
A

T
C
t
w
N
a
p
r
r
©

K

1

a
c
t
f
e
m

t
d
G
o
l
t
Y
B

f

(

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 30 (2010) 3137–3143

CeO2–YO1.5–NdO1.5 system: An extensive phase relation study

V. Grover a, S.V. Chavan a, P. Sengupta b, A.K. Tyagi a,∗
a Chemistry Division, Bhabha Atomic Research Centre, Mumbai 400 085, India

b Materials Science Division, Bhabha Atomic Research Centre, Mumbai 400 085, India

Received 9 December 2009; received in revised form 4 June 2010; accepted 15 June 2010
Available online 24 July 2010

bstract

he sub-solidus phase relations in the CeO2–YO1.5–NdO1.5 system have been studied. About 45 compositions in the series
e1−x(Y0.70Nd0.30)xO2−0.5x, Y1−x(Ce0.50Nd0.50)xO1.5+0.25x and Nd1−x(Ce0.55Y0.45)xO1.5+0.275x were prepared and characterized by powder XRD. In

he Ce1−x(Y0.70Nd0.30)xO2−0.5x series, there was a gradual transformation from the defective F-type cubic lattice to an ordered C-type phase
ith increasing x, whereas in the Y1−x(Ce0.50Nd0.50)xO1.5+0.25x series, the C-type cubic lattice of yttria was retained over the entire range. In the
d1−x(Ce0.55Y0.45)xO1.5+0.275x system, the compositions with NdO1.5 content greater than 95 mol% showed coexistence of hexagonal, monoclinic
nd cubic phases. A biphasic region of monoclinic and C-type cubic phases was observed as NdO1.5 decreases from 90 to 70 mol%. All the com-
ositions below 70 mol% NdO1.5, were found to be C-type cubic solid solutions. The phase relations are distinctly characterized by an extensive
ange of cubic solid solutions, stable under the slow-cooled conditions. To the best of our knowledge, this is the first detailed sub-solidus study
eported in CeO2–YO1.5–NdO1.5 system.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Cerium oxide is a candidate material for variety of potential
pplications, e.g. optical glass-polishing, petroleum-cracking
atalyst, gas sensors, etc.1 Doped ceria is a potential solid elec-
rolyte material for use in oxygen concentration cells, solid oxide
uel cells and in controlling air-to-fuel ratio in the automobile
xhaust. In nuclear industry, CeO2 is considered an important
aterial as for its use as a surrogate for PuO2.2,3

A number of reports have appeared in literature during
he last few decades on alkaline-earth and rare-earth oxide
oping in CeO2, e.g. MgO,4 CaO and SrO,5 Sc2O3,6 Y2O3,
d2O3, La2O3, Nd2O3, Yb2O3,7 La2O3 and Eu2O3.8 In
rder to study new doped ceria materials (solid solutions and
ine compositions), several ceria based ternary phase rela-

ions have also been explored in detail. For example, ZrO2–

2O3–CeO2,9,10 Nd2O3–CeO2–CuO, RuO2–Y2O3–CeO2,11

i2O3–Y2O3–CeO2,12 ZrO2–CeO2–LaO1.5.13 Recently, var-
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ous ternary relations have been reported on ceria based
ixed oxides like CeO2–ZrO2–Gd2O3, CeO2–ThO2–ZrO2 and
eO2–Gd2O3–ThO2 under the slow-cooled conditions.14,15

In the present study, a new ceria based ternary sys-
em, CeO2–YO1.5–NdO1.5 has been investigated under the
low-cooled conditions. CeO2 is known to have similar thermo-
hysical properties as PuO2. Hence, CeO2 can act as a surrogate
aterial for PuO2 (fissile material) used in nuclear reactors,
hereas YO1.5 and NdO1.5 are the fission products.16 Thus,

his ternary phase relation will be able to throw some light on
inds of phase fields present in the system containing these three
omponents and will act as an invaluable database.

