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ABSTRACT

AN INVESTIGATION OF THE
CERIUM OXYGEN NITROGEN SYSTEM

By

Kenneth James Manske

The cerium oxygen nitrogen ternary phase diagram has been
partially characterized from an examination of X-ray powder
diffraction data of samples with various cerium oxygen
nitrogen compositions. These samples were prepared by arc
melting cerium dioxide and nitride, which was also prepared
by the arc melting process. ZX-Ray powder diffraction patterns
and micrographic examinations revealed the presence of four
phases: cerium sesquioxide, cerium nitride, cerium metal,
and a previously unreported cerium oxide nitride. Analysis
of three different micrographically pure preparations of
this cerium oxygen nitrogen phase gave the following weight
percentages: cerium, 88.%5% & 1.11%; nitrogen, 4.84 = 0.17%%;
oxygen (by difference), 6.83% &= 1.12% (composition
CeNyssgo0.02 Oo684011)+ X-Ray powder diffraction photographs
indexable on face-centered cubic symmetry, yielded a lattice
parameter of a, = 5.115 ¢ 0.002 K.

Pulverized samples of this phase underwent no apparent
reaction upon exposure to moist air for periods of up to
two days. However, treatment with 6 M HCl yielded bubbles

1






2 Kenneth James Manske
of a gas thought to be hydrogen. When the phase was struck
with a hard object it could be made to spark and immediately
oxidize to Ce(, .

This oxide nitride phase upon heating to 1400° in
vacuum lost nitrogen according to the following equation:

As the phase became deficient in nitrogen, its lattice
parameter decreased. IFurther decrease in the nitrogen
content during heating yielded a two phase mixture of the
nitrogen deficient oxide nitride (~CeN;,,0pgo) and the
sesquioxide.

Cerium oxide nitride samples confined in a tungsten
crucible and heated at 1200° in an ammonia atmosphere

yielded the nitride and sesquioxide according to reaction b:

5.88 CeNys50p6g(s) + 0.667NH; (g)—>3.88 CeN(s)+Ce, 05 (s)
H, 0(g) (o)

whose validity was confirmed by calculation of the free
energy at selected temperatures.
The properties of this oxide nitride are discussed in

comparison with those of other metal oxide nitride phases.
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I. INTRODUCTION

Information about the physical and chemical properties
of lanthanon nitrides has, until recently, been very brief.
Within the last ten years, however, information available
concerning the lanthanon nitrides has increased. The semi-
conducting properties of some of these species and their
potential application as semi-conductors has accounted for
most of the current interest in these compounds.

Some workers who have investigated lanthanon-nitrogen
systems have indicated the possibility of changes in the
physical and chemical properties of lanthanon nitrides when
oxygen is intentially or inadvertently introduced into
these systems. A report has been made of a detailed
investigation of the samarium oxygen nitrogen system and the
existence of a gadolinium oxygen nitrogen phase has been
demonstrated. Previous investigations performed at
Michigan State University have indicated the existence of a
cerium oxide nitride phase with physical properties different
from those of cerium nitride. As a consequence of these
previous observations, an investigation of the cerium

oxygen nitrogen system was undertaken.



II. HISTORICAL

A. Literature Concerning the Lanthanon Nitrogen Systems

1. Preparation and Properties

The preparation of lanthanon nitrides were reported
first by Magtinon (1) who prepared them by reduction of
the oxides with magnesium or aluminum in a nitrogen
atmosphere. Muthmann and Kraft (2) heated cerium metal
in a nitrogen atmosphere and found that up to red heat
cerium absorbs nitrogen slowly, but that at 850° the
absorption increases sharply. If pure nitrogen is used,
the authors claim pure CeN is obtained. Friederich and
Sittig (3) attempted to prepare CeN by reduction of CeO,
with carbon in a nitrogen atmosphere, but CeN was not
formed at temperatures up to 1600°.

Fichter and Sch8llig (4) report that CeN is formed
also when cerium carbide is heated in a nitrogen or
ammonia atmosphere at 1250°, the reaction being more rapid
in nitrogen than in ammonia. These authors state that the
reaction is greatly retarded by the formation of a nitride
film.

