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SYNOPSIS OF . -
TECHNICAL PROGRESS
1967-68 : IR

This report consists of accounts of studies presently béing‘conducted,
preprints of completed wOrR, manuscripfs of papers.subnmitted for publica-
tion, and reprints of érticles which have been published sinée the last
AAreport. In mdny cases these results have been commdnicated'orally both
formally énd informally at conferences and meetings.

The locus of this research moves among studies of reactions‘involving_‘
- solids. For the most part attention has been focused on the solids them-
selves, yet these reactions usually involve a gas phase in equilibrium,
permitting changes in composition by variation of temperature or pressuré
of the system. |

These studies continue to center around the rare earth oxides and
carbonates because they present a strategic window through‘which solid
sfate behavio: may be viewed.A As model systems fhey'exhibit ordered
phases of narrow composition limits (frequently showing polymorphism)
as well as fruly nonstoichiometric pbases of wide composition range.

These features may be modified at will by a shift of attéhtion.to
~vvarious members of the series or by a discriminating admixture which
changes the system in some subtlé way.

The similarity between contiguous phases is so great in some cases
that one witnesses the unusual behavior of materials variously termed

hybrid crystals, coherently intergrown crystals, domain structufes,‘
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pseudophases and grossly ponstbichiometric compounds. When these sub-
staéces‘are undérstood, a gilant stride toward'knowledgé of éolid state’
beha&ior shall have been'téken. |

This research relates directly to the efforts of the Comﬁission in
several important ways. There are uses of rare earth oxides in nuclear
applications, including enefgy sources. The rare earth oxide systéms
are of the same family of oxides as those of the actinide elements hence
the impoftance of o parallei sludy, both since the actinide oxides are
themselves important'réactor fuels and energy sources and the.need for

knowing the general chemistry of the transplutonium elements whose

availability is increasing rapidly. Even more important in the long run,

 these studies shall contribute to the extension of knowledge of the

-nature of solids, a subject of unending practical and theoretical interest

Lo the Commission.

-As a result of intense activity Qver the past thirty years it can be
argued that fhe chemistry of materials only slightly defective or non-
stoichiometric is well understood. Tﬁis applies where poinﬁ defects are
the most important species présent. Materials having extended defects
or gross nonstoichiometry, however, are almost an uncharted wilderness.
Whéreas the theories of Schottky, Wagner, and Frenkel were instrumental
in brinéing understanding of materials with point defects and therefore
stimulated the development of pfactical aﬁd theoretical techniques of
dealing chemicaliy with them, there is no comparable‘developmenﬁ for
grossly defective materials. The situation is not unlike the studies of
the theory of liquid solutions.where\dilute solutions are usually thought

to be well understood, but concentrated ones less so, except that in the

case of solids one must reckon with the increased complexity of a Phase
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capable of all the complex atomic interactions of concentratedﬁsolutions
yet addiné the furthér<éomplications of phase transformations, hysteresié
andbthe like. | | | |
In fact, there has not even been'a complete catalog or classification
of the varieties of phases possible in grossly defective solids. Sucﬁ
entities or’pﬁenomena as dislocations, stacking faults, defect clusters,
domains, microheterogeniety,-order—disorder transitions, premonitory
effects, hysteresie, and pseudoplmse formation figure prominently in the

chemical and physical properties of these materials. A vast experimental

effort on the structure, thermodynémic properties and transport proper-

ties of these materials must be associated with a sound theoretical.
development if understanding is to come.

Tensimetric Studies on Oxides.--The exploitation of the powerful

isobaric lechnique of studying oxygen pressure, temperature, and oxide

composition has been continued (pp 6-35) to extend our knowledge. of

"equilibrium, noneguilibrium, and pseudophase regions of the'praseodymium

\ -
oxide-oxygen system. The apparatus has been. improved and equilibriun

measurements are yielding precise thermodynamic data for the grossly
nonstoichiometric alpha phase. The results of this study are scheduled
for presentation at the‘Sévépth Rare Farth Research Conference in San
Diego in October.

High Temperature X-ray Studies.--Concomitant with the tensimetric

studies of the pseudophase region is an exploration (pp 65-86) of high
temperature X-ray diffraction techniques to reveal séructural changes

in the phase regions contiguous to iota which demonstrate interesting

“reversals, bivariant behavior and marked hysteresis.



Thé high temperature diffractometer is also'bging.used_to investigate'
thé steps in tﬁermal-decomposition ofvoxalatés (see Preprint C00-1109-42)
and'formates. .Current reéults were presented af the annual méeting of
the Arizona Academy of Science at Flagstaff in May 1968 and will be given
at the National Meetings of the American Chemical Society in Atlantic
City in September. '

Oxygen Transport in Rare Earth Oxides.--Surface reaction and diffusion

propertieslnf‘nxygen in rarc carth sésquioxldes'haVe been studied and the
results for NdpO3, SméOg and ErpO3 reéorted at a éonference on Mass
'Transbort in Oxides held in October i967 at the National Bureau of

. Standards (C00-1109-39). '

A stud& of oxygen diffusion in the phase Pr7012+5 is progressing
(see pp 36-64). This research observes the temperature and pressure
&ependence of the diffusioh coefficient and gorrelates these with
tensimetric measurements. It is hoped to clarify the energetigs andl
mechanism for the diffusion and reaction process for this stable inter-
mediate phaée of narrow composition range. Results so far obtained were
discussed atAfhe Flagstaff meeting of the Arizona Academy of Science in
Moy 1968. |

Optical Absorption Measurements on Prox'Phases;--The optical absorp-

tion spectra in the visible and ultraviolet region fof the A- and C-form
Pr203 have.been recorded and téntative assignments made for the transi-
tions observed. In addition, the near infrared spectra for the inter-
mediate phases of the Pr,0o,.p series were recorded and discussed in
COO-llOQ—hlAand wére presented at the National Meeting of the American

Chemical Society in San Francisco in April 1968.



_ Crystal Growth of Rare Earth Oxides.--A program aimed at producing

single crystals of the.higher oxides of the fare earth elements, espe-
cially the intermediate phaseé of-the homologous series In,0op-o has
. been pursued without finasl success. The results obtained éo far are
given in the report, pagé 87 and follovwing. It has been possible to
grov nice small cystals of CeOp, but praseodymium in the trivalenf state
either forms compounds ﬁith the fluxes tried under the conditions of our "
experiments or pruduces the A-type sesquioxide which breaks up when if
is oxidized. 4 )
ééneral ;ecﬁures and/or discussions on the solid state chemistry of
rare earth oxides were presented at Battelle Northwest in Richland,
Washington in August 1967, Asilomar High Temperature Conference in
September 1967, the University of Freiburg, Oxford and Romé, the Belle-
viéw Iaboratories in Paris, the Buchem Conference on High Tempérafure
Chemistry at Semmering in September and October 1967. - A paper on phase
'transformation'iﬁ the iota region for pure and mixed rare‘earth oxideé

was given at a Materials Sciéhce Center Dedication at the Univérsity of

Missouri at Rolla in October 1967.



A DETAILED TENSIMETRIC.STUDY
OF THE

PRASEODYMIUM OXIDE-OXYGEN SYSTEM

The praéeodymium oxide-oxygen equilibrium is becoming an important
model -system of substances exhibiting gross nonstoichiometry in the s5lid
Phase. The—chief goal of this research has been to derive réiiable thermo;A—
dynémic data for thig system. Conéequently some time has been spent in
ascertaining the'equiliﬁrium conditions necessary to produce such data.
Two importaht factors governing the attainment of equilibrium have been
‘discussed in a previous report.l Details were also given of the modifi-
cations made to the existing apparatus to suit the new experimental con-
ditions. Further improvements are described in this reporf and a preview
is given 5f the modifications to be carried out in theAnear future.

As is to be éxpected, sﬁch detailea investigations have uncovered
varibué other small related p;oblems. Where relevant,kthese were pursued

and the results of such research are described in the appropriate section

below.

I.
Experiméntal Conditions;Necessary to Attain
True Thermodynamic Equilibrium
in the Praseodymium Oxide-Oxygen System
It was observed as a result of several isobars carried out at the
same pressure thaf occasionally a plot would be obtained that exhibited

marked differences from what was accepted as being the normal behavior



'?f the systém. Such anomalous behavior could usually be relatéd to the‘
fact that a new oxide sample was used, i.e., one which haé Been subjected
to only one reduction to the sesquioxide followed by oxidation to Pr0; .ga3-
in all cases in theSe'experiments, vacuum reduction was used to obtain
the sesquioxide. The behavior of praseodymiﬁm oxide with increasing.
numbers of isobaric runs is discﬁssed in detail in Section.VII.

Work carried out on a Norelco high temperature X-ray unit indicated
that the temperaturc of a thin Led of oxide (as measured by an optical
pyrometer) was lower than that ﬁeasured by an adjacent Pt/Pt-lO% Rh thermo-

““couple by about 3%. Emissivity corréctions could easily be‘applied to a

thin bed of sample; howévér, in this case the sample was contained in a |

platinum bucket 2.5 cms x 1 cm. In order .to ensure that any tempgrature

'gradieﬁt across the sample éhould be minimized, a platinum 1lid was sus-

pended over the top of the bucket, reflecting the radiation from the top

: of'the sample and posiﬁioned-so as not to pfoduce é pressure gradient-
across the sample, i.e.,, the reéctiqg.oxygen had easy accesslto;the oxide.

Previoué work had indicated the desirability of a slower rate of |

héating and cooling than l.3°,per minute.2 Very slow manually controlied
runs' had shown slight differences from runs carried out at 1.3° per minute.

These, however, suffered from the defect that the temperature increments
could not be made small enough to give a smooth heating and cooling curve.
Conseqﬁently, two clock motors were installed fogetherb%ith sﬁitable
gearing, enabling isobars to be determined at rates varying from Q.02°‘

%5 0.8° per minute! |

Results.--A series of éxperiments were conducted in which each of
the parameters previously described was var;ed independently and the

effects produced (if any) were compared with similar isobars determined



by previous workers. The nﬁmenclature used in de§cribing the vérious’
poftions of these relativély high pressure isobars is shown in Figure 1.

'In Run 4, the bucketA(containing a new sample) was covered with a
platinum 1id and the run carried out at a rate of ~ l.3°/min with an
oxygen pressure of 637 mm vhich was not controlled. The heating curve:
was found to agree with that of cofresponding isobars previously deter-
mined with uncovered buckets. At 476° B transformed to « (see Figure 1),
and the isobaric path lay on the o surface up to 805°, at which tempera-
ture @ reduced toAL + &. At this pressure the conversion to ¢ is slow
and, in fact, nevér reaches completién.(see section II). At 1046°, the
ot pseudophase wés seen-to reoxidize'across the descending ¢ + o blade
in complete agreement with previous workers. At 1060° o decomposed to
o at a'composition of X = 1.693 and o persisted until the highest temper5
ature 1120° was reached.

- On cooling, the isobar showed normal behavior until a temperature of
1060° was reached. Previoﬁs work had indicated that at this point, the
oxidation préduét is @ which then becomes metastable with respect to &z
on reducing the tempcrature. On cooling furtber, a gradual conversion of
o to ot is usuélly seén. In this case, however, Figﬁre 1 shows fhat the
cooling path lay on the projected o surface with little or no conversion
to az. it seemed, therefore, that a reduction of temperature gradientA
across the sample had stabilized &, since the rate of heating and cooling
was the same as that used by previous workers; It should be.emphasized
at this point that the Qxide sample was a new one, i.e., it had been sub-
jected to only one reduction and reoxidation.

Run 5 was carried out in an identical manner and again « seemed to

be stable with very little conversion to oz. For Run 6 the platinum 1lid,



which was the only feature differing from the condifions used ey previoﬁs
workers, was removed to see if their isobars could be duplicated. The
rate of heating and coolihg and the pressure wes kept the same;' It was
found that the isobaric path traced out on cooling.more closely resembled
that.found by previous workers.

With the 1lid still removed from the bucket, Run 7 was.carried out at. .
a rate of 0.5°/min. Even with the slower rate it was found that the'.
behavior of the‘isobar'increasingly approached thuse of previous workers
with increasing number'ef runs. It was now becoming apparent that the
"history of the sample was important.' As a result, the series of experi—‘
ments described in section VII wefe thought to be of value in gaining a
better understanding of the praseod&mium oxide-exygen systen.

Previous studies had shown the desirability of using slowef rates
~of hecating and cooling than l.5°/min since there was doubt concerning fhe
attainment of equilibrium under the forced pace of temperature chahgeeat
this rate, particularly in the pseudophase fegion,. During Run 8 (poz =
637 mm, rate.l.5°/min, without 1id), the run was halted during the cooling
cycle at 85u° to test for equilibrium in the qa'fegion. A drift toward
¢t was observed corresponding to a weight decrease of ~ 1.5 mg, i.e., a
stoichiometry change of ~ 0.006. The final "equilibrium" composition_
reached, however, was 1.73%2, which was well to the right of 1.71k, show-
ing that in this region transformation of metastablée oz - ¢ was unlikely
to occur.