Detailed studies on the phase relations in the CeO2–RE2O3
RE = rare-earth) binary systems suggest that width of the two-
hase region (i.e., coexistence of F and C-type phases) decreases
ith increasing RE3+ (rare-earth ion) radius.17,18 Here again,

t was difficult to distinguish the presence of a complete solid
olution or a biphasic region (Fluoritess and C-typess) by X-
ay diffraction, as the cell constants tend to converge due

o solid solution formation.19–22 Pepin et al.23 have deter-

ined the binary phase relations in CeO2–RE2O3 system by
uenching and have extrapolated it to ternary regions by taking
eO2–Y2O3–Nd2O3 as the model reaction. It has been sug-

dx.doi.org/10.1016/j.jeurceramsoc.2010.06.005
mailto:aktyagi@barc.ernet.in
mailto:aktyagi64@rediffmail.com
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Fig. 1. Bar diagram representing phase relations in (a) Y1−xNdxO1.5; (b)
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ested that the appearance of superlattice peaks (C-type phase)
ay be due to the presence of Ce2O3 obtained during quenching

f the samples, and not due to an order–disorder phase transition
s suggested in few other cases.21,22

For the present phase analysis, initially the correspond-
ng binary phase relations in YO1.5–NdO1.5, CeO2–YO1.5 and
eO2–NdO1.5 systems were constructed. Suitable monophasic
ompositions were then chosen from each of these binary sys-
ems, and the ternary phase relations in CeO2–YO1.5–NdO1.5
ystem have been worked upon. All the phase relation studies in
his study have been performed under slow-cooled conditions.

. Experimental procedure

Nd2O3 (AR grade), CeO2 and Y2O3 (99.9%, obtained from
ndian Rare-Earths) were used as the starting materials. Dif-
erent nominal compositions were weighed, pelletized and then
ubjected to a heat treatment at 1200 ◦C for 36 h followed by
nother one at 1300 ◦C for 36 h, with intermittent grindings.
fter these heat treatments, each pellet was reground and mixed

horoughly, repelletized and finally annealed at 1400 ◦C for 48 h
n static air followed by slow cooling to room temperature at
he rate of 2 ◦C/min. XRD patterns were recorded on Philips
-ray diffractometer (Model PW 1710) with monochromatized
u-K� radiation. Silicon was used as an external standard. In
rder to determine the solubility limits, lattice parameters were
efined by a least squares method.

A few representative compositions were also studied by
PMA (Electron Probe for Micro Analysis). Samples for EPMA
tudies were polished to 1 �m diamond finish by conventional
etallographic techniques. The samples were coated with thin

old layer (≈10 nm) for ensuring conductivity. In order to
cquire high contrast for back-scattered electron images, the
cceleration voltage of 25–30 keV and the beam current around
–4 nA were used.

. Results and discussion

.1. Ce1−xYxO2−x/2 and Ce1−xNdxO2−x/2

The detailed phase relations in CeO2–YO1.5 and
eO2–NdO1.5 systems have been studied and reported
arlier by us.24,25 The solubilities of about 45 mol% of Y3+ and
0 mol% of Nd3+ in CeO2 lattice were observed in these studies.
n case of Ce1−xYxO2−x/2, 45 mol% Y3+ could be dissolved in
eO2 lattice retaining F-type (Fluorite) structure and beyond

hat a biphasic phase field consisting of F-type and C-type
hases was observed. Similarly, in the case of Ce1−xNdxO2−x/2,
0 mol% Nd3+ could be dissolved in CeO2 lattice retaining
-type structure, thereafter XRD studies showed the existence
f C-type phase till 75 mol% Nd3+. This is followed by a
iphasic region of C-type phase and A-type phase (hexagonal).
nterestingly, no biphasic region was observed between F- and

-type phases, though according to the phase rule, it should
xist. We could not observe biphasic phase field by using lab
ource XRD. However, the presence of microdomains of C-type
hase in F-type lattice cannot be absolutely ruled out, based on

C
c
r
c

e1−x(Y0.70Nd0.30)xO2−0.5x series; (c) Y1−x(Ce0.50Nd0.50)xO1.5+0.25x series; (d)
d1−x(Ce0.55Y0.45)xO1.5+0.275x series.

owder XRD data alone, due to the close similarity between
-type and C-type structures. Similar situation was observed

n case of CeO2–Gd2O3 system.26 Later on, we reported
etailed Raman spectroscopic studies on CeO2–Gd2O3 system
hich indicated at the presence of C-type microdomains

n F-type lattice and vice versa.27 It may be added that the
lectron Diffraction can unequivocally confirm the presence
r absence of any narrow biphasic (F + C) region in this
eries. These studies are underway and would be reported
ubsequently.

