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I. INTRODUCTION

Within the past 10 years, moderate success has been
realized in preparing pure rere earth metals in sppreciable
quantities making possible the determination of their physical
properties. A survey of the present litersture indicetes a
steadlly increasing amount of data on the physlcal properties
of these elements, but in many cases only estimates of values
are avallable, and often discrepancies exlist smong the
reported values.

The interpretstion of the Spécfra for the gaseous atoms
of some rare earth elements has been very difficult because
of the complexity of the spectra. For ;anthanum, gado linium,
and lutetium, the electronic ground state configuration (1)

1 68 where n is O, 7 and 14 respec-

is known to be 4f" 54
tively, whereas the other rare earths whose configurations
are definitely known, have no d-electrons. For terbium, the

ar® sal 6s®

configuration was found to be a low lying excited
state (), which caused esrlier workers some confuslon in the
assignment of i1ts ground state configuration. When the
reported heats of sublimation for lanthanum, gadolinium and
lutetlium sre compared in light of thelr similar electronic
structures, 1t appears that gadolirium is somewhat anomslous.
For most rere earth compounds, especlally in aqueous solu-~

tions, three electrons are involved in bonding and the fllling

of the 4f sublevel does not follow the lrregularities shown by



the gaseous atoms, but lnstead increases uniformly across the
serles. The tendency of lons tc reach the more stable con-
figuration of an empty, half-filled or filled 4f orbltal 1s
reflected in the other valences observed for the rare earth
elements, but of the uncommon valences, only Ce+4 is stable
in aqueous solution. The increased nuclear charge as one
crosses the series causes & decrease in the lonic radil and
helps to explain the gradual change in the chemlcal propertles
of the series. Much of the early rare earth chemistry was
concerned with aqueocus solutions, where the change in chemical
properties across the series is also tempered by the large
sphere of hydration aurrouﬁding the +3 ions. It 1s therefore
quite understandable why early workers conslidered these
elements to be similar. |

The metels do not reflect the degree of similarity
exhiblted by the lons,with quite large variations existing in
some metallic properties. This is especially true of the
vapor pressures, with the elements europlum and ytterbium
(and to a lesser extent, samarium) being 3 to 4 orders of
magnitude more volatile than the other members of the series.
For all the metals, except europlum and ytterbium, three
electrons are belleved to be in the conduction band (3).
However, the high atomic volumes and magnetic susceptibillties
for these two elements indicate only two electrons are present

in their conduction bands.



The rare earth famlly holds & unique position in the
development of atomic and alloylng theories because of the
large number of elements with cloéely relafed crystal struc-
tures and outer electronic configurations, with only the
ionic radil exhibiting a gradual change. As the 1list of
physical properties of the individual atoms 18 completed,
better theories and experiments concerning the alloying
behavior of metals can be devised, instead of simply studying
alloy systems at random.

Whereas many equilibrium phase diagrams have been deter-
mined by thermal analysis, metallographic and X-ray diffrac-
tion technigues, fewer sfudies heve been completed on the
activities of the components in an alloy system. The study
of activities of metals in alloys would be particularly essy
by the vapor pressure technique since the activity eqﬁals the
ratio of the vapor pressure over the alloy to the vapor pres-
sure of the pure component. With the completion of vapor
pressure studles on the pure rare earth metals, activity
studies and consequently free energy célculations for various
alloying reactlions of these metals can be made.

Of the vaporlization studies made on the rare earth metals
by different investigators, close agreement on the heats of
sublimation at 298°K has been reached on only five elements.
In some cases, two investigators have agreed, while a third

disagrees completely. These inconsistencies are possibly due
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to virying purities of meterial, verlastions 1n thé methods of
temperature measurement and calibration, or lack of thermal
equilibrium within the Knudsen cells. Consequently, it was of
interést to complete additional work with particuler emphasls
on correcting the above problems in an sttempt to resolve some
of the discrepsncies. Also 1t is important to have data
avallable for the complete serles from the same investigsting
group so that any experimental errors will be reflected con-
sistently throughout the series, thus allowing more meaningful
correlations to be made with other physical properties.

During the past few years, techniques have been devised
in this laboratory for preparing rare esrth metals of high
purity (4, 5), making possitle more preclse determination of
their physical properties. Since the heat content measure-
ments on some of -the rare earth metals have been completed
within the past year,* it 1s also possitle to épply the third
law test-to the vapor pressure measurements based on entropy
data. This can serve as & check on the vapor pressure meas-
urements, and provide a second method for calculating the
heat of sublimation at. room teumperature.

From a theoretical stendpoint, thp studies of vaporiza-

tlon processes of the rare earth metals and slloys should

*Dennison, D. H., Ames Laborestory, Iowa Stste University
of Science and Technology, Ames, Iowa. Heat content data of
rare earth metals. Private communication. 1963.



reveal a clearer picture of the nature and energetics or
binding in the gaseous and solid states and help to establish

the character and kinetics of high temperature reactions.



II. HISTORICAL
A. Methods and Theory

Vapor pressure measurements on metals are usually divided
into two main groups: 1) high pressure methods used in the
range from 1C %o 10%mm of Hg, which have been used for the
Group 1A and 2A metals, 2) low pressure techniques ranging

8 to 1071

from 10~ mn of Hg, which in general have been applled
to the transition metals. In thls second class, the two prin-
cipal methods that have been used are the Langmulr and Knudsen
methods. The Langmuir method (6) 1is tased on the theory that
when a so0lid and its vapor are in dynamic equilibrium, the
rate at which iapor atoms strike the solid suffaoe and con-
dense 1s equal to the rate at which atoms leave the metal sur-
face. At very low pressures, the rate of condensation depends
solely on the vapor pressure, but the rate of escape is
assumed to be independent of pressure; depending only upon

the rate at which atoms acquire sufficient kinetic energy to
overcome the force of attraction of their neighbors. Conse-
quéntly, it follows that the equilibrium vapor pressure of the
metal can be determined from a measurement of the number of
atoms which leave a surface. The condensation coefficlent of
the vapor on the hot metal surface 18 required for this method

but quite often is unknown. One other objection to this

method is that 11quid metals are more difficult to work with



since the surface area may vary greatly depending on the
amount of 1liquid metasl which creeps up the contalner walls.

The Knudsen effusion method (7) depends on the rate of
effusion of vepor from a space where the vapor is at equi-
librium with a condensed phase through an orifice into a high
vacuum. If this method i1s properly utilized it is independent
of the condensation coefficient and can be readily adspted
to the study of liquids.

A modification of the Langmuir method was used by Wake-
field (8), in which he surrounded the evaporating surface of
holmium metal with a graphite condenser. The holmium vapor
then formed a stable nonvolatile carbide on the condenser, and
the vapor pressure was calculated from the weight gain of the
condenser.

Several modifications of the Knudsen technique are belng
used today, differing primarily in the method of determining
the weight loss of the cell.

1. Beam samplling technique

A certain portion of the veapor team 1s collimated and
condensed on a target, and if the geometry of the collimating
system is known, one can calculate the vapor pressure from the
amount of material collected on the target. Here sgain,
Wekefield (8) used a graphite condenser to capture the vapor

coming from a Knudsen cell in the determination of the vapor
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pressure of holmium. Nachman et al. (9) have used this wetho
to measure the vapor pressure of neodymium end praseodymium by
welghing the amount of vapor condensed on & silver target
attached to an esnalytical balance. If the original sample 1s
radicactive, one can use rediochemical methods to measure the
quantity of vapor collected on a target; as in the work of
Phipps et al. (10) on plutonium. The amount.of material con-
densed on the target can slso be determlned by chemical
analysis as in Rudberg's work on calcium (11).

One of the principal objections to the target method 1is
that the condenseation coefficlent for the condensation of
vapor on the target must be known. This method, however, has
the distinct advantage over some older'techhiques in that
cooling of the furnace aftér each exposure is unnecessary,
since a magazine can be 1ncorpoxated into the system, making
possible a number of messurements prior to opening the fur-

nace.

2. Welght loss method

The principal procedure is to suspend the effusion cell
from a microbalance and measure the weight of vapor effused

out of the cell directly, as in the work of Da&ane on lan-

thanum (12).



3. Torsional momentum method

This involves measuring the resulting torque on a quartz
fiber when a beam is elther impinged on a vane or when 1t
leaves an effusion cell having two orifices arranged as a
couple. Theoretically, this method is advantageous because
the molecular welght of the vapor specles cen be calculated
from the vapor pressure, but thus far, the molecular weights
measured by this method have been disappointing (13).

In this 1aboratoryg.the direct welght loss modification
of the Knudsen effuslon technique has been used in conjunc-
tion with a quartz fiber microbalance of the type developed
by Edwards'apd Baldwin (14). The method has proved reiiable
in the pressufe rénge of 1071 to 107%mm of Hg, and 1s also
advantegeous aé one can reéd the temperature on the interior
of the effusion cell with an optical pyrometer, which is not
possible with some of the other methods.

The kinetic theory of matter provides the means of relat-
1ng‘the evaporation rate to the pressure in a Knudsen experi-
ment. This theory involves two basic assumptions: 1) matter
1s made up of extremely small non-interacting particles, and
2) the atoms are in constant motion, and this motion is inti-
mately related to the temperature. For & monoatomic ges 1n
equilibrium with a condensed phase, the effect of lncreasing
the temperature is evidenced by increassed pressure on the

enclosing walls because of the impact of molecules on these
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walls. ‘The number of molecules N thal sirike one square

centimeter of a vessel wall per second 1is

N = &4 (1)

where ¢ is the mean velocity of & molecule in cm/sec and 4 is
tlie' number of molecules per cublc centimeter in the gaseous .
phase. If the mass of & molecule 1s m grams, then the total
mass W' striking the wall per cm® over a period of time will
be

o cmd t ‘
W ra (2)

where t is the time in seconds. Since the pressures encoun-
tered in these experiments are quite low, tUfie gas can be
assumed to behave ideally, then

d a %% h (3)

from the ideal gas law. From the Maxwell-Boltzman distribu-

tion of velocities, we can write the mean veloclity as

_ \1/2 1/2
T - G%%a = 14553 (ﬁ) : (4)
Now equation 2 can be rewritten
u\1/2
W' = .05833 Pt{ w (5)

where T 1s the absolute temperature, R is the gas constant in
mm cm® mole'1 degree’l, P 1s the vapor pressure 1n millimeters
of mercury and M 1s the molecular weight. In terms of the

orifice area, equation 5 can be written
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1/2
_17.145 W( T
P = sleazel ( ) (8)

M
where A 1s the orifice area in square centlmeters and W repre-
sents the weight of vapor effusing through the orifice. For
& Langmuir evaporation, the rate of sublimation from & heated
filament equals the vepor pressure, as was described earlier
in this section. It can be shown from the kinetic gas theory
that the equilibrium pressure is related to the rate of sub-
limation by equation 6 with the addition of the condensation
coefficlent in the dénominator. The condensation coefficient
for most metals has been found to be unity; materials which
vaporize to molecular specles usually have a condensation
coefficlent less than unity.

The above derivation is made assuming that the orifice
is infinitely thin, and that none of the vapor atoms are
deflected back into the cell by the walls of the orifice.
However, since the orifice has a finlte thickness, & correc-
tion (the Clausing factor) due to the ratio of the orifice
height to 1ts radius should be made to the calculations. In
addition, the atoms must not suffer any collisions among them-
selves as they pass through the orifice; that is, they must
experience free molecular flow. Knudsen (7) established the
criterion for free molecular flow to be a ratio of the mean
free path of the vapor atoms to the diameter of the orifice
greater than 10.

Speiser and Johnston (15) have shown that when an opening
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ia made in an effusion cell, the pressure on the 1n31dé of
the vessel 1s not exactly equal to the vapor pressure because
of the escepe of some of the atoms. They heve shown that if
the ratio of the orifice area to the effective evaporating
surface erea 1s small compared to the accomodation coeffl-
clent, the number of atoms effusing does not seriously upset

the equllibrium. However, the equation

P

lo = P = (7)
calc ed- h/s + x

can be used to make this small correction, where « 1is the
condensation coefficient, h 1s the orifice area and S5 is the

effective sample area.
B. Previous Measurements on Rare Earth Metals

Experimental studies on the physical properties of the
rare earth metals and alloys have been carried out in this
laboratory for many years. Specifically, vapor pressure
measurements on these metals were begun in the year 1950, and
until this work was begun, ten elements had been investigated
to some extent. Only estimates from metallurgical observa-
tions were avallable for the remalning members of the famlily.

The first work on the vapor pressures of the rere earth
metals was that of Ahmann (16) on cerium. He vaporized a
radloactive sample onto a target using a modification of the
fnudsen method and obtained a heat of vaporization of 107

kcal/mole from the slope of the vapor pressure curve. Brewer
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(17) reported in Quill that cerium hed a heat of vaporization
of 80 kcal/mole and pressures 10 times thet found by Ahmann.
Gilles end Jackson (18) have measured the vapor pressure of
cerium by analyzing the vapor condensed on & target using a
coulometric procedure, and they reported a heat of vaporiza-
tion of 114 kcal/mole.

The vapor pressures of lanthanum and praseodymium were
studied by Daane (1lx) in 1950 using a quertz fiber microbal-
ance to measure the effusion rate; heats of vaporizsestion of
81 and 79 kcal/mole respectively were obtained. In 1958,
Daane (19) reported the heats of vaporization of lanthanum and
cerium to be 94 and 93 kcal/mole respectively using the same
methdﬂ as before. He also reported the heats of vaporization
of dysprosium, neodymium and yttrium to be 62, 71 and 80 kcal/
mole respectively at the teumperatures of investigation (20,
21).