This drift toﬁards;z on cooliné had not been previously obser?ed
and the weightAloss of'l.S mg in fhis region would require, under forced .
conditions, a temperature change of aboﬁt 150° to effect the same change
in steichiometry. It i interesting to note. that although thie region

’
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is not at thermodynamic eqﬁilibrium, the sample was at all times in
equilibrium with respect to temperature. Careful analysis of the weight
vershs_temperature chart showed that small temperature fluctuations
(both up and down) produced a corresponding decrease or increase in
weight. These small variations were superimposed on a éeneral drift to
a lower oxide composition.

- It was decided at this stage that it would be useful toAdeterminé
the reproducibility of an igobaric run, since ex?eriments 4, 5, and 6 -
had shown the sample history to be important. Runs.9{ 10, 11 and 12
were carried out at the same rate and oxygen pressure (1.3°/min, P, =
637 mm), which was controlled using the automatic pressure controller
(APC). These experiments showed that after avminimum number of runs,
about four, the isobaric path, at a given pressure, was reproducible.
ItIWas found on superimposing any twoAisobars that the temperatures at
which the phase boundary reaction occurred were in excellent agreement,
while slight variations were observed in the pseudophase region. This
is to be expécted since the system ié not at thermodynamic equilibrium
in this region. Even 50, the variations when two consecutive runs weré
superimposed were even smaller.

Onléomparing.Runs 9-12 with equivalent isobars determined by previous
workers, it was observed that phe heatiﬁg and cooling paths in the «
region were now coincident, whereas preViously the cooling path was seen
to lie above the hea£ing path on the « surface, as. shown in Figure 1.
Various runs up to Run 9, during which the pressure was not controlled,
"had shown the displacement of the heating and cooling paths in the «
region. It.should be mentioned at this point tﬁat together with this -

coinciding of the up and -down paths in this region, a slight zero



displacement was observed 5f'~ 0.25 mg. This zero displacemené, although
considered at the time to be some zero drift of the balance, was to
beqo&e of greater sighifiéance later (see section III). This zero shift
corresponded to a compound being formed of composition slightiy greater
than PrO; gs3, i.e., the cooling path of B lay to the right (higher oxi-
‘dation) of the heating path. Run 13, du:ing wnich the oxyéen pressure

was not controlled, also showed no divergence in the o region, i.e.,

therc was no apparenl difference between a pressure gontrolled and uncon-

trolled run. Some greéter differences were observed in the hysferesis
region oz for the uncontrolled run. -

The effect of using a slower rate than l.5°/min was investigated in
Run 14:» This experiment, carried out at O.45°/min, shﬁwed that there
was no significant difference between the slower and faster:run. During
the latter half of the experiment, i.e., when traversing the lower half
of the v region on cobling, the rate was increased to ~ 1.3°/min. - This
produced a greater-divergence between the heating and cooling paths than
for the slowér part of the run. Again the isobaric paths of Run 13 and
the previous runs were not quite superimposable in £he pseudophase region.
Thig was also confirmed by Runs 15 and 16. In Runs 9-16 a slight dis-
placement of the B phase was observed, putting it further«fO'the right
with'each run. ‘

For Runs 17 and 18 the plétinum lid was réplaced_on the bucket to
see whether thé drgmatic,difference in the az region obéerved in'Runs L
| and 5 could be reproduced. For both runs p02 = 637 mm and ﬁas contrﬁlled
by the APC. 1In Run ;7, the rate of heating was l.5°/hdn while the rate

of cooling was slower, at 0.45°/min. The rates of heating and cooling

were constant in Run 18 at l.5°/min. In both these runs isobars were

11



obtained which were different in the aa.regioﬁ fr?m_those pfoduced in
Ruﬁs L and 5, but which résembled very closely those obtained in Ruﬁs 6-16,f
i.e., they showed "normal" behavior in this region. Run 19 was run as a
. check without the APC so that Runs 4 and 5 could be exactly duplicated.
This ggain failed to produce the effects seen in Runs 4 and 5.

To recapitulate, improvements to the apparafus used in the isobaric
" studies, i.e., automatic pressure control, slover rates of heating and
cooling, reduction of any temperature gradienls across the sample, con-
clusively showed that with this method of recording temperature and
weight changes on the chart paper, nﬁAsignificant differencesAwere t5 be
detected by varying the experimental conditions in the manner described.
However, these.experimentsvdid show that sample histofyAseeméd to be impor-
tant when considering the reproducibility of any two isdbars. The greater
the number of experiments fo which the sample was subjected, the greater
the reproducibility, even in the pseudophase region.‘ These experiments
were of great value in ascertaining the optimum experimental conditions

necessary for obtaining accurate thermodynamic data described in section V.

I7T.
investigation of Equilibrium Conditions
in the Pseudophase Alpha-Iota Region

During the course of Run 8 ah initial investigation was made to see
whether the isobgric path traced out fepresented'the equilibrium path in
this région. Run 8 was halted during the cooling cycle at a suitable
tgmperatufe in the.ab region for a period of about 12 hours. The results
are discussed‘in section I. | |

Run 20 was comménéed under optimum experimental.conditions (discus-

sion in previous section) at a pressure of 657‘mm of oxygen. Heating
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was continued normally until.a tempe;atufe of 840° was reached. Up fo
this point the « surface traced ouﬁ wés perfectly superimposable on «
surféces generated duringAprevious runs. The temperature programmer was
switched off and the system was alloﬁed to reach equilibrium at-this
temperature.i Figure 2 shows the "equilibrium" isobaric path traced out
under these conditions. The sample was maintained at a given temperature
untii its weight, as indicated on the chart recorder, did not decrease
further with time. The time takeun Lor thils to occur is indicated in the
diagram. Figure 2 shows that the "equilibrium" path lies below the iso-
baric path under fﬁrced conditions ana that during. the first 36 hours a
weighf'lﬁss of 9.5 nmg occurred. The sample was at all times in equili-
brium with respect to temperature since it re;ponded almost immediately
to very small fluctuations in furnace temperature. These small changes
were superimposed on a general drift towards regions of lower stoichio—
metry. After this initial period of about 36 hours, further loss in
Qeighf with time was extremely small, ahd the composition of the sample
was always wéll to the right of 1.714. During the next three'days the
temperature was increased slowly to 870°. After each incremental adjust-
ment the sample came rapidly to equilibrium and showed only very small
decreases in wgight with respecf to time of the order of 0.5 mg or less.
One.very interesting feature that became apparent as a result of thisv
experiment was that up to a tem@erature'of‘v 94O? any drift observed was
always towards iota, i.e., towards a lower stoichiometry. Above this
temperature up to 1050° any drift was always away from iota, towards a

region of higher oxygen content. The mechanism of the ¢ = 02 = « equi-

2,12

librium observed in this region has been discussed previously. It

is possible to conclude that below 940° iota becomes more stable with



respect to alpha. When ip the temperature range 940°-1050°, aléha is
the more stable'species. This experiment defines more closely the equi-
librium between the two pﬂases and pseﬁdophése in this temperature range
" and - shows that although thermodynamic eﬁuilibrium is not to be expected
in this region, differences are observed between "equilibrium'" isobars
and isobars executed at 1.3°/min. The reversal observed at about 1050°,
which is characteristic of isobars at this pressure, also showed inter-
estipg details which wére not gpparent at a faster fate of heating.

On cooling the teﬁperature from.;OSO°'tc 920°, any drift.in compo-
sition was towards iota, which is to be expected since metastable
& - cr=-= t. Again the weight change was very small and thé sample
"~ rapidly came to "equilibrium" in this temperature range. The total time
taken to complete the run was about four weéks. One.vefy distinguishing
feature that became apparent as soon as the temperature was low enough
fo begin describing the o surface was that the heating and cooling paths
-of o were displaced about 2.5Amg. This displacement was contiﬁued until
o *.B at about 420°. Conseguently, the B phase, on cooling, was shifted
to the right of the B‘traversed on heating; It was thought ini£ially
that this shift was some mechanical artifact, e.g., it is possible that
thé balance beam could héve slipped on the khife edges. -The. results
obtainéd, however; were interésting enough to juétify another .long run.

| Similar fine details were §bserved in Run 21 in the pseudophase

regibn. Again a zero displacement was observed on returning to B. This

time the beam arresting facility incorporated in the balance was employed

to 1lift the beam off the knife edges. Upon again releasing the beamn,

the zero was noted and found to coincide with the displaced B phase.

14

This zero diéplacement, therefore, was unlikely to be mechanical in naﬁﬁre,
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which immediately posed theAquestion of a possible reaction between'the_
oxide and its platinﬁm container. |

;Due to the time takeﬁ t§ complete a detailed investigation of this
region and due to the zero Shift when the sample was subjected t; elevated
temperatures for considerable periods of time, the project was abandoned,

at least temporarily.

III;
Investigation of the Reaction
of Platinum with Praseodymium Oxide

Evidence is.cited in section IT which suggeséé that prolonged heating
of praseodymium oQﬁde in contact with platinﬁm at elevated‘temperatures
éaﬁses some chemical reaction to occur which is manifest as a zero Shiff
in the B phase. Experiments carried out later showed conclusively that
this was not due to a mechanical or electrical defect in>the weight—'
meaéufing unit. The best evidence for this was that during runs of sim-
glar duration, but without involving such high temperatures, i.e., < 820°,
the zero foy the B phase was‘always coincident. After reducing the.sample.
again to the sesquioxide, the zero for Pr0) soo in vacuum was compared
with the zéro for the samé sample after the initial reduction. It was
found that the zero after the second reduction was 1.7 mg heavier than-
was originally observed.l It w5ula appear, therefore,.that by'reacting
with platinum some species had been ﬁroduced which ﬂés not Cbmpletely
reducible. At the other end Qf the scale;used for calibration, i.e.,
the B phase, it appeared thaf the platinum, by reacting with the oxide,
was converted into some form which was now capable of oxygén uptake,
which would éccount for the shift 5f the P phase zero towards regions of

higher oxygen content. If some mechanical shift had occurred, one might
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expecﬁ the zero for Prol,soé to be shifted by the\same amount as that of
Pr0;.ga3- Since this did.not occur it was concluded that a reaction had-
taken place between the oxide and its platinum container.

The oxide was removed from the bucket, which was then washed in
dilute HNOs to remove any trace of oxide, followed by washing with dié;
tilled water. Afﬁer drying, the bucket was weighed and when this weighf
was compared with the original weight, it was found that the'bucket.had
losf 28.6 mg of platinum. The washing in dilute HNO5; was repeated, but
no further loss of platinum occurred. Calculations based on the work of
W.'L. Phillips,B'who studied the oxidation of platinum metals, showed
~that the maximum weight loss that could be'expected from a bucket of
these dimensions due to volatile oxides was about 5 mg.

An experiment was carried out in which the bucket was boiled to .
constant weight in HINO4 and hcated for one moulh at 1000° so that the
rétg of loss of platinum when not in contact with praseodymium oxide
could be determined. This was found to be ~ 0.1 mg. The loss of 28.6 mg-
of platinum Eould only have been due to its reaction wifh the oxide.

This shift in 8 composition had not been observed by previous workers
presumably because thé time spent at elevated temperatures was much shorter
than for Runs 21 and 22. A close scrutiny of'theif zero for PrO; gsz over
a long series of runs showed it to be constant within.the limits of exper-
imental error. Indeed, it has been previously méntioned, this shift wa$<
only observed for runs lasﬁing about one week; the zero for short runs,
i.e., ~ 3 days, was always found to be consfént. This reaction of plati-
num with the oxide is thought to be a very subtle one, having little or
no efféct on the overall intérpretation of the Pr03702‘phase diagram.

This was shown to be so by using an alumina bucket to contain the oxide.
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Experiments had shown the reaction between alumina and Prox to.be much
less than that observed with the platinum container. Isobars determined
in this way were seen to be identical to those obtained by previous
workers using a platinum container and a faster rate of heating. Conse-
quently, their interpretation of the overall reaction in terms of the
various phase reactions remains unchanged. .