.2. Y1−xNdxO1.5 series

The phase relations in this system are given by the bar dia-
ram in Fig. 1(a). The end member Y2O3 has a C-type cubic
tructure and the other end member Nd2O3 has a hexagonal
tructure. It was observed that the C-type cubic structure of
O1.5 was retained till 30 mol% Nd3+ substitution, i.e., till the
ominal composition Y0.70Nd0.30O1.50. The lattice parameter
f the C-type solid solution increases with increase in mol%
d3+ as is shown in Fig. 2(a). Beyond the nominal composi-

ion Y0.70Nd0.30O1.50, peaks due to monoclinic phase of NdO1.5
tart appearing. Subsequently, there was a phase separation into

-type solid solution (NdO1.5 in YO1.5 lattice) and a mono-
linic solid solution (YO1.5 in NdO1.5 lattice). This biphasic
egion exists till the composition Y0.50Nd0.50O1.50. Beyond this
omposition, the C-type peaks disappear and only the mon-
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Fig. 2. Variation of lattice parameter with mol% Y3+ in Y1−xNdxO1.5: (a) v

clinic phase could be observed. The monoclinic phase thus
xtends from the composition Y0.40Nd0.60O1.50 to the composi-
ion Y0.10Nd0.90O1.50.

Few typical XRD patterns representing different phase fields
btained in this system are given in Fig. 3. It was observed
hat on incorporating 10 mol% YO1.5 into NdO1.5, the mono-
linic phase (B-type) of NdO1.5 is obtained. As explained by
dachi and Imanaka28 that rare-earth oxides exist as three dif-

erent polymorphs, designated as A (hexagonal), B (monoclinic)
nd C (cubic) for RE2O3 (RE = rare-earths) at temperatures
elow 2000 ◦C, depending upon the rare-earth ionic sizes. In
eneral, on going from La3+ to Lu3+, the structure of RE2O3
hanges from A-type to B-type to C-type, as the ionic size
f the rare-earth ion decreases. It may be noted that in the

resent system, Nd2O3 is hexagonal at room temperature, i.e.,
-type. Also, according to the phase diagram constructed by
dachi and Imanaka,28 the A-phase of NdO1.5 cannot be con-

ig. 3. XRD patterns in Y1−xNdxO1.5 system: (a) Y2O3; (b) Y0.80Nd0.20O1. 50;
c) Y0.60Nd0.40O1.50; (d) Y0.30Nd0.70O1. 5; (e) Nd2O3.
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on of ‘a’ of C-type phase and (b) variation of volume of monoclinic phase.

erted to B or C-phase by means of temperature alone. A
triking observation of this investigation is the stabilization of
-type monoclinic phase of Nd2O3 on substitution of about
0 mol% Y3+ which is otherwise difficult to obtain even at higher
emperatures. The nominal composition Nd0.90Y0.10O1.5 was
haracterized by the Rietveld refinement of the observed pow-
er XRD data. The typical refined unit cell parameters for this
ominal composition are: 14.2761(3), 3.6449(1), 8.9022(2) Å
nd β = 100.391(2)◦, V = 455.62(2) Å3. The Rietveld refinement
esults confirm the monoclinic rare-earth oxide structure with
d3+ occupying a seven-coordinated (capped distorted trigo-
al prism type) polyhedra and six-coordinated (trigonal prism)
olyhedra. The crystal structure is built from the edge sharing
f these polyhedra. A noteworthy observation that emerges out
f the refinement studies is that the Y3+ prefers six-coordinated
olyhedral sites instead of being randomly distributed over all
he Nd3+ sites, which is accounted by the smaller ionic radius
f Y3+ as compared to the Nd3+.

