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ABSTRACT

The usefulness of the rare earth oxides as model systems
for studies which lnclude material transport is pointed out.
The results so far obtained in kinetics studies of these
systems are sketched and the whole placed agalnst the emerging

understanding of nonmetallic solids having extended defects.

INTRODUCTION

Whatever may be said of present understanding of materilal

transport mechanisms in oxides with low concentrations of

defects, (and this has recently been reviewed by Birchenall (1))

(1) C. E. Birchenall in "Mass Transport in Oxides," J. B,

Wachtman, Jr. and A, D. Franklin, Eds., N.B.S. Special
Publication, 296 (1968) p. 119.

ocne must admit that next to nothing 1s known of these processes

in oxides having extended defects. The beginnings of a founda-

tion are bteing laid for such an understanding in several systems.

D[%TPH‘\'TLU\' QF THIS DOCUMENT 1S UNLI&H?
. AWDU 4 %



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



_Theiresults‘On the rare-earth oxides are to .be summarizéd.ygry~
~sbriefly ﬁen§1‘ R | B | |

“Theneﬁts-huchfto recommend the raré earth.oxideSFasAthe
‘cholce forwsuch-comprehenS1ve studies; The higherféxidea.of
fqeriﬁm;?pfaseodymium~and'terbium, éspéciallyApraseodymium;
exhibit'complicated phase relationships7ihcluding ordered
1ntéfmed1ate compounds belonging‘fo an homologous series héving
the.formula'R,Obn_; (n =4, 7, 9, 10, 11, 12 and = for Pr) each
'ofbﬁhich:hasfa small buﬁ;méasureable‘range of compoSition."
In addition there are; in the praseodymlium oxide system, two
genuinely non-stoichiometric regions of widé compositipn rangefl
_sépérated by a narrow miscibility gap;(g) The structures df'
éll these are related to fluorite and bixbyite.(3) There

(2) B. G;,Hyde,;D. J. M. Bevan and L. Eyring, Trans. Roy. sac.,.
London, Ser. A No 1106, 259, 583. (1966).

(3) J. 0. Sawyer, B. G. Hyde and L. Eyring, Bull. Soc. Chim. Fr.,
1190 (1965).

exists aléo polymorphism in certain of the~11ne phases. Further-
more the praseodymium oxide system and certain regions of the
terbium oxide system can be studied at'temperatures and oXygen
pressures where unusual furnace and crucible materials and -gas-
buffer syétems}with their contamination possibiliﬁies are not -
required. Add to this the feasibility of subtle modifications

of the system by the admixture of the chemically and structurally



. related other fare'earths,and actinide elements .and one sees .
_ the pjpaicticany unlixﬁited'pbssibilifies of obtaining |
experimentallinformatibh necessary for a comprehénsive_undér;
standing Qf«éolid oxides. The acﬁinide élement’bxidesiare
analogous in a limited way yielding a set 6f-oxides with
‘related structures ehcomp@ﬁsing‘naarly one third‘of the known
élemenfs, | | ‘

Startling advances.into :understanding.grossly defectiye
specimens have recently resulted from observations using the
high resolution electronAmicroscope. It 1s now clear that .
4n ‘the quenched samples which have been studied concentrations
of random point defects are not high. It is likely that, the
same 1s true at moderately high temperatures as well. Grossly
defective material restructures 1itself to economize on free
energy and new structural'features appear., The most studied so
far are those oxides adjusting to.oxygen deflciency by under-
going crystallographic shear in oné dimension or forming block
structure wilth crystalldgraphic shear in two dimensions. In
addition there are compounds where the clustering of defects
occurs, such as in the Wistite phase; FeO,.,. As more 1is 1earned,
bther types of structural defects will appear and more sultable
classifiéations w1lll be made. | '

The premonitory effects of melting and hybrid crystal



formation descrived by Ubbelohde (4), microheterogeneity dis-

R T I AL S T I R )

(4) A. R. Ubbelohde, J. Chim. Phys., 62, 33 (1966).

discussed by Ariya (5), microdomains discussed by J. S;rﬁndérson<(§)
-and microdomalins:and pseudo-phase formatioﬁ discussed by
Hyde<etAa1, (g),‘are less direct manifestations of extended

defects. It has Dbecome clear that the extension

(5) S. M. Ariya and Yu. G. Popov, J. Gen. Chem., Moscow, 32, .
2077, (1962). '
(6) J. S. Anderson, Proc. Chem. Soc., 166 (1964).

of the treatment of materials with polnt defects to those with

extended defects simply taking into account pairwise interactions

will not suffice. Rathef, new theories based on the new structuralg

- thermodynamic and kinetic information must be devised and developed..
Studies'of the kinetics of oxygen transport and phase.