Iandelli and Botti (5) in 1938 prepared the nitrides
of lanthanum, cerium, praseodymium and neodymium. In
1956, Eick, et al. (6) and Klemm and Winkelmann (7)
prepared the remainder of the lanthanon nitrides and

2



5

reported their lattice parameters. Klemm and Winkelmann
prepared the nitrides by passing ammonia over the

powdered metal mixed with KCl contained in an alundum boat
situated in a quartz tube. The reaction mixture was heated
for 3 to 4 hours at 700°.

Gaume-Mahn (8) summarizes the properties of a number
of lanthanon borides, carbides, nitrides, and sulfides.
The data presented agree closely with data given by other
authors.

In recent years, a number of investigators have
prepared lanthanon nitrides by the reaction of the metal
or the metal hydride with nitrogen or ammonia. Eick,
et al. (6), Young and Ziegler (9), and Samsonov and
Lyutaya (10) have prepared a number of these species by
the action of nitrogen on the metal. Other investigators
(11,12,13,14) have prepared the nitrides by the action of
nitrogen or ammonia on the metal hydride.

Gambino and Cuomo (15) have reported the preparation
of lanthanon nitrides by a reactive arc melting technique,
The nitrides were prepared by arc melting ingots of the
metal under a stream of nitrogen gas for periods of up to
one minute three or four times in succession.

A number of studies have been made of the electric
and magnetic properties of lanthanon nitrides. Von Essen
and Klemm (16) have studied the magnetic susceptibility of
LaN, CeN, PrN, and NdN. Their data indicate that in CeN

most of the metal and in PrN a considerable amount of the
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metal is present in the +4 oxidation state. The per cent
of +3 metal ions increases with temperature. Their X-ray
diffraction data indicate that with increasing temperature
(100-700°K) CeN expands considerably more and PrN somewhat
more than LaN. From conductance data, the authors conclude
that CeN, LaN, and PrN are metallic conductors.

Sclar (12) has studied the optical and electrical
properties of lanthanon nitrides. The electrical
properties from 80° to 1500°K were found to be comparable
to those of a metallic substance; characteristic of those
species exhibiting associated large concentrations of
electron carriers.

Didchenko and Gortsema (11) determined the
paramagnetic susceptibility and the specific resistivities
of these nitrides. They noted that CeN, which is a p type
conductor, displayed a very weak molar susceptibility.

All of the other nitrides investigated showed electronic
conductivity. The authors think that in the lanthanon
nitrides a rather fine balance in the competition for
electrons prevails between the 4f levels of the metals,

the conduction band, and the nitrogen ions.

2. Crystal Structure of the Lanthanon Nitrides

Most of the authors previously cited give some
structural data for the lanthanon nitrides. However,

Klemm and Winkelmann (7) give the most complete listing of
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the lattice parameters. There is adequate agreement among
the lattice parameters reported by the various
investigators. A compilation of lattice parameters of
lanthanon nitrides is presented in Table I.

Examination of these data reveals a regular decrease
in lattice parameter with increasing atomic number in
agreement with the lanthanide contraction. The lowering
of the lattice parameter of CeN is generally attributed
to the presence of the Ce+4 ion.

TJandelli and Botti (5) determined that lanthanon
nitrides exhibited the face-centered cubic NaCl type
crystal structure. Young and Ziegler (9) confirmed the
earlier work of Tandelli and Botti by determining the
crystal structure of LaN from intensity data. Young and
Ziegler have also shown that powder X-ray diffraction
patterns of LaN and face-centered cubic lanthanum metal
are different, an inaication that the fcc modification of
lanthanum metal is not due to the formation of a surface
coat of LalN on the metal.

Kempster, Krikorian, and McGuire (19) have determined
the crystal structure of yttrium nitride and have found
that it exhibited space group symmetry Og - Fm3m (NaCl

structure type) with 4(YN) groups per unit cell.