Emission spectroscopy was used to try to identify any platinum
present in the oxide used in the experimenls. The émission spectra of
the rare earth elements are very complex and tend to obscure even the

" strongest platinum lines, making ideﬂtification of any platinum very
difficult. In order to facilitate such an identification, a series of
seven spectra was taken consecutively’on the same film in the following A
order:

Pt PrOy Fe Fe PrOy Proy PrOx
Doped with Pt Standard ~ Standard Pure Sample used Doped with Pt

Proceeding in this manner, the 2659 platinum line was seen to be
present in both the sample taken from the platinum'bucket and doped sample,
but absent in the pure oxide sample. Tentative estimates of the percent-
age platinum showeé it to be present in amounts < 0.1%. The low percent-
age of platinum may be accounted for by the fact that the platinﬁm was not
evenly distributed throughout the‘oxidé. X-ray fluorescence was also
tried to identify any piatinum;present,'but again the spectrum of the
oxide completely obscured the platinum peaks; |

The nét result of this study was to show that there was reassnable
evidence for believing that the oxide reacted with the platinum at elé-
vated temperatures and relatively high oxygen presgures. This.&as avoided
in léter studies by using an alumina buckét in which the reaction was

very much less.
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Iv.
Investigation of Apparent Discrete Steps
in the'Oxidation-Reduction Cycle

Isobars executed at rates of about 0.5°/min appeared to show small
discrete steps in the o region. These steps formed cloéed IOOPS'uﬁon
ascending and descending the o region. When examined in detail, the
steps were fqund to be of the order of 0.1 mg per L° whic¢h seemed to be

ére;ter than the variation that could be accounted for by a purely

mechanical factor since the effect of temperature variation or élide
wire:sticking could be readily estimated from the horizontal portions ‘
of the isobar. 1In- the horizontal regions, the steps appeared to be half
the magnitude of the steps in question. It was of interest to investigate
these features more closely since-siﬁilar éffécts had been observed.byv
ElliottandLemonsu in their work an the cerium-cadmium system; Roof
and Elliottsalso'quote X-ray diffraction evidence for microphases in
CeCd ~ 4.5 solid solutions. If the steps in the praseodymium oxide-
oxygen system were real, then_one might invoke a similar explanation in
this systemk i.e.,. a microhomologous series involving discrete micro-
phases.

- Initial exploratory experiments had shown the desirability of
improving the weight and temperature measuiement by a factor of ten so
that any steps present might be clear}y'visiblé. The sample weight was:
increased from 2 to about 8 g and was contained in a compound- alunina
bucket consisting of a smaller bucket inside a larger one. By this
means thé bed depth of the oxide was kept small so that both temperature
and pressure gradients across the sample were minimized. The smalle;

bucket was supported on an alumina post so as to ensure free oxygen ‘access



19

to the sample and the top of the upper bucket was‘loosely cgvered with a
platinum 1id. The temperéture was measured manually by connecting the
thermocouple leads to a véry sensitive potentiometer, type K-3 Universal

» Potentiometer manufactured'by the Leeds and Northrup Company, capable of
measuring to 1 x lO-um.V. Such sensitive temperature measurements
reéuired the design'of a new and larger furnace so that temperature
gradients across the sample could be minimized.

The heating element was made by winding heavy gauge Kanthal wire
around ‘a two-foot alumina core, making the total resistanée about 10 ohms.
Aﬁ Inconel pipe 18 inches by'2 inchegrdiameter was placed inside tﬁe
alumina core immediately surrounding the quartz hang-down tube of the
Ainsworth balance. A larger 18 inch: by .5 inch diameter Inconel pipev
was'placed around the alumina c5re and”the inner pipe to act as a heat
sink, minimizing temperature gradients that could arise due to hot spots‘
on the Kanthal windings. The furnace profile was determined, using a
NBS Calibrated Pt/PtflO%‘Rh thermocouple.A The:sample'was placed in a-
L inch zone in the furnace across which the temperature drop was'l?. |
Since the samplé.bucket was less than two inches long, the temperature
“gradient across it waé assumed to be better than this.

Results.--A suitable portion of the d»region was chosen, i.e., one
which had exhibited steps during a slow isobaric run which was reéorded
on chart paper. The temperatufe range-chésen waé 518°-732° and was
traversed both up and down during a period of aboﬁt five days, giving
a heating and coosling rate of 0.08° per minufe. The oxygen pressure
was ;et at 638.9 mm and the temperature was recorded every time the

‘sample weight changed by 0.1 mg.
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Examination of the isobaric paths plotted showed no evideﬁce vhat-
soever for discrete steps in the « region. That such steps were in
evidenqe whén the run was automatically recorded could only mean that
fhey were due to some periodic function of the apparatus. However, the
experiment ﬁas of value since it showed that: ‘

1. The ¢ surface was curved. It was found to be convex with respect
to the temperature axis, which had béen proposed in the original_work’oﬁ
the system? but was not really evident in the faster runs. |

2. The conditions necessary to produce meaningful thermodynamic
data in this region could be accurateiy defined. A very interesting
feature of this study was that it showed, even at this slow rate of
* heating, that there was a displacement in the heating and cooliné curves
in the « region. This aiséiacement (corresponding to a change iﬁ stoichio-
metry of 0.00Q2) would be impossible to detect using the chart recbfder.
Moreover, the displacement was always that the cooiing path lay below
the heating path, which was exactly opposite to what had been seen duriﬁg
faster runs. When the run was halted during the heating cycle to test
for equilibrium, the path traéed out was as shown in Figure 3%, (1). Dur-

. ing the initial, relatively rapid rate of cooling, the cooling path aﬁproxima—
ted to the cooling path at a rate of 0.08°/min, i.é., curve B. Eventually
the.temperature controller settled doﬁn aﬁd the true equilibrium path
described was locafed almost exactly halfway betwéen the heating and

cooling curves:. A similar effect was observed when tﬂe run was haited

during the cooling cyéle, i.e., the path traced out corresponded to Figure 3,
(11). The experiment showed that if an infinitely slow rate of heating

and cooling were employed, for each pressure, a  unique isobaric path

would be traced out in the o region.



V.
Evaluation of Thermodynamic Data
in the Alpha Region

The main effort of fesearch'is now being directed aiong these iines;
The infofmation acquired will be compared with the thermodynamic data
derived for related systems.6’7’11
_ Exveriments carried out in section IV indicated that if meaningful
' thermodynamic data were to be obtained for-this region, then the‘tempgra-
ture would have tn he monitored monunlly. A rale of heating and cooling
of aboﬁt 0.1° per'minﬁte, however, would bé prﬁhibitively slow. A series
of experiments were therefore carried out in which the rates of heating

and cooling were varied from ~ 0.08° per min to 0.8° per min and the effec
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on the displacement of the isobaric path in the o region observed. It was

finally decided that the optimum rate should be 0.45° per minute. The
thérmDCUuple EMF was measured, using a Minneapolis-Honeywell potentiometer
reading to 1 x 10"*m.V. The oxygen pressure was controlled to + 0.1 mm,
“using the GranvillefPhillips APC. At the completion of -each run a sample
of oxygen was tested on 2 mass spectrometer to ensure no leak had occurred
dﬁring the exveriment.

Results.--A series of 12 isobaric runs are planned in the pressure
range 190-760 mm, of whiéh six have been completed;. Figﬁre 4 shows a plot
of the relative pértial molar.free energy versus temperature for various
constant values of X in PrOy ét 0.005 6/Pr intervals. The relative par-
tial molar free energy is a measure'of the work done in traﬁsferring one
mole of oxygen from the gaseous—phase of standard‘pressure to the non-
stoichiometric oxide at a bressure of p atmospﬁeres. The relative par-

tial molar entropy insolution of oxygen is given by

85(02) = -[24G(02)/3T]

2



wvhile the relative partial'molar enthalpy may be evaluated froﬁ'the
expression
B

Figure 4 shows a greater scattef a% ﬁhe compositions'nearest the
stoiqhiometry of the § phase. Although the data is not complete, initial
_estimates of AS(0s) are of the order of 100-160 cal °K~! mole~?, showing
that the mechanism of solution of oxygen in this system bears a ciasé
similarity to that in the CeOx-0Oz system.

Concurrent with this detailed investigation of the « regioh,.some
isobaric runs were continued up to.libO° so that integrgl molar quanti-
ties could be calculated for this system. However, it has been recently
observed that repeated exposure 5f the sample in the alumina bucket to
long periods of time at elevated'ﬁempéraiures causes a siiéht reaction
between the oxide and its combainer. Despite the tact that the amount
of reactiﬁn is far smaller than that observed for the platinum.bucket
under similar conditions, it causes .some difficulty in the assignment of
‘the stoichioﬁetry of the sample. The contiﬂuation of the runs to higher
temperature has no% been .halted and uﬁder these cgnditions, there is no
evidence for any reaction belween thé oxide and its container.

. X-ray Doﬁder vhotographs were taken of the’oxide samples whiéh had
been in intimate contact with @he alumina bucket. Comparison of this
film with others taken. of pure oxide showed no extra lines due to the
. possible formation of praseodymium aluminate. It is ﬁossible that since
the reaction is so slight,'fhe‘reaction product is presgnt in |

amounts too small to be detected. Another container is being sought

so that similar work can be carried out at higher temperatures.
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Modifications to the temperature and weight recording system are
planned in the near future sd that the process can be automated without
any ioss in sensitivity. .A digital voltmeter, Model 665% manufactured

by Lear Siegler Corporation, has been purchased so that the weight and

EMF change can be monitored sifmultaneosusly at predetermined time intervals.

- The outout is to be fed to a model 2301 Flexowriter with tape punch,

manufactured by tﬁe Friden Corporation. Each run, therefore, will be

recorded on paper tape for a permanent record, while the printout facility

will enable each run to be monitored instantly. -This arrangement permits
maximum flexibility, since in the future it is hoved to interface the

' ’
punched tape with a computer which would be programmed o calculate. the

required data.

VI.
Exveriments to investigate the-Effect of Limiting
Microdomain Size. on the
Praseodymium Oxide-Oxygen Phase Diagfam

_ The behavior of the praégodymium oxide-oxygen syétem has been ade-
quately explained in terms of the microdomain theory, and similar expla-
nations ha&e been invoked tq explain the way other oxide systems react
(see section IT). 1In the PrOx-O- system, the domain texture is thought
to be fine and of the order of?abbut EO,A. The_object of this research
is to prevent, in some suitable manne}, the intergrowth of these domains.
If this could be achieved, then it.is possible-thaf a dramatic effect
would be observed during the course of an isobaric run; for example, in

the oxidation of o — ¢ where ¢ is thought to be eventually eliminated

by the expansion of the ¢ microdomain boundaries.
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‘A -means was sought of suspending the oxide in a medium:which would
limitvgrowth al§ng any axis to less than 20 A. Linde molecular sieves
were'tried as a suitable Quspending medium.  Molecular sieves ére generally
alkali metal alumino silicates siﬁilar to many natufal clays and feldsfars.
When the water of hydration is driven off, the crystal does not”collapsé
or rearrange, as is the case with most other hydrated materials. Instead,
. the physical structure of the crystal rem;ins unchanged, which results in
a network of empty pores and cavities that comprise about one-half of the
total voluﬁe of the crystals. Variéus sieves are available having dif-
ferent pore sizes up to 13 L. The size of a hydratedrPr+3 ion vas esti-

: météd to be of the order of 6 ﬁ, and so a 13 A pore sieves was chosen as

being suitable for suspending the oxide. This sieve has a cubic crystal

structure a

5 = 24.95 A characterized by a three—dimensibnal'network with

mutually connected intra-crystalline voids accessible through pores:which
will admit molecules with dimensions up to 13 A. Unfortunately, this
sieve iﬁ stable only in solutions of pH 5;12. Acid staﬂle sieves are
a&ailable, but the pore size in these is < 6 ﬁ and so are unsuitable for
accommodating Prt3 ions. - |

Pr(NOgz)s was preparéd by dissolving the oxide in concentrated HNOg
and the pH adjusted to be,v 4-5 by dilution with distilled water. About
ten granms of molecular sieve were placed in a quartz tube whose open end'.
was connected to the tube contéining PT(N03)3- The nitrate was'frozen
in liquid Np and the whole systeﬁ evacuated.. A furnace was'placed
around the tube containing the molecular sieve and the temperature raised
£§-about 350° in order to outgas the sieve; After the sieve had cooled

to room temperature, the quartz tube was rotated, which allowed the sieve
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pellets to fall into the nitrate solution which had also warmed to room
temperature. Absorption of Pr(NOsz)s; into the:sieve pores was then assumed
to teke_place.

After several hours; the sieve was remeved and the pellets dried
at 120°. This procedure was repeated several times. When the sieve
vas warmed up in vacuum, a blue species, NoOz, was seen to.cendense out
in the liquid nitrogen ﬁrap.' This showed that the nitrate ion, at least,
had entered.tﬁe sieve lattice. After several dosings, the sieve was
heated in a stream of 5xygen, during which time it was hoped that all
" the Pr(ll05)s; suspended in the sieve‘wouid be converted to the oxide.
Later ﬁeighing showed an increase in weight of the sample of 200 mg,
hopefu}ly corresponding to the retained oxide. This was far less than
the amount of Prt3 uptake expected, however, repeated dosings might
induce further uplake.

