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The existence of multisubstituted pyrochlores has been
Solid solutions between several lanthanide-containing ditita- well established, and there are many examples of such

nate and dizirconate compounds have been synthesized and lanthanide-containing compounds in the literature (3–5).
identified using X-ray diffraction (XRD). Complete solubil- The formation of pyrochlore solid solutions between
ity was found in the pyrochlore–pyrochlore-type systems Ln2Ti2O7 and Ln92Ti2O7 has been investigated and solid
Er2Ti2O7–Nd2Zr2O7 and Nd1.2Er0.8Ti2O7–Nd2Zr2O7 . Some solu- solubility limits of several Ln2Ti2O7 in Ln92Ti2O7 have been
bility of Nd2Ti2O7 , a monoclinic dititanate, in defect fluorite established (4, 5); however, few solid solutions between
Er2Zr2O7 was observed, and it was determined that there is

pyrochlore-type titanates and zirconates have been investi-some solubility of Nd2Ti2O7 in pyrochlore-type Nd2Zr2O7 . The
gated. One example is the system Gd2Ti2O7–Gd2Zr2O7 ,systems Nd2Zr2O7 –TiO2 and Nd2Ti2O7–ZrO2 also were investi-
which shows complete miscibility between the two pyro-gated to help define a region of pyrochlore solid solution forma-
chlores (6). A series of solid solutions Y2(ZrnTi1–n )2O7 wastion in the system NdO1.5-TiO2-ZrO2. Additionally, attempts
reported in which the structure changed from pyrochlorewere made to synthesize pyrochlore-type solid solutions be-

tween Ce2Ti2O7 and Ce2Zr2O7 and to substitute titanium with type to defect fluorite with increasing zirconium content
zirconium in the perovskite-type phases SrNd2Ti4O12 and (7); however, small amounts of a fluorite-like phase, in-
Sr2Ce2Ti5O16.  1996 Academic Press creasing with zirconium content, were present along with

the solid solution at all compositions (7), indicating that
the compositions assigned to the solid solutions were

INTRODUCTION not correct.
There are few known lanthanide-bearing titanates that

The symmetry of the lanthanide dititanates changes as
exhibit the perovskite structure. Solid solution for-

a function of the atomic number of the lanthanide element.
mation between Ln2Ti3O9–3m (Ln 5 La–Nd, m , 0.25)

The lanthanide dititanates (Ln2Ti2O7) from lanthanum to
and the cubic perovskite SrTiO3 has been examined (8).

neodymium are monoclinic (1), whereas the dititanates
The resulting solid solutions have the composition

from samarium to lutetium (Ln92Ti2O7) exhibit a cubic py-
Sr4–xLn2x/3Ti4O12 (0 # x # 4), where the lanthanide ion is

rochlore-type structure (2). Similarly, the lanthanide dizir-
trivalent. Another series of perovskite-type solid solutions

conates do not all exhibit the same crystal structure. From
studied is that of Sr6–12xCe6xTi5O16 (0.08 # x # 0.43),

lanthanum to gadolinium, they adopt a cubic pyrochlore-
where cerium is tetravalent (9). There are also a few known

type structure (2). The remaining lanthanide dizirconates,
mixed titanium–zirconium compounds or solid solu-

which have radius ratios too small for pyrochlore forma-
tions which exhibit perovskite-type structures, although

tion, exhibit a defect fluorite structure (2). In both systems
in the sodium-containing system Na0.5La0.5Ti1–xZrxO3the formation of pyrochlore structures requires radius ra-
(Na2La2Ti4–yZryO12, y 5 4x), perovskite-type solid solu-

tios 1.46 # rLn*/rTi or Zr # 1.78, where rLn* and rTi or Zr are
tions reportedly form at all compositions (10).

the ionic radii of, respectively, any lanthanide, titanium,
The lanthanide-containing pyrochlore and perovskite

and zirconium.
solid solutions have interesting dielectric properties
(11) and are also potential hosts for immobilizing nuclear1 Adapted from a dissertation submitted by S. S. Shoup in partial
waste. Zirconium-containing minerals, such as tetragonalfulfillment of the requirements for the Ph.D. degree in Chemistry from

the Department of Chemistry, University of Tennessee, Knoxville. zircon (ZrSiO4) (12), monoclinic zirconolite (CaZrTi2O7)
2 The U.S. Government’s right to retain a nonexclusive royalty-free (13–17), and synthetics such as La2Zr2O7 (18), are being

license in and to the copyright covering this paper, for governmental explored as possible matrices for radionuclides from spent
purposes, is acknowledged.