3. Investigation of Thermodyramic Properties of

Lanthanon Nitrides

Neuman, Kr8ger, and Kunz (20) calculated the heat of



Table I. Lattice parameters for the lanthanon nitrides

Metal ao(z) + 0.001 Reference
La 5.295 (5,6,7,9)
Ce 5.021 (5)

Pr 5.155 (5)

Nd 5.151 (5,7)

Pm

Sm 5.046 (7,17,18)
Eu 5.014 (7,18)

Gd 4.999 (6,7)

Tb 4.9%3 (7)

Dy 4.905 (6,7)

Ho 4.874 (6,7)

Er 4,839 (6,7)

Tm 4.809 (6,7)

Yo 4,785 (7,18)
Lu 4.766 (6,7)
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formation of CeN as 78 kcal/mole. The authors determined
calorimetrically the heats of solution of cerium and
cerium nitride in HCl. From the following relations they

calculated the heat of formation of Cel:

CeN + 4HC1 - aq = CeCl; +« aq + NH,Cl . aq
Ce + Z2HC1 * aq = CeCl; - ag + 3H
N + 2H = NH;

CRCRREN

NH; + HCl - aq = NH,Cl - aq

The authors prepared CeN by heating finely divided
cerium metal in nitrogen at 850° for many hours. They
were never able to obtain the stoichiometric nitride, but
obtained samples whose nitrogen content varied between 6.6
and 8.0 nitrogen (theoretical 9.08%). In a similar
manner, the authors determined the heat of formation of
LaN as 72.7 kcal/mole.

Brewer, et al. (21) have compiled &G,AH, andAS
values for LaN and CeN from various sources and estimates.

There have been no high temperature vaporization

studies performed on the lanthanon nitrides.

B. Literature Concerning Lanthanon Metal Oxide Nitride

Phases

To date, there have been only two studies reported of

the lanthanon oxygen nitrogen systemn.
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Gambino and Cuomo (15) have reported the existence of
a phase of the type Gle-xOx‘ This phase was prepared by
the reaction of Gd metal and Gd, O3 with nitrogen. The
authors found that at 2000° oxygen could substitute for
nitrogen up to an X value of 0.12. They also found that
the lattice constant of the gadolinium oxygen nitrogen
phase decreased from 4.99 to 4.96 K as the oxygen content
reached its maximum value.

Flemlee and Eyring (22) have reported an investigation
of the samarium oxygen nitrogen system. They report the
preparation of a number of compounds of the type Sle-xOx
where 0<x<0.5. They found that where x = 0.5, the oxide
nitride phase has the same properties as a phase previously

reported as SmO. The lattice parameter of SmN Ox’ which

1-x
has the NaCl structure, decreases continuously with an
increase in x. The authors report that Sle_XOX undergoes

hydrolysis on exposure to the atmosphere.

C. Reported Work on Other Metal Oxide Nitride Phases

A series of papers have appeared (23,24,25) in which
the authors have prepared oxide nitride phases of aluminum,
titanium, zirconium, vanadium and niobium.

Lejus (25) has prepared some aluminum oxide nitride
phases by a so0lid state reaction between Al,0; and AlN in

an argon atmosphere. Aluminum nitride was prepared by the



reaction:
A1,0; + 3C + N, —> 2A1N + 3CO _/_57

The reacting mixture was placed in a graphite crucible and
heated by induction at 1700° for several hours. No mention
was made of the purity of the aluminum nitride formed.

To prepare the oxide nitrides, A1N and Al, O; were
mixed in various proportions, placed in a graphite crucible
and heated at temperatures of 1400-1800°. No contamination
of the sample by the graphite crucible was observed in the
X-ray powder diffraction spectra.

Analysis of the mixtures by X-ray diffraction revealed
no reaction between AIN and Al,0; up to 1600°. At about
1600°, a reaction occurred and lines appeared in the
diffraction spectrum corresponding to a new phase which was
designated as phase ¥ . The phases observed when this
system is heated to 1700° are indicated in Table II.

In the vicinity of fusion (about 2000°) the ¥ phase
exists alone except for very high contents of Al,0;. The
phases observed in this system at 2000° are indicated in
Table III.