Nachman and Lundin (2) have measured the vapor pressures
6f praseodymium and neodymium using a target condensation
modification of the Knudsen technique and found heats of
vaporization of 84.42 and 84.06 kcal/mole respectively.

The vapor pr;ssure of europium metal was reported by Hanak

et al. (22), who obtained a heat of sublimation of 41.1
kcal/mole, and the vapor pressure of holmium was measured by
Wakefield (8) over the pressure range 10 mm to 1078 mn result-
ing in a dalculated heat of sublimation of 69.5 kcal/mole at

the measured temperature. The vapor pressure of thulium was
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meesured over & range of 10° mn of Hg by the radloective
tracer technique by Barton et sl. (23) who obtained & AH of
59.1 kcal/mole.

The vapor pressures of lanthsnum, scandium end yttrium
were me:sured by Ackermann end Reuh (24) in 1962 using a
vacuum balence, and the heats of veporizetion were measured
with 21 mess spectrometer. They obtasined hests of vaporizetion
of 100.4, 77.9 and 91.3 kcal/mole respectively. Wekefield et
8l. (25) in 1959 slso reported the vapor pressure of scendium,
measured by the Knudsen technidque in conjunction with & qusrtz
fibter microbelance, and he obtsined & heet of sublimsetion of
78.61 kcal/mole. More recently (1963), Xrikorien (25) mess-
ured the vapor pressure of scandium by & Knudsen effusion
technique and obtained a hest of sublimstion of 88.0 kcal/mole
at 1600°K, in disagreement with the previous reports.

Seversl Russlan scientists heve reported vepor pressure
studles on the rere esrth metsls in recent yeasrs. Sesvitskil
et gl. (27) measured the vepor pressure of erblum metel using
the Knudsen technique in which the vepor was condensed on e
mica plete supported on & quertz fiber microbslsnce. Five
pointe were teken end the heet of sublimetion reported wes
64.75 kecal/mole. Nesmeyanov et sl. (28) have meesured the
vapor pressure of yttrium by a Knudsen technigue egnd reported
a heat of sublimation of 84.71 kcal/mole. The seme suthors

(29) have recently investigeted scandlum metel end reported
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a cngge of 83.1 kcal/mole by the second law method.

The rare earth metals have been studied by many investi-
gators using mass spectrometric methods. These measurements
glve the temperature dependence of the vapor pressure rather
than an absolute value of the vepor pressure. Absolute values
are much}more difficult to obtain, since the geometry of the
system must be calibrated and the lonization cross sections
must be known for the species involved. However, this method
has the distinct advantages of obtaining results quickly and
belng able to observe all the various possible specles emitted
from the effusion cell. The results of these studles along
with the enthalples obtalned from vapor pressure measurements
are summarized in Table 1.

In order to complete the study of the veapor pressures of
the rare earth metals, the work reported in this thesis was
begun. Vapor pressures for samarium, gadolinium, terbium,
ytterbium and lutetium not previously reported are presented

as well as nine others which have been remeasured.
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Table 1. Vaporizeation data (koel/mole)
Temp - hass
range Vapor pressure d=ta spectrometric
Element °K AHz DHsgg OHp DHogg Ref.
La 1640-2017 93.85+.93 99.5 19
1665-2167 100.4 +.7 103.9 24
1723-1873 99+7 30
Ce 1460-1720 107 -- 16
1611-2038  9%.91+.37 27.6 19
- 114 - 18
Pr 14£6-1692  78.6 +1.1 -- 12
17£4-1874  84.42¢1.9 -- 9
1505-1797 71.8+.5 77.9 31
1380 79.3+2 85.1 32
Nd 1340-1610 70.6 +2.0 75.6 12
1638-1791 84.06 -- 9
1381-1792 70.2+.9 76.3 31
1348 70.6+2 75.0 32
Sm ?00-950 48.66+.42  40.9 33
Eu 696-900 41.1% 4z.1 22
727 42.0+.25%  43.1 34
¢d 1685-2044 76.9+1.0  83.6 31
1370 78.2+.32% 8l.2 34
Tb 1492-1644 85.031.63} g7, 31
1655-1967 81.1¥.8 . C 31
1437 88.924+.59% 91.¢ 34
Dy 1245 69.0% - 20
1215 69.3+.62  71.4 33
1278-1566 60.1¥.3%2  61.6 31
Ho 923-2023 69.3 +.5
4.7 ¥ 53} 706 R 8
1248 72 .9+ .44 75.0 34
1253-1566 68.0+1.2 69.5 31

8Heat of sublimation.
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Table 1. (Continued)
Temp. Mass
range Vapor pressure dats spectrometric
Element oK b Hp AHogg AHp AHpgg  Ref.
Er  1373-1573  64.75% -- a 27
1349-1743 64 .5+ .6 66.4 31
1208 73.18+.34% 75.4 34
Tm 809-1219  57.44+.2% 59.1 23
937 56.2+ .42 57.6 33
Yb 667 39.5¢.56%  40.0 33
Lu 1691-1937 92.3+1.62 94.7 31
1758 98.96+.4% 102.8 34
So 1505-1748  78.61+.7% 80.79 25
1423-1789  77.9 +.4% 80.1 24
1200-1570 88.0 +.28 91.1 26
1 1301-1644 83.1 29
Y 1523-1805 802 -- 21
1774-2103  91.3 +.4 97.8 24
1405-1733 84.718 - 28
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ITI. EXPERIMENTAL
A. Materials

The rare earth metals used in this study, with the
exception of samarium and ytterbium, were prepared from spec-
troscoplically pure oxide by the calcium reduction of the
fluoride as described by Spedding and Daane (5). The reduced
metal was then vacuum melted to remove any volatile impurlties
and in all cases except lanthanum and cerium, this was fol-
lowed by distillatlon at higher temperatures. The general
procedures for the distillstion of the rare earth metals have
been described by several investigators (4, 22, 25), but minor
variations were used in this work to produce the best possible
material for this investigation.

The lanthanum and cerlium, while not being purified by
distillatlion, were of quite high purity, since additlonal pre-
cautions were taken to prevent thelr contamination during the
preparetion process. Praseﬁdymium and neodymium have suffi-
clently high vapor pressures for distillation on 2 small
scale at temperatures below 200000, but they must be collected
as liquids which causes some contamination from the tantalum
condensing surface. The procedure used for these metals was
slmilar to the procedure described by Daane (4), except the
distillation column was heated by an eddy current concentrator

of a design similar to that used by Johnson (35). The use of
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the eddy current concentrator allows one to maintain a high
vacuum in the collector area; which corrects one of the blg
problems of the apparatus described previously. The resulting
material from these expefiments was found to posmess a very
clean microstructure; it also exhibited a much higher oxida-
tion resistance than that of metals not distilled, which has
been found to correlate directly with purity.

Gadolinium, terbium, scandium and lutetium were distilled
following a procedure described by Habermann and Daane (36)
for yttrium, with the addition of an equal quantity of tung-
sten powder to the distillation column to facilitate the
removal of certaln impurities. It has been shown in th{s_
laboratory (37) that porcus tungsten filters can be uséd to
remove several metallic impurities from yttrium metal when
liquid yttrium is allowed to run through the fllters. Uslng
this as a gulde, tungsten metal added to a distillstion mix-
ture was found to cause the removal of iron and fluorine from
the metals belng distilled; other elements such as titanium,
zifconium, etc., may also be removed, but were not checked
in the rare earth metals used.

Samarium and ytterbium were prepasred by the lanthanum
reduction of their respective oxides as described by Daane
et al. (38), followed by distillation in a high vacuum furnace
using an lon pump as the pumping system. These metals were
dlstilled at a pressure lower than 5 x 108 mm of Hg in an

attempt to lower the gaseous impurlities to a very low level.
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This procedure required a very long distillation time since
the metals outgassed badly at these pressures. Samarium was
particularly difficult to dilstill in this furnace since it
emitted a gas for which the ion pump had a very low pumping
speed. Of the common gases, only the hydrocsrbons and the
rare gases have low pumping speeds and the hydrocarbons would
appear to be ruled out by the low carbon analysis of the
original materials. This may indicate a strange behavior
between the rare earth mé;ais and the rare gases, but the
results are certalnly non-conclusive at the present time.
Dysprosium and holmium metals were also prepared in very high
purity by this technique.

The analyses for the metals used in this investigation

are presented in Table 2.
B. Furnace

The furnace chamber was primarily made of steel excep?t
for the pyrex arm holding the quartz-fiber balance, which was
sealed to the metal part of the furnace Jjacket with Apliezon
'"W" vacuum wax. The system was heated by a tantalum tube
resistance furnace 2.5 cm in dlameter by 25 cm high surrounded
by molybdenum shielding. Shielding on the top and the bottom
consisted of discs 2 cm in dlameter, placed approximately
1.5 cm apart leaving a 15 cm zone in the middle of the heater
which was nearly isothermal. A schematic drawing of the fur-

nace appears in Figure 1.



Table 2.

Analyses of rare earth metals (ppm)

Other

Impurity rare

Element Ca Ta 81 Fe Cu Mg 0] C N F H earths
Se 50 250 150 180 45 20 500 200 50 200 -- —-
Y 16 400 30 150 -- 5 300 150 10 100 10 —
La 10 Z500% 60 75 - 5 57 125 10 150 5 -
Ce 10 100 25 250 @ -- -—— 345 200 150 50 10 —
Pr 20 Z5008 25 30 -- Z100% 700 75 30 20 20 —
Nd 20 z500% <10 90 - 50 800 80 26 22 -- -
Sm 20 Z500% <50 5 - - —- 95 20 35 - —
Gd 250 Z5008 z250% 20 @ -- - 90 15 9 28 —- -
Tb 10 <200 20 T - 5 380 25 15 35 12 -
Dy 100 <100 20 10 - 50 310 60 2 100 20 _
Er 20 Z5008 <50 110 -- Z200% <50 60 45 R -
Tm 20 75008 25 5 -- Z200%8 . 70 5 300 -—- -
Yb -- Z5008 25 5 - - - 35 50 10C  -- -
Lu <0 40 25 50 -~ -- 210 20 12 64  —- —_

8The actual amounts are probably much less than these values which represent

the lower calibration limit.

12



Figure 1.

Schematic drawing of vapor pressure furnace

A--8i1ght window, B--Quartz fiter micro balance,
C--Alnico msgnet, D--Solenoid, E--Suspension
wire, F--Glass to metal seal, ’G--Thermal
shielding, H--Current leads to heater,
I--Tantalum heater, J--Effusion cell containing
sample, K--Furnace chamber wall, L--Cold
cathode vacuum gage, M~--Shield holder,
N--Vacuum port
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Power was supplied to the heating element through a 208
volt, 5 KVA voltage regulator, a "double gang" variable
powerstat and a 10 KVA step-down transformer. The maxlimum
current which could be obtained from this srrangement wes
approximately 500 amperes at 8 volts, which would readily
produce temperatures in the furnace of 2200°C. It was pos-
sible to maintain any desired temperature below 2000°C within
an estimated 1imit of +1°C after an equilibrating time of
about 5 minutes. Somewhat befter temperature control could
be achieved at lower temperatures by the use of a temperature
controller developed by Svec et al. (39), which operates on
a Wheatstone bridge principle with one leg of the bridge
belng a tantalum wire sensing element inserted into the
middle of the furnace.

The vacuum pumplng system consisted of a Welch Duoseal
#1397B fore pump, & 10 cm MCF-300 oil diffusion pump using
Octoll-S fluid, and a liquid nitrogen trap. After initially
outgassing the furnace and the effusion cell to the highest
temperature for a particular run, the pressure in the furnsce

was maintained at less than 1 x 10'6

mm of Hg during the
remainder of the measurements. The pressure in the furnace
was measured by & cold cathode gauge placed in the bottom of
the furnace jacket.

The balance shown in Figure 2, which was used to measure

the welght changes of the effusion cell,was a magnetically
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Figure 2. Quartz fiber microbalance
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controlled quartz flber balance dgscribed by Edwards and
Baldwin (14) and later by Daane (12). A maximum load of

5 grams could be suspended from both ends of the balance, but
usually an attempt was made to maintaein the effusion cell
weight at less than 2 grams, so & maximum balance sensitivity
would be realized. The beam of the balance was constructed
of 0.8 mm quartz rod with one small Alnico magnet mounted
vertically in the center. The balance was placed in the
center of & coll consisting of 2500 turns of #24 B & S gauge
formvar insulated copper wire wound on a brass spool 8 cm
long by 4.5 cm in dliameter.

The current controlling ecircuit for this coll contained
in series, a 0-100 milliampere D.C. ammeter, & 5000 ohm
helipot potentiometer, a switch for reversing the current,

e decade resistance box for changing the current through the
coll, a 8lx voltl storsge battery and a standard resistor made
_of constantan wire. The current was measured by determining
the voltage drop across the standard resistor using & pre-
clsion potentiometer in conjunction with an electronic null
detector. The relative positlion of the balance beam was
determined by projection of an image of the balance pointer
and the zero point indicator onto an etched glass screen
through a microscope having a magnification of 20X.

The telance was calibrated in millivolts per milligram

by observing the chenge in coil current required to return
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the balance to the zero position after adding a flve mllligram
standard weight to one side of the beam. The entire calibra-
tion, over e 100 milligram range, was made using two riders

by replacing them at 10 milligream intervals with other welghts
of approximately 10 milligrams. This provided consistency in
the calibration procedure, which resulted in a constant cali-
bration curve over the entire rsnge. The sensitivity of the
balance was estimated at & micrograms, but varied slightly
depending on the particular suspension fiber being used. The
range of welght loss or weight gain possible for the balance
was approximately 200 milligrams using the reversing switch

in the line.