It may be noted that a similar stabilization of C-type phase
f NdO1.5 was observed on incorporating of about 32.5 mol%
eO2 into the NdO1.5 lattice.25 There, in the case of Ce4+ doped
dO1.5, the average cationic size in Ce1−xNdxO2−x/2 appears

o further decrease to an extent as to fall in the C-type stability
egion. In the present case, apparently the decrease in the average
ationic size, on Y3+ substitution, is just sufficient to stabilize
he B-type phase and not enough to get the C-type phase of
dO1.5 (ionic size of Ce4+ = 0.90 Å and Y3+ = 0.93 Å in cubic

oordination).
As mentioned earlier, the monoclinic phase prevails

rom the composition Y0.10Nd0.90O1.5 to the composition
0.40Nd0.60O1.50. The monoclinic lattice parameters show a
ecreasing trend with increase in mol% Y3+. The variation in
he volume of the monoclinic phase as a function of composition
s shown in Fig. 2(b). This trend can be explained by the ionic
ize of Y3+ being smaller than that of Nd3+ (for Y3+ = 0.93 Å
nd for Nd3+ = 1.01 Å in eight-fold coordination). Thus, it can
e summarized that the system Y1−xNdxO1.5 consists of three

hase fields, i.e., (i) single-phasic C-type cubic solid solution
f NdO1.5 into YO1.5 (ii) a biphasic region of C-type cubic
O1.5 and monoclinic phase of YO1.5 into NdO1.5 and (iii) a

ingle-phasic monoclinic solid solution of YO1.5 into NdO1.5.
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CeO2 increase, more and more oxygen ion vacancies are created,
which are the driving force for ordering, and hence result into
ig. 4. Variation of lattice parameter of (a) F-type solid solution with mol% Ce

1−x(Ce0.50Nd0.50)xO1.5+0.25x series; (c) C-type solid solution with mol% Nd3+

he end member NdO1.5 exists in hexagonal phase, which was
ot observed in any other composition of this system.

Based on the phase relation studies in the binary mixed oxide
ystems viz. CeO2–YO1.5, CeO2–NdO1.5, YO1.5–NdO1.5, the
onophasic compositions corresponding to the upper solubility

imit of the guest species were identified. These compositions
ere Ce0.55Y0.45O1.775, Ce0.50Nd0.50O1.75, and Y0.70Nd0.30O1.5

or the corresponding binary systems. A detailed phase relation
nalysis was then carried out between these compositions the
nd members viz., CeO2, YO1.5 and NdO1.5.

.3. Ce1−x(Y0.70Nd0.30)xO2−0.5x series

From the phase relation studies between YO1.5 and NdO1.5
entioned earlier, the composition Y0.70Nd0.30O1.5 (upper sol-

bility limit with C-type lattice) was fixed as one of the end
ember and CeO2 was taken as the other end member. The phase

elation in this system is depicted by the bar diagram in Fig. 1(b).
t is observed that the F-type cubic lattice of CeO2 was retained
ill x = 0.50, i.e., till the composition Ce0.50(Y0.35Nd0.15)O1.75.
hus it can be inferred that both 35 mol% of YO1.5 and 15 mol%
f NdO1.5 could be simultaneously dissolved in the CeO2 lattice.
he lattice parameter values were found to increase, as the con-
entration of the trivalent ions (Y3+, Nd3+) increases as shown
n Fig. 4(a). Earlier studies carried out by us in the Ce–Y–O

ystem showed different results.24 In that case, with the substi-
ution of Ce4+ by Y3+, a decreasing trend in lattice parameter
as observed, despite slightly larger size of Y3+ (the ionic radii
f Ce4+ and Y3+ are 0.90 and 0.93 Å, respectively in the eight-

a

e1−x(Y0.70Nd0.30)xO2−0.5x series; (b) C-type solid solution with mol% Y3+ in
d1−x(Ce0.55Y0.45)xO1.5+0.275x series.

old coordination1). The aliovalent substitution of a tetravalent
on by a trivalent ion is accompanied by simultaneous incorpo-
ation of oxygen ion vacancies. Thus in Ce–Y–O system, the
bserved variation in the lattice parameter trend was the com-
romise obtained between increase in lattice parameter due to
ncrease in average ionic radii and decrease due to the incorpora-
ion of oxygen vacancies with the latter controlling the observed
rend. However, similar studies carried on the Ce–Nd–O system
howed that the substitution by a considerably larger ion like
d3+ results in an increase in the cell parameter.25 It is evident

hat in the case of Ce–Nd–O system the relative ionic size effect
ominates over the oxygen vacancy effect. In the present case,
he trend is a combination of the abovementioned cases. Hence,
erein the increase in the lattice parameter is not as steep and
emains somewhat close to that of pure CeO2. Thus, clearly
he incorporation of vacancies causes a reduction in the cell
imensions, while the substitution of the trivalent cations cause
attice expansion. However, as the concentration of NdO1.5 is
ot too high (15 mol%) compared to YO1.5, the net increase in
he lattice parameter value is only marginal. At and beyond the
omposition Ce0.40(Y0.42Nd0.18)O1.70, a C-type ordered phase
as observed, which extends up to the other end of the CeO2
eficient region. Thus, as the concentrations of Y3+ and Nd3+ in
C-type ordered lattice. It was observed that the lattice param-