-reactions have beén begun on the sesquioxides and other phases

of narrow composition range for their own intrinsic interest

- and as a foundation for studies of nonstoichiometric and other

non—ciaséically'behaving substances. It shall be the intent of

‘this paper to sketch briefly what has been learned in recent

years of the rate of oxygen transport and phase reactions in

the rare earth oxides and to place this information against the-

larger study of the chemistry of materials having extended defects,



ﬂfSUMMARYﬁof'RECENT“TﬁANSPORT'STUDIES
ZSome~9f-the-moreTimpértanﬁwparameters deséribiné*the“'
transpdrf{beha#idf of rare earth oxides together.with'refeféﬁces:
to thé briginal experiments are given in Tables I and II.‘ L
: vHétérbgeneous~reactions.ﬁave<been studied and the reaction -
mechanism-suggested by-analysis of the rate of reaction. In-these
studies a model 1s_assumed and the mathematical consequences
“determined. A satisfactory fit between the data and the

calculated behavior suggests a plauéible model.

Phase-boundary'controlled reactions.--If the sample consists

of spheres whose reaction rate is controlled by a phase boundary
retreating into the sphere at a uniform rate a plot of the cube.~'
root of the unreacted remainder against time will bé a straight
1ine. ‘In such a reaction nucleation of the new phase nust be
rapid'over the entire surface ylelding a spherical phase boundary.
"Excellent agfeement'between this model and the reduction rate of
Pr0,, Pro, ., and the oxidation rate of Pr0;,es has been observed
(Table I).(7, 8) ‘ .

Diffusion controlled reactions.-~A'diffusion mechanism including

phase boundary movement has been proposed (9) for the oxidation

(7) U. E. Kuntz and L. Eyring, "Kinetics of High Temperature
Processes," V. D..Kingery, Ed., John Wiley and‘S6ns, Inc.,
New York, (1965) p. SO. ’

(8) B. G, Hyde, E. E, Garver, U. E. Kuntz and L. Eyring,
J. Phys. Chem., 69, 1667 (1965).




"~ (9) “M;“F.“Béfard,QC.;D.‘w1rku§;*énde. R. .Wilder, J. ‘Am.:
Ceram, Soﬁﬁ; 51, 643 (1968).

of SubStéidhiomeiric:rafe:earth sésquioxideéalthough.réther'
than the*phase boundary formation itself being rate COntroliing-

" 1t 1s chemical diffusion through the reaction product. If on

the other hand the rate controlling step is simply diffusion

into the spheré along a radial concentration gradient a plot -

of ‘the 1§gari£ﬁm of’ the amount of unreacted“sample'against time .
gilves a curve which falls off rapidly at first while a uniform
ugradient is being established then becomés linear.  Such a -
mechaniSm apparently obtains in the reduction of Pr0;,-,:1.” In the
 case of the reduction of Tb0i,s2 and TbO;,»3 only the linear
behavior .at longer times is observed, (Table T).(7) Tha-chemical
diffusion coefficient may be calculated from these experiments
1f one knows the radius of the particles being studied. .In a
few cases the rate of oxidation of the solid (10) or liquid (11)
rare earth metals have ylelded chemical diffﬁsion information

from the Wagner equation.

(10) H. J. Borchardt, J. Inorg. Nucl. Chem., 26, 711 (1964).
(11) J. Brett and L. Seigle, J. Less-Common Metals, 10, 22 (1966).

Self diffusion studiles.--More recently studles of self-diffusion



of. oxygen in rare earth -oxides has been undertaken (Table II)

;employing heterogeneous 1sotope exchance (12 13)

(lé) 7G ~D; Stone, G. R..Weber<andAL.,Eyring; “Mass;Transport.iny’
fOxides," J. B Wachtman, Jr., and A.-D. Franklin,_Eds.,
~~N“B S, “Special -Publdcation- 296 (1968) p. 179.

(13)  G. R. Weber and L. Eyring,lProceedings, Internatlonal
- Colloquy of the C,N.R.S. on the‘Rare.Earth_E;ements, Paris--

Grenoble, May 5-10, 1969, in press.

The results are treated to yield surface and diffusion parameters,
A sectioning technique was used to obtain diffusion

and surface parameters for calcia stabilized zirconia.(14)

(14) L. A, Simpson and R, E, Carter, J, Am. Ceram,”Soc., 49,
139 (1966).