The temperature of the effusion cell was measured by a
Leeds and Northrup disappearing filament type optical pyro-
meter above 1200°C; below 1000°C, & Pt-Pt/13% Rh thermocouple
was used and between the two temperatures, either or both
methods were utilized. The vacuum furnace had to undergo
ninor modifications to allow the use of & thermocouple; this
consisted of passing the thermocouple through a 2-hole
Stupakoff seal soldered into a Cenco vacuum courling, so
that the bead could be placed within 3 mm of the bottom of
the effusion cell. A heavy tantalum conteiner 2 cm in diam-
eter and 6 cm long was placed around the effusion cells and
the thermocouple bead to insure a constant temperature over

this small dietance. The voltage produced by the thermocouple
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was measured by a Leeds and Northrup K-3 potentiometer and
null detector with the reference jJunction in a water-ice
mixture. Considerable effort was put forth to determine a
correct calibration curve for the thermocouples and the opti-
cal pyrometer. The thermocouples were calibrated "in situ'
agﬁinet the melting point of pure lead, aluminum and copper
metals, and a copper-silver eutectic. The optical pyrometer
was also calibrated "in situ" against a calibrasted Pt-Pt/13%
Rh thermocouple as well as by observing the temperatures at
which nickel, iron, distilled gadolinium,,%erbium, gcandium
and pure platinum metals melted. The melting points of the
gadolinium and terbium metals, &8 determined by thermal
analysis 1n a thermal analyslis furnace, were found to be

1312 and 1351°¢C respectively, and the transition temperatures
were 1234 and 1284°C respectively.

A shutter covered the optical pyrometer observation
window when no temperature readings were being made to pre-
vent coating of the window by the vapor beam from the effusion
cell. Temperature readings were made by sighting through the
orifice, thus giving the closest approach to btlack body condi-

tions possible.
C. Effusion Cell Preparation

Tantalum effusion cells 1 cm in diemeter and 1 cm high

were used in this study, because they could be easlly formed
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and since the amount of tantalum which would dissolve in the
metal samples was known to be very small in most cases. Of
the nmetals studied lenthanum, cerium, praseodymium, neodymium,
gadolinium, terbium and yttrium were studied in the llquid
state; of these only yttrium dissolves an apprecisble amount
of tantalum.

The effusion cells, shown in Figure 3, were drewn from
12 mil sheet by the Fansteel Metallurgical Corporation snd
therefore contalned no welded seams along which creeping could
oceur. The flange on top of the cell was cupped wiith a
special die to provide an edge which could be crimped down
over the 1id for welding. The cells weighed about 5 grams
when purchased, and after adding a 1id and a small quantity
of rare earth metal were too heavy for the microbalance.
Cohsequently; the celle had to be reduced in weight, which
was accomplished by leachling the cells in a 50-50 mixture of
nitric and hydroflﬁoric acids for 3-4 minutes, thus reducing
the weight to about 1 gram. They were then outgassed at
1600°C under a vacuum of 10—6 mn of Hg to remove any absorbed
gases. The lids were prepared from 2 mil tentalum sheet by
holding the tantalum firmly between brass plates and drilling
through the trass and tantalum with high speed drills, which
ranged 1in size from 0.06 to 0.3 cm; the orifice was then
burnished with emery paper to remove any burrs. A traveling

microscope with an accuracy of 0.0005 cm wss used to measure
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Figure 3, Tantalum effusion cell
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the diameter of the orifice, and the final value used for

the dlameter was an average of several readings at different
positions across the drifice. The length of the orifice or
the thickness of the 1lid was measured with a metric micro-
meter, so that Clausing factors could be applied in calculat-
ing the pressure. After placing the metal to be studled in
the cell, the 11d was welded on by melting the crimped flange
of the cell to the 1id in an inert gas src welder-described
by Miller et al. (40). For some of the more volatile rare
earth elements, it was necessary to place the effusion cell
in a closely fitted copper holder which had sufficient heat
capaclty to keep the rare earth metsls from reaching a high
enough temperature to vaporize.

The suspension wire between the cell snd the bslance
wes made of 5 mil tentalum wire which had Been'straightened
by heating in an inert atmosphere to 1000°C while e welght
was attached to one end. By welghing the suspension wire
before and after a run, 1t was found that the weight gain
due to condensed netal was negligitle in comparison to the

welght losses of the vapor pressure measurements.
D. Procedure

When the furnace was being prepared for a run, a counter-
welght was placed opposite the effusion cell on the balance

8o 60 milliamperes of current was required to hold the cell
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up in the furnace. This amount of current through the
standard resistor gave a full scale‘reading on the potentio-
meter. During a run, welght losses could be followed by
decreasing the current through the coll to zero, and then by
reversing the polarity, returning to full current. Before
placing the effusion cell in position, the furnace was
evacuated to a pressure of 5 x 10°% mm of Hg, outgassed to
2000°C and backfilled with argon. At this time the sample
was putl in placs and outgassed to a temperature slightly
higher than the highest temperature at whlch messurements
were to be made. After measurements were begun, the furnace
and effusion cell were allowed to equilibrate for 5 to 10
minutes at each temperature setting before a weight loss
measurement wes started. The weight of vapor effusing out
of the cell in a timed intervel wes obtained by bringing the
balance to the zero positlon at the beginning and end of the
1ntervél; then tsking the difference in the voltage reading
scross the standard resistor and multiplying by the balance
constant previously determined. ”

A point on the vapor pressure plot then represents the
time required to lose approximately £-4 milligrams of weight
&t a particular temperature. Temperature checks were made
several times during each measurement to make certain there
were nO'fluctuations. Each run consisted of 15 to 30 such

measurements. The quantity of metal effused ir a particular



33

run was usually 10% of the original sample, so thet all the
measurements were made on a sample of constant composition.
Of each element studled, several runs were mede using differ-
ent batches of metasl; the number of runs depending on the
reproducibility of the vepor pressure meesurements between
runs, usuglly varying from 2 to 10 with an average of 5 per
element. The number of points taken per element varied from

34 to 200 with an averege of 91 points per element.
E. Data Processing

Rough calculations were made on each run at the time the
measurements were being made to provide an indicétion of
whether the run was progressing satisfactorily. Final celcu~
lations, including refinements for orifice thickness, orifice
erea expansion with temperature and lack of saturation of the
gaseous phase in the effusion cell as described by Speiser
and Johnston (15), were made on an IBM 7074 computer pro-
grammed to make the calculations snd to provide a streight
line fit of the points by the least squares treatment to the
equsation

log Pyp = - % + B . (8)

The results from all of the runs were then combined and agein
fitted by the least squares treatment to a single straight
line. Theoretically, a slight curvature would be expected

in the plot of log P versus the reclprocal of temperature,
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and therefore the equation

log P = - % + BlnT + C (e)

should fit the situation better. In practice the experlmental
error is the same order of magnitude as the expected curva-
ture, so the strsight line equation is almost universally
used. The values of the Clausing factors used in these calcu-

lations were taken from the compilation by DelMarcus (41).
F. Errors

There sre essentially two categorles of errors which
aftect the vapor pressures as reported in this thesis:

(1) Statistical errors which asre due to random veriatlons
in measuring time, temperature and weight loss. |

(2) Systematic errors resulting from uncertainties in
temperature, orifice sarea, balance constant and
lack of equilibrium pressures in the effusion cell,
which sffect the vapor pressure at all points by a

constant amount.

1. Statistical errors

Errors included in this section are discussed indi-
vidually below, and an order of magnitude value for indi-
vidusl runs and for the combined runs of each element 1s
given by the standard devliations listed in the results section
of this thesis. |
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a. Time Time was messured with e Lsbchron electric
timer, which has an estimated accuracy of 0.2 of a second.
However, an error of not more than 1 second per messurement
was made in reading the time at the beglnning end end of a
measurement. An average time for & messurement wes about 107
seconds, thus causing an sverage error of avout 0.1%.

b. Temperature Below 1000°C, the error in the temp-

erature measurements should fall well below l°C, which would
te less than 0.2% error in the pressure. Above 1000°C where
the temperatures were most often read with an optical pyro-
meter, the veriation due to the 1nability to reproduce a
color match was about 2°G, and the temperature fluctuations
of the furnace were around 1°C during a measurement giving
a total of SQC; this wbuld again result in an everage error
of about 0.2% in the pressure.

c. Weight loss Errors in the weilght loss measure-

ments resulted from reading the potentiometer and in deter-
" mining fhe exact zero position of the balance. The potentio-
meter can be reed easily to 0.005 mv., which would be a 0.1%
error, and the error in determining the zero position 1s
estimated to also be about 0.1% giving a total error of 0.2%
in the pressure.

The total statistical error would therefore be 0.5%,
which agrees closely with the standard devistions quoted in

the deta section. Of course, the effect of these errors 1s
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less when a large number of measurements are made.

2. Systematic errors

The data presented in this thesis i1s subject to the fol-
lowing systematic errors.

a. Temperature An error in the temperature arises

from the calibration of the thermocouples and the optical
pyrometer. For the optical pyrometer, this is estimated to
be 5°C, and the corresponding figure for the thermocouples
would certainly be lower. This would result in a maximum
error of 0.3% in the pressure and 2% in the slope.

b. QOrifice area The dlameter of the orifice was

measured with an estimsted error of 0.4%, which corresponds
to an error of 0.7% in the pressure. The change in the ori-
fice area with temperature wes found to cause an error of
sbout 2.0% in the vapor pressure and approximately 0.1% error
in the slope. Consequently, this correction was made for
each one of the points. The thermal expansion coefficlent

of tantalum (42) was reported to be

6 9

X = 6.5x 100 + .34 x 1079t + .12 x 10-18t%2

c. Balance constant The calibration of the balance

was made using standard 5 mg weights accurate to 0.002 mg,
which would result in an error of less than 0.1% in the

pressure.
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d. Lack of equilibrium pressure in the effusion cell

Speiser and Johnston (15) have shown thet true equilibrium
wlll not be maintained in the effusion cell, 1f the orifilce
area 1s large compared to the effective evaporstlng surface
of the sample. The pressures celculated in this work were
therefore corrected by applying equation 7 where &K, the
accomodation coefficlient was assumed to be unity.

Summing the above systematic errors not taken into
account in the calculations, the probable error in the pres-
sure would te 1.1% and in the slope 2.1%. Adding this to
the statistical errors, the total estimated error in pressure
would be 1.6% and in the slope 2.6%. ‘

In addition to the sources of error mentioned above,
there are other possible errors:

(1) Avogsdro's number

(2) Molecular weights of elements

(3) Ges constant

(4) Vapor ideality

(5) Lack of black body conditions

(6) Other vapor species besides monostomic
The errors encountered due to these factors ere assumed to be
negligible'compared to the others mentioned. The molecular
welghts used conform to the 1961 values approved by the

International Union of Pure and Applied Chemistry.
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IV. RESULTS AND CALCULATIONS
A. General | -

The data observed in the vapor pressure measurements on
the rare earth metals are tabulated in Tables 3 through 24,
and the results of the calculations made by the IBM computor
are plotted in Figures 4 through 16 where the reciprocal of
the absolute temperature is plotted against minus log Pp..
Since there were several runs made on each element, 1t would
be difficult to include all the data observed; consequently,
the data presented 18 one run.typical of the series of runs
for a particular element, and represented a close fit to the
equation obtalned when all the data for one element were com-
bined. The points plotted in the figures are also typical of
81l the data, and give an indication of the amount of scatter
obtained between runs.

The 1limite of error following the heats of sublimation
and vaporization values represent the standard deviations
from the reported values. This measure provides a somewhat
more pessimistic error figure than the 'probatle error" some-
times used, but actually has similar significence. The errors
stated for the constants in the straight 1line equation are
also standard deviations as defined in Worthing and Geffner'f
(43). The root mean square deviation in the values of log P

are given in the heading for each run tabulated, along with
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- the constants A and B of equation 8.
B. Thermodynamics

Let us consider the equilibrium between the condensed
state of a metal and its vapor,
M (condensed) — M (vapor) (10)

for which the Clausius-Clapeyron equation applles

ain p _ AHr (11)

assuming the vapor is a perfect gas and the molar volume of
the gas 1s much'greater than the molar volume of the condensed
phase. The symbol P represents the pressure in stmospheres,
OHp is the heat of transition at temperature T°K and R is

the universal gas constant. If equation 11 is integrated to

give
Ja) Hp
log P = - s—=o=ar * C (12)
the result i1s the equation of a straight line, where the
AH
T

slope 18 equal to If AH 1s required at some other

temperature, for 1§322:c§ 298°K; 1t must be corrected for the
difrerencelin the enthalpies of the condensed and vapor phases
between T and 298°K.
298
AHpgg = AHg +IT (cp(vapor) - Cp(concl.)> aT . (13)

In order to make a third law calculation, we use the

relation
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0 0o
AFp = AHR - TASy (14)

where the superscripts refer to the stenderd states. The
standard free energy can be related to the vapor pressure for

the equilibrium process in equation 10 by

(o]

A Fq = -RT1n P (16)

where P is in atmospheres. ASY in equation 14 is the dif-
ference between the entropy of the vapor in its standsrd state
and the entropy of the condensed phase in 1ts standard state
at temperature T. The entropy cen be expressed by

s - - (F% - H%) = _( FT - H%QB) . (H% -TH%%) (17)

which on rearrsenging 1s

0 o] 0 o
Fp - Hg Hp - H
(Tr=fese) . g (2o Fese) (18)

For the condensed state, this can be computed from the heat

capacity by the relation

FJ - Hlog ! 1 (T
2 _ 1
"(“"T“‘) = f delnT—Tj Cp aT . (19)
C o 2

98
The correspornding free energy function'for & perfect
monatomic vepor can be calculated from statistical mechanics
by the use of the Sackur-Tetrode equatlion and spectroscopic

data.
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When the entropy of the gas is subtracted from the

entropy of the condensed phase making use of equstion 17, one

obtains
(o} Q (o]
As%=-<§'i_:ﬁc§_9_§> +<§£P__:Tf‘_2_8§) +<FT'H%98>
T g g T c
- H%
(]
Q O o] (0]
F? - H Fo - B3 AH A HD
AS%=-(_I___Ti9.§.>g+<T Tas@>c+ i Afos

(21)

Combining equations 14, 16 and 20 results in the equation

O o) 0
RInP = - (ET_-:_*'I’H%Q—G.> + (EE_:_T_H_E_g_B_> . AH%QB (22)
) c

from which ZSH%QB can be calculated from the vapor pressure
and the free energy functions. When P 1s equal to 1 atmos-
phere, T will be by definition the normal boiling point of

the metal.
C. Deata
1. Scandium

heesurements on scandium were made on the so0lid in order
to avold the high solubility of tantalum in 1llquid scandium
observed by Spedding et al. (25). The extensive attack below

the melting point reported by these suthors was not confirmed.
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Samples from three different batches of metal were used end
the results of run #2 are tabulated in Table 3. A plot of
the data 1s shown 1n Figuré 4:; the equatlon of the best
straight line through all the points (71 points, 4 runs)

made on scandium 1is

+
log Ppy = 9-452 & .05 - 18140 = 88 (23)

and the average mid-range temperature was 1670°K, where the
heat of sublimation obtsined from the slope of the line 1is
87.885 + 0.4 kcal/mole.

