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Neutron absorbers are elements with a high neutron capture cross section that are employed at nuclear reactors to control excess
fuel reactivity. If these absorbers are converted into materials of relatively low absorption cross section as the result of neutron
absorption, they consume during the reactor core life and so are called burnable.These elements can be distributed inside an oxide
ceramic that is stable under irradiation and thus called inert. Cubic zirconium oxide is one of the preferred materials to be used as
inert matrix. It is stable under irradiation, experiments very low swelling, and is isomorphic to uranium oxide. The cubic phase is
stabilized by adding small amounts of dopants like Dy

2
O
3
and Gd

2
O
3
. As both dysprosium and gadolinium have a high neutron

cross section, they are good candidates to prepare burnable neutron absorbers. Pyrochlores, like Gd
2
Zr
2
O
7
and Dy

2
Ti
2
O
7
, allow

the solid solution of a large quantity of elements besides being stable under irradiation.These characteristics make them also useful
for safe storage of nuclear wastes. We present a preliminary study of the thermal analysis of different compositions in the systems
Gd
2
O
3
-ZrO
2
and Dy

2
O
3
-TiO
2
, investigating the feasibility to obtain oxide ceramics useful for the nuclear industry.

1. Introduction

At the beginning of a reactor cycle, the fuel presents an
excess reactivity to compensate future fuel depletion and
fission products buildup.This is controlled by using burnable
neutron absorbers or neutron poisons, that is, by inclusion
into the fuel assembly materials with a large neutron cross
section. If the absorbers are incorporated directly into the
fuel, they are called continuous or homogeneous [1, 2].
When the burnable neutron absorbers are dispersed into an
inert matrix, they are called discrete or inhomogeneous and
they are distributed among the fuel pellets. As these can be
prepared independently of the fuel and with no limitations in
their handling and storage, we focused on their preparation.

Zirconium oxide is a good candidate to be used as inert
matrix mainly because of its stability under irradiation and
its compatibility with reactor materials [3]. It accommo-
dates both fission materials and neutron absorbers. Actually,
CANDU reactor has among the 43 bars that compose the fuel

element a central bar that includes a neutron absorber in
zirconium oxide inert matrix [4].

Zirconium oxide has three polymorphic phases: it is
monoclinic up to 1443K, tetragonal up to 2643K, and cubic
up to its fusion at 2953K. It is impossible to prepare a single-
phase material with a particular crystalline structure due
to these phase transformations that proceed during cooling.
Thus the cubic phase is stabilized by adding small amounts of
dopants (about 8mol%) like Y

2
O
3
, CaO, orMgO [5].There is

an added interest in the cubic phase as it is isomorphic to ura-
niumoxide, even if any of the polymorphs can be employed as
inert matrix.The stabilized zirconia is not amorphized under
irradiation and its swelling under fast neutron is neglectable,
as happens with the fluorite structure [6, 7].

Due to their chemical resemblance with Y
2
O
3
, Gd
2
O
3

stabilizes the cubic phase of the zirconium oxide. As this
oxide has a large cross section for neutron capture, it is a
good candidate to prepare burnable poisons in zirconia inert
matrix [8].
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Table 1: Selected compositions for the mixtures.

ID wt% Characteristic
Gd2O3 Dy2O3 ZrO2 TiO2

GdZr1 33.31 — 66.69 — Eutectoid
GdZr2 59.62 — 40.38 — Pyrochlore
GdZr3 76.30 — 23.70 — Eutectoid
GdZr4 87.86 — 11.14 — Eutectic
GdZr5 94.00 — 6.00 — Eutectoid
DyTi1 — 82.34 — 17.66 Polymorph
DyTi2 — 76.07 — 23.93 Eutectic
DyTi3 — 70.01 — 29.99 Pyrochlore
DyTi4 — 49.65 — 50.35 Eutectic

Pyrochlores are oxides of the form A
2
B
2
O
7
, with a

structure that is closely related to the fluorite structure [9]. Its
phase stability is basically determined by the A and B cationic
radius ratio, as similar cationic radii are more likely to form
as disordered fluorites than ordered pyrochlores. Pyrochlores
are excellent host matrices for nuclear waste immobilization
because they can dissolve various lanthanides, actinides, and
other elements which are generated inside nuclear reactors
[10–14]. It has been found that stability of the pyrochlores
under irradiation increases with the decrease in radius ratio.
There is another related phase of interest, dysprosium titanate
Dy
2
TiO
5
, that is an effective burnable poison that has been

successfully employed for several years as control rod in
Russian reactors [15].

