refractory 
transitj.on metals and alloys in potassium and in lithium have been made. In 
general, the solubilities of these elements are larger in potassium than in 
lithium. This is ascribed to the greater contribution to the observed solu­
bilities in potassium of the formation and the solution of complex alkali 
metal-refractory metal-oxygen compounds. This mechanism is less prevalent 
in lithium solutions containing low oxygen concentrations because of the 
significantly greater tendency for oxygen (Li

2
0) to remain dissolved in 

dilute solution in lithium. 
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APPENDIX A 

ANALYTICAL PROCEDURES 

The analytical procedures for the determinations of the various solute 
materials studied in the program are given in this appendix. In most cases, 
the procedures are based on published procedures, but with alterations and 
added steps which have been found necessary to adapt them to the low levels 
of solute concentrations, and the need to prevent interferences caused by 
the presence of other solute materials. Because the solutes of interest 
were frequently found to be present in the few ppm range, and because the 
detection limits of many of the procedures are also in the few ppm range, 
it was frequently necessary to perform analyses using tspiked t samples. In 
such cases, a few micrograms of the solute were added to the test sample 
aliquots to ensure that the solution being analyzed "Tould show the presence 
of at least the detection limit level of the solute. Corrections for the 
spike levels of solutes were made in the reported analytical results, of 
course. 

1. SAMPIE PREPARATION FOR POTASSIUM SAMPIES 

Each potassium and solute sample delivered for analysis was contained 
in the collector end of the crucible-collector subassembly used in the test 
exposure. The collector with the frozen potassium was cut with a tubing 
cutter from the crucible in a recirculating inert atmosphere glove box. The 
potassium was melted, and poured into a 50 ml Vycor crucible. This crucible 
was removed from the glove box and was placed in the dissolver apparatus 
shown in Fig. 15, in which the potassium was reacted slowly and dissolved in 
water vapor carried in the argon gas stream. After the potassium had dissol­
ved, the solution was acidified with concentrated HC1. 

The potassium remaining on the solubility test collector wall was care­
fully dissolved in water, and the collector was rinsed with HC1. This 
rinsing solution is added to that obtained in the dissolver. 

The collector was then etched to dissolve any of the solute which may 
have deposited on the wall of the collector. The etch~nt solution used 
depended upon the solute and collector materials involved and is defined for 
each solute in the individual procedure described below. In all cases, the 
etch washings were added to the metal dissolution solution to produce a 
single aqueous sample containing all the solute and all of the potassium. 

2. DETERMINATION OF ZIRCONIUM IN POTASSIUM 

a. Principle 

Zirconium is extracted with tri-n-octylphosphine oxide (TOPO) from 
a 1M solution of nitric acid with the color being developed in the organic 
phase using pyrocatechol violet in the presence of pyridine. 

b. Apparatus 

Beckman Spectrophotometer, Model DU. 
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Figure 15. Dissolver Apparatus for Potassium. 
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c. Reagents 

1) Standard zirconium solution: Dissolve 100 mg of pure Zr 
metal in 10 ml of HF and a few drops of HN0

3 
and dilute to 

100 mI. Make subsequent dilutions with 1:9;1 RF. 

2) Tri-n-octylphosphine oxide (TOPO), 0.1M: Dissolve 1.93g TOPO 
in 50 ml cyclohexane. Prepare daily. -

3) Pyrocatechol violet: 0.05% in absolute ethanol. Prepare 
immediately before use. 

4) Boric acid, R
3
B0

3
,5%. 

5) Perch10ric acid, He 104' 70%. 

6) Nitric acid, HN0
3
, l6N. 

7) Hydrofluoric acid, HF, 2~. 

8) Ethanol, absolute. 

9) Pyridine, reagent grade. 

d. Procedure 

The potassium samples containing the zirconium solutes were dissolved 
in the manner described in Section 1. The collectors were rinsed with 27 N HF 
and water, and the washings were combined with the original solution. 

Pipette aliquots containing 4 to 50 u.g Zr into Teflon beakers. Add 
five ml RiBO~, 1 ml RCl04, and 1 ml HN03 to each sample and evaporate to dry­
ness. Repeat: the addition of the R~BO~, HCl04, and HN03 and the evaporation 
step twice. Add 12 ml HNO an d trar1sfer the samples to 60 ml separatory 
funnels. Dilute to 25 ml ~th H20. Shake the solution for 15 minutes with 
5 ml of the TOPO reagent. TransTer 2 ml of the organic layer to a dry 25 ml 
volumetric flask. Add 10 ml absolute ethanol, 2 ml pyrocatechol violet, and 
5 ml pyridine. Then dilute to volume with absolute ethanol and allow to 
stand far five minutes. Read the absorbance in a spectrophotometer at 655 nm* 
against a reagent blank in 2 or 5 cm absorption cells. 

The calibration curve is obtained by treating 3 to 50 )J.g Zr in the 
same matrix as the samples in the manner described above. 

e. Discussion 

The methods of Young and White (29) and of Wood and Jones (28) have 
been modified to suit the specific needs of the determination of Zr in potas­
sium. The fuming of the samples with H_i.B03.' RNO , and RCl04 serves a twofold 
purpose by oxidizing the molybdenum to MO(VI) and eliminating the fluoride ion. 
Mo(VI) is not extracted into TOPO from nitric acid solution. 

*nm 
-9 

= nanometer (10 meter) 
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3. DETERMINATION OF HAFNIUM IN POTASSIUM 

a. :E>rinciple 

Hafnium is extracted with TOPo from a 1M solution of nltric acid 
with the color being developed in the organic phase using pyrocatechol violet 
in the presence of pyridine. 

b. Apparatus 

Beckman Spectrophotometer, Model DU. 

c. Reagents 

d. 

1) Standard hafnium solution: Dissolve 100 mg of pure Hf metal 
in 10 ml of HF and a few drops of HNO , and dilute to 100 mI. 
Make subseq~ont dilutions with 1:99 ~. 

2) Tri-n-octylphosphine oxide (TOPO), 0.1M: Dissolve 1.93g TOPO 
in 50 ml cyclohexane. Prepare daily. -

3) Pyrocatechol violet: 0.05% in absolute ethanol. Prepare 
immediately before use. 

4) Boric acid, R
3
B0

3
, 510 • 

5) Perchloric acid, HCl04, 7CJ{o • 

6) Nitric acid, HNo3' l6N. 

7) Hydrofluoric acid, HF, 27!. 

8) Ethanol, absolute. 

9) Pyridine, reagent grade. 

Procedure 

The potassium samples containing the hafnium solutes were dissolved 
in the manner described i.n Section 1. The collectors were rinsed with 27N HF 
and water, and the washings were combined with the original solution. 

Pipette aliquots containing 4 to 70 ~g Hf into Teflon beakers. Add 
5 ml H BO , I ml HCIOh , and I ml RNO to each sample and evaporate to dryness. 
Repeat3thcl addition of the H~BO~, HC104, and HNO~ and the evaporation step 
twice. Add 12 ml HNO and transfer the samples ~o 60 ml separatory funnels. 
Dilute to 25 ml with ~20. Shake the solution for 15 minutes with 5 ml of the 
TOPO reagent. Transfer 3 ml of the organic layer to a dry 25 ml volumetric 
flask. Add 10 ml absolute ethanol, 2 ml pyrocatechol Violet, and 5 ml 
pyridine. Then dilute to volume with absolute ethanol and allow to stand 
for 5 minutes. Read the absorbance in a spectrophotometer at 655 nm against 
a reagent blank in 2 or 5 cm absorption cells. 

The calibration curve is obtained by treating 3 to 50 ~g Hf in the 
same matrix as the samples in the manner described in the procedure. 
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e. Discussion 

The methods of Young and White (29) and of Wood and Jones (28) have 
been modified to suit the specific needs of the determination of Hf in potas­
sium. The fuming of the samples with H~BO~, HNO~, and HCI04 serves a twofold 
purpose by oxidizing the molybdenum to Mo(VI) and eliminating the fluoride ion. 
Mo(VI) is not extracted into TOPO from nitric acid solution. 