nuclear fuel, medical and research waste, waste generated3 To whom correspondence should be addressed.
by the weapons program, and the dismantling of nuclear4 Science Alliance Summer Research Participant, University of Tennes-

see, Martin, TN. weapons. Zircon is found in nature immobilizing uranium
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and thorium (19). Zirconolite is one of the minerals present The mixtures, in the form of pellets, were placed in
Al2O3 or Pt boats for all or at least the final heat treatments.in SYNROC (13, 14), a synthetic ceramic also containing

perovskite (CaTiO3) and hollandite (BaAl2Ti6O16) that The cerium-containing mixtures were reacted in Ar or
Ar–4% H2 between 1200 and 14508C, whereas the otherseeks to mimic minerals which, like zircon, are geologically

stable and have retained naturally occurring radioactive lanthanide-bearing mixtures were reacted in air between
1350 and 15008C. The weight changes associated with allelements for millions of years. La2Zr2O7 exhibits the pyro-

chlore-type structure which is also potentially suitable for the thermal treatments were recorded and rationalized.
Reaction times varied from 30 to 325 h with as many as siximmobilizing nuclear waste (20). An advantage of these

compounds and minerals is that they can accommodate regrindings between firings until no changes in composition
were seen by XRD. The cerium-containing compoundsmany elements, covering a wide range of ionic sizes and

valences, in their structures by substitution. This is an im- were allowed to cool slowly to room temperature, typically
overnight, under the atmosphere in which they had beenportant consideration for immobilizing the many elements

present in high-level radioactive waste. reacted, Ar or Ar–4% H2 , whereas the other lanthanide-
bearing compounds were cooled rapidly in air.The first step in establishing the possible utility of these

types of compounds and solid solutions as possible waste It was noted that the point at which no more changes
were detected was harder to achieve in the mixed titanium–hosts for actinides is to define the existence and the limits

of solid solution. Since, based on the corresponding ionic zirconium systems than in the titanium-only systems (4, 5,
8, 9).radii and electronic structures, it is accepted that

lanthanide elements can be used as surrogates for actinides, Resultant compounds and solid solutions were identified
and characterized by XRD. The fine-grained (1–5 em)lanthanide elements are used here in that capacity. The

lack of information pertaining to zirconotitanate systems nature of the reaction products was not conducive to the
use of electron microprobe analysis to quantify the compo-motivated our interest, but because of the multiple struc-

tures they exhibit, only a few representative systems sition of the various phases. XRD data were collected using
a diffractometer (Bragg–Brentano) equipped with a theta-are studied here. The systems Er2Ti2O7–Nd2Zr2O7 and

Nd1.2Er0.8Ti2O7–Nd2Zr2O7 were chosen for studying pyro- compensating incident beam divergence slit and a graphite
(002) diffracted beam monochromator. CuKa1 radiationchlore–pyrochlore-type solid solutions containing titanium

and zirconium. As an example of phase relations between was utilized, and the scan rate was 1.28/min. The samples
were thinly coated on ‘‘zero-background’’ silicon substrateother structures in the system, the solubility of monoclinic

Nd2Ti2O7 in defect fluorite Er2Zr2O7 and the solubility plates and were approximately 30 mg in mass. Silicon pow-
der (a0 5 0.53406 nm) was used as an external standardof monoclinic Ce2Ti2O7 and Nd2Ti2O7 in pyrochlore-type

dizirconates containing the same lanthanide were also ex- to periodically calibrate the diffractometer.
Pattern-processing software (Jade, Materials Data Inc.,amined. The systems Nd2Zr2O7–TiO2 and Nd2Ti2O7–ZrO2

were examined to determine the extent of pyrochlore- Livermore, CA, 1994) was used to strip Ka2 and locate
peaks in the XRD data. A least-squares program,type solid solution formation and to help define a region

of solid solubility in the NdO1.5–TiO2–ZrO2 ternary LATTICE (21), was used to calculate lattice parameters.
system. The possibility of replacing some of the titanium
with zirconium in the perovskite-type compounds
SrNd2Ti4O12(Sr4–xNd2x/3Ti4O12 , x 5 3.0) and Sr2Ce2Ti5O16 RESULTS AND DISCUSSION
(Sr6–12xCe6xTi5O16 , x 5 0.333) was also explored.