‘These results are included in Table IT for comparison with

the data from the rare earth oxides.

DISCUSSION '

The superficial.results of therekperiments performed 80
far confirm fhat oxygen diffusion is relatively rapid being only-
one or two orders of magnitude smaller than in calcia'stabilized
zirconia. This is to be contrasted with the cation diffusion
which is negligible at the temperatures of these experiments°

The absence of a pressure dependance of the self-diffusion

rate in the sesquioxides was surprising and the unusual pressure



.dependance of :self-diffusion for the Pn7013+5 may ultimately be
understood 1n terms of a complex diffusion mechanism.

It comes as no surprise that results obtained from
chemical and self—difrusion measurements are not the same. Ata'
present-there~are insufficlent data‘to make=any attempt at
correlation meaningful, “ |

| Although all the data are for compounds which are said
to beilineaphases they all have a measureable range or,compo-
sition hence their behavior must be considered in terms of
: complex‘defeet interaction.and arefthereforentne5foundation
for studies of grossly nonstoichiometric oXides; When rationalized.
‘in“these terms ‘they shall make their peculiar contribution to
full understanding.

;The'mechanism of formation of transition metal oxides and
oxide'fluorides which have'regularly spaced crystallographic-
shear planes as strnctural featUres have réceivéa some attention.

B. G. Hyde (15) discusses three mechanisms in the light of recent

(15) B. G. Hyde and L. A. Bursill "Chemistry of Extended
Defects in Non-Metallic Sol‘ds,“ L. Eyring and M 0'Keeffe,

'Eds.,,North;Holland, Amsterdam, 1969, in press. -

high resolution electron microscopic studies on the NbO,F,V,0,
MoOs and T10, systems. It 1s apparent from these studies that
“the nucleation of partial dislocation loops 1is well advanced

at very low levels of nonstolchiometry and that these loops grow



longitudinally as they serve as -a sink for the low concentration-
ofirandomvvacancies-formed'in the host lattice as oxygen-is
. removed. -However, this mechanism, proposed by Anderson and

‘Hyde, (16, 17) cannot provide for the lateral motion of the planesk

- (18) "J. S. Anderson and B. G. Hyde, Bull. Soc. Chim. Fr., 1215 (1965).
(17) J S. Anderson and B. G, Hyde, J. Phys. Chem. Solids, 28,
1793 (1967)

of crystallographic shear needed to secure their order in the
final structures. " In at least one case this mechanism is seen
to operate in conJunction with a cooperative mechanism of cation
diffusion by which an entire shear plane may move laterally
(perhaps by means of steps or screw dislocations) as had been
proposed by Andersson and.Wadsley.(gg) -

e

(18) .S. Andersson and A. D. Wadsley, Nature, 211, 581 (1966).

O0'Keeffe (lg) has recently.reviewedithe problemsrassociated
with'atteMpting a mechanistic description of diffusion or phase

reaction in materials having extended ‘defects. Some simple

(19) M. O'Keeffe, "Chemistry of Extended Defects in Non-Metallic
Solids," L. Eyring and M., O'Keeffe, Eds., North-Holland,

Amsterdam, 1969, in press.
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"models are discqssed-including diffﬁsion of:vacancles with .
nearést‘neighborsrepulsion;oﬁAa‘single chicliattiée.i.The
fldorite;relatediqxidgs_apergivegtagian'exgmple.- | |
-TheAconséquences of the simple cubié freatmeﬁt is that the
conductiyity“is,drastica11y~redu¢ed wheh'certaih_restﬁictiqﬁs,pﬁ
vacancy envirohments_are taken into account.” .In the case of
no nearest neighbors, a maximum cohductivitynis reached at a
concentration of vacancies' of 0.10 (compared to 0.50 for -
réhdom'ﬁacancies; or cofrésponding higherAvaiués at higher
temperatures). | | | o S o |
0'Keeffe observes that in Zr;_,Ca,0,., the conductivity
goes through a maximum'ét X = O.12 at 1000°C and at higher x at -
higher .temperatures. The activation energy for conductivity

also 1ncreaséslwith x;(gg) -Aiso~discﬁsséd are Some brbblems

(20) R. E, Carter and W. L. Roth, in "ElectrqmotiVe.Force
~ Measurements in High Temperature Systems," C. B. Alcock, Ed.,.

, AmericanAElsevier,'New_York.

in the interpretation of atcm transport measuréments in Wistite
'ﬁhere the'exﬁended défects are known to be clusters of rather
large size.-

Of course the nonstoichiometric~rare earth oxides. are not
shear structures or clusters of the type discussed above.
The structural feature which has been proposed to account for

the homologous series and range of composition 1s a string of
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oxygen'vacaugiesgin characteris@ic*crystaliographic directions.