In the present work, we focus on the feasibility to obtain
cubic phases that could be employed as burnable neutron
absorbers, studying composition and suitable sintering tem-
peratures. We also investigate the feasibility of forming a
cubic pyrochlore phase and titanates. Two different systems
are investigated: Gd

2
O
3
-ZrO
2
and Dy

2
O
3
-TiO
2
.

2. Materials and Methods

We started with Gd
2
O
3
and Dy

2
O
3
99.9% from Alfa Aesar

and ZrO
2
and TiO

2
99.9% from Sigma Aldrich. Appropriate

amounts of each oxide were mixed in an attrition mill at
200 rpm for 30 minutes with 2mm yttria stabilized zirconia
balls. We prepared the mixtures in stoichiometries corre-
sponding to particular compositions of interest identified
in the corresponding binary phase diagram. The selected
compositions are presented in Table 1.

We prepared 20 g of each mixture, adding an organic
binder so as to reproduce the conditions needed for preparing
a pellet. For the compositions in the system Gd

2
O
3
-ZrO
2
, a

mixture of 1.5 wt% sodium alginate and 3wt% methylcellu-
lose was employed. For the Dy

2
O
3
-TiO
2
systems, 5 wt% of

polyvinyl butyral (PVB) was employed as binder.
We carried out simultaneous thermal analysis (STA) in a

Netzsch 449 F1 Jupiter to determine sintering conditions and
phase formation.Measurements were performed inside a SiC
furnace with maximum working temperature of 1828K, at a
rate of 5 K/min in helium atmosphere.The balance resolution

400 600 800

−0.03

−0.02

−0.01

0.00

D
TG

−0.0004

−0.0003

−0.0002

−0.0001

0.0000

Δ
m
/m

0

T (K)

GdZr1
GdZr2
GdZr3

GdZr4
GdZr5

Figure 1: TG/DTG from room temperature to 800K.

was of 0.025𝜇g and the temperature was measured with a
resolution of 1 𝜇W.After the analysis, the existent phases were
identified by X-ray diffraction using the program HighScore
Plus version 3.0.4.

Based on these results, we selected three compositions
to verify the formation of the desired phases after sintering:
GdZr1, GdZr2, and DyTi4. Pellets were prepared by uniaxial
pressing at 1000 atm. These were sintered in air with a slow
heating rate of 1 K/min up to 773K to eliminate the binder,
followed by a faster heat-up at 2 K/min to the sintering
temperature (1973K for GdZr1, 1873K for GdZr2, and 1673K
for DyTi4). After a dwell time of 2 hours, the pellets were
cooled in the furnace.

3. Results and Discussion

3.1. Gd
2
O
3
-ZrO
2
System. In Figure 1, we present the mass

evolution with temperature TG and its derivative DTG, from
room temperature to 800K.There is a firstweight loss starting
at about 450K coincident with the binder decomposition,
followed by a marked weight loss that starts at about 530K
and ends at 800K with the complete elimination of this
additive.This behavior is similar for all the samplesmeasured
as the binder and its proportion are the same in all of them.

From 800K up to 1270K there is a slight mass loss, as
can be observed in Figure 2, that can be related to carbon
elimination from the binder and/or impurities present in the
starting oxides. From 1270K to the final temperature, about
1mg of mass is lost. Sample GdZr4 shows an additional mass
loss at about 1200K.

In Figure 3 we present the DTA results. From the phase
diagram, several solid-solid phase transformations can be
associated with the observed peaks. Pyrochlore transforms to
fluorite at 1800K, there is a eutectoid transformation to fluo-
rite at 1400K, zirconium oxide transforms from monoclinic
to tetragonal at 1500K, and gadolinium oxide transforms
from cubic to monoclinic at 700K.

For sampleGdZr1 a small endothermic peak is detected at
321 K that can be associated with the eutectic transformation



Journal of Ceramics 3

800 1000 1200 1400 1600 1800
−0.055

−0.050

−0.045

−0.040

−0.035

D
TG

−6.0

−5.0

−4.0

−3.0

−2.0

−1.0

0.0

Δ
m
/m

0

T (K)

×10
−5

GdZr1
GdZr2
GdZr3

GdZr4
GdZr5

Figure 2: TG/DTG from 800K to the end of the test.
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Figure 3: DTA as a function of temperature.

to the cubic phase. This temperature is lower than the 400K
reported in the phase diagrams. An X-ray analysis of the
powders at the end of the test showed the presence of
monoclinic ZrO

2
and cubic Gd

2
O
3
.

The pyrochlore phase present in sample GdZr2 trans-
forms to fluorite at 1800K. Both phases were detected by X-
ray diffraction at the end of the test. The eutectoid trans-
formation to fluorite of sample GdZr3 takes place at 1400K
and ZrO

2
(present in both GdZr2 and GdZr3) transforms

to a tetragonal phase around 1500K. All these solid-solid
transformations are represented at the beginning of the
endothermic peaks observed in the studied temperature
range. These peaks are consequent to the mass loss observed
in the TGmeasurement from 1270K.This loss is not detected
in sample GdZr1 as the intensity of the endothermic peak is
lower. X-ray diffraction confirms the existence of tetragonal
ZrO
2
in samples GdZr2 and GdZr3.