Pyrochlore-Type Solid Solutions in the Systems
Er2Ti2O7-Nd2Zr2O7 and Nd1.2Er0.8Ti2O7-Nd2Zr2O7EXPERIMENTAL PROCEDURES

In the system Er2Ti2O7–Nd2Zr2O7, where both end-
Starting mixtures were prepared by dry grinding to- member compounds exhibit cubic pyrochlore-type struc-

gether the required amounts of the corresponding oxides tures, cubic pyrochlore-type solid solutions (Nd2–xErx )
(CeO2 , Nd2O3 , Er2O3 , TiO2 , ZrO2 ) and SrCO3 when ap- (TixZr2–x )O7 (0 # x # 2) formed at any value of x. The for-
propriate. These reactants were at least 99% pure except mula unit volume5 (Z 5 8) varied linearly with composition
for Nd2O3 , which was labeled 95% pure with respect to (Fig. 1).
the lanthanide element. The Nd2O3 was either dried in air The system Nd1.2Er0.8Ti2O7–Nd2Zr2O7 was also exam-
between 900 and 10508C for a minimum of 4 h or used ined for solid solution formation because Nd1.2Er0.8Ti2O7without drying but compensating in mass for its moisture is a neodymium-bearing, pyrochlore-type solid solution on
content. TiN or ZrN was added to the mixture in stoichio- the join between monoclinic Nd2Ti2O7 and pyrochlore-
metric amounts to reduce Ce(IV) to Ce(III) in the presence
of TiO2 (5) and/or ZrO2 , for example,

5 Formula unit volume 5 unit cell volume/Z, where Z 5 number of
formula units in unit cell.2CeO2 1 0.5ZrN 1 1.5ZrO2 R Ce2Zr2O7 1 0.25N2 . [1]
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A two-phase region may already exist at this boundary,
however; we were not able to ascertain this with only XRD
because the diffraction patterns of these fluorite and pyro-
chlore structures overlap considerably. The phase bound-
ary between pyrochlore and monoclinic phases must occur
at greater than 75 mol% Nd2Ti2O7 because no monoclinic
phase was observed at this composition. Previous results
with lanthanide dititanate pyrochlore–monoclinic joins (4,
5) suggest that indeed a two-phase region occurs between
75 and 100 mol% Nd2Ti2O7 .

Pyrochlore-Type Solid Solutions in the
System Nd2Ti2O7-Nd2Zr2O7

Cubic pyrochlore-type solid solutions Nd2Zr2–xTixO7
FIG. 1. Measured formula unit volume of (Nd2–xErx)(TixZr2–x)O7 were found to exist up to x P 0.86 in the system Nd2Ti2O7–

(s) and (Nd2–xErx)(Ti2.5xZr2–2.5x)O7 (d) versus mole percent of
Nd2Zr2O7 . The formula unit volumes (Z 5 8) decreasedNd2Zr2O7 in the initial mixture. The errors for the data points are smaller
linearly from 0 to 43 mole% Nd2Ti2O7 (Fig. 3). At thisthan the height of the symbols.
composition the function changed slope. For greater
Nd2Ti2O7 concentrations, the volume of the solid solution
remained fairly constant and a monoclinic phase, consis-
tent with Nd2Ti2O7 , was detected by XRD in addition totype Er2Ti2O7 (4). Complete miscibility was found in the
the pyrochlore. The deviation from constant formula unitNd1.2Er0.8Ti2O7–Nd2Zr2O7 system, and all of the com-
volume of the saturated pyrochlore very likely reflects thepounds formed were pyrochlores. These solid solutions
effect of overlap of monoclinic and pyrochlore diffractionhave the generalized formula (Nd2–xErx )(Ti2.5xZr2–2.5x)O7
lines. This can affect the precision of the formula unit(0 # x # 0.8). The measured formula unit volume (Z 5 8)
volume determination.of the solid solution increased linearly with increasing mole

Figure 4 summarizes phase equilibria in the systempercentage of the larger Nd2Zr2O7 in the mixture (Fig. 1).
(Nd,Er)2(Ti,Zr)2O7 determined from our results on theThe compositions and volumes measured for preparations
joins: Er2Ti2O7–Nd2Zr2O7 , Nd1.2Er0.8Ti2O7–Nd2Zr2O7 ,in the systems Er2Ti2O7–Nd2Zr2O7 and Nd1.2Er0.8Ti2O7–
Nd2Ti2O7–Er2Zr2O7 , and Nd2Ti2O7–Nd2Zr2O7 . The dot-Nd2Zr2O7 are given in Table 1.
ted lines represent, very approximately, the phase transfor-
mation boundaries (e.g., from defect fluorite to pyro-