(21,:22) The detalled mechanism of the formation of this

(21) "B: G. Hyde-and L. Eyring, "Rare.Earfh‘Research III,"

L. Eyring;'Ed.,-Gordonzahd‘Breach,iNew York, (1965) p.. 623,

 {(22) B. G. Hyde,. D. 'J. M. Bevan and L. Eyring, "International
AConference on Electron Diffraction and Crystal Defects,~m
~Me1bourne, II C- (1965),, ublished and-distributed. for

the Australian Academy of Science by Pergamon Press (1966)

structural feature or the movement of oxygen in structures
'containing 1t have not yet been seriously proposed.

It is clear that a satisfactory atomic mechanism of
diffusion in such materials as the.rare earth oxides must
take into account the nature of the defects and’ especially
their interaction. _These.may or may not correlate with the
structural entity considered as the extended defect but the
final results mustfbe'consistant'with'the structural ‘and
thermodynamic properties. : |
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. TABLE I HETEROGENEOUS REACTIONS -

Reaction "Rate

Activation Temperature

' Oxvgen . - Dg

Controlling Energ Range . ' -Pressure (cma/sec lOOOOKg
‘Mechanism (keal L X 1 0%) x 10*°
Pr0z. 00 (2 Phase Boundary 50 289-347 - vac 8
PrO:, ea gbi oo L 26.9 265-305 1 atm. 8
PrOi,7s (¢ " " 49.6 407-493 vac 7
PrOy.71 (d Diffusion. 42 700-970 vac 7
#Tb01, a2 %e% "o . 41,5 383-471 “vac 7
¥TbOy,»1 (T " ~ 40 570-643 vac 7
Scz03 (g) Diffusion with a L o : : N -
moving boundary 38.30 1106-1298 air S 7.72 2.27. 9
Y:0s (g) ‘ . 19.58 1064-1241 air . . 0,0606 27.6 9
DyaO: (g " oo 26.24 1087-1235 air - 0.163 5.27 9
Hoz03 (g " " 40, 53 :1050-1274 air - °71.8 8.26 9
Erz0: (g " " 30.12- . 1060-1292 ‘eir - 1,31 0.958 9
Tmz0a (g " " 45,56 1015-1235 zir 114." 1.97 - 9
Luz0a (g ' " 29.76 1020-1297 gir 1,88 1.58 9
Y20a ghg Metal Tarnishing 44,50 900-1400 air 14.3v 0.37 10
Rz 0s. (h " w ' - o S \ ~1oo(1eoo°c) 11

¥Behavior deviates from diffusion—like mechanism in the early stages of reaction'

(modified diffusion behavior)

Qoo

PrOz,00 =* PrOy,ga + O. 085 Oz
PTO1 gs T O, 085 Oa2 - PrOs oo -
Pr01 7g: ™ PI'Ol‘ »y *+. 0, 005 Oz '
PrOi,vi - PrOi,so + 0.105 03 -

. Tb01 8a '_"Tb01 1 + O 055 O3z
TbO]_ ‘50 -+ O 105 Oa

e

£f) TbOy,7:
g-.R01505+§.
h) R+3/2oa-R%lso,

=.RO

1.50

A



TABLE II

Oxygen Self-diffusion

“Activation

‘Temperature 1 D, } : Ref;
Ener - Range (cm®/sec) ‘(lOOOOK)
(kcal - 2 '
Zro,858C80, 14201 gsd 31.20 781-1097. . 1. 8x10 8.1 x10°° 14
Nd2Oa (99. 999?? 155 21 700-1000 1.3x10°¢ 7.7 x10_}% 12
Sm03 (95.9%) (b) 23.5 700-950 9.2x1c”? 8.96x10_'° = 12
Stmg O3 99.998%; () 21.3 700-1000 6.0x1C. 1.39x10_7 12
Er, 0, (99.999% : - . ~10 12
©-Pr, 013 (low temp) (c) 8.21 725-930 o x107°  3.58x107° 13
2-Pry 012 high temp) 19,05 725-930 2, 9x10 - 1.65x10°° 13
(a) Very small oxygen pfeSsure'dependénce.
(v) Virtually no oxygen pressure. dependence.A
(¢) D=1.6 x 10 'exp (-27 OOO/RT)fII.' f equals the atom fraction of excess oxygen.
(d) D= 1.3 x 10”2 exp (-21, OOO/RT)fI L | ' |
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