4. DETERMINATION OF NIOBIUM IN POTASSIUM 

a. Principle 

Niobium forms a purple-colored complex with 4-(2-pyridylazo)­
resorcinol (PAR) in an acetate buffered-EDTA medium at pH 5.8. One ~g Nb 
can be determined in the presence of 200 mg K and 1000 ~g Mo. 

b. Apparatus 

Beckman Spectrophotometer, Model DU. 

c. Reagents 

1) Niobium Standard. Dissolve 100 mg pure niobium metal in con­
centrated HF plus a few drops of HN0

3
• Prepare dilutions with 

1:99 HF. 

2) PAR reagent. Completely wet 0.295g 4-(2-pyridylazo)-resorci­
nol with 2 ml of 5% NaOH and dilute to one liter with water. 
Prepare dai ly. 

3) Buffer Solution, pH 5.8. Dissolve 80g of ammonium acetate in 
H

2
0, add.6.5 ml of glacial acetic acid and dilute to one liter 

Wl. t h water. 

4) EDTA, Disodium ethylene diaminetetra-acetate, 0.02M. 

5) Hydrofluoric acid, HF, 1:99. 

6) Boric acid, H3B03' 4%. 

7) Hydrochloric acid, HC 1, l2N. 

8) Hydrofluoric acid, HF, 2~. 

9) Nitric acid, HN0
3

, 16M. 

10) Perchloric acid, HCI04, 7~. 

11) Ammonium hydroxide, NH40H, 1:1. 

d. Procedure 

The potassium sample containing the niobium solute was melted and 
dissolved in the manner described in Section 1. For the determination of 
niobium, the collector was rinsed as follows: 12~ HCl, H20, 27 ~ HF, and 
finally water. All rinses were combined with the original solution. 
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Pipette aliquots containing 1 to 5 ~g Nb into 50 ml Teflon beakers, 
add 1 ml HNO and 0.5 ml of HCl04• Evaporate the solution to dryness. Warm 
the residue ~ith 2 ml dilute HF and a few drops of water to dissolve the salts. 
Then add 10 ml EDTA, 5 ml H3B0

3
, and adjust the pH to approximately 6 with 

NH40H. Add 15 ml PAR, and, m1 buffer solution. Transfer the solution to 
50 ml volumetric flasks and add 15 ml PAR and 5 ml buffer solution. Let 
stand for one hour, dilute to volume, and read the absorbance in a spectro­
photometer at 550 nm in 10 cm absorption cells against a reagent blank. 

For aliquots of samples containing 10-70 ~g of niobium, the steps 
involving the evaporation with HNO~ and HCl04 and the dissolution with dilute 
HF are the same as described in the! procedure for the 1 to 5 ~g Nb samples. 
Then add 10 ml of EDTA and 5 ml H

3
B03 to the dissolved salts and adjust the 

pH to 6 with NH40H. Transfer the so1utions to 100 ml volumetric flasks and 
add 20 ml PAR and 10 ml of buffer solution. Let stand for one hour, dilute 
the solutions to volume and read at 550 nm in 2 or 5 cm absorption cells. 

Calibration curves are constructed by treating standards prepared 
in similar matrices in the same manner as the samples. 

e. Discussion 

The method of Belcher et al. (1) was modified to determine small 
amounts of Nb in the presence of potassium salts and molybdenum. It was 
found that more PAR reagent was required than was indicated by Belcher et al. 
Also, by using less volume and 10 cm absorption cells, more sensitivity was 
obtained. It is possible to determine 0.02 ~g Nb/ml of final volume without 
separation from the potassium salts. 

5. DETERMINATION OF TANl'ALUM IN PaI'ASSIUM 

a. Principle 

Tantalum forms a bright red complex with phenylfluorone in a 
slightly acid solution. Interference from some metals present as impurities 
is avoided by a preliminary extraction of the tantalum with hex one from a 
solution 0.4M HF-6M HCl. EDTA is added to complex co-extracted metals and 
aluminum ch~oride Is added to complex the fluoride ion. This procedure is 
an adaptation of Hill~ (9) and Luke's (18) methods. 
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b. Apparatus 

1) Beckman Spectrophotometer, Model DU. 

2) Cary Recording Spectrophotometer, Model 15. 

c. Reagents 

1) Phenylfluorone solution: Dissolve 10 mg of phenylfluorone in 
4 to 5 drops of 12M hydrochloric acid and 10 ml ethanol. 
Dilute to 100 ml With ethanol. Prepare daily. 



2) Methyl isobutyl ketone (Hexone): Add a few pellets of sodium 
hydroxide to methyl isobutyl ketone and redistill, discarding 
low boiling and high boiling fractions. Equilibrate the hexone 
by shaking 200 ml of hexone with 100 ml of HF-HCl wash solution. 

3) EDTA solution: Dissolve 100g of dis odium ethylene diaminetetra­
acetate in 1 liter of water ana. filter the solution. 

4) Standard Tantalum Solution, 1 ml = 1000 I1g: Dissolve 100 mg 
tantalum metal in hydrofluoric acid with the aid of a few 
drops of nitric acid. Dilute to 100 ml in such a way that the 
solution will be 4M in HF. Prepare dilutions that are 0.1M in 
hydrofluoric acid and 6M in HC1. 

5) Hydrofluoric acid, HF, 4.~. 

6) Hydrofluoric acid - hydrochloric acid wash solution: Dilute 
100 ml of 4.0M hydrofluoric acid and 500 ml 12M hydrochloric 
acid to one lIter with water. Store in polyethylene container. 

7) Buffer solution: Mix 500g ammonium acetate, 700 ml of glacial 
acetic acid and 500 ml water. Add 2g of benzoic acid in 20 ml 
methanol and dilute to two liters. Dissolve 10 grams of Knox 
gelatin in 1 liter of hot water, cool and mix the two solu­
tions. Adjust the pH to 4.5 with ammonium hydroxide or acetic 
acid. 

8) Aluminum chloride solution, A1C1
3

, tfo solution. 

9) Ethanol, absolute. 

c. Procedure 

The potassium samples containing the tantalum solute were dissolved 
in the manner described in Section 1. The collectors were rinsed with 4M HF 
and the final solution was made 0.4M in HF and 6M in HCl when diluted tolOO ml. 

Transfer aliquots of the sample solution to separatory funnels and 
extract with 5 ml of hex one for 10 minutes. Allow the phases to separate 
completely and discard the aqueous phase. Shake the hex one layer with 5 ml of 
the HF-HCl wash solution for one minute and discard the aqueous phase. Add 2 ml 
of water without shaking, then separate and discard it. Repeat the water wash 
to remove acid from the stopcock. Add 5 ml each of EDTA and buffer solutions 
by pipet to the hexone solution and shake for ten minutes to strip the tantalum 
from the organic phase into the aqueous phase. Add one ml of ethanol to break 
up the emulsion. Allow the phases to separate (15-30 min.). Collect the 
aqueous phase in a 25 ml volumetric flask. Wash the hexone layer twice with 
small portions of buffer solution and transfer the washings to the volumetric 
flask. Add 3 ml of the aluminum chloride and 5 ml of the phenylfluorone reagents 
to the volumetric flasks and mix well after each addition. Dilute the solutions 
in the flasks to volume with buffer solution, mix and allow to stand for one hour. 

Measure the absorbance in 2 cm path length absorption cells at 530 nm 
on a spectrophotometer using a reagent blank as a reference. 

- 59 -



Obtain a calibration curve by measuring 0.10 ~g of Ta into a solu­
tion that is 0.4M in HF and 6M in RCI and which has the same total volume in 
the separatory funnels as the-samples. The rest of procedure is performed 
in the same manner as is described for the samples. 

d. Discussion 

Interference due to potassium could not be detected, but 200 ~g or 
more of Mo appeared to cause a positive bias. In order to overcome any bias 
that the minor constituents of the samples may cause, determine the standard 
calibration curves by duplicating the conditions that exist in the samples. 