Pyrochlore-Type Solid Solution Formation in the chlore). The dashed line represents the beginning of a
System Nd2Ti2O7-Er2Zr2O7 two phase (pyrochlore and monoclinic) region determined

from this work along the Nd2Ti2O7–Nd2Zr2O7 join andThe system Nd2Ti2O7–Er2Zr2O7 is the reciprocal of
from previous work along the Nd2Ti2O7–Er2Ti2O7 join (4).Er2Ti2O7–Nd2Zr2O7 discussed above; however, Nd2Ti2O7
Although a two-phase region between defect fluorite andexhibits monoclinic symmetry, whereas Er2Zr2O7 has a
pyrochlore may exist, it is not shown because sufficientdefect fluorite-type structure to which Z 5 1 was assigned
data are not available.(2). XRD analysis of preparations containing 25 to 75 mol%

Nd2Ti2O7 indicated that they consisted of single-phase
Pyrochlore-Type Solid Solutions in the Reciprocalpyrochlore-type solid solutions. The formula unit volume

Systems Nd2Zr2O7–TiO2 and Nd2Ti2O7-ZrO2(Z 5 8) of the solid solution decreased with increasing
mole percentage of Nd2Ti2O7 . Significant apparent excess Up to approximately 0.56 mol of TiO2 was soluble in
volume is observed (Fig. 2); this can be rationalized on 1 mol of Nd2Zr2O7 (XTiO2

5 0.12),6 forming a cubic pyro-
the basis that two phase transformations, rather than one, chlore-type solid solution. Additional TiO2 , up to approxi-
occur along the Nd2Ti2O7–Er2Zr2O7 join: defect fluorite mately 1.5 mol per Nd2Zr2O7 (XTiO2

5 0.27), was incorpo-
(Er2Zr2O7) R pyrochlore (Er2Zr2O7–Nd2Ti2O7 solid solu- rated into a pyrochlore-type solid solution, but ZrO2 was
tions) R monoclinic (Nd2Ti2O7 ). While the exact composi- exsolved as indicated by XRD data. When 2 mol of TiO2
tions at which these phase transformations occur are not per Nd2Zr2O7 (XTiO2

5 0.33) was reacted, the separation
accurately known, they can be estimated based on the of a ZrO2 solid solution was detected. When 2.5 mol of
XRD data. The transformation from defect fluorite to py- TiO2 per Nd2Zr2O7 was reacted with Nd2Zr2O7 (XTiO2

5
rochlore is estimated to occur around 25 mol% Nd2Ti2O7

because the resulting solid solution is a pyrochlore-type
that has nearly the expected volume based on Vegard’s law. 6 XTiO2

5 nTiO2
/(nTiO2

1 nZrO2
1 nNdO1.5

), where ni is the number of moles.
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TABLE 1
Compositions and Formula Unit Volumes of the Pyrochlore-Type Solid Solutions

Found in the Systems Er2Ti2O7–Nd2Zr2O7 and Nd1.2Er0.8Ti2O7–Nd2Zr2O7

Er2Ti2O7–Nd2Zr2O7

Composition (mol%)
Formula unit volume

Er2Ti2O7 Nd2Zr2O7 (nm3)

0 100 0.1509
25 75 0.1449
37.5 62.5 0.1423
50 50 0.1396
60 40 0.1370
70 30 0.1345
85 15 0.1311

100 0 0.1279

Nd1.2Er0.8Ti2O7–Nd2Zr2O7

Composition (mol%)
Formula unit volume

Nd1.2Er0.8Ti2O7 Nd2Zr2O7 (nm3)

0 100 0.1509
25 75 0.1465
50 50 0.1420
75 25 0.1370
85 15 0.1355
95 5 0.1339

100 0 0.1329

0.38), the system was severely affected, and the XRD data volume (Z 5 8) of the major phases along this join
Nd2Zr2O7–TiO2 is a complex function (Fig. 5). The datafrom the preparation indicated the presence of Nd2Ti2O7 ,

a ZrO2 solid solution, and a pyrochlore-type phase with a can be fitted to a curve which may be interpreted as re-
flecting a continuous change in phases and composition.volume close to that of pure Nd2Zr2O7 . The formula unit
The corresponding XRD data, however, permit us to spec-
ulate that several reactions, represented by linear seg-
ments, take place as the TiO2 increases. Three segments,
A, B, and C, can be distinguished. The slope of the line
for single-phase pyrochlore solid solutions is steep (seg-
ment A). This can be interpreted by means of the equations

Nd2Zr2O7 1 0.24TiO2 R 1.07Nd1.87Ti0.22Zr1.87hh0.03O7 ,

[2]

Nd2Zr2O7 1 0.44TiO2 R 1.13Nd1.78Ti0.39Zr1.78hh0.06O7 .
[3]