. xperimente are planned-using a quartz spring in which the oxide
suspended in the sieve is to be subjected to an isobaric study. Com- |
parison of these results with previously obtained isobars on unsuspended
oxide‘would revegl any difference due to limitation of demain~growth.

It is important to ensure that no chemical reaction takes plaee'between
the sieve material and the oxide, which might leed to erroneous con-
clusions. A control experiment is planned in which an intimately ground
mixture of sieve and oxide are.heated fogetherl Sinee the oxide is not
actually suspended in the sieve pores in this experiment,.comparieon
with previous isobars should indicate whether er not a chemical reaction

has taken place between the sieve material and the oxide.
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VII.
Investigation of the Variétion of the Surface.Area
of Pfaseodymium\Oxide
with Increasing Number of Reaction Cycles

Runs 4 and 5 (described in detail infsection I) are two exémples of
a phenomenon that has been frequently observed during the coﬁrse of this
work, i.e., an isobaric run carried out on a fresh samplé of Prox nearly
always gave rise to unusual features, particulariy in the hysteresis
regions. After theAsample had been subjected to about four such éuccessi

runs, these anomalies could never be reproduced. The fact that the
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anomalous behavior occurred in the hysteresis region 1.750 < 0/Pr 2 1.714

wvas significant. Due to the stability of the microdomain teXture in this
region, the term "pseudophase" was adopted t§ describe its behavior.2
The appearance of such a pseudsphase reguired that therelshould be coher-
ence between the reactant and produ;t phase. Everett and-Nordon8 suggest
that lattice sitrain resulting from such‘c?herence would cause hysteresis
in phase traﬂsformations, conversely lack of coherence, as shown by a
reduction in crystal size, i.e., an -increase in surface area, would be
expected to p}event hysteresis. |

It had been observed in oxidation studies on TbOX9 that tﬁe chemi-
sorptive capacity of the oxide.surface towards oxygen decreased,siightly
over a series of runs until it‘reached é'more or less constant vaiue.
The number of runs requirea for this to occur was generally found to be
about five. BET measurements showed that the surface.area decreased
slightly with increésing treatment until it became fairly constant (with-
in experiméntal error) after about five runs, p}obably due to. sintering.

Since the treatment of PrO, in the isdbaric work was almost identical to

ed
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thgt of TbOy, it suggeéted that the anomalous behavior obsepved wheﬁ a
new sample of fiox was used--a behavior which was ﬁoﬁ reproduciﬁle-r
mighf be related to a smail decrease in surface area due to sintering
with increasing number of experiments.

Reéults.—-A conventional gas adsorption apparatus was used for
studying the adsorption of No at‘-l96° on the oxide surface.~ The equili-
brium pressure was read using a telescope to # 0.0l mm. Praseodymium
oxide was freshly prepared by thermal decomposition of the oxalaté at
~ 800°. About 5 g of éample was placed in antadsorption bulb which was
then attached to the vacuum system. ‘Nitrogen was admitted in small
doses to tﬁe sample and the process was cbntinued until é final préssure
of about 40 éms was reached. A typical adsorption isotherm is shﬁwn
‘ in,Figuré 4, The "point B" is clearly shown and the volume of gas adsorbed
| corresponding to monolayer coverage was estimated from tﬁe change in slope'
at this point. Several such values were checked by the BET plots using
the equationi-- -

X = 1 -+ (C-1)X
V(1-X) VmC VmC

whose Vm = volume of gas adsorbed in 1 monolayer

X = reduced pressure 'I/PO
V = volume adsorbed in MZ.g™?1
C = constant !

For the first sample, two consecutive isotherms were determined in
order to estimate the reproducibility of the surface area measurements.
Although the actual value of the surface area could be in error by as

mich as * 25%,10

the reproducibility was found to be as good as % 2%.
Excellent agreement was also found between surface areas determined by

the "point B" method and BET plots.



After én adsorption isotherm had been determined on the sample, it
was heated to 1100° in oxygeh, simulating its behavior during an isobaric
run.. After cooling, the oxygen was pumped off and a‘second adsorption
isotherm determined. _

It was hoped to include a study of the oxide particles using an
electron microscope, i.e., it waé thought that the decrease in surface
areavmighf be due to an effective increase in particle size due to sin-

- tering. Copsequently the average particle size, which could.be.esti-
mated using ﬁhe electrbn microscope,.should increase. However,.due to
the density of the powder sample it was extremely difficult to observe
single oxide particles. The varticles tended to stick together in a
random manner producing irregular clumps varying in size from 0.2 y to

5 u. An alcohol suspension was tried in order to sepérate single

. oxide particles bul this was unsuccessful. Thié difficulty had also been
observed during a similar study of TbOyx and no definite conclusion could
be drawn frqm such measurements.

Four funs were carried out, each Sufféce area measurement was

determined in duplicate. The results are given in the table below.

Run - Surface Area A Surface Area
‘ Mgt B

1. 1.3 | 1.1

2. : 0.94 : ) o.o7

5, ‘ 0.89 - 0.8

L. ' .0.91 | 0.87

The initial decrease in surface area with incredsing number of runs
can be seen on comparing the surface area measured in Run 1 with the

following measurements.  The largest decrease in surface area is seen
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to occur after the first heating after which the sufface area appeafed

to become constant. The surface area measurementslareAin good agree- -
.ment.with those measured By Schuldtlo on various praseodymium.oxides;
wnich he. found to lie in the range 2.14 to.0.87 r.gd and quantitativel&
show an initial decrease in surface area with increasing numbers of

experiments.
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~ MASS TRANSPORT PROPERTIES
OF

RARE FARTH OXTIDES

Theoretical Introduction

It is well knovm that Wagner and Schottkyl vere the first to show
that at equilibrium a solid has a certain nﬁmber of defects which are
formed by the requirement that the free erergy of the crystal b¢ a
. minimum. -These defects are the intfinsic défects formed without
change in the oversll composition of the crystal,

In Figure 1 a TIrenkel defect is shown. It cohsists of an inter~
stitial atom, that is one which is between the normal lattice sites, .and -
a vacant lattice site. The number of Frenkel defects may be calculéted
as-follows. .

Let w.be the work necessary to move an atom from a normal lattice
“site to a.point far enough away so that there is no interaction between
the two. Let N equal the total number of atoms in the crystal and oN
the total.number of.interétitial sites. The number of ways that n

interstitial atoms can be arranged on the ol interstitial sites is

Py = (CL’]-\I)! N . .
. (¢l -~ n)t n! (1)

For the number of ways the vacancies can be arranged on the lattice

sites we have

= Nt :
F1 T v - n)t ot , (2)
The entropy is then
8 =

kK(1n Py + 1n Pi]. g (%)



The increase in the internal energy of the crystal is

" AE = n¥.

The requirement of thermal equilibrium gives the condition .

(3F ) =o.
<an"/ ‘

T

Using stirlings approximation and applying the criteria above the

number of defects n is

(&)

(5)

(6)

As would be expected the intrinsic disorder of the crystal increases

rapidly with increasing temperature and from the above equation the

driving force for the formation of an interstitial is the increase in

the configurational entropy with increasing number of defects.
same type of treatment can be given for Schottky defects.

In the more general case there is a vapor of one of the species

in equilibrim with the crystal. By controlling the pressure of this

vapor the composition of the crystal can be comtrolled. This gives

rise to nonstoichiometry which was not considered above.

defects predominate when the vapor pressure is such that the crystal

is very nearly stoichiometric, the exact circumstances depending upon

the substance under consideration.

The laws governing the concentration of defects present in a solid
in equilibrium with the vapor of one of its components will now be

derived. These laws will be given in the form of equilibrium constants

using the laws of mass action. Thus for the reaction

X ‘n .
Vi + 05 = 0% + Vg

the Frenkel constant can be written as

g - [0410V5]

[vil[0d

= [o{[va] -

(7)

(8)

57

The intrinsic
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where, using the notation of Kr%gerg Vi indicates a vacant interstitial
§ite, oé indicates an oxygen ion on an oxygen site, 0% indicates an
oxygen ion on an interstitiél'site, and Vg indicates.a pﬁsitively
charged vacant oxygen site. The Frenkel constant may also be - written
in terms of the number of defects by eg (6), hence

K = [O'i'][\”dlk = 1? = oNPe- W/ET, (9)
Similarly the reaction for the formation of okygen interstitials from

oxygen gas can be written as

%02 = 0% + 2n°. (10)
Assuming [0%] = 4[h°] the equilibrium constant may be written
| [0f] P2 . 4[0%]® : T |
Ky = = o= K 6BG /KT (11)
) P02< ‘P02

where AGy is the Gibbs free energy of formation of a doubly charged 5xygen
interstitial. If the asswmphtian is made that this is the only type of

defect, then the deviation from stoichiometry, x, is given by

Cx = [0"] = (3K{pof)¢ o A0/ (12)

or X = KPOE% e’AG1/3KT; (13)
In thé general cése X will.be given by an expression such as .

x = Kpoy/m & OH/RY, (14)

the actuai values of n and AG depend_upon the material. The experi-
mental values of these parameters should give some clue as to the
defect presént.

As the equaﬁion stands, the ab;oluté value of the compqsition must
be known to use the eguation, however, in many instances it is not .
known exactly when stoicniometry is achieved. TFor these cases it is
desirable_to bé-able to use differences.which~can be measured fairly accu-

rately. If the temperature is kept constant the deviation f;om

.ot
. .

C



stoichiometry can be written as

5

X = CPO‘]‘Z{. . (15) .

Differentiating, one obtains

%__ = licpoék‘l) ‘ (16)

and taking the logarithm and substituting 4’s for the d’s, equation (16)
becomes A
1 éﬁ)—' ke + (k-1)1 ' : (17)
) n [\p = in KcC (Sl npoz.
For a certain temperature the value of ke will be a cohstant and a
plot of ln%z versus lnpgo. will give the value of k-1 and hence k.
b - E :
Alternatively the pressure can be kept constant and the tempera-

ture varied. Then, from eq (14) one has

X = ce'AG/kt = ceAS/RefAE/RT’ (}8)
dx _ C(AH) AS/R -AH/RT 1

Again taking the logarithms of both sides the relation is

1n (Ta p)=n CAH) 08 AL | : (20)

- A plot of ln,<¢2 %§> versus l/T will yield a value for AH<from the slo@e.

H5Wever, in doing this the assumption has been mede that AG is constant
over the temperature range,._This is an approximation,‘since only if
the ehtropy'does not vary with temperature can a straight line be
expected. ‘Also the value of AH wili depend upon the deféct assumed to
be present since in theée plots the slope is equal to -'%% where n

Pl

depends upon the defect preseht.

Diffusion
The solution of the diffusion equation for the uptake of solute
| 3

from a well-stirred solution of limited volume has been given by Crank

for the case when the mole fraction of solute in the gas and that in



the surface of ‘the solid are assumed to be equal, The diffusion equation
to be solved is

2c N\ . .
- | (21)

i
i
P
+
=i
i

with.the initial condition

c =cp, as r=o0, and t = o
ﬁhich indicates that the concentration in the spheres at zero time is
uniform. Also the amount of solute leaving the gas phase must equal

that entering the solid, therefore,

v, & =VD<5LS _.'@.QS). (22)
at or ' )
The solution is
Mt oo op >ﬂ6x(x+l)c %p- (DayZt/2%) (23)
Moo - O+ O+ g2 2 .

“n
where the gp’s are the non-zero roots of
tan qp = 2% o ' (24)
3 qvl .
where Mt is the total amount of solute 'in the svhere at time t, M, the
total amount of solute in the sphere at infinite time, ) the ratio of

- the amount of oxygen in the gas to the amount in the solid, a the
Y& ;.

radius of the spheres, t the time, and D is the diffusionAcoefficient.

Computation
" Tables of Mt/My versus Dt/a® were calculated using the GE 225 com-.
puter. These tables were calculated at intervals 5f one percent in
terms of the fractional uptaké. The determination of’the diffusion
coefficient then was made by calculatiné the values of M;t/Mm and the
fractional uptake for a particular run. Then values of Dt/éz vere
obtained from the tables, and plots made of Dt/a® versus time. These

vlots are straight lines, the slopes being equal to D/a2

10



A program was written to calculate the N%/Mg values for the parti-
cular run. The system in which the experiments were run was divided

into two valumes 25 noted: in the reborts of previous years. The calcu-~

lations of Mg and My are sily made by the fo rmulae
My = Veg(Py-Py) , (25)
and Mo = Vg(Pe-Py)- - (26)

Their ratio is thén _
My/My = Vg(Pt-Pi) - Py-P3 ' (27)
Ve(Pp-Pi)  Pe-Pi '

' Theé fractional uptake then is given by the ratio

Pe- Py |
Po- P; .