The ¥ phase was observed to have a cubic structure
while the d phase was tetragonal. It was noted by the
author that the lattice parameter of the phase prepared at
1900° varies as a function of its composition from 7.950 A

o
at an Al, 0; content of €55 to 7.927 A at an Al,O; content
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Table II. Phases observed in the Al, O; -AlN system at 1700°C

Composition of samples Phases observed
%mole per cent)

50 to 675 Al, O AlN + Y phase
50 to 33%% Al1N

67 to 845 Al, O ¥ phase alone
33 to 1G5 A1N

84 to 100 Al, Oy ¥ phase +%Al, O;
16 to Oj% ALN
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Table III. Phases observed in the Al, O; -A1lN system at 2000°C

Composition of samples
%mole per cent)

Phases observed

50 to 86% Al, O;
50 to 147 ALN

86 to 98.5% Al, O;
14 to 1.5 ALN

98.5 to 1003% Al, O
1.5 to 0% ALN

¥Yphase alone

¥ phase and probably
§ phase

J phase + & Al, O;
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of 855.

Collongues, Gilles, and Lejus (23) have studied the
action of ammonia on some refractory oxides. When these
authors allowed ammonia to react with aluminum oxide, they
observed results comparable to those obtained from the
reaction of A1N and Al,0; in a neutral atmosphere.

With the zirconium oxygen nitrogen system, they found
that 2r0, powder was attacked by ammonia at 650°. Below
950° the reaction proceeded slowly. However, by heating
Z2r0, in a stream of ammonia at 950° for several hours, a
new phase designated [ was observed. If the sample was
heated in ammonia at this temperature for several days, a
different phase designated ¥ appeared. This phase
decomposed at 1100° with loss of nitrogen producing the f
phase and ZrN. If Zr0, was heated at this temperature in
ammonia, the B phase was formed.

At temperatures in excess of 2000°, the B phase
decomposed with loss of nitrogen to ZrN and a phase
designated B' which exhibits a structure similar to that
of the B phase. The B' phase was also prepared by the
reaction of ammonia with Zr0, at temperatures above 2000°.

The B, B', and ¥ phases were stable at their temperature
of formation only in the presence of a nitrogen or ammonia
atmosphere. If the sample was heated in a neutral
atmosphere such as argon, it decomposed into Zr0, and ZrN
with loss of nitrogen.

The ¥ phase has a cubic T1,0; type structure whose
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formula was determined as Zr,ON, . The B phase exhibited
rhombohedral symmetry and has a structure similar to the
fluorite structure of Zr0,. The formula attributed to
this phase was Zr,0gN, . Collongues, Gilles, and LeJjus
think that the B' phase was attained from the [ phase by a
slight deformation of the cell along the ternary axis.
The three zirconium oxide nitride phases had approximately
the same metallic conductance as ZrN.

These authors also present a study of the titanium
oxygen nitrogen system. When mixtures of TiN and TiO, were
heated in an argon atmosphere at temperatures between 1000
and 2000°, a series of oxide nitride phases whose
structures are analogous to those of the intermediate
phases between TiO and TiO, were obtained. The results
obtained are presented in Table IV.

Roubin and Paris (26) have investigated the preparation
of a chromium oxide nitride phase. This phase of face-
centered cubic symmetry and composition CrNO.96OO.15 was
prepared by heating the complex oxalate
(NHA),[pr(onk),] « 2H,0 in a stream of ammonia and hydrogen
for 20 hours at temperatures between 600 and 1000°.

Heating this oxide nitride in hydrogen at 1000° for 100
hours produces chromium metal of 995 purity.