In these equations and the subsequent ones below, the
formulas of the products have been normalized to a content
of seven oxygens assigned to the observed cubic pyrochlore
phase. It has also been assumed that the titanium distrib-

FIG. 2. Measured formula unit volume of pyrochlore-type solid solu- utes equally between the neodymium and zirconium sites,
tion between Nd2Ti2O7 and Er2Zr2O7 versus mole percent of Nd2Ti2O7 yielding the exchange
in the initial mixture. The dotted line connects the volume of Er2Zr2O7

with that of Nd2Ti2O7 (j). Approximate phase transformation boundaries Nd31 1 Zr41 5 1.75Ti41 1 0.25hh [4]
are marked with broken vertical lines. The errors for the data points are
smaller than the height of the symbols. in which the location of the vacancy is undetermined.
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FIG. 5. Measured formula unit volume of pyrochlore-type solid solu-
FIG. 3. Measured formula unit volume of Nd2Zr2–xTixO7 versus mole tion between Nd2Zr2O7 and TiO2 versus the number of moles of TiO2

percent of Nd2Ti2O7 in the initial mixture. The diagonal sloped line reacted per mole of Nd2Zr2O7 . The curve reflects possible continuous
connects the volume of Nd2Zr2O7 with that of Nd2Ti2O7 (j). The hori- change in phases and composition. A, B, and C denote three possible
zontal line (filled symbols) indicates saturation of the host matrix with regions of linearity. The errors for the data points are smaller than the
Nd2Ti2O7. The errors for the data points are smaller than the height of height of the symbols.
the symbols.

The appearance of ZrO2 was first detected between 0.56 segment B can be interpreted as shown by
and 0.70 mol of TiO2 and continued up to 1.5 TiO2 . This
is represented by segment B, which has a slope not as steep Nd2Zr2O7 1 0.70TiO2 R
as that for the single-phase pyrochlore. Taking arbitrarily

1.18Nd1.70Ti0.59Zr1.64hh0.08O7 1 0.07ZrO2 , [6]the value of 0.62 mol TiO2 per mole of Nd2Zr2O7 as the
limit above which ZrO2 exsolves,

Nd2Zr2O7 1 1.27TiO2 R

Nd2Zr2O7 1 0.62TiO2 R 1.18Nd1.70Ti1.08Zr1.15hh0.08O7 1 0.64ZrO2 . [7]
1.18Nd1.70Ti0.53Zr1.70hh0.08O7 , [5]

The above equations were derived by assuming that all
the TiO2 is incorporated and only ZrO2 in excess of that
needed to balance the charges is exsolved. This is consistent
with the observation by XRD of the presence of ZrO2

and pyrochlore.
A third linear region (segment C) occurs between

1.5 and 2 mol of TiO2 reacted per mole of Nd2Zr2O7

(XTiO2
5 0.27 and 0.33). In this segment C, the volume of

the solid solution does not change greatly with increasing
TiO2 . This probably reflects the fact that the pyrochlore
phase is saturated with TiO2 .

Several compositions were also investigated in the recip-
rocal system Nd2Ti2O7–ZrO2 . Reaction of Nd2Ti2O7 with
varying amounts of ZrO2 did not result in the formation of
a single-phase compound. Instead, the XRD data indicated
that a cubic pyrochlore-type compound and Nd2Ti2O7

were present.

Phase Relations in the System NdO1.5–TiO2–ZrO2

While the results of synthesis reactions such as those
described for the system NdO1.5–TiO2–ZrO2 in this paperFIG. 4. Summary of the (Nd,Er)2(Ti,Zr)2O7 system. ? ? ?, Very ap-
do not prove that equilibrium has been achieved and noproximate phase transformation boundaries; ---, Two-phase (pyrochlore

and monoclinic) region. reversed reactions were performed in this study, the fact
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solid solution beyond their end-member compositions in
the NdO1.5–TiO2–ZrO2 system. At yet higher TiO2 con-
tents, two orthorhombic phases, Nd2Ti4O11 and Nd4Ti9O24 ,
have been reported (29). Because of their similar symmetry
and composition, we have assumed that these are two
compositions within the solid solution range of a single
phase. We further suggest a small solubility of ZrO2 in this
phase, and we have drawn a slightly wider two-phase region
between it and Nd2Ti2O7 than between the latter and
Nd2TiO5 .