In these equations Pt is the percent of le’in,the gas a time t,
'Pi the mercent of 0*8in the gase at t = O, Pf the vercent of O{s in the
gas at t = °, and Psithe vercent of O%anin the soiid at t = 0.

The computations involved in the ﬁeight measurements are straignt-
forwvard. It is, however, worth dem§nstratigg that the sample weight
has no effect on the result if the change in weight instead of the .
change in y; the number of excess gram atoms of oxygen ver mole of
PrO; ., 714 is used.

Let AW, .5 equal the actual weight of PrOl,é and MWI,S equal the

molecular weight of Pr0O;.s (the other subscriots follow) then

o (AT‘TV—AW]_ 714 )/16 ' : : 2
y = 4 (28)
Ay, 5/M1 s
or . ' - (AWy ) (M1, 5). Mi.71e _
YT oo .. 16 B (29)

The values actually measured are however Ay thus

—.Lka,42 A(AVx ) A ( ATy 0
Ay 16 .0) = Ka(AiTy) | . (3

Ly
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If the logarithm of both sides is taken
log (Ay) = 1n K + In A(AWy) (31)
it can be seen that the samélé veight provides only an additive cpnstan?
“which will differ from run to run but will not ch?nge the slope of a plot
of*log(Ay) versus 1n A(AWX) vhere the changes will in fact of course be
taken_with respect o some variable such as teﬁperature, pressure, etc.

All calculations are, therefore, made in terms of the actual weight

change rather than in terms of the change in y.

Ixperimental Results
The activation energy for the Aiffusion procéss was determined at
two pressures, 30 mm; and 214 mn pressure of O2. The runs gave identical
activation energies within the experimental error. Thg actual pointé
are nlotted inAFigure 2 and the two lines can be represented by the two
equations
-Dgo = 5.96x10"6 exp(-18.61:1/RT) (32)
Do1a = 1.10x107° exp(-18.9+1/RT) ' (33)
The difference in the pre-exmonential factors will be discussed
later. The equation given for the run at 214 mm is only for the portion
of the line which is straight. There is a break in thé line at a value
of lOOO/T of avproximately 0.915 and at lower temneratures the diffusion
éoefficient is almost constant as the temperature is raised. Table I
lists thevvalues of the diffuéion coefficient and the temperatufe.‘
The pressure dependence of the diffusion coefficient at various\
temperatures is shown in Figure 2. The slopes of the lines give the .
pressure dependence. Tne values of the diffusion coefficient and the

oressures are listed in Table II.



Table I

P=29.4 + 0.1 mn

D x 10° T (%c)
0.733 735.0
0.68k 752.7
O.777 T7L.7
0.970 T 799.2
1.16 839.0
1.39 845.5
1.62 865.9

P =214.5 + 0.1 mm
D x 107 T (%)
1.56 725 .6
1.57 T46.8
1.66 T66.7
1.7h 757
1.85 787.1
1.97 798.9
1.98 810.3
2.02 820.1
2.28 832.6
2.40 843.7°
2.60 855.6
2.84 868.2
3.05 881.3
3.kl 892.8
3.71 90k.9
k.10 918.5
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Table II

T = 734.6° ¢ , 'T = 759.7

D x 1010 P (mm) D x 1010 P (mm)
5.03 11.21 L.57 10.50
5.57 13.93 . 5.52 20.83
5.48 . 17.65 6.70 . 33.01
6.36 22.41 7.72 50.0k4
6.29 28.01 8.91 , Th.25
6.50 35.08 10.3 103.88
7.17 4% .80 2.4 139.16
7.h2 55.59 '

8.12 69.06
8.26 87.23
8.82 10741
T = 831° T = 891.6

D x 109 P D x 109 P
1.23 18.61 2.78 21.03
1.29 25.53 2.67 27.51
1.h1 34,04 2.67 36.27
1.39 b 4] 2.48 48.78
1.k6 57.59 2.50 ' 62.55
1.68 75.31 2,54 82.38
1.77 195.30 2.63 107.93
1.89 . 123.90 2.95 140.15
2.08 162.56 3.26 -191.19
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Therhogravimetric analysis runs were made aﬁ both constant tenpera-
ture and consﬁant pressﬁre. In Figure 3 the results of a run at con-
stant temperéture aré plptﬁed. The change in welght is propﬁrtional
to the square root of the pressure. This was true in all four of the

\
runs made, within the experimental error. However, it is to be noted
that the temverature range investigated so far has been extremely
limited. The temperatures ranged from 720 to 764°. The valﬁes of the
slove and the temperatures are listed in Table III. The runs were
made on samples of anprbximately T grams. The total weight change was
about three nilligrams i3 the pressuré region 10-200 mm. Buoyancy
beéomes a.large effect wvhen working with weight changes of this order
of magnitude. Figure 4 shows a graph of the correction determined by
using nitrogen. Below 10 mm oressure the buoyancy correction becomes
much larger thén the weight changes and, therefore, data for vressures
;less than 10 mm have not been used. The reason for the large buoyancy
correction is probably thermomolecular flow which is expected to become
important in this pressure region.. A way around this is,.of course,
to use an inert gas-oxygen mﬁxtdre instead of pure oxygen.  However,
the design of the apbaratus at present makes such experimeﬁts impractical.
The buoyancy corrections in niﬂrogen were ﬁultiplied by 52/28 to obtain
the approximate correction in oAy Een.

Isobaric TGA runs were also made. One at 10 mm oxygen pressure is
shown in Figure 5 and one at 214 wmm in Figure 6. These runs were made:
by increasing thé‘temperature by O.8°/min. The temperature of the
weighing was determinea from the automatic pen on thé chart. Tor the
run at 214 mm the weight readings were takén at equai time iniervals.

The temperature change of the furnace is programmed to be as near linhear



7210
726.5°
Th6°
; 764°

Teble IIT

slope
0.55
0.50
0.50

0.53
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as bossible. It appeared to be lineaf over the Femperature range of
interest when a ruler wés placed next to the recorded trace. Therefore,
instead of actually reading the temperature.5f each point the two end-
point temperatures were read and the temperatures of the intervening
points were determined by interpolation. This was justified since the
change was programmed to be linear'and this technique would smooth the .
trace on th graph which consisted of small jumps in temperature which
are not possible in reality because of the thermal inertia of the furnace.
Thus the points in Figure 6 appear to form two regions which approximate
straight lines yieiding two energies of formation (Figure 6); -37.%
kcal and ;12 kcal. In Figure 5 only one energy is indicated (=-10.% kecal).
It is not possible to accurately estimate the error in these meésurements,
we are interested more at this point in their qualitative values.

An isobaric run at 195 mm pressure is shown in Figure 7. This
run was made at a slower speed, 0.45°/min and the temperature was
measﬁred for each point by using a potentiometer instead of the auto-
matic recorder.‘ It is debatable vhether the graph shows two regions as
in Figure 6 or only one. If it shows two, they are not as well geparated
as in Figure 6 and the energies are different. If only one line is
dragn, the value is about -20 kcal.

The valves of ﬁhe égthqlpies given above are calculated on'the
basis that the slope is equal-to AH/R and hence must be multiplied by a
svitable factor if the actual defect assumed to be present would give

‘a slope equal to LH/2R or AH/3R.

Discussion
In order to judge between possible diffusion mechanisms it is

necessary to determine from gravimetric analysis whether the compound



u8
exists in a hyperstoichiometric or a hypostoichiometric condition in
' A
the‘range of témperaﬁureg and pressures that the diffusion coefficient
is to be measured. The gravimetric studies 5f the praseodymium oxygen
system indicatve, within the experimental error, that the Pry0;z+4
phase over its range of existence is either hyperstoichiometric or
stoichiometric, but never hypostoichipmetric. When the temperature is
increasgd to where one would expect the compound to be oxygen defi;ient
it becomes unstable and decomposes.
vith these facts in mind two possibilities must be considered for
. N
the deviation from stoichiometry. One, oxygen may be taken up according
to'the'reéction . ‘

Op = 2 VpyX +0% | (34)

o

(that is, the oxygen may go into empty oxygen lattice sites on the
surface of the crystal with the simultaneosus formation of praseodymiun
vacancies).A Alternatively, the excess oxygen could be accommodated
in the lattice by occupying empty interstitial oﬁygen sites in the
compound as revnresented by the reaction

Vi +% 02 = 04 . (35)

Unforfunately, ﬁwray diffraction studies of the phase over its
range of composition show that within experimental error the latticé
parameter is constant. 'Therefore, indirect means must be used to
differentiate betveen these tﬁo possibilities.

The structure of the intermediate praseodymium oxides have not
beeri discussed here, but let it suffice to say that they are derived
from the fluorite type lattice of PrOs by removing oxygen in an ordered
way to form the composition desired. Although the ihtermediafe phases

have lower -symmetry than the parent dioxide, the metal lattice is only
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;lightly distorted and the metal positions shift,only slightly.

The PrOl,;l4 pnase has a rhombohedral unit cell with angles of
99° 23' and a = 6.750 A I£ ﬁay be considered as consisting'of strings
of 5xvgen vacancies at regular intervals all in fhe < 111 > direction 5f
the parent fluorite unit cell. This indicates that it is more likely
fhat the excesé oxygen atoms occupﬁ.interstitial sites rather than
generating cation vacancies since the cations appear to be the.back—
bone of the structure. The fact that sintering of these materials
reguires high témperaﬁures is also in accord with low cation mobility.
Thg diffusion data support a ﬁsdel based upon interstitial oxygen since
Do increases with‘increasing préssure of oxygen indicating a positive
préssure depéndence for tﬁe diffusion coeffigient. Thus in the ensuing
discussion it will be assumed that equation (3%5) correétly describes
the incorporation of oxygen into the structure.

Equation (%5), however, besides indicating that the excess oxygen'
is interstitial in nature, also indicates that it is uncharged. Two
points ab5ut reaction (35) have to be decided. Is the oxygen chérged
and, if so, what is ﬁhe charée; also, is the interstitial site one of
the "vacancies" formed by removing an oxygen from PrOs, or is it any

of a number of other interstitial positions in the structure?

The question of where these interstitials are located in the structure

cannot be answered unambiguously since there is no direct experimental

evidence on this point. But in vieﬁ of the fact that the compounds.

are formed by removiné oxygens from a fixed network of cations,.it seems
iogical fhat these are the spaces filled as the compound oxidizes. If
a éalculation is made of the size of the "vacancy" ih Pr01,714,.assuming

the structure to be isomorphous with UYgOiz, the "vacancy" is.iarger than
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the other holes in the structure, having a diameter of 2.23 k. This

is large enough to easily accommodate an oxygen atom or singly charged
oxygen, but a little sma;lAfor a doubly chafged oxygen having a radius
of 1.4 . Although it has been proven§that‘the metal positions in these
two compounds are identical, the oxygen positions may be slightly different,
due to the fact that the électrostatic interactions of the two compounds
wi?h the oxygen atoms will be quite different. The U¥gCy» is composed
of hexavalent and trivalent cations, wh;le Pr-0,o contains trivalent and
quadrovalent cations. The X-ray technigque used for the structure deter-
minations is not parﬁicularly sensitive t§‘the position of light atoms
in.a heav& atom matrix. Thus, the calculation of the size of the inter-
stitial hole may be in error. The cell parameters and the interaxial -

angle for the two compounds based upon the rhombohedral cell are

. a. 03
UY6012” 6.530 99° 3"
Pr,012°  6.750  99° 25'

Consider now the vortions of the curves in Figure 2, which have
an activation energy of 18.7'kcal. An attempt will be made to éhow
that,. as far as the data colleqted ﬁp to this point are concerned,
this portion of the curves can be explained on the basis of there
being one type of defect for the particular pressure and temperature
range over which the curves are linear.

One of the primary reasons for making this assumption is that
4the activation energy for the diffusion process is the same at both
pressures. In addition, though, the enthalpy of formation of the
defect in these‘regions as determined from the.TGA work seems to

indicate the same energy of formation for the defect, approximately
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-11 keal. If this is taken as a fact, even though the TGA dafa are not
conclusive on this point, the nexé question is the pressure dependence

of the diffusion coefficient. The pressure‘dependence was measured and
found to be + (see Figure 8). Consider the feaption for the incormnoration
of oxygen gas ‘into the s0lid to form neutra; interstitial oxygen atoms

$02 + Vi = 04

ot

~ with ' Ky = [01] pogﬁ
or solving for the concentration of interstitial oxygen atoms
[0i] = K1 Po,?. , - (38)
The concentration of interstitial oxygen atoﬁs would changé with the
sqﬁare roof of the oxygen pressure, thus it can be ruled out as the
defect.
The interstitial atom could pick up an electroﬁ to form a nega-

tively charged oxygen according to the reaction

0i = Of{-+ h°
vhich yields ~_ [o{lr
Ko = ——mr.
(03]

Setting [O{j.= P the equation becomes
[0{1 = KuKe Po®
and the preésure dependence of the defects is
[0{] =/Ei%s PosZ. (37)
Another deféct reaction which may_be postulated is |
bi - (Oih)l + hoj

.

yielding

Ky = [(0:0)IP
[0i]

for which the pressure dependence is

[(050)'] = /KiK5 Rost. | (38



In these equafions two species having a pressure dependeﬁcevof
one-guarter have been postulé‘ced° The first defect is a singly charged
oxygen ion and a dissociated hole; the secqnd consists of an associsted,
'doubly.charged oxygen and hole, plus a dissociated hole. Thesé are not
both in the solid at the same time, for if they were, the concentration
. of the particular defect could not have been set equal tofthe concentra-~
tion §f tﬁe positive hole. |

The difference between the two types of defects is subtle; thaf
is, both consisgt of two partg--a hole and a negatiﬁely charged sovecies.
However, in one case the negative charge consists of two associated
soecies, while in the other the negative charge is a simvple svecies.