A wide exothermic peak is observed in all samples, start-
ing at 700K that can be originated by a phase transformation
from cubic tomonoclinic in the gadoliniumoxide, coincident
with X-ray diffraction phase detection. The behavior of
samples GdZr4 and GdZr3 is similar, as expected from the
system’s phase diagram. In both samples this peak is wider,
being better defined in sample GdZr4.

In Figure 4 we present the X-ray diffraction patterns
obtained on the powders after the STA measurement. The
major phases are indicated, but other minor phases were
identified. These are fluorite in GdZr1, tetragonal ZrO

2
and

fluorite in GdZr2, GdZr4, and GdZr5, and tetragonal ZrO
2

and pyrochlore in GdZr3.

3.2. Dy
2
O
3
-TiO
2
System. In Figure 5, the mass loss with tem-

perature can be followed.The loss up to 800K corresponds to
the binder decomposition and elimination.

In Figure 6 we show the DTA measurements. The phases
detected by X-ray diffraction after the STA test is completed
are those expected from the phase diagram. We present the
identified phases for samples DyTi2 and DyTi4 in Figure 7.
Initially, a small endothermic peak is observed in all samples
associated with the binder decomposition and loss. A wide
peak is observed around 600K. At this fast heating rate,
the formation of new phases as dysprosium titanate and
pyrochlore is not complete and this peak includes the trans-
formation of TiO

2
from anatase to rutile. The endothermic

peak starting at 1600K observed in samples DyTi1 andDyTi2
corresponds to polymorphic changes of theDy

2
TiO
5
towards

cubic structures. The same peak observed in samples DyTi3
and DyTi4 can be associated with the Dy

2
Ti
2
O
7
pyrochlore

transforming to the hexagonal structure Dy
2
TiO
5
.

3.3. Sintered Pellets. Pellets were polished and observed
with the scanning electron microscope (SEM). Both samples
GdZr1 and GdZr2 are similar and presented a large quantity
of pores, as can be observed in Figures 8(a) and 8(b).
DyTi4 is quite dense and twodifferent phases homogeneously
distributed along the sample can be easily identified (Fig-
ure 8(c)). As confirmed by EDS, the darker phase is TiO

2
and

the lighter phase corresponds to the pyrochlore Dy
2
Ti
2
O
7
,

being an excellent candidate for use as burnable poison.
In order to determine the phase formation in the samples

of the Gd
2
O
3
-ZrO
2
system, X-ray diffraction of the pellets

was performed. In GdZr1 the major phase identified is cubic
ZrO
2
, showing that gadolinium oxide effectively stabilized

the zirconia even if the transition could not be identified by
the STA measurement in this sample. Gd

2
Zr
2
O
7
pyrochlore

and cubic Gd
2
O
3
are also present in lower quantities. In

GdZr2 the major phases are Gd
2
Zr
2
O
7
pyrochlore and

tetragonal ZrO
2
. Other ZrO

2
polymorphs are also present in

low quantities. Even if zirconia is not in the fluorite structure,
this material could be employed as burnable poison.

4. Conclusions

Pyrochlores phase stability is basically determined by the
A and B cationic radius ratio, as similar cationic radii are
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Figure 4: X-ray diffraction of the samples after the STA measurement.

more likely to form as disordered fluorites than ordered
pyrochlores. Taking into account that 𝑟Dy/𝑟Ti ≈ 1.412
and 𝑟Gd/𝑟Zr ≈ 1.253, a pyrochlore phase should be more
easily achieved in the Dy

2
O
3
-TiO
2
system. We were able

to acknowledge that the Gd
2
O
3
-ZrO
2
system needs higher

temperatures than the Dy
2
O
3
-TiO
2
system to form cubic

phases. Excluding sample GdZr1, for all the studied composi-
tions the eutectoid transformation to fluorite was detected.

This indicates a relative ease for cubic phase formation
independent of the amount of gadolinium oxide employed,
making this system suitable for developing burnable poisons
in inert matrix.

For theDy
2
O
3
-TiO
2
system, X-ray diffraction reveals that

dysprosium titanateDy
2
TiO
5
is in its hexagonal phase but the

cubic Dy
2
Ti
2
O
7
pyrochlore can be easily synthesized at low

temperatures.
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Figure 5: TG-DTG as a function of temperature.
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Figure 6: DTA as a function of temperature.
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Figure 7: X-ray diffraction of the samples after the STA measurement.
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(a) (b)

(c)

Figure 8: SEM photographs of the polished surface of the sintered pellets: (a) GdZr1, (b) GdZr2, and (c) DyTi4.

Some pellets were sintered to verify the STA measure-
ment observations. The cubic zirconia phase was effectively
stabilized in sampleGdZr1, even if the fluorite transformation
could not be identified in the STAmeasurement. Pyrochlores
were successfully sintered in both GdZr2 andDyTi4 samples.

Both systems present adequate conditions to fabricate an
oxide ceramic material for nuclear applications.
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