A melt forms in the NdO1.5–TiO2 binary with a eutectic
temperature at 13808C and a composition of approximately
23 mol% NdO1.5 and 77 mol% TiO2 (22). At higher temper-
atures, the range of melt compositions widens, and this
field is shown in Fig. 7. The ZrO2 solubility in this melt
has been drawn by analogy to the solubility of ZrO2 in
TiO2 and, therefore, is speculative.

Because there is a paucity of data for the NdO1.5–ZrO2

join (23, 24), we complemented it with data from the
NdO1.5–HfO2 system (25). These data are very similar toFIG. 6. Single-phase, pyrochlore-type solid solution region within the
those for NdO1.5–ZrO2 because of the close chemical simi-system NdO1.5–TiO2–ZrO2 between 1400 and 15008C. d, Single phase; s,
larity and ionic radius (30) between zirconium and haf-more than one phase, Shaded area indicates a region of single-phase

solid solution. nium. The existence of the pyrochlore Nd2Zr2O7 has been
well established. Our own data, as well as those for the
analogous NdO1.5–HfO2 system, suggest that significant
solid solution from end-member Nd2Zr2O7 toward boththat all our compositions were repeatedly reacted and re-

ground until no further changes in the XRD data were ZrO2- and NdO1.5-rich compositions occurs. A pyrochlore-
type phase with the composition Nd0.93Zr2.8O7 has beenobserved gives confidence that our final results represent

the equilibrium state of the system. reported (24), and its existence was verified in the present
work. Its synthesis represents a half-reversal limiting theBased on our data for the systems Nd2Ti2O7–Nd2Zr2O7 ,

Nd2Zr2O7–TiO2 , and Nd2Ti2O7–ZrO2 and additional com- maximum NdO1.5 in the ZrO2-rich limb of the pyrochlore
one-phase region. After reaction of stoichiometricpositions, a region of single-phase pyrochlore-type solid so-

lutions was identified in the ternary system and is shown in amounts of NdO1.5 and ZrO2 for approximately 3 days, a
cubic pyrochlore-type compound, along with unreactedFig. 6. This region is relatively large and is limited by the

following compositions: [50 mol% NdO1.5 , 50 mol% ZrO2]; ZrO2 , was initially formed. After more reaction time, a
single-phase product was eventually formed; it is reason-[50 mol% NdO1.5 , 21.5 mol% TiO2 , 28.5 mol% ZrO2]; [43.9

mol% NdO1.5 , 4.1 mol% TiO2 , 52.0 mol% ZrO2]; and [43.9 able to assume that the initial pyrochlore was more NdO1.5-
rich than the final product. Although the products weremol% NdO1.5 , 27.8 mol% TiO2 , 28.3 mol% ZrO2 ]. An addi-

tional sample on the NdO1.5–ZrO2 binary (40 mol% NdO1.5 , not chemically analyzed, such a compositional and phase
change (two phases to one) would represent a half-reversaland 60 mol% ZrO2 ) also yielded a single-phase pyrochlore.

Combining our data for the NdO1.5–TiO2–ZrO2 system of the pyrochlore–ZrO2 two-phase region.
There are three regions of solid solution along the TiO2–with published work on the joins NdO1.5–TiO2 (22),

NdO1.5–ZrO2 (23, 24), NdO1.5–HfO2 (25) (see below), and ZrO2 join. A considerable amount of TiO2 is soluble in
ZrO2 (monoclinic), thus forming a large single-phase re-TiO2–ZrO2 (26) allows us to construct a tentative phase

diagram for the NdO1.5–TiO2–ZrO2 system at 1400– gion. As there appears to be little solubility of NdO1.5 in
the hafnium analog of this phase, we suggest that there is15008C (Fig. 7). A number of phases occur on the NdO1.5–

TiO2 binary. In this temperature range, data for this join also very slight solubility of NdO1.5 in ZrO2 . A second
solid solution series extends from the compound ZrTiO4and NdO1.5–ZrO2 (23, 24) suggest that the solubility of

TiO2 and ZrO2 in monoclinic NdO1.5 (stable at 1400– (orthorhombic) to both more TiO2-rich and ZrO2-rich
compositions. Here too we suggest that a few mole percent15008C) is very limited. Thus, we have speculated that there

is a very small region of solid solubility around NdO1.5 . At of NdO1.5 are soluble in this phase. Lastly, there is approxi-
mately 10 mol% ZrO2 soluble in TiO2 . Some solubility ofhigher TiO2 contents, the compounds Nd2TiO5 [ortho-

rhombic (27)] and Nd2Ti2O7 [monoclinic (28)] have been NdO1.5 in this phase is suggested on the basis of data for
the NdO1.5–TiO2 join.well characterized, and neither is known to show significant
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From the XRD results of the compositions noted in Fig. phase present should be Nd2Ti2O7. Its amount would be
quite small, and it might not be detected by XRD because7 and the data available from the NdO1.5–TiO2 , NdO1.5–