With the informstion at hand a choice between these two defects cannot
be made.

In the discussion thus far, it has been assumed that the_activit&
coefficients for all the svecies are one, a fact unverified experimentally
and perhans open to serious question since the holes are formed by the
ieaction |

Prt® - Pt 4 gf | , (39)
and the holes are the Pr+4 ions. The compound tlready contains a large
number of blusmfour ions. It is assumed, however, that since the com-
pound is relatively stable, it has a unique electronic structure and-
that when this is disfurbed by.adding holes, the activity coefficients
are nearly one. SR |

Assuming the defect to be one of the two types considered ané
hence consistent with the data at Dresent, the energetics of the
diffusioh process can be examined. In its simples£ formulation the
diffusion coefficients can be written as

D = Dyry (40)
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where D 1s the measured diffusion coefficient, D; is the intrinsic dif-
fusion coefficient, or the diffusion coefficient of a defect. The term
F; is the atom fraction‘of_%he defects. This latter term is purely a
thermodynamic term and is given by the expression.

Fi o e"AG%/?T~ = e ASE/R e‘AH%/FT
where AG®, AH®° and AS° are respectiyéiy the Gibb’s free eﬁergy, enthalpy.
and entropy of formation of ﬁhe defects. For the species proposed
above, the equilibrium constant can be written

[(0sh) ‘) P _ » -AH®°/RT
i =B e
K3 Po =

and setting [(0; h) ] =P and solVLng for [(O h) ‘] the temporatule and
dependence is »

[(040) ] = BK{ Po ¥ ¢"4H"/2RT, - (51)
Substituting this into the equation for D, the result is

. 1 Ao )
D = Di BK! Pogi o OH/2RT,

(42)
This expression indicates that the diffusion éoefficient should be
proportional to the fourth root of the pressﬁre, a result which was put

into the model through the choice of the defect. It also indicates that

<nlnD ~0AnDy AR AHy  AHP . AHaet
2(1/T) JPoz 3 (L/T) "2R T R R R
or '

My = OHy + AHp/2. (43)

This equation arises because the number of defects at constant
3 ' J - ) 9,
pressure OI' oxygen changes as the temperature is changed. The entropy
terms in the expressions above have been assumed to be independent of
“temperature.

The information known is enough to estimate AHp. The activation

energy is -known from the temperature dependence of the diffusion

|



coefficient and the enthalpy 5f formation of the interstitials has been
estimated from the TGA runs. We have values of both -40 and -22 kcal
for the enthalpy of formatibn; These values give respectively 8.7
and 13.2 keal for the enthalpy of motion. At this time, it is not
possible to say which value is correct. Further experiments will be
necessary to decide.

Tn accordance with.the fact thét the diffusion coefficient is
dependent on the fﬁurth root of the oxygen pressure, the pre-exponential
terms in the express;on for the diffusion coefficients at 30 aﬁd 214 mm

pressvre should be in this ratio. The ratio may be expressed as

and solving for n
n = log (Dol/Doz) / log (Pr/Pz)

and substituting the experimental values of the parameﬁérs the result .
is l

n = log (2!0) /-log (7.14) = 69§§E" "= 0.35. (4l)

Although n is not equai’to 0.25, the agreement is considered sat—‘

isfactory since the range over which the diffusion coeffiéient was
measured was limited and the extrapolation required.to obtain Dg was
quite long. The‘expreséion for the diffusion coefficient can nﬁw be
written ' A .

D = 2.84 x 107 Do, % e-(18.7 £ 1)/RT (s5)

where the pre-exponential factor is the average of the values calculated

at the different pressures. .
Until the discrepancy in the TGA work is resolved, there is pro-
bably very little value in trying to analyze the curves further as'far '

as specific mechanisms and defects are concerned.



The diffusion data, however, do seem to be consistent tolthe
extent that both the isobaric and isotherwmal diffusion runs indicate a
break iﬂ their behavior at 820° (see Figureé 2 and 6). The large
pressure debendence of 0.38 at 760° is in agreement with the discontinuity
observed in the activation enefgy rur at 21h mm pressure.

It should be pointed out the absolute value of the dgffusioﬁ
coefficients given here could be in error by an-ordef of magnitude and
should be considered as an upper limit to the real value. There are a
uuhber of reasons for this: 1) the radius of the spheres used.for the
calculation of the diffusion coefficient was that obtained from the
avérage of the sieve sizes used for separating the spheres, 2) the sample
is definitely polycrystalline and therefore contains grain boundaries,
and %) there is difficulty in obtaining whole spheres which are not
slightly broken becauss of the phase transformation which must be
made in there preparations.-

It is believed, however, that the sample has not changed significantly
during the course of the run and, therefore, that the relative values
of the diffusion coefficienté'are correct. |

The relationship between the pressure dependence and the diffu-
sion coefficientland of the excess oxygen in Pr0,;,-i14. has noﬁ been dis-
cussed. In the simplesfycase the pressure dependence.of the two should
Be equal; however, in the measurements made thus fér? they are not.

- The reasons for this are not known, and the measuremenfs will not be

discussed until they are more firmly established.
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HIGH TEMPERATURE X-RAY DIFFRACTION STUDIES

Introduction

The pseudophase regions in the PrOx-0s system remain a primary
interest as»these are perhaps the'least well understood areas. It
is hoped that the study will give information concerning the role 5f '
disorder-order transformations in these regions. The microdomain
concept which seems to be the most reasonable explanation of much of
the nonclassical behavior experienced needs to be rigorously examined
in the light of X~réy evidence. The Guinier high temperature camera
is now in use and will give the most detailed information possibly
attainable by powder methods. The diffractometer study reported here
has yielded some useful information concerning the oz region but the
interpretations made'can be regarded only as tentative due to the

lack of complete detailed data.

“ The High Temperature Diffractometer'System
The diffractometer system has been modified in certain respects

since last described (see previous reports for a complete description
of the apparatus). The intensity of a given reflection has been
doubled by installation of a broad_fpcﬁs EOpper tube while resolutioﬁ
appears to be little affected.. Unfortunatély superlattice refléctioné.
of the.grdered phases remain undetectable but the improved intensity
in the high angle region allows more accurate lattice parameter deter-

minations.



In order to extend maximum temperatures attainable at one‘atmosphere'

pressure, a seéond auxiliary furnace wés installed in the chamber. This
Pt-10% Rh winding'(alumiﬁa support) remains in the chamber when the
main furnace and sample are removed. - Powef feed through is via a Conax
gland which is tapped into the optical view port. The auxiliary fﬁfnace
is controlled with a small variac. The maximum temperature now attain-
able at 730 mm Op pressure is 1160°

" In order to eliminate the stepped temperature. changes and the coﬁ-
stant attention preVibusly requirea when making a run, the 22 ampere
- Powerstat which controls the main fuinace has been coupled to a
variable drive DC motor by two 150:1 gear reducers. The design
allows use of'one or -both reducers giving automatic increase or

decrease in temperature at rates varying between 1000°/hr and 10°/hr.

'Tﬁe Higﬁ Temperature Region
in the Pr0y-0o System
The composition region PrQ; ,gs - Pr01;74 has been extensively
investiéatgd by the thermogf;vimetric technique.l At low pressuresA
phase changes approach classical behavior.» At higher Os pressures .
(P > 500 mn) the curves shown in Figure 1 have beén interpreted in
terms of fhe following transformations:

1 2 4
G:a/r,;'az,ri-"o:+cga.

(1]

Transformations 1 and 7 are seen to Be more complete and the pseudophase -

ar {so called due to its reproducible Bivariant character) shifts to
‘higher composition the higher the pressure. A previous investigationev
'of this area with the diffractometer did not yield X-ray evidence for
the pr5posed phase changes. For this reason a more detailed-study was

made at several pressures.-
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Experimental Part.--Praseodymium oxide of 99.999% purity (with

respect to rare earth) and supplied by the American Potash and Chemical
'Corﬁoration was applied té 0.030" alunmina siides via a toluene élurry
and mounted in the high temperature chamber. Runs 36, 37, 38, 39 were
made with the same sample. Runs 41 and 42 were made with two new
samples. In all cases a pretreatment of-sevgral hours pumping at

~ 60(5p was carried out insituo. Although in many cases complete.scans
were taken the pertinent information is best gleaned from an examination
of the pseudofluoritei(ZOO) reflection. Traces of this peak aé a
function of temperature are shown in'Figures 2, 3, 4, 5, 6, 7, and 8.

Heating at 730 mm Oo Pressure, Run 36.--As shown in Figure 2, at

746° only pure alpha is seen, but by 867° there is approximately 30% z.
At 987°there are clearly threé peaks, with the alpha peak in the
center but shifted toward the z (220) (higher 20). Relative intensities
as estimated with the DuPont curve resolver ‘indicated that 38% alpha
still remained. At 1057° the (220) « reflect on appeafs to be shifted
toward the (220) oz peak indicating_reductionAof the alpha phase.

There does not seem to.be a change in relative amounts of thé twvo
phases. It is noteworthy that;althoﬁgh the (220) « peak overlaps the |
(220) ov. peak more than it does the (220) ¢z, the latter appears to

be more intense. This same observation is made in other experiments
and is a reproducible phenomené. The next scén taken at ;123°shows

only the ¢ phase.

Cooling at 500 mm Op Pressure, Run 37.--At the conclusion of Run 36,
the pressure was lowered to 500 mm and the cooling cycle.begun. At
the maximum temperature a broad low intensity peak appeared'on‘the

low angle side of the (440) o (pseudofluorite (220)) reflection which



persisted at lower temperatures. This is apparently the'fesult of

a ﬁgrtial reaction most probably with the alﬁmina slide on which

the sample rests. There are further indications from the tensimetric
work that reaction with alumina does take place-to‘a small extent at
elevated temperatures. The refleétion ét 1083° shows spliﬁting,

which is not charactéristic'of ¢y ¢ resolution. Although not shown,
the (311) reflection shows ' even more clearly the growth of a.second
pPhase having a smaller lattice parameter and therefore more oxidized
fbéﬁ the ¢ phase. fhe growth is not typical of z growing invo (Run 42).
but appears to be ¢ = @. The next scan at lO3l°,shows 75% éonversion
to av with the (220) o peak nearly entered between the (220) - (220) az
pair. .A£ 994°, the o peak is shifted slightly toward the (520) az
reflection and may have lost some inteﬁsity. At 960°, the (220) « is
little more than a low angle shoulder on the az (220). At 930° the.. .
conversion to oz appeérs comblete. We are observing here“tﬂe conver-
sion (o + @) - (d;'+ «). It appears that when @z grows to about 75%
of the whole, the remaining éipha converts to oz only after oxidation -
to soﬁe composition greater than ot has occﬁrred. It seems quite
clear in this experiment and those following that fhe conversioﬁ of'
a to qr is essentially complete well aﬁove 9009 (oh the oxidation
cycle)Aand oﬁe is very hard pressed to explain the X-ray data in
terms of the tensimetric results. As shown in Figgre l, the thermo-
granms sgow a higher composition on the oxidation cycle until gbout
825°. It is necessary that.as much as 40% ¢ be present to give the
compositions indicated by the tensimetrié.work~at temperatures where

only az is.seep by X-rays. This broblem has not been.resolVed.‘



Heating at' 500 mm O- Pressure, Run 38.--A%t the conclusion of Run 37
the éample was taken through another heating-cooling cycle in an effort
to determine the seriousness of the contamination problem since there
was evidence that this sample had undergone some-reaction witﬁ the
substrate. Although the fresh sample (Run 36) decomposed to o at
ll23° and 730 mm Op, the reacted sample was not completeiy reduced
to o even at a vressure of 150 mm Oy and a temperature of 1140°. AIn
the course of the run, several competitiye reactions appeared to be
faking place, one of which was probably oz - «.