6. DETERMINATION OF MOLYBDENUM IN POTASSIUM 

a. Principle 

Molybdenum(VI) forms a green complex with toluene -3, 4 dithiol in 
IN sulfuric acid. Ferrous sulfate accelerates the formation of the molybden­
um dithiol complex, while citric acid complexes tungsten and prevents its 
reaction With dithiol at room temperature. 

b. Apparatus 

Beckman Spectrophot aneter, Model DU. 

c. Reagents 

1) Dithiol reagent: Dissolve 19 toluene -3, 4 dithiol in 100 ml 
0.25~ NaOH solution. 

2) Ferrous sulfate, FeS04' 1% in 0.2~ H2S04 , 

3) Sulfuric acid, H2S04, 6N. 

4) Citric acid, 50%. 

5) Phosphoric acid, H
3
P04, 85%. 

6) Boric acid H3B03' 4%. 

7) Hydrofluoric aCid, HF J 2~. 

d. Procedure 

The potassium samples containing the molybdenum solute were re­
ceived in Cb-l% Zr collectors, and were dissolved in the manner described in 
Section 1. The Cb-l% Zr collectors were rinsed With water and HF and the 
rinsings combined with the original solution. 

Transfer sample aliquots containing 2-20 ~g Mo to Teflon beakers 
and evaporate to near dryness. Add 5 ml of H2S04 and transfer to a 60 ml 
separatory funnel. Add the following reagents in order, and with mixing 
after each addition: 5 ml FeS04' 1 ml citric acid, 3 drops R~P04' and 5 ml 
H

3
B0

3
• Dilute to 25 ml and add 3 ml of the dithiol reagent atld mix well. 
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Let the solution stand for two hours, and then extract the molybdenum -
di thiol complex with 10 ml of iso-amyl acetate. Repeat the extraction with 
5 ml of the iso-amyl acetate. Transfer the combined iso-amyl acetate 
extracts to a dry 25 ml volumetric flask. Dilute to volume with iso-amyl 
acetate and read on a spectrophotometer against a reagent blank in 5 cm path 
length absorption cells at 670 nm. A calibration curve is constructed by 
treating 2-20 ~g Mo in the same matrix as the samples and in the manner 
described in the procedure. 

e. Discussion 

It has been determined experimentally that 400 mg K and 1000 !J,g Nb 
do not interfere in this procedure. The method is essentially that of 
Sandell (23) except for the addition of boric acid, which is needed to com­
plex the fluoride ion. 

'r. DETERMINATION OF TUNGSTEN IN POTASSIUM 

a. Principle 

Toluene -3, 4-dithiol forms a greenish blue complex with tungsten 
in the presence of titanous sulfate in strong hydrochloric acid solution. 
The complex is extracted into chloroform. 

b. Apparatus 

Beckman Spectrophotometer, Model DU, 

c. Reagents 

d. 

1) Titanous sulfate: (4 mg Ti/ml), Dissolve 19 titanium metal 
in 175 ml water and 25 ml 36~ H2S04 , Heat in boiling water 
bath until the metal is dissolved. Cool, and dilute to 250 
ml with water. Prepare fresh daily. 

2) Dithiol reagent: Dissolve"lg toluene -3, 4-dithiol in 250 ml 
0.25N sodium hydroxide. Add I ml thioglycolic acid. Prepare 
fresh daily. 

3) Nitric aCid, HN0
3

, 2N. 

4) Hydrofluoric acid, HF, 27!i. 

5) Hydrochloric acid, He 1, 12N. 

6) Su.lfuric aCid, H2SO4, 36~. 

7) Carbon tetrachloride, CC14, reagent grade. 

Procedure 

The potassium sample containing the tungsten solute was melted and 
dissolved in the manner described in Section 1. For the determination of 
tungsten, the collector was rinsed in sequence with: H

2
0, 12N Hel, H 0, 2~ 

HF, and 2~ HN0
3

, All solutions were combined with the original sampI~. 
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Add 5 ml of sulfuric acid to aliquots of the sample and evaporate 
to dense white fumes. Add 10 drops of nitric acid and fume the samples again. 
Add the following reagents in order, with mixing after each addition: 25 ml 
Ti (SO) j 20 ml HCl and 10 drops HF. Heat the samples in a water bath 80-
9D~c) ~o~ five minutes and add 10 ml dithiol reagent and 10 drops HF. Cool, 
transfer to a separatory funnel using 10 ml CCIL. and extract for two minutes. 
Transfer the organic phase to 25 ml volumetric flasks and repeat the extrac­
tion using 5 ml CCIL.' Combine the organic extract solutions and dilute to 
volume with CC14 • Read the absorbance of the samples against carbon tetra­
chloride in absorption cells having a 5 cm path length, at 640 nm. 

e. Discussion 

It was determined experimentally that niobium and potassium do not 
interfere with the determination of tungsten. The method developed was based 
on that reported by Hobart and Hurley (10). 

8. DETERMINATION OF RHENIUM IN POTASSIUM 

a. Principle 

Rhenium is extracted into chloroform as the tetraphenylarsonium 
complex. In the chloroform solution, the addition of aqueous furil dioxime 
and stannous chloride reagent forms a rhenium furil dioxime complex in the 
aqueous layer. The rhenium ccmplex is then re-extracted into the chloroform 
layer. 
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b. Apparatus 

Beckman Spectrophotometer, Model DU. 

c. Reagents 

1) Furil dioxime-stannous chloride reagent: 0.7g of the salt 
dissolved in 5 ml acetone and diluted to 80 ml with l~ SnC12 • 

2) Tetraphenylarsonium chloride, (TPAC) 0.1%. 

3) Hydrochloric acid, Hel, ~. 

4) Hydrofluoric acid, HF, 2~. 

5) Nitric aCid, HN0
3

, 2N. 

6) Citric aCid, lClfo. 

7) Sodium hydroxide NaOH, lClfo. 

8) 

9) 

10) 

Sodium bicarbonate, NaHN0
3
, lClfo. 

Potassium permanganate, KMn04' 1%. 

Stannous chloride, SnC12, lClfo dissolve 109 SnC12 in,lO ml 
concentrated HCl and diIute to 100 ml with H20. 



11) Acetone, Reagent grade. 

12) Chloroform, CHCl
3

, Reagent grade. 

d. Procedure 

The potassium containing the rhenium solute was melted and dis­
solved in the manner described in Section 1. For, the determination of 
rhenium the collector was treated with a series of rinses as follows: 12N 
HCl, H20, 2~ HF, H20, 2~ HNO~, and H20. The rinse solutions were all com­
bined with the origlnal solut!on. 

Evaporate samples containing ° to 50 ~g Re to dryness o Dissolve 
the residues in the minimum amount of water required for complete dissolu­
tion, and add 0.5 ml citric acid and 5 ml NaHCO. Adjmt the pH to 8-9 with 
NaOH solution.' Add 2 ml of tetraPhenylarsonium3chloride and transfer the 
samples to 60 ml separatory funnels. Shake the solutions for three minutes 
with 10 ml chloroform. Drain the chloroform layer into a clean separatory 
funnel, wash the aqueous phase with 3 ml of chloroform, and combine the 
chloroform solutions. Discard the aqueous phase. Add 3 to 4 ml H ° and one 
drop of KMnO~ to the combined chloroform solutions, and mix by sha~ing. Add 
10 ml of furll dioxime reagent and shake the solutions for five minutes. Then 
add 5 ml of acetone and shake until the aqueous layer becomes clear. Drain 
the chloroform layer from the separatory funnel into a 25 ml volumetric flask 
containing 5 ml of acetone. Rinse the aqueous phase with 3 ml of chloroform. 
Combine the chloroform solutions, dilute to 25 ml with acetone and allow to 
stand for one hour. Measure the absorbance in a spectrophotometer at 532 nm 
against a reagent blank in absorption cells with path length of 2 or 5 cm. 