1 VCH Periodic Table of Elements, 1995, Compiled by Fluck & Heumann.
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ig. 5. Back-scattered image for the nominal composition
e0.15Y0.595Nd0.255O1.575. The dark pots correspond to the pores as
onfirmed by EDX analysis.

ter of C-type phase decreases (though not substantially) with
ncreasing dopant concentration. Again this could be because the
attice contraction caused by the large concentration of vacan-
ies appears to predominate over the lattice expansion caused by
he increase in average cationic size. An important observation
n this case is a complete miscibility of (Y0.70Nd0.30)O1.50 and
eO2 throughout the range of compositions.

It was observed that in the binary system CeO2–YO1.5, the
olubility limit of Y3+ in CeO2 was about 45 mol%24 and that in
he system CeO2–NdO1.5, the solubility of Nd3+ in CeO2 was
bout 67.5 mol%.25 In the present case, however, much higher
et trivalent ion concentration could be accommodated in the
eO2 lattice without any phase separation. This observation can
e attributed to an optimum ionic size difference between the
e4+ and weighted average size of Y3+ and Nd3+.

EPMA (Electron Probe for micro analysis) studies were
lso done on some of the representative samples. Fig. 5 gives
typical back-scattered image for the nominal composition
e0.15Y0.595Nd0.255O1.575 which shows this composition to be

ingle-phasic. The dark colored features observed in the SEM
mage are the pores as is shown by EDX analysis. Also, the
omposition given by EDX analysis is in good agreement with
he nominal composition.

.4. Y1−x(Ce0.50Nd0.50)xO1.5+0.25x series

In this series, the end members viz. YO1.5 and
e0.50Nd0.50O1.75 belong to the C-type and F-type cubic

ymmetry, respectively. The bar diagram given in Fig. 1(c)
epicts the phase relation obtained in this system. Inter-
stingly, unlike the previous series, the entire range of

ompositions are single-phasic showing a C-type ordering
hroughout, i.e., a C-type phase field is obtained from

0.95Ce0.025Nd0.025O1.512 to Y0.10Ce0.45Nd0.45O1.725. For the
omposition, Y0.05(Ce0.475Nd0.475)O1.737, there was a complete

h
s
r
o

eramic Society 30 (2010) 3137–3143 3141

ransformation from C-type lattice to a F-type defect fluorite
hase. When Ce0.50Nd0.50O1.75 is incorporated into YO1.5 lat-
ice, the substitution of Nd3+ in place of Y3+ would retain the
ffective concentration of oxygen vacancies, and therefore the
xtent of ordering. However, the substitution of Ce4+ in place
f Y3+ causes a net filling of those oxygen vacancies, which
radually diminish the ordering of vacancies. It may be noted
hat the ordered C-type phase in REO1.5 is observed due to the
rdering of 0.5 oxygen vacancies. This filling of vacancies with
ncrease in amount of Ce0.50Nd0.50O1.75 leads to the transfor-

ation of an ordered C-type phase to a disordered F-type phase
ince the driving force for ordering, i.e., vacancies, decreases
radually on increasing the ‘x’ value. Therefore, with increase
n concentration of Ce4+ there is a tendency for randomization
f the oxygen ion vacancies resulting in reduced intensity of
he superlattice peaks and eventually in the nominal composi-
ion Y0.05(Ce0.475Nd0.475)O1.737, the ordering is completely lost
esulting in a F-type phase. There is a gradual increase in lat-
ice parameter values from 10.604 Å for pure YO1.5 to 10.971 Å
or the composition Y0.05(Ce0.475Nd0.475)O1.737 as shown in
ig. 4(b). The size of Nd3+ (1.01 Å) is much larger than Y3+

0.93 Å), resulting in the expansion of the lattice.