ZrO2 , and TiO2–ZrO2 joins, we have tentatively proposed the main peak of Nd2Ti2O7 is almost coincidental with that
of the pyrochlore phase.phase boundaries in the NdO1.5–TiO2–ZrO2 ternary. Our

work along the Nd2Zr2O7–Nd2Ti2O7 , Nd2Zr2O7–TiO2 , Our data on the Nd2Ti2O7–ZrO2 join indicated that a
three-phase region existed at low ZrO2 concentrationsand Nd2Ti2O7–ZrO2 joins helped to identify compositions

that formed single phases. This defined the large area of which is consistent with results from TiO2-rich composi-
tions along the Nd2Zr2O7–TiO2 join.single-phase pyrochlore that was drawn to include the com-

pound Nd0.93Zr2.8O7 . Compositions along the Nd2Zr2O7– In another part of the ternary system, XRD data for the
composition 55 mol% NdO1.5 , 10 mol% TiO2 , and 35 mol%TiO2 join that yielded two- and three-phase products were

used to limit two and three-phase fields. For compositions ZrO2 indicated that a pyrochlore-type compound was pres-
ent along with Nd2TiO5 , whereas more TiO2-rich composi-from 0.56 to 1.5 mol TiO2 per Nd2Zr2O7 , the XRD data

indicated that pyrochlore and exsolved ZrO2 were present. tions (e.g., 47 mol% NdO1.5 , 32 mol% TiO2 , and 21 mol%
ZrO2 ) contained coexisting pyrochlore and Nd2Ti2O7 .Most likely the phase exsolved was a ZrO2 solid solution

containing some TiO2. Because no significant changes were These data were used to define the two-phase regions pyro-
chlore–Nd2TiO5 and pyrochlore–Nd2Ti2O7 and the three-noted in the XRD pattern of the ZrO2 which in turn would

have had little effect on the lattice parameter, the concen- phase region pyrochlore–Nd2TiO5–Nd2Ti2O7 . Finally, as
little information is available for the ternary system intration of TiO2 would have been low. Thus, the two-phase

region in Fig. 7 was drawn to reflect this. Although XRD the NdO1.5-rich and TiO2-rich regions, speculated phase
boundaries, based on the phases in the binary systems,data for the composition 2 mol TiO2 per mole of Nd2Zr2O7

indicated that two phases (pyrochlore and ZrO2 solid solu- have been drawn.
It should be remembered that this phase diagram fortion) were present, we elected to draw a three phase region

around that composition. This is based on XRD results the NdO1.5–TiO2–ZrO2 ternary system, and thus some of
the phase boundaries proposed here, is not exact.from several nearby compositions examined. The other

FIG. 7. Tentative phase diagram for NdO1.5–TiO2–ZrO2 between 1400 and 15008C. Shaded areas indicate regions of single-phase solid solution.
Tie lines indicate two-phase regions. Unshaded, open areas indicate three phase regions (3f).
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Pyrochlore-Type Solid Solutions in the expected in the above system based on the behavior of the
series Na2La2Ti4–yZryO12 where single-phase solid solutionSystem Ce2Ti2O7–Ce2Zr2O7

formation was reported at any composition (10). Our reex-
The compound Ce2Zr2O7 was prepared as shown in Eq.

amination of the data indicates that only at y 5 0.4 was a
[1]. A mixture reacted at 14508C in Ar–4% H2 for a total

single-phase, perovskite-type solid solution formed. As the
of 40 h, with two regrindings, yielded a cubic pyrochlore-

amount of zirconium substituted for titanium increased,
type compound with an X-ray powder pattern matching

the number of diffraction lines increased, and lines consis-
that reported for Ce2Zr2O7 (31). Reacting this compound

tent with the pyrochlore La2Zr2O7 appeared. This suggests
in flowing Ar without H2 at 13508C for an additional 30 h

that in the series Na2La2Ti4–yZryO12 single-phase, perov-
with three regrindings, however, caused a structural change

skite-type solid solutions only occur at low concentrations
from the ordered pyrochlore to a disordered defect fluorite

of zirconium.
structure. This is most likely due to small amounts of
Ce(IV) formed from Ce(III) by traces of oxygen in the

CONCLUSIONSargon. This tentative conclusion is based on the fact that
the ionic radius of Ce(IV) is similar to that of the heavy