Cooling at 730 mm O- Pressure, Run 39.--At the end of the 500 mm

heating branch of the cycle the sample was pumpgd'on_(at i2006) until
the C — A transformation occurred (not completed). The pressure

was then adjusted to 730 mm O and the 220 reflection was observed
while cooling. The scans are shown in Figure 5. At iO9l°a low angle

»éhoulder avpears which grows with continﬁed cooling at the expense

of the main peak. At 1050° the main peak is clearly split. We are
db;er&ing fhen the growth of @z in a phase having a smaller lattice
parameter and therefore higher composition. The only vhase of higher
composition known at this temperature is ¢. The ¢ - o conversion

thus must héve occurred as the pressure ﬁas increased from the vacuum
condition to 730 mm 02; According to the thermogravimetric data,

the o = o oxidation does not.occur #ntil under 1100°. At 1021°, the

. diphasic condition is still evident but by 989° the'a pﬁase is seen
only as a low angle shoulder on the ez (520). Although_;ot és clearly
seen as iﬁ the 500 mm run there does appear to bg some shift of the

« peak to higher 20 values relative to the oz peak mositions inaica-
ting oxidation. The last scan at 9k1° shows only slight evidencg of w.

The asymmetric form of the double peak should be noticed.
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Heating at 735 mm O~ Pressure, Run 41.--The (220) reflections as a -
function of temperature is shown in Figure 4. The pure « peak is shown
at 779°. At 881° conversion to oz is about 50% complete. At 2U° @
is still in the oxidized form and is not clearly séparated‘from the
oz (520); but at 1005° the shift to lower 26 is pronounced, with the
o peak near'the center of the oz (220) - (220) doﬁblet. The shift to -
lower 20 continues as the temperature is increased with nOASignificant
intensity changes. At 1090° the o (220) and ov (220) peoks almoct
overlap. At 1105°; the reduction to o is observed as a decreasé in thé
o (220) intensity and by 1133° there appears to be only one - phase
Present (0),.though poorly crystallized.

Cooling at 635 mm Op Pressure, Run 4l.--On the cooling cycle there

appears to be a very broad low angle shouldgr at all temperatﬁres

which is presently attributed to a reaction with the alumina support.
At 1135° the main peak appeafed to be single; but at 1087° it was split
equally with a peak separation of 0.10° 26. Although presence of the
oz (220) reflection is not ci;ar;'peak positions indicate that the low
angle péak must be o, the high angle p;ak being the aa‘(ééo). Here
again the o - « convérsion occurred as the pressure was raised. At
1081° the growth of oz is more clearly seen by the appearance of a iov
angle shoulder. The growth is rapid and at 1067° only about 20% « -
remained. vAs the temperature was fufther lowered, the @ peak shift wés
not clearly seen, but in comparing the 1038° and 1011° scans theré
again is some indication of a shift to higher 20 values, .demonstrating

the ¢yeq = @, reaction. At 920° there appeared to be only the «wz

oxX

pseudophase.
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Heating at 20 mm O» Pressure, Run 42.--A 20 mm oxidation-reduction

cycle was made for purposes of comparison; As_shown in Figure 5, with
heating, the reduced phase appears initially on the low angle side.
of the main peak. The observed break to ¢ at 936° is nearly the same

as found in .the tensimetric work (932°).

Cooling at 20 mm O-Pressure, Run 42.--The usual low pressure
traﬁsformation with cooling from the o region is seen'és a growth
on the higﬁ angle side of the main peak. It should be noted that
the o — ¢ oxidation ét 90L° agrees Vell with the 910° temperature
observed in the tensimetric work.

Heating and Cooling Cycles at 752 mm O» Pressure on a Platinum -

Base, Run 45.--Since there appeared to be a contamination problem at

the temperatures reached in these experiments, a rﬁn was made on a
platinum base. The results as shown in Figures 7 and 8 give the ‘
same informaﬁion as seen using the alumina base. The sample did not
. adhere well to the Pt and the run was hampered by the appearance of -
. the Pt (200) 1line (not shown in the figures) on the low angle side -
of the (226) oxide reflections.

Discussion.--The tentative interpretation of the resulfs thus far
.obtained is not in complete agreement with those made in the tensi-
metric work. The agreement between runs on Pt and alumina bases is
good in that identical phase.changes are obéerved, however, there
does appear to be a temperature shi}t of as much as 50° whicb is not
explained.
| In general, on a heating run, the growth of oz in o is slow. As

the temperature is raised, as shown in Figure 9, the position of the «

(220) peak and hence -its lattice parameter changes regularly. It is
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not clear at this time whetﬁer or not there is a change in slope of
Athe parameter vs temperature curve as is suggested by the data when «
becomes a minor second phase. If it ié-assumed.that when én élphé
peak is situatéd at the center of the oz doublet their compositions
are the same, it is necessary that at the higher temperatures, alpha
has a lcwe; composition than oz or that ang = © transifiqn occurs
without any apparant discontinuity. It does not seem that the a’
priori assumption is necessarily correct but that at equal composi-
tions the « parameter may be larger than that of oz. Thus as the o
(220) peak moves almost under the oz (220) reflection; it is not neces-
éaryithatﬁthe overall composition fall below that of what've will call_'
é~"pureT,a§ pseudophase. At this ppint'there is no cleaf evidenée
for a complete conversion to aipha as suggested by the tensiﬁetric
work. In suﬁmary then, the observed changes with reduction are:
Qox = Upx + QL - az + Qred * O
With cooling, a complete o - o change is. seen only indirectly

by the growth of oz on the low angle side of the..;(QéO) reflection.
The anomalously high position for the (220)Areflection at this“;tage
may be related to a differencé in lattice parameter between fure’a
and that of ¢ when a minor phase. As indicated by the dotted line

in Figure 9, the -lattice parameter in the former case may be smaller
thén for the latter. As thejtemperature is lowered there is only a
slight shift of the o peak to highe; 20 (relative to the az doublet)
before what appears to be nearly complete conversion to az ogcufs.

On the basis of the X-ray data one would have to conclude that at .
920° for example, there is more alpha on the redﬁction path than

in oxidation which is.contrary to expectations from the TGA work.
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The positions of the twc oz peaks do not appear to be mﬁch shifted
: in comparing ﬁeatinv and cooling scans at similar temperatures. The
changes seen with oxidaﬁion are: |
- g = dpred — QL + Qred — o + Opx = 0z =L + @ =«

Although there ie no direct observaﬁion of either ¢ - a or
ot -« to the extent seen in fhe'tensimetric work, there is little
doubt that both reactions do occur. |

There are some peints which are worthy of further discussion;
In the preceding account no meation of the pure z phase haS'been:
made. There is no X-ray evidence (and also no tensimetric evidence)-
that one ever obtains a pure ¢ phase at these higher pressures. The
questioh as to what really is this pseudophase (oz ) cannot.beaanswered
here but there are perhaps a few pertinent points. Tt is observed
that the (220) peak of the rhombohedral doublet is of greater 1nten51ty
than the (220) for the az phase, whereas for pure z these refleetlons
must have equal inten51ty. The simplest explanation for this which
also explains nicely the higher composition observed is that an o
'(220) peak is hidden under the 5 (520) envelope. There is little change
in the intensity ratio of this doublet with.change in temperature .
which would mean that the "hidden" alpha phase is‘exfraordinarily
“stabilized With respect to reductiop. There is evidence'already»dis-
cussed that4anether kind of & is.also somehow .stabilized (since it-
does not conver£ to @z ) but that this ¢ is subjecﬁ to oxidation and
reduction. The extraordinary stabilization requiremeat makes‘the
.51mple answer not very acceptable. It is hoped that the . high resoluf

tlon Nonius-Guinier camera will give a more clear understandlng of

this regisn.



“Léttiée.Expansion of o
as a'Function of Pressure
Lattice parameters4of the disordered « phase have beeﬁ.determined
at 638° as a function of oxygen'pressure_(Run.Huj. As shdwnvin,
Figure 10, there is 'a regular variation. The correlétion of para;.
meter tO‘CQmposition will be made as the data becomes’aVéilable
from the detaiied‘tensimetric study présently being made.
" The Nonius‘Guinier-Lénné.  : -
High Tempera%ﬁre Camera :
A new NoniusiGuinier-Lenne high temperation -camera has been

aligned'and'a number of preliminary exposures taken. Resolution is

sufficient to distinguish‘ﬁhe fine splitﬁing of the main lines of all

the ordered phases. ,Supefstructure refiections are also> seen ﬁith
longer exposures and the temperatures of phase changes'as'ébserved
with the new camera at a heating rate of leSS'thanA2°/hr agree well
with those determined by the tensimetric method. - ‘

The vacuum system sﬁown iﬁ Figure 11 eﬁablés control of pressures

in the ranges 1 x 107° - 5 x 1073 mm (via the ion guage and Granville

Phillips leak valve) and 1 - 800 mm. (with the Wallace and Tiernan dial

manometer). The system has been pumpéd down to 3 x 1075 torr andrthe"'

" pressure on a 10 mm run did hot apnear to change over a period of

‘fouii&ays.

Ty
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' EXPERIMENTAL PROGRAM FOR CRYSTAL GROWING

OF RARE EARTH OXIDES . o

As aescribed in the last technical prﬁgress reportl experiments
were started.to grow single crystals of various praseodymium oxides.
Further experiments in this direction were carried out, us}ng the plasma-
torch, various salt-me;tsband the hydrothermal method.

The experiments with the plasma-torch showed that with arg5n/oxygen
it ﬁas not possible t5.get a single'crystél of praseodymium oxide, where-
as it was possible to get small single crystals of A-forﬁ Ndz045. WithA
) éfgﬁn/hydrogen it may be possible to obtain Pr>03 in the A-form.

The expefiments with different salt-melts under atmdspheric con-
ditions:gave evidence that only single crygtals of the A-form praseodymium

oxide or compounds of praseodymium with components of the flux would be

2,3,

,syntﬁesized.‘ A series using techniques already develope for groﬁing

single crystals of CeO2 and/o;'ThOQ were carried out to check these methods -
for applicabiiity in growing single crystal éraseod&mia. The results of
these runs are shown in Table I. A heav&'walled‘covered platinum crucible
"3 cm by 10 cm was used as a container. Although the methods worked sat-

' isfactorily'for cerium'dioxide,fpraseodymium in the trivalent state

reacted with components of the flux to form compounds . ,It is conceivable
that if the crystallization could be realized at oxygen activities suf-
ficiently high to assure the préseodymium in the tetrgvalent state, higher
oxide crystals of praseodymium could be grown. | |

Other experiments with the lead fluoride-bismuth oxide and lithium

oxide-tungsten oxide melts showed that the temperature in the first must



L
Mole per cent

Table I.

Rare Earth Oxide Crystal Growth from Salt Melts

Run High ILow Soak = Cooling Comments
No. In0, Biz03 PbFp . Temp Temp Time Rate
: Ce0a ' . : Regular amber colored CeOa cubes
1 Tl 14.8 77.8 © 1250° 900° 15 hrs 5°/hr 2 mm on an edge, fluorite
structure, a = 5.418,
Ce0> crystals which were more
- CeOx : : : irregular than the last. Tend-
2 7.4 14.8 77.8 1235° 890° 15 hrs 5°/hr ency to be in clusters of small
\ interlocking cubes. X-ray dia-
‘ grem the same as run * 1.
ProL .sa Small, transparent yellow par-
) . ° o o ticles, no regular shape, about
5 .4 14.8 7.8 . 1250 895° 15 hrs 5°/nr .05 mm across, principle phase
fluorite.
Pro , Similar yellow particles rather
P XL S 2O o ° spherical in shape, fluorite
L 13.8 15.8 ‘72.h 1250 900° 10 hrs /h; phase a = 5.417, weak unknown
) ‘ second phase.
Pro; .83 ‘ Yellow material, similar in size
5 24,2 12.1 63.6 1200° 910° ‘12 hrs 5°/hr and color.
Pro; .gg NN | o
6 2h,2 12.1 63.6 1115° © 890° L hrs 5°/hr Glassy, yellow fragments.

88



" (Cont.)

Iow. Sosk Cooling
Temp  Time Rate

Comments

Table I.
¢ . . R l R
Run o _Mole per cent High
No. InO, ' Lo Temp
CeOx LTi0H-H:0  HgBOs  MoOg
7 4.7 . 3T.b4 38.8  19.2 1270°
Proi.as ' ' ‘ :
8 - 14,6 33.5 b7 17.2 1330°
. - . ‘ \-
Pr0; aa W04
9 28.4 23.5 - 148.2 1320°
PrO; g3 FPbFa ' . PoO.
10 . 20.8 26.4 26.4  26.4 1295°
o Pr0; a3 o ' _
1 20.0 41,6 --. . 38.h 1275°

900° 10 hrs 5°/h;
1050° 15 hrs 3°/hr

1065° 15 hrs 3%/nr

1045° 17 hrs- 3°/hr

1050° 18.5 hrs' 5°/hr

White transparent crystals
octagonal in form,
fluorite a = 5.412,

Very green, transparent needles
about 3 mm long, extremely com-
plex X-ray pattern.