Gilles (27) has presented a thorough review of the
chemistry of the oxide nitride phases known to 1966.
Gilles, in his review, makes the following general

statements about the reaction of metal oxides with
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Table IV. DPhases observed in the TiO0, -TiN system

Composition of Phases present Sub-oxide of the
sample(mole %) same structure
80% TiN 2 cubic phases NaCl type Tio

C, more rich in nitrogen

G 1less rich in nitrogen

66% TiN Same results
50% TiN % phases

Cy

C

H hexagonal
3%% TiN 2 phases

G

H
30% TiN 1 phase H Ti, Os
25% TiN 2 phases

H

M monoclinic

20% TiN Same results
1%%6 TiN 1 phase M Ti; Og
10% TiN 2 phases

M

T triclinic Tis Og
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ammonia:

1. Many refractory or super refractory oxides are
sensitive to the action of ammonia.

2. Depending upon the nature of the initial oxide,
if reaction occurs, one obtains the
corresponding nitride or the oxide nitride.

3. The oxide nitrides adopt the structures which are
derived from the characteristic structures of the

corresponding metal oxide.

D. This Research

A review of the lanthanon nitride literature at the
time this work was started indicated neither the existence
of any lanthanon oxide nitride phases nor any unassigned
phases which might reasonably be expected to be such a
species.

Since previous work by Eick (28) had indicated the
possible presence of a cerium oxide nitride, an
investigation of the cerium oxygen nitrogen system was
undertaken. The general method of approach was to examine
briefly the phase equilibria in the cerium oxygen nitrogen
system and to ascertain the existence of any oxide nitride
phases. Subsequently, if such a phase were observed, it
was to be prepared in pure form and its thermodynamic
properties were to be determined. In addition, the

vaporization behaviour of cerium nitride was to be examined.



ITTI. EXFERIMENTAL

A. Preparation of Cerium Nitride

1. Materials

Cerium metal of 99.95 purity was obtained from Research
Chemicals Corporation, Phoenix, Arizona. Nitrogen gas
(prepurified grade) and ammonia (C.P. grade) were obtained
from The Matheson Company, Joliet, Illinois. Molybdenum
rod for the reaction crucible was obtained from Sylwvania

Inc., Towanda, Pennsylvania.

2. Preparation by Induction Heating

Cerium nitride was prepared by heating cerium metal in
ammonia at 850°.

Chunks of cerium metal were chipped in the laboratory
air from a large ingot that previously had been buffed on a
wire brush to remove the oxide coat present. The chips of
cerium metal were immersed in benzene for storage.
Subsequently they were removed from the solvent, dried, and
placed in a molybdenum crucible that had been outgassed
previously by heating under a vacuum of lO-5 torr at 1900°.
The crucible, machined from 2.2cm molybdenum rod, was
2.8cm high and was bored with a cavity l.6cm in diameter
and 2.lcm deep. A molybdenum 1lid machined to fit on the

16



17
crucible, was drilled through the center with a l.4mm
diameter orifice. To support the crucible, three 1.5mm
tungsten legs 1.9cm in length were force-fitted at 120°
intervals around the base into 0.5cm deep holes.

The crucible was arranged in a vacuum system (shown
schematically in Figure 1) constructed almost entirely of
glass except for areas adjacent to the diffusion pump and
the absolute pressure gauge. A tubular Vycor post and
boron nitride table supported the crucible.

The system was evacuated with a Consolidated Vacuum
Corporation MCF-60 o0il diffusion pump backed by a Cenco
Hyvac-2 forepump. The residual pressure, measured with a
vacuum ionization gauge (Veeco Type RG21lA), was usually
1 x 10~ torr after 1 hour of pumping. When ammonia was
used in the system, the gas pressure was measured with a
combination vacuum and pressure gauge.

The crucible was heated by a 20 kilowatt, variable
output, Thermonic induction generator under vacuum to a
dull red heat and maintained at this temperature for a few
minutes while any residual gases were pumped off. The
power was then turned oft and after the crucible was cool,
ammonia gas was admitted into the system to a pressure of
approximately 500 torr. The crucible was then heated
slowly. As the temperature of the crucible was increased,

the pressure in the system decreased because of the
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reactions:

2NH; (g) —> N, (g) + 34, (g) VA4
2Ce(s) + 2H, (g) —> 2CeH; (s) 77

The magnitude of the pressure drop was obviously
dependent upon the initial amount of sample, but if the
pressure decreased below 250 torr, additional ammonia was
admitted to maintain the pressure at about 500 torr. As
the temperature of the crucible was elevated, the pressure
in the system increased due to the release of hydrogen from
the metal sample. The crucible was heated at a temperature
of 950° for 30 minutes. Heating was terminated, and after
the crucible had cooled to room temperature, the gases in
the system were pumped off and ammonia was again admitted
to a pressure of 500 torr. The crucible was next heated at
850° for one-half hour. After it had cooled, the system
was evacuated again and the cycle repeated. After three or
four cycles, the crucible was heated in vacuum to 850°. If
gas was evolved, additional cycles were performed until the
crucible could be heated to 850° under vacuum without
appreciable gas evolution. Subsequently, ammonia was
admitted into the cooled system to a pressure of 500 torr
and the crucible was heated at 1150° for 3 hours. After
the system had cooled, it was opened to the atmosphere and
the crucible was placed in a glove box where the sample was

removed from it.
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3. Preparation by Arc Melting

Cerium nitride was also prepared by melting pieces of
cerium metal in an arc melter equipped with a water-cooled
holder into which a tungsten electrode was inserted and a
water-cooled copper hearth. Metal chips, prepared as
described previously, were transferred immediately after
they had been dried to the vacuum chamber of the arc melter.
The vacuum chamber was purged by successive evacuation and
subsequent filling with nitrogen. During the arc melting,
the chamber was filled with nitrogen to a pressure of
2-3p.s.i.g. An arc, first struck to a zirconium button,
served as a getter to remove oxygen. The specimens,
melted by the arc, reacted with nitrogen. The specimens
were then turned over and melted again in nitrogen. After
they had cooled, the nitrided specimens were transferred
rapidly from the chamber to an inert atmosphere glove box.
All subsequent operations such as weighing and the filling

of X-ray capillaries were performed in the glove box.

B. Investigation of the Cerium Oxygen Nitrogen System

In the glove box, weighed amounts of the arc melted
cerium nitride preparations and either previously calcined
Ce0, (99.9%, Lindsay Chemical Company, West Chicago,
Illinois), or this dioxide and cerium metal were mixed

together. Weighings were performed on a single pan balance
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situated in the glove box. The amounts of oxide, nitride,
and metal were varied so that pre-selected compositions
could be obtained. These mixtures were then arc melted and
X-ray powder diffraction photographs+ were taken of these
and all other resultant products.

All X-ray photographs were examined for the presence
of previously unreported phases. Those samples whose X-ray
photographs indicated the possible presence of an unknown
phase were annealed under vacuum at 1050-13%00°.

The unknown cerium oxide nitride phase was prepared in
pure form by mixing CeN and CeO, together in proportions
corresponding to the composition where previous X-ray
diffraction photographs had indicated the phase to be
present in the largest quantity. Subsequent investigations
have shown that this composition was approximately
1Ce0, : 5CeN by weight. The samples were arc melted and
X-ray diffraction photographs taken. The diffraction
photographs were examined for the presence of the oxide
nitride phase, and if the diffraction photographs indicated
that the phase was pure, the sample was annealed by heating
in a vacuum at 1200° for 4 hours. If the diffraction
photographs indicated the sample was not pure but contained
excess Ce, O; , additional cerium metal was added to the

sample and the sample arc melted.

+Hereafter, the statement "X-ray photographs" can be taken

to mean "X-ray powder diffraction photographs."
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C. Methods of Analysis

1. X-Ray Analysis

X-Ray powder diffraction photographs of the samples
were taken using Cu Kx radiation ()\‘: 1.5418 f&) and a
Debye-Scherrer X-ray powder camera of 114.59mm diameter.
The samples were ground to a fine powder in an inert
atmosphere with a "Diamonite" (United States Ceramic Tile
Company, Canton, Ohio) mortar and pestle, and loaded into
O.3mm diameter Pyrex capillary tubes.

Lattice parameters were obtained both by calculating
the inter-planar d-spacings from the back reflection lines
of the X-ray powder diffraction films and applying a Nelson-
Riley extrapolation function (29), and by use of a
computer program "HERTA" (obtained from the Los Alamos
Scientific Laboratory, Los Alamos, New Mexico) with a
CDC %600 computer.