The calibration curve was obtained by treating 0 - 50 ~g of Re 
standards in the same manner described for the samples. 

e. Discussion 

It was determined experimentally that 400 mg of K and 1000 ~g Nb 
had no effect on the determination of the rhenium. The procedure was carried 
out as defined by Landrum and Henicksman (16), except for the additional 
evaporation step which was needed to remove an excess of HF. 

9. SAMPIE PREPARATION FOR LITHIUM SAMPIES 

Each lithium sample as received by the analytical laboratory was con-­
tained in the collector used in the test exposure. The collector containing 
the lithium was submerged in water in a flask with argpn flowing over the 
water. When the reaction was complete, the lithium hydroxide solution was 
neutralized with hydrochloric acid and the collector was rinsed with a rinse 
acid appropriate for the solute being analyzed. The rinse solutions were 
added to the acidified solution obtained from the metal dissolution. The 
particular rinse acid used for each solute is described in the procedure,for 
that solute. 
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10. DETERMINATION OF HAFNIUM IN UTHIUM 

a. Principle 

Hafnium was present in the dissolved lithium sample as hafnium 
fluoride. The hafnium was converted to hafnium sulfate by fuming with con­
centrated sulfuric acid. The hafnium sulfate was converted to hafnium 
"hydroxide" (probably finely divided hydrous oxide), which was carried on 
Fe( OH) • The hafnium was then determined by x-ray spectrography using a 
platin~ target tube. Lutetium was added as an internal standard before the 
sample was fumed and the ratio of. the hafnium peak height to the lutetium 
peak height was evaluated. 

Tube. 

b. Apparatus 

General Electric Vacuum X-ray Spectrograph with Platinum Target 

c. Reagents 

d. 

1) 

2) 

3) 

4) 

5) 

6) 

7) 

Standard lutetium solution: Dissolve 114 mg of Lu20 in a 
few ml of concentrated HNOi and dilute to 100 ml w~tB water. 
This solution contains 1 mg Lu/ml. Dilute with water to 
obtain a concentration of 5 ~g/ml. 

Standard hafnium solution: Dissolve 100 mg of pure Hf metal 
in 10 ml of !IF and a few drops of HNO , and dilute to 100 ml. 
Dilute with 1:99 !IF to obtain a conceatration of 2 ~g Hf/ml. 

Ferric chloride, FeC1
3
, 1 mg Fe/ml. 

Hydrofluoric acid, HF, 4!. 

Sulfuric acid, H2S04, 36~. 

Ammonium hydroxide, NH4OH, concentrated, 28/0. 

Ammonium hydroxide, NH4OH, dilute, O.lli. 

Procedure 

The lithium samples containing the hafnium solute were received in 
Mo-0.5 Ti collectors. The lithium was dissolved from the collectors with 
water and acidified with hydrochloric acid as described in Section 9. The 
collectors were rinsed with 4N HF, the rinsings were combined with the dis­
solved metal solution and the-combined solution was diluted to 100 ml. 

Pipette an aliquot of the sample into a 100 ml beaker and add 5 ml 
. FeCl~, 1 ml lutetium standard solution (internal standard), and 5 ml of con­
centrated sulfuric acid. Boil the sample to dense white fumes of H2S04 and 
nearly to dryness. Dissolve the sample in water, transfer to a 40 ml centri­
fuge tube and form a precipitate with concentrated NH40H. Centrifuge. Wash 
the precipitate with dilute NH40H and water, dry overnight at llO°C. Analyze 
the Fe(OH)~ precipitate containing the hafnium and lutetium by x-ray spectro­
graphy using a platinum target tube. 
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The x-ray instrumentation to be employed in the analysis includes 
a platinum target x-ray tube operated at 50 KV and 40 ma; a LiF analyzing 
crystal, a scintillation detector, and a pulse height analyzer set to accept 
the La lines of Hf and Lu. These peaks are scanned at a change in rate of 
2e of 0.4 0 per min. with a time constant of 8 seconds. The height above 
background for each of these peaks is tabulated for all samples and 
standards, and the ratio of Hf peak height to Lu peak height is calculated. 
This ratio is plotted against ~g Hf for the standards and is used to cali­
brate the samples. 

A series of hafnium standards containing 0 to 20 ~g Hf, 5 ~g Lu, 
1000 ~g Mo and 500 mg Li is run simultaneously with the samples. 

e. Discussion 

Molybdenum and lithium do not affect the determination of the 
hafnium. The efficiency of the hafnium precipitation, as determined by per­
forming the precipitation as described in the procedure and using a hafnium-
181 tracer was found to be > 9f5{o. 

11. DETERMINATION OF TANTALUM IN LITHIUM 

a. Principle 

Tantalum forms a bright red complex with phenylfluorone in a 
slightly acid solution. Interference from some metals present as impurities 
is avoided by a preliminary extraction of the tantalum with hexone from a 
solution 0.4M HF-6M HC1. EDTA is added to complex co-extracted metals and 
aluminum chloride Is added to complex the fluoride ion. This is an adapta­
tion of the methods of Hill (9) and of Luke (18). 

b. Apparatus 

1) Beckman Spectrophotometer, Model DU. 

2) Cary Recording Spectrophotometer, Model 15. 

c. Reagents 

1) Phenylfluorone solution: Dissolve 10 mg of phenylfluorone in 
4 to 5 drops of 12M hydrochloric acid and 10 ml ethanol. Di­
lute to 100 ml with ethanol. Prepare daily. 

2) Methyl isobutyl ketone (Hexone): Add a few pellets of sodium 
hydroxide to methyl isobutyl ketone and redistill, discarding 
low boiling and high boiling fractions. Equilibrate the 
hex one with 100 ml of HF-HCl wash solution. 

3) EDTA solution: Dissolve 100g of disodium ethylene diaminete­
tra-acetate in 1 liter of water and filter the solution. 

4) Standard tantalum solution: 1 ml ~ 10OO~g. Dissolve 100 mg 
tantalum metal in hydrofluoric acid with the aid of a few 
drops of nitric acid. Dilute to IdO ml in such a way that 
the solution will be 4M in ill'. Prepare dilutions that are 
0.4~ in hydrofluoric acid and 6M in HCl. 



5) Hydrofluoric acid, HF, ~. 

6) Hydrofluoric acid - hydrochloric acid wash solution: Dilute 
100 ml of 4.OM hydrofluoric acid and 500 ml 12M hydrochloric 
acid to one liter with water. Store in polyethylene container. 

7) Buffer solution: Mix 500g annnonium acetate, 700 ml of glacial 
acetic acid and 500 ml water. Add 2g of benzoic acid in 20 ml 
methanol and dilute to two liters. Dissolve 10 grams of Knox 
gelatin in 1 liter of hot water, cool and mix the two solu­
tions. Adjust the pH to 4.5 with ammonium hydroxide or acetic 
acid. 

8) Aluminum chloride solution, AlC1
3
, 7fo solution. 

9) Ethanol, absolute. 

d. Procedure 

The lithium samples containing the tantalum solute were received 
in MO-l/2 Ti collectors. The lithium was dissolved from the collectors in 
accordance with the procedure described in Section 9. The collector was 
rinsed with 4M hydrofluoric acid. The final solution was made 0.4M in hydro­
fluoric acid and 6~ in hydrochloric acid and diluted to 100 mI. 