.5. Nd1−x(Ce0.55Y0.45)xO1.5+0.275x series

The end members in this series viz. NdO1.5 and
e0.55Y0.45O1.775 belong to the hexagonal (A-type) and F-type
ubic symmetry, respectively. The phase relation in this system is
epresented by the bar diagram shown in Fig. 1(d). A few typical
RD patterns describing the various phase fields obtained in this

ystem are given in Fig. 6. Unlike the earlier two cases, where
here was a complete solid solution formation throughout the
omogeneity range, various mixed phases seem to appear in this
ase. For example, the composition Nd0.95(Ce0.028Y0.022)O1.513
howed the coexistence of three phases viz. A (hexagonal), B
monoclinic) and C (C-type cubic). The hexagonal phase, that
f NdO1.5, was the majority phase showing no change in the
attice parameter value suggesting that no Ce4+ or Y3+ could
e incorporated in the hexagonal lattice of NdO1.5. For the next
omposition Nd0.90(Ce0.055Y0.045)O1.527, there was a complete
ransformation of the hexagonal phase to the monoclinic phase
ue to the presence of YO1.5. Similar results were observed in the
ase of phase relation studies in Nd–Y–O system. At and beyond
he composition Nd0.60(Ce0.22Y0.18)O1.61 only the C-type cubic
rdered phase was present with the complete disappearance of
he monoclinic phase. The cubic lattice parameters decrease
teadily from the composition Nd0.60(Ce0.22Y0.18)O1.61 to
he composition Nd0.05(Ce0.52Y0.43)O1.761 (or increase with
ncrease in Nd3+ content) as shown in Fig. 4(c). This trend in
attice parameter is again due to the fact that more and more Y3+

re being substituted for Nd3+.
The ternary phase relations in CeO2–YO1.5–NdO1.5 system

re summarized in Fig. 7. It would be important to comment

ere that the present work involves phase relations in the given
ystem under very slow-cooled conditions. There are certain
egions in the ternary phase relations (Fig.7) wherein existence
f certain phase fields might not conform to the phase rule. To
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Fig. 6. XRD patterns in Nd1−x(Ce0.55Y0.45)xO1.5+0.275x system: (a)
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d2O3; (b) Nd0.95(Ce0.028Y0.022) O1.513; (c) Nd0.80(Ce0.11Y0.09) O1.55; (d)
d0.40(Ce0.33Y0.27) O1.665; (e) Ce0.55Y0.45O1.775.

uote a specific example, in Fig.7 near the top of the triangle,
he left boundary is denoted as the phase region (C + A), the
ight boundary is B phase, hence in accordance with the phase
ule, we should have observed a wide A + B + C in the middle.
ery careful observation shows that one of the compositions in
etween, i.e., Nd0.95(Ce0.028Y0.022)O1.513 does show A + B + C
hase field. However, had it not been a slow-cooled study and
f we had observed the phases at equilibrium, we could have
bserved a wider triphasic phase field here. Hence it would be

ore apt to describe this study as the phase relation study rather

han an equilibrium phase diagram.

Fig. 7. Ternary phase relation in CeO2–YO1.5–NdO1.5 system.
eramic Society 30 (2010) 3137–3143

. Conclusion

Detailed phase relation has been established in the
eO2–YO1.5–NdO1.5 system for the first time. A wide range
f solid solutions was observed throughout the system. All
he ternary series show interesting phase developments. Thus
hereas in the case of the Ce1−x(Y0.70Nd0.30)xO2−0.5x series,

here was a gradual transformation from the defective F-type
ubic lattice to an ordered C-type phase (with increase in the x
omposition), Y1−x(Ce0.50Nd0.50)xO1.5+0.25x series showed the
xistence of the C-type cubic lattice of YO1.5 throughout the
ntire range. For the Nd1−x(Ce0.55Y0.45)xO1.5+0.275x series, for
he compositions with NdO1.5 content up to 95 mol%, there
as a coexistence of hexagonal phase along with a monoclinic

nd cubic phase. With decreasing content of NdO1.5 from 90
o 70 mol% a biphasic region of monoclinic and C-type cubic
hase was observed.
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