Third law calculstions based on the vapor pressure data
of run #2 are tabulsted in Table 4. The average value of the
heat of sublimation at 208°K was 90.981 + .173 kcal/mole com-
pared to the value of 92.201 + 0.5 kcal/mole obtained from
the second law method. The normsl boiling point calculated
from equation 22, using the third law ZsH%QB is 3106 + 15°K.
The third law calculations were made using thermodynamic
quantities for condensed scandium based on the high tempera-
ture heat content data of Dennison,* and the low temperature
date of Weller (44). Thermodynamic quantities for the ideal
monatomic vapor are from Stull and Sinke (45). In order to

make the bolling point calculation, it was necessary to

*Dennison, D. H., Ames Laboratory, Iowa State University
of Science and Technology, Ames, Iowa. Heat content of
scandium metal. Privete communication. 1863.
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Table 3. Vapor preséure data for scandium

Run #2 AH 89.132 + .92 kcal/mole
Orifice ares - 34.407 x 10°5 cn® A 19478 + 200
- Clausing factor - .9763 B 9.658 + .121

RMSD in log P - .0267

Mass, Time, Temperature 4
Point mg gec oK 10%/T ~-log Ppp
1 12.499 30818 1543 6.481 2.9111
2 2.696 4466 1568 . 6.378 2.7350
3 2.882 2953 1598 6.268 2.5225
4 2.741 = 2064 1614 6.196 2.3867
) 2.682 1389 1636 6.112 2.2118
6 2.583 970 1657 6.035 2.0841
7 2.160 665 1669 5.992 1.9914
8 2.175 457 1693 5.907 1.8224
o 2.275 360 1708 5.855 1.6976
10 3.253 13347 1529 6.540 3.1341
11 2.855 - 4386 1579 6.333 2.7008
12 2.549 2061 1615 6.192 Q.4174
13 2.907 1957 1624 6.1868 . '2.3368
14 - 3.336 17056 1643 6.086 2.2146
15 2.370 755 1674 5.974 2.0055
16 2.683 534 1702 5.875 1.7978
17 2.825 422 1719 5.817 - 1.6712
18 2.785 315 1739 5.750 1.5480
19 <.562 222 1760 5.682 1.4299
20 2.730 180 1773 5.640 1.3332
21 2.830 156 1790 5.587 1.23500
2z 3.004 1585 1797 5.565 1.2004

23 4.117 16618 1528 6.545 3.1272
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Figure 4. Vapor pressure of scandium (1521-1813°K)
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Tacle 4. Thermodynamic cglculations for scandium metal
(o) (0] 0 0}
Temp . Fp - Hoog FT - Hagg)l -1 b Haog
Sx- ,‘(‘*—T_—“)c - <*’TL Pate kcal/mole
g atm.

1543 13.71 46.01 5.791¢ 90.7386
1568 13.81 46.08 5.6158 90.894
1698 13.92 46.15 5.4033 91.016
1614 13.99 46.20 5.2675 20.891
1636 14.08 46.25 5.09&6 90.755
1657 14.17 46.31 4.9649 0.901
1669 14.21 46 .34 4.872¢2 20.835
1693 14.31 46.40 4.7032 20.765
1708 - 14 .37 46.44 4.5784 90.560
1522 13.66 45.98 6.0149 91.501
15879 13.86 46.11 5.5816 91.268
1615 13.99 46.20 5.3082 gl1.248
1624 14.03 46.22 5.2176 21.081
1643 14.11 46.27 5.0954 01.149
1674 14.23 4€.35 4.8863 21.200
17Cc 14.35 46.42 4.6786 91.021
1719 14.42 46 .47 4.5520 20.901
1739 14.50 46.51 4.4288 90.866
1760 14.58 46.56 4.3107 91.003
1773 14 .63 46 .60 4.2140 20.872
1790 14.70 46.64 4.1108 90.844
1797 14.73 46.65 4.0812 90.921
1528 13.66 6.0080 91.3%79

45.97

Average 90.981 +

173
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estimate the heat capacity of the liguid (10.0 csl/deg) end
assume that it is constant over the whole tempersture range.
A change of 0.5 cal/deg in the heet capeclity from the esti-
mated value of 10.0 cel/deg would change the cslculeted
boiling point by about 50, end since the heat capscity filgure
is believed to be quite good (+ 1 cal/deg) the value reported
for the normal boiling point is belleved to be fairly accu-

rete.
2. Yttriumw

The vapor pressure mezsurements on ytirium metal were
made in the liquid region on two different batches of metsl;
the vepor pressure was too low in the solild stete to obteln
an appreciable welight loss. The dsta for run #4 are tsbulated
in Tarle 5, and are typical of the measurements on yttrium;

e plot of the data 1is given in Figure 5, for which the equa-
tion representing the straight line through 8ll the data

points (62 points, 3 runs) 1is

+
log Pyp = 8.835 + .056 - 20585T‘ L (24)

The heat of vaporization at the average mid-range temperature
of 2000°K was 94.654 + 0,51 kcal/mole obtained from the slope
of the line.

Thirdé law calculations made on the deta of run #4 are

tebulated in Table 6. The average value of the heat of
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Table §. Vapor pressure data for yttrium

Run #4 AH 95.278 + .81 kcal/mole
Orifice area - 15.284 x 107° cm® A 20821 + 178
Clausing factor - .9666 B 8.882 + .0877

RMSD in log P - .0168

hass, Time, Tempersture 4
Point ng sec oK 10%/T -log Ppm
1 3.620 100.7 2178 4.591 .6915
2 3.564 104.5 2171 4.605 .7151
3 3.164 123 2150 4.651 .8385
4 3.635 151 2131 4.893 .8701
5 3.257 167 2109 4.742 .9636
6 1.560 80.8 2109 4.742 .9679
7 2.859 204 2084 4.798 1.1096
8 2.926 260 206¢ 4.850 1.2070
9 2.862 314 2048 4.883 1.3015
10 2.731 370 2027 4.933 1.3936
11 2.827 457 2012 4.970 1.4718
12 2.806 574 1991 5.023 1.5762
13 2.438 598 1973 5.068 1.6568
14 2.444 767 19563 5.120 1.7660
15 2.334 948 1934 5.171 1.8799
16 <.884 1470 1813 5.7 1.9808
17 1.237 1005 1884 5.308 2.1864

18 2.6<8 3045 1858 5.382 2.3434
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Table 6. Thermodynamic c&lculations for yttrium metal

Q (o) 0

Temp. E_L:_fz_g_s_). F1 - Hioe) -log . OH2os

oK T c T g Patm. kcal/mole
2178 18.98 ) 49.23 3.5723  101.488
2171 18.95 49.22 3.5050  101.440
2150 18.87 49.18 3.7203  101.768
2131 18.79 49.14 3.7509  101.252
2109 18.70 49.09 3.8444  101.104
2109 18.70 49.09 3.8487  101.236
2084 18. 59 49.03 3.9904 101.491
2062 18.50 48.98  4.0878  101.422
2048 18.44 48.95 4.1823 101.679
2027 18.35 48.90 4.2744  101.573
201 18.28 4€.87 4.3526  101.620
1991 18.19 48.82 4.4570 101.591
1973 18.11 48.78 4.5376  101.470
1953 18.0% 48.73 4.6468 101.505
1934 - 17.94 48.68 4.7607 101,583
1913 . 17.85 48.63 4.8616  101.441
1884 - 17.71 48.56 5.0672 101.808
1858 17.50 48.50 5.2242  101.848

Average 101.523 + .146
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sublimation at 298°K is 101.523 + .146 koal/mole compared to
102.963 + 0.6 kcal/mole obtalned from the second law treat-
ment. The normal boiling point calculated using the third

law [&Hgge is 3610 + 5°K. These calculations are based on the
thermodynamic properties of condensed yttrium reported by

Berg (46) and an extension of his data assuming a constant
heat capacity for the liquid. The thermodynamic propertles

of yttrium vepor were taken from Stull and Sinke (45).
3.  Lanthanum

The data for run #3 i1s given in Table 7, and a plot of
the vapor pressure data is shown in Figure 6. The equation
for the most accurate straight line through all the datsa

points (40 points, 2 runs) for lanthanum is
_ 22019 * 157
log Py = 8.876 + .078 - T (25)

~and the heat of vaporization at the average mid-range tempera-
ture of 2040°K obtained from the slope of the llne is 100.758
+ 0.72 keal/mole. )
The first two runs on lanthanum metal were made starting
at the hlghest temperature of the run with subsequent decréas—
ing temperaturé &8s usual, when at a temperature of about
1780°K, the vapor pressure appeared to remain constant_aa the
temperature was lowered still further. This phenomena was
followed for about 50° before the runs were discontinued.

The effusion cells were examined for possible leakage, and
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Table 7. Vapor pressure data for lanthanum

Run #3 ~ AY 99.201 + .92 kcel/mole
Orifice erea - 15.59z x 107> em® A 21831 + 200
Clausing facter - .9686 B 8.771 + -0980

RMSD in log P - .0106

hass, Time, Temperature 4
Point mg sec oK 107/T -log Ppm
1 1.507 1893 193¢ 5.157 2.4762
2 2.907 3087 1953 5.120 2.3989
3 3.028 2314 1972 5.053 2.2561
4 <.866 1925 1991 5.023 2.1989
5 2.979 1686 2007 4.983 2.1229
6 3.524 1699 2019 4.953 2.0520
7 3.504 1469 2035 4.914 1.9787
8 £.845 970 2047 4.885 1.8988
9 2.231 882 2052 4.873 1.8490
10 <.859 720 2071 4.829 1.7648
11 3.8563 694 2093 4.778 1.6523
12 2.923 432 2119 4.719 1.5288
13 <.859 386 2135 4.684 1.4516
14 2.893 292 2155 4.640 1.3598
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a defective area in the tantalum around the orifices was dis-
covered. The grain boundaries oh the outer side of the 1lid
had become greatly enlarged, asnd contsined a deposit of
lanthenum metal, which appeared to have diffused through the
11id by way of the grain boundaries. Since thls same phenomena
occurred 1n two runs a2t glmost the ssme temperature, 1t would
appear to be more than coincidence, and suggests that some
sort of reaction 1s taking place at the graln bound~ries,
induced by a transition in the tantalum or the lanthenum.
When vapor pressure measurements were taken beginning et the
lowest temperafure with increasing temperature, the above
phenomena wes not encountered. Therefore, only those runs
made using the latter procedure were used in the results
presented in this thesis.

Third law calculations based on run #3 2re tabulsted in
Table 8. The average value of AHpgg 1s 102.964 + .074
kcal/mole compared to 104.062 + 0.8 kcal/mole obtained from
the second law method. The normal boiling point calculsted
from equetion Z< using the third law heat of sublimation is
3727 + 5°K. The thermodynamic properties for the condensed
phases of lanthanum were taken from Berg (46), and for the
gaseous phase from Stull and Sinke (45). Berg's dsta wes
extended using 8 constanp heat cepacity for the liquid in

order to make the boiling point cslculetion.



54

Table 8. Thermodynamic calculations for lanthanum metal

0 0 0]
Temp. _ <FT - ,H%98> _ (FT - H398)  -log D Hagg
oK T c T ¢ Patm. kcal/mole

1939 z1.66 50.21 5.3570 102.891
1953 - 2l.7¢ 50.25 5.2797  102.904
11979 21.83 50.33 5.1369  102.920
1991 £1.88 50.3%7 5.0727  103.004
2007 £1.95 50.42 5.0037  103.094
£019 £1.09 50.46 4.9328 103.054
2035 ©2.05 50.51 4.8595 103.168
2047 22.09 50.54 4.7796  103.007
2052 ¢2.11 50. 56 4.7298  102.793
2071 22.18 50.61 4.6457 102.206
2093 22.26 50.68 4.5331 102.898
2119 £2.36 50.76 4.4096 102.937
2135 22.41 50.80 4.3324 102.939
2155 22.48 50.86 4.2406 102.977

Average 102.964 + .074
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4. Gerium

The data in Teble 9 are from run #2 for cerium metsl,
end a plot of minus the log of the vapor pressure versus the
reciprocel of the absolute tempereture is shown in Figure 7
for all the points (34 points, 2 runs). The vepor pressure
dets, when fltted to a streight line by e le=st saueres
treatment taking the temperature as the independent verieble,

give the equation

+
log Ppg = 9.396 + .070 - £&391. = 166 (26)

This corresponds to & hest of veporizetion of 105.2C8 + 0.76
kcal/mole at the sverage mid-range temperature of 2100°K from
the slope of the line.