Transfer an aliquot of the sample solution to a separatory funnel 
and extract with 5 ml of hexone for 10 minutes. Allow the phases to separ­
ate completely and discard the aqueous phase. Shake the hexone layer with 
5 ml of the HF-HCl wash solution for one minute and discard the aqueous 
phase. Add 2 ml of water without shaking, separate, and discard the aqueous 
phase. Repeat the water wash to remove acid from the stopcock. Add 5 ml 
each of EDTA and buffer solutions by pipette to the hexone solution and allow 
to shake for 10 minutes to strip the tantalum from the organic phase into 
the aqueous phase. Add one ml of ethanol to break up the emulsion. Allow 
the phases to separate (15-30 min.). Collect the aqueous phase in a 25 ml 
volumetric flask. Wash the hexone layer twice with small portions of buffer 
solution and transfer the washings to the volumetric flask. Add 3 ml of the 
aluminum chloride and 5 ml of the phenylfluorone reagents to the volumetric 
flasks with buffer solution. Mix and allow to stand for one hour. 

Measure absorbance in 2 cm path length absorption cells at 530 nm 
on a spectrophotometer against a reagent blank as a reference. 

Prepare a calibration curve by measuring 0 to 10 ~g of Ta into a 
solution that is 0.4M in HF and 6M in HCl and which had the same total 
volume in the separatory funnels as the samples. The rest of procedure is 
performed in the same manner as is described for the samples. 

e. Discussion 

Interference due to lithium could not be detected. However, 200 J,lg 
or more of Mo appeared to cause a positive bias. In order to overcome any 
bias that the constituents of the samples may cause, the standard calibration 
curves are determined by duplicating the conditions that exist in the samples. 
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12. DETERMINATION OF MOLYBDENUM IN LITHIUM 

a. Principle 

Molybdenum(VI) forms a green complex with toluene-3, 4 dithiol in 
IN sulfuric acid. Ferrous sulfate accelerates the formation of the moly­
bdenum-dithiol complex while citric acid complexes tungsten and prevents its 
reaction with the dithiol at room temperature. 

b. A12paratus 

Beckman Spectrophotometer, Model DU. 

c. Reagents 

1) Dithiol Reagent: Dissolve 19 toluene-3, 4 dithiol.in 250 ml 
of 0.25N NaOH. After dissolution add 1 ml thioglycolic acid. 
Prepare-daily. 

2) Molybdenum Standard: Dissolve 100 mg pure molybdenum metal 
in 10 ml 1:1 HNO . and dilute to 100 ml with H 0. For speci~ 
fic standards diiute aliquots of the stock sofution with O.IN 
HN03' -

3) Ferrous sulfate, FeS04, li in O.~ H2S04, 

4) Sulfuric acid, H2S04, 6!. 

5) Phosphoric acid, H
3
P04, 85%. 

6) Nitric acid, HN03' 2!. 

7) Formic acid, HCOOH, Reagent Grade. 

8) Citric acid, 5Cf{o. 

9) Iso-amyl acetate, Reagent Grade. 

d. Procedure 

The lithium samples containing the molybdenum solute were received 
in Cb-li Zr collectors. The lithium was dissolved from the collectors as is 
described in Section 9. For the determination of molybdenum, the collectors 
were rinsed with water and with hot ~ HN0

3
, arid the combined solution was 

then diluted to 100 ml with water. 

Boil an aliquot of the sample with formic acid to remove the 
oxides of nitrogen, and transfer to separatory funnels. Add the following 
reagents in order, and with mixing after each addition: 5 ml sulfuric aCid, 
1 ml ferrous sulfate, 1 ml citric aCid, and 4 drops H P04• Dilute to 25 ml 
with water, add 5 ml dithiol reagent, allow the solut~on to stand for two 
hours, and then extract with 15 ml iso-amyl acetate. Extract again wit h 
5 ml iso-amyl acetate and combine. Transfer the iso-amyl extract to a 25 ml 
volumetric flask, dilute to volume with iso-amyl acetate, and read against 
iso-amyl acetate at 670 nm in 5 cm absorption cells. 
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The calibration curve was obtained by pipetting 0-10 ~g of molyb­
denum into separatory funnels and following the procedure as outlined. 

e. Discussion 

It was determined experimentally that nitrate interferes with the 
development of the molybdenum by destroying the dithiol reagent. Lithium at 
the 300 mg level, niobium at the 1000 ~g level, and tungsten at the 50 ~g 
level have no effect on the determination of molybdent~ by the dithiol proce­
dure. The method was based on that reported by Sa.ndell (23). 

13. DETERMINATION OF TUNGSTEN IN LITHIUM .AND NIOBIUM 

a. Principle 

Toluene -3, 4-Dithiol forms a greenish blue complex with tungsten 
in the presence of titanous sulfate in strong hydrochloric acid solution. 
This ccmplex is extracted into chloro"form for analysis. 

b. Apparatus 

Beckman Spectrophotometer, Model DU. 

c. Reagents 

d. 

1) Titanous sulfate, (4 mg Ti/ml): Dissolve 19 titanium metal 
in 175 ml water and 25 ml 36~ H2S04• Heat in a boiling water 
bath until the metal is dissolved. Cool and dilute to 250 ml 
wi th water. Prepare fresh dai ly. 

2) Dithiol Reagent: Dissolve Ig toluene -3, 4-dithiol in 250 ml 
0.25N sodium hydroxide. Add 1 ml thioglycolic acid. Prepare 
fresh daily. 

3) Ni tric a.cid, concentrated, HN0
3

, 16N. 

4) HydrofluoriC aCid, HF, 27!!. 

5) Hyerochloric aCid, HC1, 12N. 

6) Sulfuric aCid, H2SO4, 18N. 

7) Ni tric aCid, dilute, 2!!. 

8) Carbon tetrachloride, CC14, Reagent Grade. 

Procedure 

Lithium samples containing the tungsten solute were received in Cb-
1% Zr collectors. The lithium was dissolved from the collectors with water 
as is described in Section 9. The collector was rinsed with hot 2N RNO and 
water, and the rinse solutions were combined with the metal dissolDtion3solu­
tion and diluted to 100 ml. 
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Add 5 ml of sulfuric acid to an aliquot of the sample and evaporate 
to dense white fumes. Add 10 drops of concentrated nitric acid and again fume 
the sample. Add the following reagents in order and with mixing after each 
addition: 25 ml Ti2(S04) ; 20 ml hydrochloric aCid, and 10 drops hydroflu­
oric acid. Heat the sampies in a water bath (80-90°) for five minutes. Add 
10 ml dithiol reagent and 10 drops of HF. Cool, transfer to a separatory 
funnel using 10 ml of CCl4-' and extract for two minutes. Transfer the organic 
phase to a 25 ml volumetr~c flask and repeat the extraction using 5 ml CC14. 
Read the samples against carbon tetrachloride in 5 cm path length absorption 
cells at 640 nm. 

e. Discussion 

It was deteI~ined experimentally that lithium at the 200 mg level 
and niobium at the 1000 ~g level had no effect on the determination of 
tungsten by the dithiol procedure. The procedure is essentially that of 
Hobart and Hur ley (10). 

14. DETERMINATION OF RHENIUM IN LITHIUM 

a. Principle 

The determination of rhenium in lithium is based on the formation 
of the purple rhenium-furil dioxime complex. The rhenium-furil dioxime 
complex is farmed by reducing the perrhenate with stannous chloride in the 
presence of an excess of the furil dioxime reagent. The complex is separa­
ted for analysis by a chloroform extraction. 

b. Apparatus 

Beckman Spectrophotometer, Model DU. 

c. !!,eagents 

1) 

2) 

Furil dioxime: Dissolve 0.8g fUril dioxime in 100 ml abso­
lute ethanol. Prepare fresh directly before use. Furil 
dioxime obtained from Eastman Organic Chemicals was used 
without purification. 

Stannous chloride, SnCl , 10%. Dissolve 109 SnC12 in 10 ml 
concentrated HCl and difute to 100 ml with H20. 

Hydrochloric aCid, HCl, concentrated, 12M. 

Hydrochloric aCid, HCI, dilute, O.~o 

Nitric aCid, HN0
3
, 6M. 

Formic aCid, Reagent Grade. 

Sodium HydrOXide, NaoH, lafo. 

Ethanol, absolute, Reagent Grade. 