The formation of pyrochlore-type solid solutions be-
lanthanides, Ln9(III) (30), which form defect fluorite dizir-

tween several dititanates and dizirconates has been in-
conates.

vestigated. Complete solubility was found in the pyro-
A mixture with a composition equivalent to 2CeO1.5 ?

chlore–pyrochlore-type systems Er2Ti2O7–Nd2Zr2O7 and
1.9ZrO2 ? 0.1TiO2 also behaved differently according to

Nd1.2Er0.8Ti2O7–Nd2Zr2O7 . Partial solubility of Nd2Ti2O7the gaseous atmosphere used. In Ar–4% H2 it yielded a
having a monoclinic structure in defect fluorite Er2Zr2O7pyrochlore-type compound, but unreacted ZrO2 was also
was observed to form a pyrochlore-type phase at interme-

detected. Short reaction times (36 h with two regrindings)
diate compositions. While only the pyrochlore-type phase

in Ar at 12008C resulted in more than one phase, whereas
was detected in the XRD data, the system did not appear

additional reaction at 13508C and regrinding resulted in the
to obey Vegard’s law.

formation of a defect fluorite compound. As the titanium
In the NdO1.5–TiO2–ZrO2 system, it was determined

content was increased to 1.9TiO2 , preparations reacted in
that there was partial solubility of Nd2Ti2O7 in Nd2Zr2O7 .

Ar–4% H2 at 14508C yielded multiple products including
Pyrochlore-type solid solutions, which have the composi-

a phase similar to the perovskite-type phase Ce2O3 ?
tion Nd2Zr2–xTixO7 , were found to exist up to approxi-

(3TiO2–m ), which suggests that reduction of the titanium
mately x 5 0.86, at which point the solid solution became

occurred. Heating one of these preparations in Ar resulted
saturated and a monoclinic phase, in addition to the pyro-

in the formation of Ce2Ti2O7 and at least one additional
chlore, was detected. The systems Nd2Zr2O7–TiO2 and

minor cubic phase. Identifying this cubic phase without
Nd2Ti2O7–ZrO2 were investigated to help define a region

ambiguity as pyrochlore-type or fluorite was not possible
of pyrochlore solid solution formation in the system

because of the presence of numerous, more intense lines
NdO1.5–TiO2–ZrO2. A tentative phase diagram for the

from Ce2Ti2O7 .
system NdO1.5–TiO2–ZrO2 between 1400 and 15008C was
proposed based on the results discussed here and those

Substitution of Zirconium for Titanium in the
reported for previously studied joins. Information from

Perovskite-Type Phases SrNd2Ti4O12 and Sr2Ce2Ti5O16 the NdO1.5–HfO2 join (25) was used to complement the
previously reported data for the NdO1.5–ZrO2 join; how-The formation of perovskite-type solid solutions in the

series Sr4–xLn2x/3Ti4O12 (Ln 5 La–Nd, 0 # x # 4), where ever, the pyrochlore solid solution region in the phase
diagram for NdO1.5–HfO2 does not extend to the composi-the lanthanide ion is trivalent (8), and Sr6–12xCe6xTi5O16

(0.08 # x # 0.43), where cerium is tetravalent (9), has tion Nd0.93Hf2.8O7 . The data presented for the NdO1.5–
ZrO2 system here and in previous studies (23, 24), however,been previously studied. Perovskite-type solid solutions

also have been reported in the system Na0.5La0.5Ti1–xZrxO3 suggest that Nd0.93Hf2.8O7 should exist within the pyro-
chlore solid solution series.(Na2La2Ti4–yZryO12 , y 5 4x) at all compositions examined

(10). This is similar to the series Sr4–xLn2x/3Ti4O12 , where Attempts at solid solution formation between Ce2Ti2O7

and Ce2Zr2O7 were not successful because of the experi-x 5 3 with partial substitution of the titanium with zirco-
nium and two sodiums replacing one strontium and a va- mental difficulties in maintaining cerium as Ce(III) and

titanium as Ti(IV) while allowing sufficient time for equili-cancy. Thus, attempts were made to prepare perovskite-
type solid solutions of the type SrNd2Ti4–yZryO12 (y 5 0.2, bration.

Attempts to replace titanium with zirconium in the per-0.4, 0.8, 1.2, or 4.0) and Sr2Ce2Ti5–yZryO16 (y 5 0.25, 0.5,
1.0, 1.5, or 5.0), but no single-phase products were obtained ovskite-type phases SrLn2Ti4O12 and Sr2Ce2Ti5O16 were

not successful.for any composition.
Some single-phase solid solution formation had been The solubility of a solid solution, representative of the
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