Third law celculetions for cerlum end seversl other rere
eerth elements ere not possible at the presént time since the
thermodynemic properties of these;mefel vapors have ﬁot teen
evaluated, due to leck of date on the low lying electronic
states. The difference in the enthelpies of the condensed
~and vapor pheses therefore becomes & problem of estimating
‘the heest capecities of the gsses, since the herst copsacities
of all the condensed pheses of the reare earth elements have
been measured. For cerium, the difference in the enthslpies
between the mid-rsnge temperature snd 298°K 1is sbout 6.3
kcal/mole, therefore the AH3gg would be 111.6 keel/mole.

The bolling point, bssed on the assumption thet AACp between
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Table 9. Vapor pressure data for cerium

Run #2 | ~ AH 104.408 + .87 kcal/mole
Orifice srea - 46.951 x 107> cm® = A 22816 + 171
Clausing factor - .9806 B 9.300 + .0832

RNSD in log P - .0198

hass, Time, Temperatur

Point ng sec ok - 10%/T  -log Py
1 7 .544 71.6 2252 4.440 . .7987
2 3.510 42.8 2232 4.480 .2093
3 5.18 77.9 £215 4.515 1.0063
4 3.979 75.0 2199 4.548 1.1014
5 3.465 82.1 2175 4.598 1.2028
6 3.750 112 2155 4.640 1.3054
7 2.411 88.2 2130 4.695 1.3958
8 2.848 138 2113 4.733  1.5195
9 2.827 178 2084 4.798 °  1.6360

10 3.286 261 . 2064 4.045 1.7388

11 2.210 302 2046 4.888 1.8568
1z £.856 378 2027 4.933 1.9643
13’ 2.840 504 1999 5.003 2.0945
14 2.157 506 1983 5.043 2.2173
15 1.885 566 1962 5.097 2.3267
16 2.100 901 1938 5.160 2.4841
17 1.659 950 1916 5.219 2.6119
18 1.440 1343 1887 5.299 2.8269

19 - 3.4589 3943 1861 5.373 2.9168
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the condensed and vapor phases 1s zero, would be 3530 + 30°K.

5. Praseodymium

The measurements on praseodymium ere represented by run
#2 tabulated in Table 10, and & plot of the data for this
metal is shown in Figure 8. The data (70 points, 3 runs)

when fitted to & stralght line, give the equation

+
log Py = 8.069 » .038 - 18083, =73 (27)

The heat of vaporization is 82.748 + 0.33 kcel/mole at the
aversge mid-range temperature of 1900°K .
As 1s the case with cerium, the thermodynamic properties

of praseodymium vapor are unknown, so the difference in the
enthalples between the condensed and vapor phsses was esti-
mated to be 6.34 kcal/mole. This would make AHgg = 89.09
+ 0.4 kcal/mole. The boilling point based on the essumption
that ACp is zero would be 3485 ¢ 30°K.

6. Neodymium

The vapor pressure measurements on neodymium 2re repre-
sented by run #4 tabulated in Table 11, and & plot of the
data for this metal is shown in Figure 9. The data (76
points, 4 runs) when fitted to a straight line, give the
equation

+
log Py = 8.102 + .034 - 18320289 (28)
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Teble 10. Vapor pressure data for praseodymium

Run #2 AH 82.546 + .85 kcel/mole
Orifice erea - 8.593 x 107° cm® A 18039 + 186
Clausing fector - .9537 B 8.034 + .0956

RMSD in log P - .02<8

Mass, Time, Temperature 4
Point ng sec K 10°/T  -log Py
1 4.844 107 <120 4.717 .4452
P 3.269 87.3 2106 4.751 .5272
3 3.907 112 <087 4.792 .5598
4 3.367 133 2076 4.817 . 7000
S 3.085 131 2063 4.847 . 7328
6 3.212 160 2049 4,880 -8035
7 3.775 223 2029 4.922 .8795
8 2.922 192 2007 4.983 .9280
- 9 2.8560 225 1992 5.020 1.0001
10 2.830 256 1987 5.033 1.0670
11 2.8453 324 1955 5.115 1.1724
1z 2.854 394 1939 5.157 1.2573
13 2.947 910 _ 1922 5.203 1.3873
14 2.862 611 1901 5.260 1.4506
18 5.847 1080 1882 5.313 1.5894
16 3.119 1130 1858 5.382 1.6850
17 2.613 1213 1837 5.444 1.7949
18 2.075 1298 1813 5.516 1.9272
19 2.614 2090 1788 5.593 2.0366
<0 8.401 10649 1756 5.698 2.2365
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Teble 11. Vapor pressure data ior necdymium

Run #4 AH 74.670 + .50 kcel/mole
Orifice area - 8.6¢6 x 107° cm® A 16317 + 110
Clausing factor - .9582 B 8.097 + 0624

RMSD in log P - .0171

Mass, Tinme,’ Tempgrature

Point mg ' sec K 104/T» -log Ppp
1 4.066 99 1894 5.280 . 5173
2 4.882 104 .4 1910 5.236 -4592
3 3.099 57 1923 5.200 .3924
4 3.488 77.6 1898 5.269 4777
5 3.567 112.1 1870 5.348 .6308

) 2.921 105 1858 5.382 6904
7 2.388 106 1838 5.441 . 7801
8 4.324 230 1822 5.488 .8645
9 2.827 193 1793 5.5877 .8763

10 3.138 245 1784 5.605 1.0366
11 2.871 283 1767 5.659 1.1387
12 3.756 462 1747 5.724 1.2396
13 3.362 521 1734 5.767 1.3365
14 3.081 591 1717 5.824 1.4338
15 2.8583 732 1687 5.028 1.5637
16 3.193 988 1674 5.974 1.6467
17 2.143 963 1663 6.050 . 1.8112
18 2.278 1410 1618 6.180 1.9547
19 1.691 1788 1584 6.313 2.1917
20 5.466 12160 1838 6.502 2.5208
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The heat of vaporization is 74.682 + 0.27 kcal/mole at an
average mid-range temperature of 1725°K.

Third law calculations besed on the dsts of run #4 are
~shown in Table 12. The average value for the heat of sublima-
tion at £98°K wes 78.443 + 0.206 kcésl/mole compared to 81.507
+ 0.4 kecal/mole from the secdnd law treatment. The normal
boiling point calculeted from equation z2 using the third law
value of ZXH%QB 18 3400° + 5°K. The hest capacities and
thermodynamic functions for the condensed phases of neodymium .
were taken from Hultgren (47), who besed his table on
hcKeown's (48) work, and the corresponding functions for the

gas phase were taken from Stull and Sinke (45).
7. Samarium

The vapor pressure measurements on samarium metal are
represented by run #4 tabulated in Table 13, and a plot of
the data for this metal is given in Figure 10. The data (109
points, 5 runs) when fitted to a straight line give the

equation

+
log Pgp = 8.781 + .09 - 20784 = 30 (29)

The heat of sublimation, obtained from the slope of the line,
is 49.349 + 0.14 kcal/mole, at an average mld-range tempera-
ture of 1045°K. Temperature measurements for the samarium
runs were made with a Pt-Pt/13% Rh thermocouple.

Third law calculations based on the data of run #4 are
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Table 12. Thermodynemic calculetions for neodymlum metal

0 )

Temp. (FT - H298> (E(‘i - H%98> -log AH%98
oK - T c T g Patm. kcal/mole
1894 25.74 5l1.46 3.3981 75.165
1910 25.8% 61.51 3.3400 78.260
1823 25.89 51.85 3.2732 78.147
1898 25.76 51.47 3.35685 77.966
1870 25.61 51.3¢ 5.58116 78.258
1868 25.54 51.35 3.871% 78.318"
1838 £5.44 51.29 3.6609 78 .302
18z« 25.35 51.456 3.7453 78.415
17973 29.19 51.16 3.85871 78.211
1784 25.14 51.13 3.2164  78.337
1767 25.05 . 51.08 4.0195 78.495
1747 24 .94 51.02 4.1204 78.501
1734 24 .87 50.¢e8 4,2173 78.737%
1717 24.78 50.93 4.3146 78.800
1687 24 .62 50.84 4.4445 P8.5473
1674 <4.55 50,79 4.5275 78 .608
1653 24 .44 50.72 4.6920 78.932
1618 24 .25 50,60 4.8355 78 .436
1584 24.08 50. 49 5.0725 78.633
1538 23.82 50.34 5.401¢€ 78 .804

Averege 78.443 + .208
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Table 13. Vapor pressure data for samarium

Run #4 AH 49.919 + .27 kcal/mole
Orifice area - 3.349 x 107> cm® A 10009 + 48
Clausing factor - .9351 B 8.901 + .0441

RMSD in log P - .0155

hass, Time, Temperature 4

Point mg sec oK 10°/T -log Py
1 3.451 69.2 1208 8.278 .1185
4 4.051 105.9 1191 8.396 .2336
3 3.558 124.1 1176 8.503 .3816
4 4.371 69.1 1222 8.183 .0098
5 2.962 143 1159 8.628 .50688
6 £.998 169 1151 g .688 .5745
7 2.880 197 1141 8.764 .6604
8 4.202 320 1134 8.818 <7113
S 2.927 ©R97 1121 8.921 .8354
10 4.311 524 1112 8.993 .91565
11 . 3.089 433 1104 9.058 .9831
12 4.854 608 1098 9.107 1.0547
13 2.827 550 1089 9.183 1.1241
14 3.125 685 1083 9.234 1.1771
15 6.010 1715 1072 - 9.328 1.2238
186 3.067 1165 1057 9.461 1.4210
17 3.049 1472 1048 9.542 1.5268
18 2.233 134 1039 9.625 1.6181
19 4.044 3030 1027 S.737 1.7221
<0 3.106 3890 1007 9.930 1.9493
21 4.442 44717 923 10.834 2.8729
e <.167 10521 961 10.815 2.5498
23 1.706 4826 973 10.2%77 2.3104

24 1.415 3078 984 10.1€3 2.1940
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sublimetion at 298°K was 48.587 + .15 kcel/mole compsred to
51.030 + 0.3 kcsl/mole from the second law treatment. The
normal boiling point calculzsted from equation 22 using the
third lew value of AHZgg 1s 2025° + 15°K. The hest capac-
ities and thermodynemic functions for the condensed phsses
were taken from Hultgren (47), which was besed on McKeown's
(48) work, end the ssme quantities for the ges phase were

again taken from Stull and Sinke (45).

8. Europium

The vapor pressure of europium metel wes meesured by
Hanak (Zz<), end wee not re-messured in this investigetion.
Third lew calculetions based on‘Hanak‘s vapor pressure dete
are presented in Teble 15. The sverage velue for the hest of
sublimation at 298°K wes 41.923 + 0.0:7 kcel/mole comprred
to 42.177 + .025 by the second law method. The normél tolil- -
ing point was found to be 1885°K compered to 1762°K obtained
by Hanak from estimeted thermodynemic deta. The thermodynamic
data for the condensed pheses of europlum were teien from
Berg's (46) dsta slong with the value of S2gg = 19.307 e.u.

obteined from Gerstein.*

*Gerstein, B. C., Ames Laboratory, Iows State University
of Science and Technology, Ames, Iowa. Entropy of europium
metal at 298°K. Privete communicetion. 1963.
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Table 14. Thermodynamic calculeiioins {or samariud

o
Temp. _ <FT - H%98> _ <F% - H%98> -log AH%QB
OK T c T g Patm. kcal/mole
1208 22.29 48 .46 2.9963 48.176
1191 2e.cl 48.38 3.1144 48.141
1176 22.11 48.30 3.2424 48.248
122¢ 22.39 : 48.5%2 2.8906 48.094
11589 22.00 48.22 3.3866 48.350
1181 21.95 48.18 3.45863 48.389
1141 21.89 48.14 3.5412 48 .441
1134 21.8¢ 48.10 3.5921 48 .407
1121 21.76 48 .04 3.7162 48.522
1112 21.71 48.00 3.7963 48.552
1104 21.66 47.96 3.8639 48.5665
1098 21.62 47.93 - 3.2355 48.662
1089 21.56 47.89 4.0049 48 .630
1083 <l.82 47.86 4.057 48.636
1072 21.45 47.78 4.1746 48.704
1057 2l.35 47.73 4.3018 48.691
1048 21.29 . 47 .69 4.4076 48.804
1039 21.%3 47.64 4.4989 48.830
1027 21.25 47.58 4.6029 48.775
1007 21.02 47 .48 4.8301 48.903
923 20.44 47.03 5.75637 48 .844
9561 ‘ 20,63 47.19 5.4306 48.890
973 20.78 47.30 5.1912 48.918
984 20.86 47.36 . 5.0748 48 .926

Average 48.587 + .215
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Table 15. ’l'herniodynami_c ‘calculations for europlum wetal

, 0 (0] 0

Tenp. _ (FT - H%98> ) (FT - H%es) - log  “Hzee
QK. T ¢ T g Patm. kecal/mole
753 21.51 O 46.70 £.6754  41.970
801 21.78 46.89 5.9383  41.879
696 21.18 46.47  7.6566  41.988
773 21 .62 46.78 6.3482  41.904
817 £1.87 - 46.95 5.7243  41.891
86% ¢e.11 © 47.13  5.1580  41.913
843 - 22.01 47.05 5.3989  41.935
830 21.94 47.00 5.5532  41.891
85% 22.06 47.09 5.2820  41.918
791 21.7% 46.85 6.0866  41.909
734 21.40 46.63 6.9548  41.878
881 £2.2¢ 47.20 4.9365  41.908
885 22 .24 47.21 4.9020  41.951
899 22.31 47.27 4.7314  41.903
869 22.15 . 47.15 5.0810  41.930
764 21.57 46.75 6.4910  41.934
744 o1 .46 46 .67 6.8262  41.997
783 21.67 46.82  6.2036 © _41.920

Average 41.923 + .027
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9. Gadolinium

The vapor pressure data obtained for gedolinium liquid
is represented by run #2 tabulated in Teble 16, and a plot
of the data (161 points, 10 runs) when fltted to & straight

line, shown in Figure 11, gives the equation

+
log Ppp = 8.517 + .049 - 13600 — 90 (30)

the slope of which gives a heat of vaporizatlon of 89°.689
+ 0.41 kcal/mole at the average mid-range temperature of
1860°K .