Chloroform, CHCl3' Reagent Grade. 
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d. Procedure 

Lithium samples containing the rhenium solute were received in Cb­
l~ Zr collectors. The lithium was dissolved from the collectors as is 
described in Section 9. The collectors were rinsed in sequence with water, 
hot ~ HN0

3
, and water. All of the solutions were combined and diluted to 

100 ml. 

Heat an aliquot of the lithium sample containing 0-10 ~g Re twice 
with 5 ml of formic acid to remove the oxides of nitrogen. After the removal 
of the nitrates, neutralize the sample to a phenolphthalein end point with 
sodium hydroxide. Add 2 ml concentrated HCl and dilute to 30 ml with H20. 
Transfer the solution to a separatory funnel using dilute hydrochloric acid 
to rinse the beakers. Add 10 ml of furil dioxime with mixing, followed by 
10 ml of stannous chloride. After mixing, allow the solution to stand for 
one hour. Extract the rhenium-furil dioxime complex into 10 ml of chloro­
form. Transfer the organic phase to a 25 ml volumetric flask and dilute to 
volume with ethanol. Read the samples on a spectrophotometer against a 
blank (15 ml C2H

5
0H + 10 ml CHC1

3
) in 5 cm path length absorption cells, at 

532 nm. 

Obtain a calibration curve by treating 0-10 ~g of rhenium in the 
same manner as described in the procedure. 

e. Discussion 

It was determined experimentally that nitrate and fluoride inter­
fere with the rhenium color and cause low results. Tungsten was checked at 
a ratio of 20:1 to rhenium and was found to have no effect. As much as 300 
mg of lithium and 1000 ~g of niobium also showed no effect. Absolute 
ethanol proved to be a good solvent for the furil dioxime and it also acted 
to prevent the formation of emulsions that have a tendency to form in the 
extraction step. 

A spectrophotometric scan was made on a Cary Recording spectropho­
tometer and it showed that the maximum absorption of the rhenium-furil 
dioxime complex lies between 535 and 515 nm. There appeared to be no other 
interference peaks in the presence of niobium and lithium. 

There was some evidence that rhenium is lost in the fuming process 
in the absence of lithium. This was not fully investigated because the 
samples being analyzed in this laboratory always contained lithium. 

The method described here was based on those reported by Meloche et 
al., (21) and Landrum and Henicksman (16). 
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APPENDIX B 

Specifications and Performance Data for the High 

Temperature Solubility Test Furnace 

The specifications which were sent to prospective fabricators of the 
required l600 0c test furnace are given below. The successful b:id der was 
Centorr Associates, Inc., Suncook, New Hampshire. 

1. The furnace must be capable of maintaining the test capsule at 
a temperature level of l600°c. 

2. The temperature gradient along the test capsule must be such 
that the ends are maintained within 2°C of the center. (The 
temperature level control point is a tungsten-rhenium thermo­
couple which is pressed against the capsule at the nominal 
mid-point of length of the capsule). 

3. The fUrnace is to have a clam-shell design with one fixed part 
and one movable part which swings outward on a vertically 
mounted shaft to fully expose the interior of the furnace hot 
zone to allow removal of the capsule as described below. The 
movable part of the fUrnace shall be stable in both the fully 
closed and the fully open positions, i.e., the furnace door 
must not swing closed when open, nor open when closed. 

4. The furnace will p:' eferably have a water-cooled outer shell, 
that is, both the movable and the fixed parts must be cooled. 
Methods of cooling other than a direct water-cooling may be 
used, but in no case should any part of the outer furnace shell 
exceed 400°C during a 12-hour test exposure at l600 oc. 

5. The furnace door shall be fitted with a suitable handle to 
allow its being opened with the manipulators which are a part 
of the existing vacuum chamber. 

6. A cup or yoke in which the test capsules will be seated during 
testing must be provided. The ID of the cup must be 0.760 ± 
0.005 inches, and there must be a 1/16-inch diameter hole 
drilled through on a diameter of the cup and 1/16 - 5/64 inch 
from the inner bottom of the cup. The cup in turn is supported 
by a refractory metal column whose other end is fastened to a 
horizontal shaft which passes through the furnace below the hot 
zone. 

The test capsule itself is 6 3/4 inches long and 3/4-inch in 
diameter, except in the region of the cap, which is one-inch 
in diameter and about one inch in length. 

7. The horizontal shaft which supports the capsule during the test 
must be rotatable through 180 0 to allovT the capsule to be swung 
for,~d out of the furnace after the movable half of the furnace 
has been swung aside. In addition to removing the capsule from 
the fUrnace, the capsule is inverted in this operation. 
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8. The horizontal shaft which supports the capsule shall also have 
a means of adjusting the position of the capsule in the hot zone 
of the furnace and must support the capsule during the test 
period so as to avoid its falling against the heating element. 

9. The furnace shall be mounted on a support at an elevation such 
that the capsule can be swung outward and downward to become fully 
inverted beneath the furnace. If necessary, the existing base­
plate in the vacuum chamber may be modified to accommodate this 
requirement. The use of a rapid quench on the test capsule cap 
is an important requirement of the test procedure. 

10. The maximum length of the furnace heating element shall be 
twelve inches, and the element shall be made of tantalum strip, 
or the equivalent. 

11. The diameter of the furnace heating element ("hich bounds the hot 
zone) shall be 1 1/2 inches. 

12. The furnace shall be fitted with six (6) thermocouple assemblies. 
Means for pressing the thermocouple beads against the capsule 
must be provided. 

13. The thermocouples shall be tungsten-5% rhenium vs tungsten-26% 
rhenium, and shall be 0.010 diameter wire or larger, and thirty 
(30) inches long, and shall be mounted in one or more vacuum 
feed-tlrroughs which are themselves mounted on a type 304 
stainless steel plate which is double O-ring sealed to one of 
the penetrations in the chamber wall. 

14. Thermocouple insulation shall be provided and must be made of a 
very high purity grade of A~O (or of a material of equivalent 
thermal stability) for use in ~he highest temperature regions 
of the furnace. In the cooler regions along the length of the 
thermocouple, any suitable ceramic insulation (such as beacls) 
which ,vill allow flexing of the thermocouples may be used. 

15. All radiation shields and supports used in the furnace shall be 
made of tantalum or of tungsten. 

16. The furnace 8£1ell may be made of any suitable material. 

17. The furnace assembly shall be designed to operate ,vi thin a 
chamber "Those inner diameter is nominally 24 inches (which 
chamber has a 22 inch unobstructed diameter), and whose height 
is nominally 22 inches. By modifying the base plate and using 
the head space in the domed chamber lid, the total usable 
height can be increased to 26 inches in a 20 inch diameter. 

18. The vacuum chamber has the following parts available for use for 
power leads, thermocouple leads and cooling water feed-throughs: 
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a. Three each, 4-inch diameter (clear area), 

b. 

c. 

One each, 

One each, 

7-inch diameter (clear area), 

3-inch diameter (clear area). 

The furnace manufacturer shall provide all covers for ports 
actually used in the overall furnace assembly and appurtenances. 
Parts not so used need not have new covers. All new covers 
shall have a double O-ring seal ,-lith Viton-A O-ring material 
far the inner seal, and neoprene (or Viton-A) for the outer 
seal. A betvTeen-ring pump-out shall be provided terminating in 
a standard 1/811 pipe thread. The O-ring sizes to be used are: 

Bolt 
Clear O-Ring Size Circle No. OD 

Diameter Viton-A Neoprene Diameter Bolts Flange 

3" 112-236 /r'-2-241 4.75" 4 6.00" 
4" 112-244 1/2-250 6.00" 6 6.63" 
7" #2-443 If2-446 9.50" 8 10.50" 

19. 'rhe vacuum chamber (without its pumping system) will be shipped to 
the furnace manufacturer's plant at AI expense. The furnace manu­
facturer must design the furnace, together with the necessary 
power lead, thermocouple, and cooling 'vater feed-throughs, to fit 
and to operate wi thin the chamber. The chamber and the furnace 
(suitably packaged) shall be shipped at the furnace manufacturer's 
expense to 1U. The furnace shall then be set up at 1U and its 
satisfactory performance demonstrated. 