High temperature X-ray diffraction patterns were
obtained with a Materials Research Corporation high
temperature X-ray diffraction attachment (30) Model X-86-G,
mounted on a Siemens diffractometer. A platinum-10%
rhodium flat heater was generally used, but because of the
poor adhesive qualities of some samples, dish-type platinum
heaters were at times more satisfactory. Cerium oxide
nitride samples were mixed with 325 mesh platinum powder

to provide an internal standard for temperature
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measurements and ground in dry n-heptane. A few drops of the
sample slurry were placed upon the heater surface. The
mounted samples were then inserted in the attachment and the
unit was evacuated. The pressure measured in the vacuum

S torr.

line was less than S x 10

A diffraction tracing was obtained at room temperature
over the 28 range of 29-106°. A range of the diffraction
angle, which included both a suitable specimen and a
platinum standard peak, was then chosen for scanning with
increasing temperature. The temperature of the specimen
could be calculated by combining the observed lattice

parameter of the internal standard, platinum, with its

known thermal coefficient of expansion.

2. Metallogranhic Analysis

To prepare specimens for metallographic analysis,
fragments of a crushed arc melted preparation were removed
before the sample was ground into a fine powder. These
small pieces of ingot were mounted and subsequently rough-
polished under a lubricant such as ethylene glycol or
mineral spirits with progressively finer grits of
metallographic abrasive paper. For the final polish,
progressively finer grades of aluminum oxide powder
suspended in ethylene glycol or mineral spirits were used
on a vibrating type (A.B. Buehler Ltd., "Vibromet")

polisher. The samples were examined immediately, for they
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tarnished rapidly. If the polished specimen was to be
retained, its surface was covered with a layer of Canada
balsam and a thin microscopic cover glass was applied.

The samples were examined with a Bausch and Lomb
"Dynazoom" bench metallograph, primarily under polarized
light. A Polaroid camera attachment fitted to the viewing
body of the metallograph permitted the photographing of

the specimen.

3. Chemical Analysis

Cerium metal analyses were gross analysis for cerium
present in any form in the product. A sample of from 0.1
to 0.2g was dissolved in dilute nitric acid (2N) and
digested on a hot plate. The solution was adjusted to
pH 4-5 with ammonium hydroxide and excess saturated oxalic
acid solution was added. The precipitate which formed was
allowed to digest overnight on a hot plate, was collected
in a tared alundum filter crucible, and was washed with
saturated oxalic acid solution. The sample was dried in
an oven at 110° and then ignited in a muffle furnace at
900° to convert it to the oxide.

Nitrogen analyses were performed by the Kjeldahl
technique in an apparatus designed to allow for the rapid
decomposition of the samples upon their contact with acid.
A diagram of the apparatus is shown in Figure 2. All

connections between various components of the apparatus
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were made with ground glass Joints lubricated with silicone
stopcock grease.

The apparatus consisted of a 100ml single neck round
bottom boiling flask to which two small side inlet tubes
had been added. A ©60ml separatory funnel was connected to
one inlet tube and a Kjeldahl distilling bulb to the other.
A 60ml separatory funnel was connected to the center neck
of the flask. The Kjeldahl connecting bulb was attached to
a 300mm West condensor. An extension was attached to the
end of a condensor adapter so that it easily reached the
bottom of a 300ml crlenmeyer flask used as a receiver.

The following procedure was used for an analysis.
After the ground glass Joints of the apparatus had been
greased, a one dram vial was weighed in the glove box.
Approximately O.1 to 0.2g of the sample to be analyzed was
placed in the vial, the vial reweighed, and the specimen
weight thus determined. The vial was stored in a
desiccator until use. Immediately before the sample was
inserted into the analysis flask, 150ml of a 4 per cent
boric acid solution was placed in the receiving flask and
the receiver was put in place. Through the. large ground
glass joint, a few boiling chips were added to the flask,
and the vial containing the sample was inserted as rapidly
as possible with a long forceps. The separatory funnel was
immediately replaced and 50ml of a dilute (2N)
hydrochloric acid solution which contained a few drops of