Third law calculations based on run #9 are tsbulated in
Table 17; the average value for the heat of sublimation at
'208°K 18 95.752 + .067 kcal/mole compared with 95.987 + 0.5
kcal/mole obtained by the second law treatment. The normal
bolling point ceslculated from equation 22 using the third
law ZSH%QQ 1s 3508° + 5°K. These cslculations were besed on
the heat capacities and thermodynamic functions calculated
from the hest content data of Dennison® for the condensed
phases, and the value of S3gg = 15.774 e.u. obtained by
Griffel (49). The data for the thermodynamic properties of

gadolinium vapor were again taken from Stull and Sinke (45).

*Dennison, D. H., Ames Laboratory, Iowa Stete University
of Sclence and Technology, Ames, Iowa. Heat content of
gadolinijum. Private communication. 1963.
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Table 16. Vapor pressure daia I{or gedoliniu

Run #9 AH 89.797 + .44 kcsl/mole
Orifice erea - 8.479 x 1072 cm® A 19623 + 97
Clsusing factor - .9359 B 8.568 + -0507

RMSD in log P -~ .00911

hass, Tine, Temperature 4
Foint mg sec oK 10%/T -log Pyp
1 Z£.65858 183 2070 4.831 .9020
2 3.089 2<0 2058 4.859 .9677
3 3.182 296 2032 4.921 1.0863
4 3.070 360 <013 4.968 1.1887
5 £.974 465 1987 5.033 1.3183
6 3.604 896 1959 5.079 1.4028
7 < .688 692 194¢ 5.149 1.58376
8 6.749 4562 1862 5.371 1.9672
g - 4.657 1786 1906 - 5.247 1.7144
10 5.908 £881 18€8 5.297 1.8178
11 2.136 2110 1833 §.456 2.1332
12 <.175 734 18153 5.516 - 2.2401
13 1.333 256867 1785 5.602 2.4268
14 4.03% 11396 1760 5.682 2.5981
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Table 17. ‘hermodynamic celculations for gedolinium metls

0 0 0
Tewp. _ (ET_:_EEQ_&) i} (?2_2_3029_8) -log  OHzos
oK T e T g Patm, kcal/mole
2070 24.31 55.19 3.7828 95.613
2058 24 .26 53.16 3.8485 95.720
2032 24.15 53.09 3.9671 956.693
2013 : 24.07 53.04 4.0695 95.803
1987 <3.96 52.98 4.1971 9565.825
1969 £3.88 52 .93 4.2906 ¢5.859
194% £3.76 52 .86 4.4184 895.777
186« £3.41 52.65 4.8480 95.781
. 1906 23.61 02.77 4.595¢ 95.658
1888 £3.53 52.72 4.6986  95.705
1833 23.28 52.57 5.0140 ©5.745
1613 23.19 52 . bc 5.1209 95.689
1785 <3.06 o2 .44 5.3076 95.797
1760 22.93 5¢ .36 5.4789 95.922

Average 95.752 + .067
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10. Terbium

The vapor pressure measurements on terbium liquid ere
represented by run #5 tabulated in Table 18, and & plot of
the data rfor tnis metal is shown in Flgure lc. The. equetion
for the best straight line through all the dste points (179
points, 10 runs) is

+
log Py = 8.657 + .o7g - 221472 141 (31)

the slope of which gives & heat of vaporization of 87.61S %
0.65 kcal/mole at the average mid-range temperature of 1815°K.

S8ince the thermodynamic propertlies of terbium, dyspro-
sium, holmium, erbium and thulium vepors are unknown, thlrd |
law calculations were not made for these metels. Estimating
the difference in the enthalples of terblum solid and vepor
between the mid-range temperature &nd 298°K to be 6.3 kcal/
mole, the ‘ﬁﬂgge would be 93.96 kcal/mole. The boiling point,
making the assumptlon that ZSGp between the condensed and gas
phases is zero, is 3314 + 30°K.

11. Dysprosium

The vapor pressure measurements of dysprosium metal sre
represented by run #3 tabulated in Table 19, and a plot of
the datalis given in Figure 13. The equation for the best
stralght line through all the data points (79 points, 5 runs)

ie
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Teble 18. Vapor pressure data for terbium

Run #5 AH 87.974 + .92 kcal/mole
Orifice srea - 8.875 x 107 cm® A 19225 + 200
Clausing factor - .9437 B &.681 + .114

RMSD in log F - .0233

lhass, Tine, Tempereture- 4

Point ng sec oK 10%/T -log Pum
1 1.263 30850 1598 6.258 3.3887
b3 1.660 10385 1648 5.088 £.98c4
3 1.835 6748 1688 5.024 2.7467
4 4.128 10428 1708 5.805 2.5811
5 2.850 5631 1720 5.814 2.4730
6 <.780 03145 1762 5.675 <.2288
7 3.031 - &744 1779 5.621 2.1272
8 <.179 - 13681 1802 5.549 1.9632
9 £.117 263 1828 5.470 1.82z6
10 1.78% 653 1850 5.4056 1.7262
11 2.03c 739 1850 5.405 1.7e31
1c 2.575 683 1874 5.336 1.5833
13 1.759 346 1800 5.263 1.4508
14 1.873 79 1818 5.214 1.3281
15 ‘®.71lc 23767 : 1620 6.173 3.1322
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Table 1¢. Vepor pressure data for dysprosium

Run #3 AY 68.844 + .67 kcal/mole
Orifice rrea - 8.702 x 1077 cm€ A 15044 + 147
Clausing factor - .9541 B 8.761 + .0973

RLSD in log P - .0211

hass, Tine, Tenperature 4

Point mg sec oK 10%/T -log Pynm
1 8.267 102 1666 53.00g2 L2767
2 9.266 137 1650 8.0€1 .3573
3 5.27¢ 106 1623 g.161 .484¢
4 4.145 120 1595 €.270 ~ 6561
5 - 3.821 138 1569 6.373 8297
6 3.215 185 1548 6.460 .9606
7 2.739 226 15822 5.570 1.1207
8 2.786 333 1496 6.684 1.2881
8 2.707 494 1471 6.798 1.4724
10 2.877 723 1451 6.89% 1.6143
11 2.810 1180 1421 7.037 1.84553
12 2.704 2043 1391 7.189 2.1011

13 .16z 3375 1339 7.468 2.4241
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log Py = 8.822 ¢ .035 - 10090 = o2 (32)

from which the heat of sublimation is calculated to be 69.052
+ 0.z4 kcal/mole at the average mid-range temperature of
1485°K. The difference in the enthalples between the con-
densed and gaseous phases 18 spproximetely 1.9 kcal/mole,
resulting in a value for Z&H%QB of 70.91 kcel/mole. The
boiling point, again bssed on the sssumption that ACp 1is
zero, 1s 2608° + 20°K.

12. Holmium

The vapor pressure of holmium hss recently been measured
in this laboratory by Wakefield (8), and was not repeated in
this investigation.

13. Erbilum

The vapor pressure measurements made on erbium metal are
represented by run #5 tabulated in Table 20, and a plot of
the data 1s given in Figure 14. The points (82 points, 5

runs) when fitted to a straight line, give the equation

log Py = 9.222 + .037 - iZégiTE_QQ , (33)

the slope of which glves a heat of sublimation of 79.276
+ 0.27 kcal/mole at the average mid-range temperature of
1615°K .

The difference in the enthalples of vapor and condensed
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Table 20. Vapor pressure deta for erbtlum

Run #5 AH 72.193 + .38 kcal/mole
Orifice area - 8.69% x 10™° cm? A 17307 + 84
Clausing factor - .98584 3 9.204 + .0504

RMSD in log ¥ - .0156

hass, Time, Temperature 4

Point mg sec oK 107/7T -log Ppp
1 13.540 125 1859 5.379 -1354
2 10, 732 114 1844 5.423 .1980
3 7.755 101 18<4 5.482 2888
4 7.487 128 1798 5.56& -4098
5 5.298 117 1779 - 5.821 - 5232
6 5.831 144 1767 5.659 5731

7 4.<64 146 1744 5.734 . 7177

8 5.754 166 177 &.790 - - .8308
9 <.906 162 1701 5.879 9346
10 £.784 203 1686 5.931 1.0530
11 z2.764 72 1666 6.002 1.1856
1< 5.00% 64 1650 6.061 1.2906
13 3.564 644 1622 6.165 1.4580
14 2.732 633 1604 6.234 1.5653
15 2.814 10153 1578 6.337 1.7601
16 2.812 1838 15642 £.485 2.0239
17 <.904 3194 1512 6.614 £.2539
18 3.578 7767 1471 5.798 2.5506

19 2.30c 2000 1443 5.930 2.8144
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phases would be about 2.5 kcal/mole resulting in AAHZQB =
81.79 kcal/mole. The boiling point, based on ACp = O for
erbium would be 2783° + 20°K.

14. Thulium

The vapor pressure of thulium hes been messured in this
leboretory by Barton (23), and the results of this investiga-

tion indicate no disagreement with his work.
15. XYtterbium

The vepor pressure measurements ottained fdr ytterbium
are represented by run #13 given in Table 21, and are plotted
in Figure 15. The deta (157 points, 8 runs) when fitted to a

straight line, give the equation

+
log Py = 8.295 + .043 - 7996 =33 (34)

vindicating a heat of sublimation of 35.216 '+ 0.15 kcal/mole
at the mid-range temperature of 777°K. Tempersture measure-
wents for these runs were made with'a Pt-Ft/13% Rh thermo-
couple.

Third law calculations based on run #13 are tabuleted
in Table 22; the average value for the heat of sublimation at
298°K is 36.332 + .057 kcal/mole compered to 36.217 + 0.2 kcal/
mole obtained by tne second law method. The normal boiling
point calcﬁlated from equation 22 using the third law ‘AH%98
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Table 21. Vapor pressure data for ytterbium

Run #13 H 35.174 + .16 kcal/mole
Orifice area - 3.526 x 10™° cm® A 7687 + 34
Clausing factor - .9362 B 8.325 &+ .0430

RMSD in log F - .0145

hass, Time, Temperature 4
Point mg sec OK 10°/T -log Ppp
1 5.063 68.1 914 10.941 -0641
2 3.824 78.1 896 11.161 -2397
3 2.91c 80.3 883 11.325 .3731
4 3.006 123 865 11.561 . 5491
5 3.015 163 853 11.723 6729
6 2.922 223 840 11.908 -8289
7 4.194 4il 831 12.034 .9368
8 3.077 475 813 12.300 1.1387
9 2.963 572 805 12.422 1.2379
10 3.844 1078 791 ‘12.642 1.4030
11 . 3.245 1223 781 12.804 1.5350
12 2.397 "~ 1360 766 13.085 1.7168
13 4.089 3405 763 13.280 1.8901
14 3.483 4586 | 737 13.569 2.0905
15 3.459 6618 72 13.793 2.2563
16 3.810 11420 710 14.085 2.4913
17 4.555 44979 67 14.728 2.9830
18 3.225 186 853 11.723 .7009
19 3,316 342 829 12.063 .95956
20 5.262 1004 806 12.407 1.2334
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Table x¢. Thermodynamic calculations for ytterbium metsl

0 0 0 0
Temp. _ <FT - Hzea) _ (f“ T - H%ge) -log OHpgg
oK T c T g Patn. kcel/mole
014 17.39 43.5%7 2.9349  35.204
896 17.30 43.51 3.1205  35.278
883 17.24 43.46 3.2532  36.300
865 17.13 43.39 3.4299  36.291
853 17.06 43.35 3.5537  36.297
840 16.99 43.30 3.7067  36.348
831 16.94 43.26 3.8176  36.389
813 16.84 43.20 4.0185 36.384
805 16 .80 43.17 4.1187  36.400
791 16.72 43.09 4.2838  36.365
781 16.66 43 .08 4.4158  36.400
766 16.58 43.00 4.5976  36.354
753 16.51 42.95 4.7709  36.349
737 16.4% 42.88 4.9713  36.267
725 16.35 42.84 5.1371  136.248
710 16.47 42.78 5.3721  36.276
679 16 .09 42.65 5.8638  36.254
853 17.06 43.35 3.5817  36.406
829 16.93 43.26 3.8403  36.396

806 16.80 43.17 4.1142  36.429
| Averege 36.332 + .057
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calculetions were taken from Berg (46) along with the velue
of 3%98 = 14.311 obtained from Gerstein® for the condensed

phases, and from Stull and Sinke (45) for the vapor phsse.
16. Lutetlum

The data from run #3 tabulated in Table 23 are typical
of the vapor pressure messurements made on lutetium metal. A
plot of the data (60 points, 5 runs) is shown irn Figure 16,
and the equation of the straight line best representing all
the data points 1s