20. Satisfactory performance of the furnace shall consist of proof of 
the attainment of the temperature and temperature gradient 
requirements, and operatign at 1600 0c for 8 hrs ,.,hile maintaining 
a vacuum level of 3 x 10- torr or 10vTer. (The existing vacuum 
system uses a NRC 6-inch oil diffusion pump system having a 
liquid nitrogen baffle, a water baffle, and a Welch Model 1397 
mechanical pump. Dow Corning pump fluid # 705 is used.) 

21. Two complete heating elements are required as spares (three 
complete elements in all.) 

22 • Four spare thermocouples are required (ten complete thermocouple­
vlith-insulation sub-assemblies.) 

23. The furnace shall be placed vTithin the chamber to permit operation 
of the door and the capsule inversion operation to be performed 
with the existing manipulator. 

24. Although these specifications describe a preferred furnace design, 
the proposer may offer an alternate design which satisfies the 
basic operational requirements of temperature, temperature 
gradient, capsule positioning in the furnace, and capsule inver­
sion and quenching. 
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25 • A step-down power transformer 'VThic h is proper ly impedance matched 
and sized to the furnace heating element requirements shall be 
provided. The transformer must have a 220 v AC power input. 
Lead wires shall be provided to go from the secondary coil of the 
transformer to the furnace power feed-through. The maximum 
length of these leads is six feet. The estimated power require­
ment for l600 0c operation shall be quoted in the response to this 
request for quotation. 

The furnace input vs temperature data obtained by the manufacturer are 
shown graphically in Fig. 16. 
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TEMP (OC) VOLTS AMPS KVA 

690 3.1 120 0.372 
1125 6.8 190 1.29 
1525 11.5 275 3.16 
1700 14.5 315 4.58 
1780 15.5 335 5.2 

1~~--~~~~~~~~~---------
1000 1500 2000 

TEMPERATURE (oC) 

Figure 16. High Temperature Furnace Input-Temperature Data. 
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APPENDIX C 

Analyses o£ Solute, Collector, and Capsule Materials 

Used in Solubility Experiments 

1. Solute Materials 
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T-lll Alloy (m.p ...... 29800 C). Fansteel Lot # llD1633 

Element Content (wppm) Element 

C < 10 Nb 
H < 5 Cr 
0 25 V 
N 10 Co 
Fe 20 W 
Ni < 10 H£ 
Mo 100 Ta 

Content (wppm) 

110 
< 10 
< 10 
< 10 

7.87% 
2.03% 

balance 

ASTAR-8llC Alloy (m.p ...... 30000 C). Supplied by NASA - Lewis 
Research Center, Cleveland, Ohio. 

Nominal composition: 

Element Content I wt. ~. 

W 8 
Re 1 
H£ 1 
C 0.025. 
Ta balance 

Ta-O.5 Zr Alloy (m.p. - 29900 C). Fabricated by Westinghouse Astro-
nuclear Laboratory from Fansteel raw materials. 

Element Content (wppm). Element Content (wppm) 

C 10 - 20 Ca < 5 ppm 
0 15 - 24 Al < 5 ppm 
N 15 - 24 Cu < 5 ppm 
W < 25 ppm Sn < 5 ppm 
Nb 100 ppm Cr < 5 ppm 
Mo < 5 ppm V < 5 ppm 
Ti < 5 ppm Co < 5 ppm 
Fe < 10 ppm Mg < 5 ppm 
Ni < 5 ppm Zr 0.46% 
S1 < 5 ppm Ta balance 
Mn < 5 ppm 



Cb-1Zr Commercial Alloy (m.p. 24100 C). Haynes Alloy CB-751, 
heat # 5191. 

Element Content (wppm) 

C 70 
0 55 
H 4 
N 54 
Zr 0.95% 
Nb balance 

Nb-O.5 Zr Alloy (m.p. ~ 2400
0

C). Fabricated by Westinghouse Astro­
nuclear Laboratory from Fanstee1 raw materials. 

Element Content (wPpm2 

C 16 
0 65 
N 50 
Ta 250 ppm 
Ti < 50 ppm 
Fe < 50 ppm 
W < 100 ppm 
3i < 10 ppm 
Mo < 100 ppm 
B < 2 ppm 

Zr 0.51% 
Nb balance 

Mo-O.5 Zr Alloy (m.p. ~ 26000 C). Fabricated by Westinghouse Astro­
nuclear Laboratory from Fanstee1 raw ma.terials. 

Element 

C 
o 
N 
W 
3i 
Ni 
Fe 

Others 

Zr 
Mo 

Content (wppm2 

12 - 15 
15 - 31 
15 - 34 

< 200 
< 100 
< 80 
< 50 
< 50 

0.51% 
balance 
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Hafni~ (m.p. 2130 °C). Electron beam zone refined material fabri-
cated. by Materials Research Corporation. 

Element Content ( i'Ppm) Element C ontent (~1ppml 

C < 80 Ta < 100 
0 < 100 Ti < 20 
N < 16 V < 5 
Al < 20 .\-1 < 10 
Co < 5 B < 0.2 
Cu < 30 Cd < 2 
Fe 140 Cr 20 
Mg < 5 Na < 5 
Mn < 5 Pb < 10 
Mo < 5 Ca < 20 
Nb < 50 Sn < 20 
Ni < 20 U < 1 
Si < 20 

Zirconium (m.p. 1830 °C). Electron beam zone refined material fabri-
cated by Materials Research Corporati on. 

Element Content ( "\vppm) Element Content (''Ppm) ---
Li < 0.001 Sr < 0.05 
Be < 0.01 Y < 0.15 
B 0.005 Nb < 0.5 
C 6.0 Mo < 0.6 
N2 2.-1 Ru < 0.6 
Of) 125.0 Rh < 0.2 
F"" < 0.1 Pd < 0.8 
H2 3.3 Ag < 0.4 
Mg < 0.05 Cd < 0.5 
Al 3.e: In < 0.08 
Si 1.5 Sn < 0.25 
P 0.1 Sb < 0.15 
CJ 2.0 Te < 0.4 
K o .OOL~ I < 0.07 
Ca 0.04 Cs < 0.07 
Ti 1.0 Ba < 0.1 
V 0.05 La < 0.08 
Cr 0.5 Ce < 0.08 
tin < 0.03 Pr < 0.08 
Fe 30.0 Nd < 0.3 
Co < 0.007 Sm < 0.06 
Ni 1.5 Eu < 0.04 
Cu 0.01 Gd < 0.07 
Zn < 0.5 Tb < 0.02 
Ga < 0.02 Dy < 0.06 
Ge < 0.03 Ho < 0.02 
As < 0.01 Er < 0.05 
Se < 0.01 Tm < 0.02 
Br < 0.02 Yb < 0.1 
Rb < 0.02 Lu < 0.01 
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Element Content ('W'P;em) Element Content {WIlpm) 

Hf <40.0 Au < 0.2 
Ta 0.2 Hg < 0.7 
W < 0.7 T1 < 0.012 
Re < 0.3 Ph < 0.015 
Os < 0.4 Bi < 0.007 
Ir < 0.03 Th < 0.008 
Pt < 0.2 U < 0.05 

Rhenium (m.p. 3170 °C). Solute crucible fabricated by Chase Brass 
and Copper Co., Inc., from sheet stock, lot IfRS-58. 

Element Content (-wPJ?!;) 

A1 < 1 
Ca <1 
Cr <1 
Cu <1 
Fe 42 
Mg <1 
Mo 30 
Na < 1 
Ni <1 
Si < 1 
W not detected 

TZM Commercial Alloy (m.p. 2610-C). A specific analysis of the 'NoM 
used as solute is not available. Impurity levels are expected 
to be consistent ~th those reported for the other refractory 
metal alloys used. Nominal composition of the alloy and maxi­
mum impurity content are given below. 