- More green, transparent material
slightly crystalline in structure

sharp X-ray diagram of great com-
plexity. ‘ ‘

Small, slightly green, trans-
parent material irregularly
shaped, complex X-ray diffrac-
tion pattern of same phase as
in run # 8. .

Small (1 mm) irregularly.shaped,
transparent yellow particles.
Similar in form to those of run
# 4., Strong lines are a fluorite
pattern of smaller parameter than

run # k4,
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be higher than 900° to grow crystals and in the second higher than 1200°.

It was fouhd that in th¢ second melt the rare earth oxide reacted with the
Ligo'yLnOx-zwcé liquid'below.lEOQ? to form an-incongruently.melting com-
pound of Liao-ynnbx-zwo3 with x = 1.5 for praseodymium and x = 2 for cerium.’
In both of the above melts it is only possible to grow the A- Pr203.

A more suitable salt-melt was sought which would permlt the work to
be carrled out at a lower temperature so as to obtain the C-form of the
oxide. A llterature survey5 7 showed that the syctem lead ox1de-b1=muth
oxide might be suitable for growing C-form and also PrO;.gzaz. In an exper- ~
iment with 68 Mol % FbO, 27 Mol % Biz0s and 5 Mol % Pro;. g3 at 850° ‘and a
cooling rate of 3° per nqur for_25 hours, hexagonal shaped crystals ofA
A;Praoa of about 1 mm éize were formed. But at 800°, using the same con-
ditions, no crystals are‘formed, and the X-ray pattern gave evidence for
the A-Prz05. Therefore, it seéms thét Prz03 crystals are forﬁed at
atmqspheric conditions énly at higher.temperétures than 800° and at this
temperature it is only possible to.prepare crystals of the A-form.

" Failure of;experiments with the plasma-torch and salt-melts to pro-
duée Pfgos c;ystals in the cubic habit leave thé hydrothermal method aé
. more likely to yield single crystals of C-Prz0s. Alternatively, salt-
melts under oxygen pressure might be used. - ﬁefy slow oxidation of a
- C-Pro0s crystal at low temperature migh{-: then yield crystals of PrOy with
x>1.5. | | '

The equipment for‘most‘of the high pressure experiments was made in »
this laboratory. O-ring sealed vgsseis of 17-4 PH stainless steel
(chromium-nickel steel) with a tensile.strength of 165,000 psi were'used.
The autoclaves having 1" I.D., 2" 0.D., and a Length betveen 4" and 12"

were operable up to 20,60@ psi with a safety factor of three. For an:



experiment at temperatures higher than'700° the same type of autoclave
was used with a small platinum-wound furnace inside, the outside being

water cooled. The current and thermocouple leads were brought through

1/8" holes in the wall and sealed with evoxy-resin of good tensile strength:

Howéver, this type of seal is unsuitablé at the higher temperatures since
the epoxy reaéts explosively with pressurized oxygen.

All experiments were carried out behind a thick steel wall. The
voltage regulatorAfor the furnace, the poténtiometer for the thermocouple
and the mechanism for opening the valve and tﬁe mechanism.for quenching
the aﬁtoclave were arranged in such a way behind thé'wall that all
experiments could be_carried out in safety. The. pressure gauge could

be read from behind the wall by means of mirrors.

Ekperiments with the System Pro0z-H-0.--The first two hyd;othermél
runs were performéd in a way similar tolﬁhe hydrothermgl crys£al growth
of Alzos and 81028’9 in equipment supplied By'Autoélave Engineers, good
for 50,000 psi; but limited to temperatures below:500°.' The.stérting |
material in the first run was. Pro; .83 and 3N NazCOs. The contents of
the vessel wgre heated at 395° for 60 hours with 22,000 psi, this preséure
. being achieved by using a special pump.lo The second run was carried out
with Pr0;.gs and 1N NaOH at 450° for 60 hours with 40,000 psi. |

In both runs the pfo@uct was found to—be‘ap oxyhydroxide and not an
oxide as was the case for the System‘Siog-HéO and AlgOs-HéO under identical
conditions. The X-ray pattérn,iﬁdicafed in Table II of this praseodymium
oxyhydroxide was very similar to the pattern of NdOOH, formed undér similar

conditions, synthesized by Shafer and Roy.ll
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Table II. X-ray Pattern of PrOOH (form I)

26 d I.
21.0 L.23 20
21.6 4,11 25
27.35 3.26 30
29.6 3.02 50
30.9 2.89 100
32.0 2.80 20
38.1 2.36 5
42.85 2.11 5
k5.6 1.99 25
L8.L4 1.88 30
51.0 1.79 20

This experiment showed that it would be advantageous to first establish
‘the phase diagram for the system Prada-HéO before proceeding with more
hydrothermal experiments for growing crystals.

| In most of the runs Pr(OH)s; was used and was prepared under argon :
to avoid the'formation of the'éérbonate. The hydroxide was placed in a
Platinum crucible and lightly closed. After putting the crucible in the
autqcléve, the vessel was filled with water to about 70-85% of its volume,
closed and then heated. To avoid rehydration after the run, the samples
were both pfessure and temperature quenched by opening the valve of the
hot bomb to the atmosphere and allowing the water to escape quickly as
vapor. The‘vessel was then cooled rapidly by immersing it in cold water.
The éucceés of this method depends on the fact thatAthe hydrates do not
decompose rapidly af temperatu;es near their equilibrium dehydration
temperature in the gbsepce of Wate;.‘ The products were examined by powder
X-ray diffraction and spectral observation between 25,000 & and 3500 8.

Table III summarizes the runs made.



R e DI R S I
MM

B s s aie e e f g e

95

Table III. Data for the System Prs03-Hx0
: ) , , N
Temp[°C] Pressure[psi] Time[hr] Initial condition After run

300 8000 ' 18 Pr(OH)s-gel Pr(OH)s

350 5000 25 . A-Prz03 Pr(0H)3

395 22000 60 Pr0;.gas PrOOH (form 1)

k50 koooo - 60 Pr0;.gas ProCH .

500 Looo 25 Pr(OH)a ' PrOOH

650 - 6000 15 A-Prs03 PrOOH

680 7000 1ko Pr(OH)a ' Oxyhydroxide (form 2)

750 - 8000 10 Pr(OH)a-gel blow up i

The above data would suggest the following phase diagrain:



The results of these few experiments in the system Prads-Héd gave evidence
that anly at temperatures higher than 700° will it be possible to use the
h&drbthermal method for growing single cryétals of C-type Prepg. Below
this temperature the oxides Prz0s-HpO and Pro0ze3Hz0 are.formed. The
suggested range for synthesizing C-Prz0Oa is about 750°-800° .and 5000 to
10,000 psi;‘ The present equip;ent is inadequate and new equipment is
necgssafy at ﬁhese highervtemperatures, since the tensile sfrength of the
.externally heated vessel is not high enough as éan be seen ffom the last
experiment. of Table III. _

In.an"exﬁériment with Nd(OH)a-Ha—O a£ .680° and TOOO psi single.
crystals, very thin needles of about 2 mm, were formed within 85 hours.
But in an experiment with Pr(OH)a-H-0 under the same conditions only
oxyhydroxide was formed. AThé X?ra& pattern was different from the pattern
of PrOOH, synthesized at léwervtemperatufes;A It seems that shortly before
i the transition from PrOOH‘to'the C-Prgog a high temperature form of
Prs0g-1Ho0 or a less hydrated oxide, as for example Pro0s-1/2Hs0, is
formed. .Thé X;ra& pattérn is recorded in Table &V. | K

Table IV. X-ray Pattern of Praseodymium Oxyhydrate (form II).

26 a I
15.85 5.59 10
17.8 4,98 - 0.5
27.0 3.30 1.5
27.55 3.24 6
28.45 3.1k 1.5

- 31.2 2.86. 0.5
32.%45 2.76 -2
39.3 2.29 . 0.5
Lo.o5 2.25 2
ko.7 2.12 1

48.8 1.86 2.5
49.3 1.85 2
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The phase dlagrams of Nd203-H20 and Sms03-H-0 deduced by Shafer and Roy9 '
found the transition of SmOOH to C-Smx0g to accur at about 600° and NAOOH
to C-Ndo05 at abeut 650° at a pressure of TO00 psi.A The transition from,
the hydrated to the unhydrated Pr;0z by comparison, assuming a uniform
gradation in properties,.should occur at about TO0°.

Investigation of the Reversibility of RoQs Transformations.--Shafer .

- and Royl; found during their hydrethermal ekﬁeriments that‘B-Smabs trans-
forms to C-Sms04 at 750°, 5000 psi.in a 18 hour run, .A-Nds04 transforms
to B-Ndz0g at 1008°, 400U psi in 42 hours and B-Ndp0s transforms to C-NdsOs |
at 85o°',' 5000 psi in 18 hours. )

A few experiments were carried out with Nd,05 and Pro05 to investi-
gate this transition and to investigate the pessibility of obtaining the
C-Prz0s from A-Prz0s. |

Starting material  After run Temp[°C] Pressure[psi] Time[hr]

A-Pro0s PrOoOH 650° 6000 15
A-Pr-0s malnly Pr(OH)s . 650° 6000 L.
PrOOH Pr(OH);  300° 5000 20
A-Nd-04 mainly NAOOH 650° 7000 ' 7

These experiments showed that/A-Prgosidid_not convert directly to C-Prz0s
under the conditions of these experiments. The following mechanism is
proposed for obtaining C-Prz0s from A-PrsOg: _ |

A-Prao;'3 —4 Prgoa- 3}120 - Pr203-1H20'—» [Pr203-1/2H20('?)j ~ c-Prgbs B
The llmlting factor in this sequence: of events 1s that the temperature of
the flnal step must be about 750°. ThlS was not poss1ble with the present
equipme;t. "

Attempts to Prepare a Higher Oxidation State of Praseodymlum --In '

1925 the f1r=t report of a praseodymium(V) compound was published by

‘Prandtl et al., but this work has not been repeated.and up to this time



no compound with praseodymium-in the (V) state is confirmed. Some ¢xperi-'
ments in this direction were carried out using oxygen, even though experi-

ments with fluorine, carried out by a group in Los Alamos13

were not successful.

Fluorite-type PrO, might take up oxygen interstitially iﬁ.a vay similar
to U021 5. If such a compound could be formed, it WOuld'probably be stable
only at low‘temperatures. An -oxidizing salt-melt of LiClO4-AgCIQ3‘Vas
chosen_for this experiment at a temperature of 270°, since'decompositioﬁ
temﬁeratﬁre.of AgCl0g is 270°. At this temperature atomic oxygen is
formed which is in close contacf with PrOz in the melt. With LiCiongMmog
the.éxperiment could be ca:riedvout at.2h0°, which is the decomposifibﬁ’ -
temperature for KMnO4. The experiments were carried out in an autoclave
with l0,000/psi oxygén préssure-

After temperaturg quenching, the autoclave waé opened and-a spectrum
of the melt taken. But even with reflecting spectroscopy no ;ines were
found in the UV-region, as would be expécted (similar to La203) for com-
pouﬁds having QO‘f-electrons.

"It was also thought possible to produce a higher oxide of praseo-
dymium in the follow1ng manner :

1. to produce the ‘peroxide Prog, where the praeeodymlum is in the

three-state

2. to oxidize this peroxide at low temperature to Pr0s.s with

praseodymium in the four-etate as 1is possible with PrOy.g

.3;u to change the bonding by pressure and get Prs0g5 in th1< way

with praseodymlum.ln the (V) state.
The preparation of-the praseodymium peroxide has been-reportéd by
Makarov andeoboleva.lh They prec1p1tated PrOOH(OH)z from Pr(NOs)a- Héoa-

solutlon with NHz and dehydrated the peroxynydroAlde with PaOs under vacuun.



Biéi and Clerici15 preéipitated Pr(Cl0z)s fiom Pr(NOz)a-solution with
NaClOz'in alcohol .and decomposed the praseodymium‘chiofite to the stable
.préseodymium peroxide. |

- Tﬁe éeroxide used in this experiment was prepared as described by_
Magarov-and Soboleva. The firit oxydation experimént at 80° and 7000 psi
'ox&gen préssure for 2 déys showed no reaction. Even at 120° and 10,000
psiioxygen pfessure for seveial days no oxidation‘was observed. At 160°
and 10,000 psi oxygen the peroxide PrOp was decompoéed and the normal
oxide PrOz was formed.’ No further attempts to produce praseodymium(V) -

oxides were tried. -
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