+
21719 = 173 . (35)

log Py = 9.247 + .095 - T

The heat of sublimetion calculeted from the slope of this
line is 99.386 + 0.80 kcal/mole at the mid-range temperature
of 1820°K.

| Third law calculations btesed on run #3 are tebulated in
Table «4; the average value for the heat of sublimation at
298°K 1s 102.158 + .095 kcal/mole compared to 102.198 + 0.9
kcal/mole obtained by the second law method. The normel
bolling point celculated from equation << using the third law
AH%QB is 3588° + 5°K. These calculations ere based on the

heat capacitlies and thermodynamic functions calculated from

*Gerstein, B. C., Ames Laboratory, Iowa State University
of Sclence and Technology, Ames, Iowa. Entropy of ytterbium
metal at 298°K. Private communication. 1963.
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Table 3. Vapor pressure deta for luteiliuuw

Run #3 AH 100.751 + .55 kcel/mole
Orifice srea - 34.046 x 1077 cm® A 22017 + 120
Clausing factor - .9762 B 9.425 + .0€63

RMSD in log P - .0103

Mass, Time, Temperature 4 ,

Point mg sec ) 10%/T -log Ppp
1 4.649 934 1918 5.214 2.0681
2 2.968 797 1896 5.274 2.1965
3 2.797 962 1876 5.330 2.3062
4 3.243 1338 1863 5.338 2.3866

S 2.786 1707 1834 5.453 2.56615
6 1.749 1367 1822 5.488 2.6687
% 4.66¢ 4639 1803 5.546 £.7756
8 2.680 4045 1778 5.624 2.9524
9 2.398 54 50 1750 5.714 3.1404
10 4.160 14404 1728 5.787 3.3258
11 7.318 40193 1701 5.879 3.5204
1z 3.337 43746 1661 6.0587 3.9134
13 3.257 543 1930 5.181 1.9889
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Table 24. Thermodynamic calculations for lutetium metal
o O ‘ 0

Temp. _ (FT - H%98> _ (FT - H%ee) . -log AHagg

°K T o T /g Fatn. | kcal/mole
1930 19..3 49.84 4.8667 102.058
1918 19.18 49.81 '4.9489 102.183
1896 19.11 42.75 5.0773 102.145
1876 12.03 49.70 5.1870 102.066
1863 18.98 49 .66 5.2674 102.0863
1834 18.88 49.58 5.4423 101.978
18z2 18.83 49.556 5.5498 102.242
1803 18.76 49.580 5.6564 102.083
1778 18.67 49.43 5.8402 102.208
1760 18.57 42.35 6.0212 102.083
178 18.48 49.49 6.2066 102.317
1701 18.38& 4G .21 £.410% 102.337
1651 18.20 49.06 8.794¢ 102.279

Averege 102.158 + .095
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the heat content data of Dennison* for the condensed phases,
and the value of S3ggq = 12.18 e.u. obtained by Jennings (50).
The thermodynamic properties of lutetium vapor were taken

from Stull and Sinke (45).

*Dennison, D. H., Ames Laboratory, Iowa State University
of Sclence and Technology, Ames, Iowa. Heat content for
lutetium. Private communication. 1963.
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V. DISCUSSION
A. Xnudsen Conditions

Using the methods described in Section III of this

thesis, vapor pressure measurements were made on all but three

of the rare earth metals. This represents data not previously"

reported in the case of samarium, gadolinium, terblum, ytter-
bium and lutetium and repetition of the work for the remainder
of the elements. It was considered worthwhile to re-examine
these elements so a conslistent set of data based on one
temperature calibration would te obtained in addition to
resolving some of fhe discrepancies previously reported in the
literature.

Vapor pressure measurements were madevfrom approximately
lb’l to 10~% mm of Hg on each element, corresponding to a
250-450 degree temperature range. Examining the dzta, one
finds that the condition prescribed by Knudsen for free
molecular flow, namely that the mean free path te 10 times
greater than the orifice diameter, was not met in this work
for about one-third of the pressure range covered. Table 25
gshows the minimum vealue of this ratio for each element
studled. However, the largest portlion of the pressure range
investigated was within the Knudsen condition, and the con-
sistency of all the data seems to Jjustify the sssumption of

free molecular flow for the entire range. Johnson (51)
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Table 25. Minimum values for mean free path-to-orifice
diemeter ratio

Orifice Orifice
diameters diameters
Element (cm) Ratio Element (cm) Rstio

Sc 0.14-0.2¢ 2.5 G4 0.08-0.26 3
Y 0.14 l.¢ Tb 0.07-0.26 2
La 0.14-0.%1 6.3 Dy 0.10 0.5
Ce 0.11-0.x4 1.3 Er 0.10 0.5
Pr 0.10-0.14 1 Yb 0.07-0.15 0.5
Nd 0.10 1 Lu 0.10-0.30 2
Sm 0.07-0.14 0.5

reported eviderce that molecular flow occurs for a2 mesn free
path to orifice dlameter ratio as low as C.1l, which 1s well
irito the region where Knudsen found isothermal diffusion. |
Carlson (52) observed in his detailed study of the phenomena
of free molecular flow that deviation from the Knudsen flow
condition took place at pressures of 0.l mm of Hg with a mean
free path to orifice diameter ratio of unlty for mercury
vapor, and Wekefield (8) reported no devietion in the vapor
pressure of holmium for pressures as high as 10 mm of Hg. If
all of these observations sre considered to agree within an
order of magnitude, one can conclude that molecular effusion

occurs at leest up to pressures corresponding to a mean free



path equal to the orifice diameter.
B. Heats of Sublimation

Vapor pressure data are usually reported in the form of
equation 8, and the heat of vaporization or sublimation at
the temperature of the measurements equals 2.303 RA, where R
is the gas constant. When enthalpy data is unavallable for
the 1iquid and vapor phases, equation é can be used to esti-
mate the normal boiling point, but since this extrapolation
usually covers a long temperature range, the accuracy is
probably no better than 100-200°C. If the hest of sublimation
1s measured, the bolling point can be calculated from the
Clausius-Clapyron equation, knowing the vapor pressure at the
melting point and the heat of vaporization, obtained by sub-
tracting the heat of fusion from the measured heat of sub-
limation. When free energy functions are availatle for both
the gaseous and condensed phases, equation 22 1s used to
calculate the bolling point.

In order to compare the experimental heats of vaporiza-
tion or sublimation, the measured quantitlies are ususlly con-
verted to the heats of sublimation at 298°K using the hest
capacities of the condensed and gss phases. If the heat
capacities of the two phases 2re unknown, the conversion to
298°K requires an estimate of the enthalpy difference between
the two phases. The heats of sublimation at 298°K, the normal
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boiling points, and the constants A and B of the vepor pres-
sure equation esre summarized for the rare esrth metals in
Table 26.

For those elements whose heat contentes and entroples are
known and for whilcn free energy functions cen be obtsined for
both the condensed and gasseous phases, the thlrd lsw test heas
peen applied to the vapor pressure deta. The celculeted
values of ZSHgga for the individual messurements sre then
examined for consistency and for the exlistence of tempersture
dependent trends. The third lew treatment 1s usually pre-
terred since the atterdsnt errors are smeller than those
associeted with finding the reaction heats from the slope
of a line. However, one should compare the enthalples derived
by both methods as a check on the vapor pressure messurements
ar.d the entropy data.

The btoiling point temperatures for the rare earth metels
ere plotted against atomlc number in Filgure 17. As previously
stated, the hest capaclties of several rare earth metesl vapors
are unknown, so the heat capacity corrections necessarytfor
the boiling point calculations were ignored for those metsls.
The boilirg points of these elements appear as open circles in
the figure. When 1t becomes possitle to make these correc-
tions, the open circle points might be expected to be 100-200°
higher. This would tend to stralghten the curve between

lentnanun ard rnieodymium and bring terbium closer to gadolinium



Tahle 26.

Vaporization and bolling point data

Heat of vaporizatlon

% Vapor pressure dsts
Mid-range A Hzgg _ A Boiling
Ele- temp. AHp (kcal/mole) Log Pyy = 7 + B temp .
ment oK (kcal/mole) 2nd Lew 3rd Law -A B oK Ref.
Se 1670 87.59+.4% 92.20 90.98+.17 19140488 9.452+.052 31052 Author
Y 2000 94.65¢.5 102.96 101.52¢.15 20685+112 8.836+.056 36100 2

La 2040 100.76+.7 104.06 10£.96+.07 22019+157 B8.876+.078 3727% "

Ce 2100 105.21+.8 111.60 22991¥165 9.396+.079 3530° u

Pr 1900 82.75+ .3 89.09 18083+73 B8.069+.038 3485° “
N& 1725 74 .68+ .3 81.51 78.44+.21 16320¢59 8.102+.034 54002 u
Sm* 1045 49.35+.1%  51.03 48.59+.22 10784¢30 8.781r.029 2025 "

Eu 798 41.108 42.1  41.92¢.03 8982¢16 B8.160¢.027 1885° 22
Gd 1860 89.69+ .4 95.99 95.75+.07 19600+90 B8.517+.049 3506 Author
To 1815 87.62+¢.7 93.96 19147+141 8.659+.078 3314C "

Dy 1485  69.05+.2%  70.91 15090+52 8.822+.035 26083 n

Ho 1334 69.3+ .68 70.6 15137 8.426 28459 8

Er 1615 79.28+.38 81.79 17324+60  9.222¢.037 2783C  Author
Tm 1015 57.44+.2% 59.1 12552+45 9.176+.046 20085 23
Yb 777 35.22+.28 36.22 36.33+.06 7696+33 8.205+.043 1466P  Author
Lu 1820 99.39+.88 102.20 102.16+.10 21719+173 9.247+.095 3588P "

8Heat of sublimation.

PUsing equation 22.

CUsing equation 8.

dUsing Clausius-Clapyron equation.

g6
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but probably would not straighten out the hump near dyspro-
sium, holmlum and erbium. A similar plot of the melting
points of the rare earth metals indicetes that the lanthanide
contraction affects the melting pointe more than the bolling
points.

The hests of sublimation at 298°K for the rare earth
metals are shown in Figure 18. When a tnird law calculation
was poesible, that value was selected; otherwise the second
law heat was used. This curve follows the same general pattern
indicated by the boiling points, as would be expected from
thelir close relationship. Cerium and holmium might appear to

be anomalous at firest glance, butAthe reason for these incon-
silstencles is easily seen in Figure 19, where minus log P 1s
plotted against the reciprocal of the absolute temperature
for all the rare earth metals. One observes that cerium and
lanthanum have neerly the same vapor pressure at 2000°K, but
since the slope of the cerium curve is greater, a pressure of
760 mm of Hg is reached at a lower temperature than for
lanthanum. The anomaly for holmium is explained similarly.
Ytterblum is observed to be the moat volatile rare esrth by
far, with most of the metals being grouped on the left side
of the diagram.

There are discrepancies between some of the hests of
sublimation of this study (Table 17) and those from previous

studies (Table 1), with explanations being possible in some
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cages. or scendium, the gecond lew velues of 80.1

i i |

20.70

2

and 83.1 kcel/mole by Ackermann end Rsuh (24), Spedding et sl.
(£5) and Kerelin et 8l. (28) egree quite well, end the value
of 91.0 obtsined by Krikorian egrees closely with the velue
presented here (92.£ kcsl/mole). Third law celculetions of
the hest of sublimatlon tesed on the five sets of detzs
resulted in vealues of 89.95, 90.1z, 88.91, ©1.46 end 20.98
kcel/mole respectively, which indicetes systemetic errors in‘
the first three sets of deta. The taird lsw celculetions
given by Krikorien were based on estimasted free energy func-
tions, whereas the present celculations were besed on méasured
heat content dste. The secornd end third law velues reported
in this investigation differ by 1.2 kcel/mole which 1s well
within the percent error estimasted in the experimentel sec-
tion, so the true vslue for scandium 1s believed to te very
close to the third law value of this investigetion.

For yttrium, the second law velue of Ackermenrnn #nd Rauh
(24) 1s close to the present value, whereas those reported by
Daene (21) and Nesmeyenov et el. (22) ere scmewhst lower. A
third lew trestment of Ackermenn's dete results in 4SH%98
equal to 101.z8 kcel/mole in good sgreenent with the third
law treztuent of the present dats. The test velue therefcre
would ve the third law value which wes within the estimrted

error of the second law velue.

Three sets of data have epperred in the litereture on
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lanthenum, all of which are within 5% of each other. The
present work agrees very well with that of Ackermann and Rauh
(24), and the third law tests of all the reported vapor pres-
sure data show close agreement with the present work. For
cefium, the heats of vaporization at the measured temperature
range from 93 to 114 kcal/mole, with the value reported here
near the middle. '

Two mass spectrometric and two vapor pressure measure-
ments have been made onbpraseodymium resulting in a range of
values from 72 to 84 kdﬁl/mole at the measured temperatures
with the present value near the upper limit. It may or may
not be significaht that the material used by Nachman et al.
(9) was also prepared recently in the Ames Laboratory; both
investigations resulting in nearly the same value for the
heat of vaporization. The same investigators who worked on
praseodymium also examined neodymium, so one should be able
to make an additional comparison here. Whereas in the csse of
praseodymlum;Alittle agreement had been reached, the neodymium
values agreed'closely with one exception. The present vélue
is between the highest and lowest reported results. The third
law test of the present data resulted in a szgge of 78.44
kcal/mole, which 1s barely outside the estimated limit of
errors bétween the second and third law methods. A slight
temperature dependent trend of 0.5 kcal was also observed

along the 400°C temperature range of these measurements, which
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ls difficult to understand since other elements measured over
this same temperature range exhibitea no temperature depend-
ence in the third law calculations. A third law tféaﬁment_of
Nachman's data resulted in 76.4 kcal/mole; which 18 more than
10 kcal/mole dlfferent from his second law calculaetion.