Element Nominal Content ( wt.%) 

Ti 0.5 
Zr 0.07 
C 0.03 
Mo balance 

Im;eurities max. WIlJ2!!! Im;eurities max. ~;em 

0 20 A1 20 
N 10 Ca 20 
H '5 Mn 20 
W 120 Mg 20 
Si 80 Co 20 
Fe 80 Ph 10 
Cr 25 Ta 100 
Sn 40 Nb 100 
Ni 20 V 100 
Cu 20 
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Tungsten (m.p. 3380°C). Tungsten crucibles were fabricated at 
Atomics International by a vapor deposition process which 
involves the hydrogen reduction WF6 on a heated stainless 
steel mandrel. 

2. Collector Materials 

MO-l/2 Ti (m.p. 2610 <>C). Fabricated by General Electric Company 
Refractory Metals Plant for Northwest Industries, Inc. 

Element Content ('Wl'!!m) Element Content (~pm) 

C 160 Cu not detected 
0 24 Mn < 10 
H 1 Mg 60 
N 25 Sn not detected 
Al 40 Co " 
Ca 50 Ag " 
Si 35 Pb " 
loT 40 Zr " 
Fe 15 Ti 0.5Cf/o Cr < 10 
Ni 10 

Mo balance 

Cb-1 Zr (m.p. 2hlO <>C). Haynes Alloy Cb-75l, fabricated by Union 
Carbide Corp., Ste1lite Division. 

Element 

C 
o 
H 
N 

Zr 
Nb 

Content ('Wl'!!m) 

70 
55 
4 

54 

0.95% 
balance 

3. Capsule Materials 
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Molybdenum (m.p. 2625 °C). r.iolybdenum capsule bodies and caps 
'"ere fabricated for a previous project (Reference (20)) 
from rods of arcme1ted molybdenum. Its nominal purity was 
quoted to be 99.9+%. The certified impurity levels are: 
O2 < 3 ppm; H2, < 1 ppm; C, 140 ppm; N2, 9 ppm; Ni, < 10 ppm; 
Fe, < 10 ppm; and Si, < 10 ppm. The machining of the 
capsules and caps was done using chlorethene as a lubricant 
because it has been found to contaminate the metal surface 
less than other machining lubricants. 

T-222 Alloy (m.p. '" 3030 <>C). Capsule bodies and capo of T-222 
i·rere fabricated by \{ah Chang Corporation. The analysis 
given is for the ingot from which the capsule bodies were 
made, heat # 65032. 



In~ot A~a1ysisz Compositionz % 
Top Bottom 

W 9.4 9.4 
Hf 2.70 2.0 
Ta balance 

Ingot Impurit1esz wppm 

Top Bottom 

C 140 130 
H 2.6 1.9 
N 17 17 
0 < 50 < 50 
Al < 10 < 10 
Cb <300 <300 
Co < 5 < 5 
Cr < 10 < 10 
Cu < 20 < 20 
Fe < 20 20 
Mo < 10 < 10 
Ni < 10 < 10 
81 20 20 
Ti < 20 < 20 
V 40 15 
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APPENDIX D 

STATIs'rICAL TREATl'-1ENT OF TANTAWM ANALYSIS 

The statistical trcatr:1cnt of tile d.ata obtained in analytical procedures 
development studies described previously is discussed below·. The data used 
vTere those obtained from IIsample ll solutions containing (1) tantalum only, (2) 
tantalum plus molybdenun, (3) tantalum plus lit hium, and (4) tantalum plus 
molybdenum plus li thi um. 

Equations for the regression curves are as follows: 

( 1) Ta alone: - -0.010137 + 0.015676x N 16 y = 

(2) Ta + Mo: - -0.013095 + 0.017948x N = 15 y= 

( 3) Ta + Li: y = -0.006615 + 0.01623x N 14 

(4) Ta + Mo + Li: y = -0.013516 + 0.018228x N = 24 

Pooled: y = -0.010639 + 0.0170689X N = 69 

where x is micrograms of tantalum, :r is the optical density estimated from the 
regression relationship, and N is the number of observations. 

The sum of the squares of ~ deviations from the best line drawn through 
each set of data separately (~ y ) represents the minimum deviation which can 
be obtained by a straight line correlation and was used as an error estimate 
for testing the significance of other deviations. The sum of the square~ of 
deviations from the best line through the means of the se~of data (L:~m) is a 
measure of any trend from one set of data to the next. L: y. is the sum of 
squares of deviations from separate li~ dra'\m through eac¥! set of data, but 
all dt'awn with the same slope, while L: y is the sum of squares of deviations 
from the best line through all the data. Using this symbolism, the analysis 
of variance can be sununarized as shown in Table XXX. 

Table XXX 

ANALYSIS OF VARIANCE 

DF Sum of Squares Mean S_quare 

Means Correlation L: v ,2 
Ym (K-2) = 2 0.0012367 0.00061835 

Difference between 
h2 !r-2 !r-2 2::y - L: y - L:y 1 0.000171 0.000171 

means slope and m w 

pooled slope 

Between slope 2::'- 2 h2 
(K-l) 0.000565 0.000188 y - ~y = 3 w 

Error 
I ...--2 

L:(n.-2) 61 0.004651 0.000076245 L:L: y = 
~ 

Total 
'_2 

L:y N-2 = 67 0.0066237 
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Mean Squares Ratios: 

Beti-Teen Slopes/Error = 188/76.245 2.4657 

0.01 = 4.13 
0.05 = 2.76 
0.10 2.18 

Difference /Error = 171/76. 21~5 = 2.2428 

0.10 - 2.79 
0.25 = l.35 

Means/Error = 6183.5 
= 8.11 762.45 = 

0.005 = 5.80 

The ratio of the "between slopes" mean square and the "error" 
mean square of 188/76.245 = 2.466 were tested against F at 3 and 61 
degrees of freedom. The F values are 2.18 at the 0.10 level and 
2.76 at the 0.05 level indicating that the amQunt of deviation re­
moved by using individual least-squares lines for each set compared 
to that removed by using a pooled slope for all sets is slightly 
significant. There is less than 10 per cent and more than 5 per 
cent chance of being in error if the lines are considered not to have 
a cormnon slope. 

The ratio of the "difference" mean square to the "error" mean 
square of 171/76.245 = 2.243 appears to be of no statistically 
valid significance. 

The ratio of the "means II mean square and the !terror" mean square 
of 8.11 is very highly significant. There is less than 0.1 percent 
chance of being in error when comparing the amount of deviation 
removed by a line through the means of the sets of data with the 
minimum deviation attainable and rejecting the hypothesis of equal 
variances, showing there is some trend from one set to another. 

By use of Student's t test, the means of the individual sets can 
be compared to the mean of tantalum alone, as follows: 

Set t calculated (D.F.) Significance 

Ta + Li 0.507(26) no significant difference 

Ta + M:o 2-385(27) t.025 < t calc < t.Ol 

Ta + Mo + Li 2-395( 35) t .025 < t calc < t.Ol 
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These data appear to indicate t:le presence of Mo to be statistically 
significant in the determination of Ta. The practical extent of this difference 
was investigated. Using the pooled data, the variance of a single estimated 
value (Y.) was calculated am the 95 percent confidence limits for a measurement 
at 2 IJ,g ~d 10 J-Iog Ta ,.ere determined. A similar value .. ras calculated for the 
Ta + Mo + Li set. These values were found to be indistinguishable from each 
other. The value for tbe uncertainty in Y. is equivalent to ± 1.2 J-Iog (9510 con-
fidence level). ~ 

An earlier observation that the slope of the 
85 percent of that of the unextracted curve gives 
complete extraction. Use of a radioactive tracer 
percent was recovered in the extract. 
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