phenolphtalein indicator was added slowly to the flask
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through one of the separatory funnels. The heating mantle
was turned on, and the solution was boiled for 5 to 10
minutes to insure decomposition of the sample. While the
solution was boiling, a concentrated sodium hydroxide
solution was prepared and placed in the empty separatory
funnel. This solution was tnen added drop-wise until the
contents of the flask were distinctly basic. Approximately
50ml of the now basic solution was then distilled into the
receiver and titrated with a standardized hydrochloric acid
solution (approximately 0.05N) using bromcresol green
indicator. Blanks were periodically run and appropriate

corrections were applied to the calculated results.

D. Vaporization Studies

1. Test for Congruent Vaporization

A tungsten crucible (Kulite Tungsten Company,
Ridgefield, New Jersey) which had a height of 2.5cm and a
diameter of 1.9cm, was used for the vaporization congruency
studies. The cavity was 1.9cm in depth and 1.12cm in
diameter. A loose-fitting 1id which had a l.4mm diameter
centered orifice was provided to allow for escape of gases.
The crucible was supported on three tungsten pins which
protruded from a boron nitride table. The vaporization
experiments were carried out in a vacuum system employing a

current concentrator modeled after a design which has been
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described previously (31).

The congruency tests were performed as follows. The
tungsten crucible was outgassed by heating under vacuum at
2000°, It was then weighed, charged with a sample,
reweighed, and placed in the vacuum system which was
immediately evacuated. The crucible was heated by
induction until the maximum temperature of the vaporization
run was attained and was maintained at this temperature for
a period of time expected to cause significant evaporation
of the sample. After it had cooled, the crucible was
removed from the vacuum line, weighed, and a portion of the
residue was taken for an X-ray powder diffraction analysis.
Sometimes an additional portion of the residue was removed
for nitrogen analysis. The remaining portion of the sample

was recycled through this procedure several times.

2. UlMass Spectrometric Study

A Bendix Time-of-Flight mass spectrometer which has
been described in detail elsewhere (32), was used for this
study and will be discussed only briefly. The instrument
was designed to monitor two peaks independently or to scan
two separate mass regions simultaneously. Their output
was displayed on both an ammeter and a Bausch and Lomb
Model VOM 5 strip chart recorder. The electron energy was
monitored by a Digitec (United Systems Corporation,

Model Z-200B) digital d.c. voltmeter. The mass
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spectrometer was equipped with a high temperature Knudsen
cell inlet assembly heated by electron bombardment (33).

The crucible used in this work was machined from
molybdenum rod and had an overall height of 2.lcm and a
diameter of 1l.6cm. The cavity was 1l.15cm in depth and
1.0cm in diameter. A molybdenum 1id drilled with a lmm
diameter knife-edged orifice was machined to fit tightly on
the bottom portion of the crucible. The crucible and 1lid
were simultaneously sealed together and outgassed by
heating under vacuum at 2000°.

After outgassing, the cell was taken into the helium-
filled glove box, weighed, and the sample loaded into the
cell through the orifice as a finely ground powder. The
cell was then reweighed, removed from the glove box, and
placed in the electron bombardment heating assembly of the
mass spectrometer. The assembly was attached to the
instrument and evacuated immediately. After the pressure

in the spectrometer had decreased to lO_b

torr, the cell
was heated slowly by radiation to &800° to degas both it and
the sample. A negative d.c. potential was then applied to
the filament to cause the electrons emitted by it to go to
the grounded crucible. By varying the d.c. potential, the
energy of the electrons was either increased or decreased,
and produced a corresponding increase or decrease in the
temperature of the crucible.

Once temperature equilibrium had been established, the

mass region of interest was scanned and recorded. Ion
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intensities were detemined from the recorded peak heights.
The ion intensity was also measured as a function of the

energy of the electrons used to form the ions.

E. Temperature Measurement

Temperatures were measured with two different types of
optical pyrometers. For most congruency of vaporization
determinations, temperatures were measured with <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>