Two measurements have been made on the herts of sublima-
tion of both samarium and europium. The second law heats
agree closely 1in both cases, and the third law calculstion
besed on the europium vspor pressure dsta (22) sgrees very well
with the second law calculastion. However, the third law
treatment of the samarium vspor pressure dets is 2.4 kcal/mole
or 5% different from the second law value. This 18 outside
the estimated limit of error by approximatély 1.0 kcal/mole,
and again a slight temperature dependence was noted 1n the
third law calculations. It 1s coincidental that the only
two elements (neodymium and samarium) showing any appreciable
temperature dependence were béséd on the free energy func-
tions reported by Spedding et sl. (48). They also measured
the heat content of cerium metal, for which only estimated
free energy functions are svailable for the ges (53). Third
law calculations based on these functions also show a temper-
ature dependence. '

Two mass spectrometric determinatiorns have been reported
for the heat of sublimation of gedolinium metal with very

good agreement. However, both are about 13 kcal/mole lower
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than the result of the present Qapor pressure measurements.
The third law calculations &gree éxcellently with the second
law value obtained in this investigatio;, and the higher héat
is in closer agreement with the electronic structure for the
gaseous gadolinium atom.

For terbium, only mass épectrometric meassurements had
been made previously with only limited agreement between the
two sources. The present vapor pressure measuremenis agree
closely with those measured by Jackson and reported by Trulson
et al. (34). In the case of dysprosium, the same situation
repeats itself, Qith agreement between the present work and
Savage et al. (33) of this laboratory and considerable dis-
agreement with White and coworkers (31). 1In this case, &
prev;ous unpublished report on the vapor pressure of dys-
prosium by Spedding and Daane (20) i1s also in agreement with
the preseném;ﬁrk. For erbium, two investigators (27, 31)
reported heats of sublimation 15 kcal/mole lower thsn the
present work, while Trulson et al. (34) indicated a value
6-kcal/mole lower.

Savage et al. (33) have messured the heat of sublimation
for ytterblum by a masa spectrometrlic method and reported
40.0 kcal/mole compared to 36.22 kcal/mole from the present
work. However, the third law test i1s quite consistent with
the measurement of the slopes in this investigation, and is
belleved tb be correct. For lutetium, good agreement resulted

from the second and third law treatment of the vapor pressure
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dula and the mass spectrometric data obtailned by Jackson and
repofted by Trulson et al. (34) while the data of White and
co-workers (31) are about 7 kcal/mole lower.

On the whole, the agreement between this investigation
and some of the earller data is considered falrly good, except
in the case of neodymium, gadolinium, erbium and ytterbium,
but due to the improved purity of the metals used in this
investigation, the present values are belleved closer to the
true values than the previous 1nvestligations, and this Selief
appears to be borne out by the consistency of the third law
calculations made. The reasons for the discrepancies are
difficult to evaluate for so many elements, but certainly
some of the causes can be atfributed to errors in the temper-
ature measurements, temperature gradients in the effusion
cells, oxygen lmpurity effects as described by Ackermann snd
Rauh (24), as well as impurities in general. In the mass
spectrometric method, there sre in addition to the previously
mentioned difficulties, such things as ionlzatlon efficlercles

which may be responsible for some of the lack of agreement.
C. Metallic Binding

In principle, one should ke able to predict all of the
properties of metals from quantum mechanical consideretions.
However, thls very complex protlem will probebly require

years for an exact solution. Because of this, one must resort
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to various empirical approaches to achleve some correlstion

of the propertles of metals. Some investigators including

~ Brooks (54) have used the free electron theory, band models
and sphere approximatlons in an attempt to explaln the prop-
erties of metals on & semi-quantitative basis. This has
proved to be helpful in explainlng some of the electrical
properties of metals, but the sgreement between theoretical
coheslve energles and experimental values has been dlsappoint-
ing.

It is quite understandable why the theory of cohesive
energies has progressed slowly, since 1t is clear from quantum
mechanics that electronic interactions, snd therefore the
many particle aspects of electronic structure, are responsible
for metallic bondling. 'Nevertheless, in retrospect, chemists
have accumulated a large amount of information regarding the
mechanisms which electrons use to bind atoms together, and
considerable progress has been made.

Binding in solids is customarily classed@ into four cate-
gories: Van der Weals, covalent, ionic snd metallic, slthough
there 1s a continuous gradation betﬁeen the distinct types.
The Van der Waals forces are due to interactions of the elec-
trons of an atom at comparatlvely large distances due to cor-
relation through electrostatic interections of the motlons
of electrons 1n closed shells. Covalent bonding results from

the sharing of electrons between atoms and therefore consist
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of directional vonds, whereas lonic bonding takes place when
electrons move from one kind of stom to another. Ions are
thus formed, and the forces within the structure are of an
electrostatic nature. One finds many intermediate situations
between these two extremes, and most metallic compounds are
considered to fall in an intermediate class where both types
contribute to the overall binding.

In metallic binding, the forces are ﬁroduced by the
electrostatic interactions between the lon cores and the
nearly uniform sea of velence electrons. Thus there is very
little directionality to the bindlng and metels teﬁd to have
close-packed structures. The exact types of lnteractions
which hold the structure together are unknown, but it is
obvious that the energy of fhe metal aggregate 18 lower than
the sum of the energles of the separated atoms. Pauling (55,
56) regards the metallic bond as analogous to & covalent bond;
a covalent bond between two etoms is formed by each atom cbn-
tributing one electron to the bond, whereas the bonding in a
metal is due to the resonance of the clectrons among a large
number of bond positions.

Brooks (54) describes an 1deal metallic bond as one in
which a rigid distinction can be made between the valence
electrons and the core electrons. Ideally the core electrons
form closed shells in a rare gas configuration of a slize about

one-half that of the atomic cell in the crystal, and also have
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lonizatlon energles gt least 1ive times thet of the valence
electrons. The transition metals and the rare earth metals
do not feall into this class, and consequently the picture
becomes extremely hazy.

Engel (57) has formulated some rules of tinding which
might asslst in the problem at hand. 1) Bonding energy
depends primarily on tne average numcer of unpaired electrons
per atom available for bonding; 2) the contribution to bonding
of d-electrons increases with atomlc number while the sp con-
trioution decreases with atomic numter. The contribution of
the d-electron to bonding is evident by observing the change
in cohesive energies from rubidium to cedmium escross the
periodic tacvle, with most of the transition metals having
large birnding energles. The d-electrons elso become increas-
ingly more important 1n binding as one goes down in the
perlodic table, shown by the cohesive energles of vanadium,
niobium and tantalum, or chromium, molybdenum and tungsten.
This trend 1s also followed in group IIIA where the cohesive
energy of scandium, yttrium and lanthanum incresse 1in that
order. The significantly larger increase from scandium to
yttrium as compared to yttrium to lanthanum also follows the
same general pattern as the transition metals. The enhanced
bonding due to the d-electrons is particulerly apparent when
one conslders the much weaker tonding in the alkaline earth

elements where only s-electrons are avallsble for bonding.
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For the remsinder of the rere earfﬁ metals;lit 1s evident
from Tatle 27 that the above reésoning 1s no longer satisfac—
tory. Whereas in the transition metsls, d-electrons are |
being added to the conduction band, 1t is seer. thet in this
case all the elements have the same outer electronic configu-
ration in the solid state (3) with the exceptlons of europium
and ytterbium, and these configurstions are well estatllished
from magnetic mesasurements. Fron & first glence, one might
conclude that all the cohesive energles should ne approxi-
mately the same with the two exceptions noted sbove, with only
minor variations due to changes in structure and the lan-
thanlde céntraction. Tnis i1s qulte otviously not the cése
as shown by the last column of Table 27 where the heats of
sublimation at 296°K are listed.

When one considers the tofal process of vapbrizatidn,
both‘the electronlic structure of the condensed eand vapor states
are seen to affect the cohesivé energles. By looking st Table
<7 again, 1t 1is not;ced that the outer electfonic structure
for.a particular element'chénges from the solid to the veapor
state in all but six cases. Of these slx, europium and
ytterbium do not have a d-electron present in their conduc-
Tion bands, and it is expected they would be simllar to the
other divalent metals of group IIA. For lanthanum, ceriﬁm,
gaédolinium and lutetium the conduction band contains a

d-electron, so & larger binding energy would be expected, as
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Table 27. Electronic configurations of the rare earths

Atomic Solid state® Gaseous etomsP H%QB
Metal no . 4f - bd Bs 4f 53 68 kcal/mole
La 57 o 1 2 0o 1 & 102.96
Ce 58 1 1 2 1 1 ¢ 111.6
Pr 59 2 1 2 3 2 89.1
Nd 60 3001 2 4 g 78 .44
Sm 62 5 1 2 6 2 48.59
Eu 63 7 2 7 2 41.92
Gd 64 7 1 & 7 1 2 95.75
Tb 65 8 1 2 9 2 94.0
Dy 66 °o 1 2 10 2 70.9
Ho 67 10 1 2 11 2 70.6
Er 68 11 1 2 12 2 81.8
Tm - 69 12 1 2 13 2 52.1
Yb 70 14 2 14 2 36.22
Lu 71 14 1 2 14 1 2 102.20
Sc 21 o 3al 4s® o 3al 4g° 90.98
Y 39 o 4al 58° o 4al 56  101.52

8Reference number 3.

bRererence numcker 1.
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1s observed. The electronic structures of the gsseous stoms
ere the same a8 the condensed structure for these four ele-
inents, which 1s similer to the sltuation observed for the
trensition metals.

For the remalning eight elements, the outer electronic
structure of the gaseous atom 1s different from that of the
conduction electron configurations. When the atoms of the
metal are separated during vaporization or sublimation the
one d-electron drops into & lower energy state, namely the 4f
level. Therefore, energy would be given off and less heet
would be necessary to vaporize the metal.

For terblum, the separation between the energy levels
with configurations 4f9 68% and 4r® 53l 68% of the geséous'
atoms has been determined to bé 203 (2), corresponding to
about 0.5 kcal/mole of energy released during the vaporiza-
tion process. Therefore the heat of sublimation of terblum
should be this amount smaller than gadolinium for which the
configuration of the so0lid and ges are the same. The dif- .
ference otserved between the heats of sublimation of gado-
linium and terbium was 1.75 kcél/mole, which 1is of the
right order of magnitude. ‘The energy level separations

between the 4r"*1 5a° 652 ana 4r” sal 6g°

configuretions for
the remaining seven rare earth elements are not avallable,
but one can assume the separstlions for these elements is

probably greater, since there was no confusion in the assign-



111

ment of the ground state conflgurations for these elements as
there was in the case of terbium vapor. In essence, what this
means 1s that the rare esrth geseous atom has 2 greater ten-
dency to be divalent on passing trom lenthanum %To europlum and
gadoliniur to ytterbium.

There would appear to te at least two exceptions to this
line of reesoning, that of erbium and cerium both of which
have higher heats of sublimation than the preceding elements.
For cerium, the cohesive energy picture is confused by the
complexity of the electronic configuration of the gaseous
atoms, for which the ground state is still in doubt, and
by the band structure of the condensed phase. According to
Gschneldner,* ¥-cerium has a 4f stete just telow tﬁe Fermi
surface from which electrons can be thermslly excited into
the conduction band. His calculetions show that at room
temperature 0.052 electrons will be promoted to the d-bend,
and this numter will increase as the temperature increases
providing the band structure remains the same. This addi-
tional fraction of a d-electron over and above the one
already present 1in the conduction band would increese the
binding energy of cerium as compared to lanthanum or some of

the other rare earth metals. No explanation for the unusually

#Ggchneldner, K., Ames Laboratory, Iowa Stete University
of Science and Technology, Ames, Iowa. Band structure of
ceriun. Private communicstion. 1963.
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hign heat of sublimetion of erbium is known 2t the present
time.

From metallurgicel observetions, 1t appesred thet euro-
plun metal was the most volestile of the rsre eart: metals.

For instence, Daane et al. (4) reported that 750 grams of
europium and 600 grems of ytterbium could be distilled from
identical crucibles 1n one hour, and in the lanthanum reduc-
tion of europium and ytterbium oxides, 1t was found thet
temperatures of 900 sand 1000°¢C respectively were necessary for
best results. However, from the present measurements ytter-
bium was found to be approximately an order of magnitude more
volatile than europium, and likewise has a lower hest of
sublimation. This seems to follow Engel's rule which states
that the sp contribution to metalllec toriding decreases with
atomic numper.

In studying the vepor pressure of ytterbium, the modifi-
cation of the Knudser. method used bty Wakefield (8) was tried;
he suspended a graphite condenser over the effusion cell and
measured the weight galn of the condenser, ss the holmium
vapor was converted to the stable non-volatile carbide. The
method was unsuccessful in the case of ytterbium, beceuse the
cartide formed was insufficiently stakle to permit an accurate
weight gain measurement. It was quite certain that a carbide
had been formed, sirice thne condenser had the odor of acetylene

when exposed to tne humid atmosphere. However, the carbide
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formed at one temperature setting would decompose as the tem-
perature was ralsed, which was observed as an’apparent welght
loss of the condenser. Then as the furnace came to equi-
librium again at the higher temperature setting, additional
carbide was formed. After several of these temperature Jjumps,
1t was found that the condenser hed gained very little weight
over 1te 1nitial welght indicating almost complete decomposi-
tion each time the temperature was raised. The instebility
of ytterbium dicar»ide hae been reported previously by
Spedding et al. (58) in their study on the structures of the

rare earth carbides.
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